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SUBSONIC FLIGHT TEST EVALUATION OF A PROPULSION

SYSTEM PARAMETER ESTIMATION PROCESS FOR THE

F100 ENGINE

John S. Orme* and Glenn B. Gilyard**

NASA Dryden Flight Research Facility
Edwards, California

Abstract

Integrated engine-airframe optimal control technol-

ogy may significantly improve aircraft performance.

This technology requires a reliable and accurate pa-
rameter estimator to predict unmeasured variables. To

develop this technology base, NASA Dryden Flight

Research Facility (Edwards, CA), McDonnell Aircraft

Company (St. Louis, MO), and Pratt & Whitney (West

Palm Beach, FL) have developed and flight-tested an

adaptive performance seeking control system which op-

timizes the quasi-steady-state performance of the F-15

propulsion system. This paper presents flight and

ground test evaluations of the propulsion system pa-

rameter estimation process used by the performance

seeking control system. The estimator consists of a

compact propulsion system model and an extended
Kalman filter. The extended Kalman filter estimates

five engine component deviation parameters from mea-
sured inputs. The compact model uses measurements

and Kalman-filter estimates as inputs to predict un-

measured propulsion parameters such as net propulsive

force and fan stall margin. The ability to track trends

and estimate absolute values of propulsion system pa-
rameters was demonstrated. For example, thrust stand

results show a good correlation, especially in trends,

between the performance seeking control estimated and
measured thrust.

Nomenclature

A, B, C, state variable model matrices

D, L, M

AAHT high-pressure turbine area component
deviation parameter, in 2
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N1

NIC2
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nozzle throat area, in 2
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angle, deg
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digital electronic engine control

high-pressure turbine component
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low-pressure turbine component

deviation parameter, percent

nozzle drag, lbf

ram drag, lbf

fan airflow component deviation

parameter, lb/sec

high-pressure compressor airflow compo-

nent deviation parameter, lb/sec

engine pressure ratio, PT6/PT2

steady-state variable model sensitivity
matrix

gross thrust, Ibf

net thrust, lbf

net propulsive force, lbf

fan turbine inlet temperature, °R

pressure altitude, ft

power extraction, hp

steady-state Kalman gain matrix

Kalman filter

Mach number
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fan rotor speed, rpm

fan rotor speed, corrected to station 2, rpm

compressor rotor speed, rpm
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Subscripts

b

c

m

engine operating pressure ratio, PT4/PT2

ambient pressure, lb/in 2

burner pressure, lb/in 2

power lever angle, deg

static pressure at engine face, lb/in 2

performance seeking control

total pressure, lb/in 2 (used with suffixes;

list follows)

rear compressor variable guide vane angle,

deg

Reynolds index, _/_1.24

fan stall margin, percent

high-pressure compressor stall margin,

percent

steady-state variable model

state variable model

composite metal temperature, °R

thrust specific fuel consumption, sec -1

total temperature, °R (used with suffixes;
list follows)

vector of control variables in the state

variable model

digital electronic engine control calculated

airflow, lb/sec

fan airflow, lb/sec

high-pressure compressor airflow, lb/sec

gas generator fuel flow, lb/hr

vector of state variables in the state

variable model

vector of output variables in the

steady-state variable model

angle of attack, deg

angle of sideslip, deg

reference pressure ratio, ambient pressure

to sea-level pressure

vector of component deviation parameters

in the compact propulsion system model

reference temperature ratio, ambient

temperature to sea-level temperature

predicted trim values

corrected

measured

Superscripts

T

I

Prefix

transpose

estimated value of variable

augmented Kalman filter variables

A

Suffixes,

Fig. 2

perturbation

PWl128 engine station numbers,

2

2.5

3

4

4.5

6

7

fan inlet

compressor inlet

compressor discharge

high-pressure turbine inlet

low-pressure turbine inlet

afterburner discharge inlet

nozzle throat discharge

Introduction

Digital engine control and optimal control algo-

rithms enable significant performance improvements of

the integrated aircraft-propulsion system. Developing

and applying this technology will contribute to both

commercial and military applications by maximizing

thrust and fuel efficiency and extending engine life.

Most benefits are directly attributable to advances in
real-time parameter estimation techniques. Such tech-

niques enable the control system to recover latent per-

formance from the propulsion system which, until now,
has been unrealized.

To develop this optimal performance technology,

NASA Dryden, McDonnell Aircraft Company, and

Pratt & Whitney have developed and flight-tested an

adaptive performance seeking control (PSC) system. 1
The objective was to optimize the quasi-steady-state

performance of the F-15 propulsion system. The

adaptive features of the PSC system are provided by

the propulsion system parameter estimation routine,

which automatically adjusts the onboard model to
more closely match the engine hardware.

The PSC system was developed with the follow-

ing optimization modes: minimum fuel at constant

thrust, maximum thrust, and minimum fan turbine

inlet temperature (FTIT) at constant thrust. Sub-
sonic flight testing of the PSC algorithm was con-

ducted at NASA Dryden covering all three modes at

part- and military- (MIL) power conditions. Flight re-
sults indicate that substantial benefits were obtained



fromthePSCalgorithm,upto 15-percentincreasesin
thrust,up to 100°R reductionsin turbinetempera-
ture,andbetween1-and2-percentsavingsin specific
fuelconsumption.2 Theseresultsrelyuponanaccurate
engineparameterestimation.

A preliminaryPSCevaluationofthepropulsionsys-
temparameterestimationroutinewasconductedwith
limitedflightdataanddeterminedtoproduce"reason-
ableestimates."3 Inthisearlierinvestigationonlypost-
flightmodelswereanalyzed;theeffectsofmeasurement
biases,flightcondition,andenginedegradationwere
notevaluated.In arecentlycompletedsubsonicflight
program,testpointswerespecificallydesignedtomea-
suretheeffectivenessofapropulsionsystemparameter
estimator.Thispaperpresentssubsonicflighttestand
thruststandevaluationsof theparameterestimation
processfor nonafterburnerpowersettings.Represen-
tativedataareanalyzedfortheeffectsof engine degra-

dation, flight condition, and measurement biases on the
estimator.

Aircraft Engine Description

The PSC program has been implemented on the

NASA F-15 research airplane (Fig. 1), which is a modi-

fied high-performance aircraft capable of speeds greater

than Mach 2. Two PWl128 afterburning turbofan en-

gines power the F-15. The aircraft has been modified

with a digital electronic flight control system. Addi-
tional information on the F-15 can be found in Ref. 4.

The PWl128 engine used in this study is a low-

bypass ratio, twin spool, afterburning turbofan tech-

nology demonstrator derived from the F100-PW-100

engine. The engine uses a full-authority digital elec-

tronic engine control system (DEEC) that is similar to

the current production F100-PW220 engine controller.

The DEEC provides closed-loop feedback control of

corrected fan speed (N1C2) and engine pressure ra-

tio (EPR) through the fuel flow (WF) and the noz-

zle area (A J) respectively. The compressor inlet vari-

able guide vane (CIVV) and rear compressor variable

vane (RCVV) positions are scheduled on rotor speeds
through open-loop control. The DEEC software has

been modified to accommodate PSC trim commands;

however, the normal DEEC control loops (i.e., N1C2

and EPR.) have not been modified. A more detailed de-
scription of the PW1128 engine can be found in Ref. 5.

Two PW1128 engines were evaluated during the sub-

sonic phase of the program. Initial PSC testing was

conducted with a recently refurbished engine (located

on the right side of the aircraft). All algorithm veri-

fication and early testing were done with this engine.

All PSC design work was performed using models of a

nominal engine, which represented the refurbished en-

gine. Near the end of the subsonic flight test program,

a very degraded engine was placed on the left side of

the aircraft. The main degradation was in the high-

pressure rotor; both the compressor and turbine had

significant degradation, estimated to be approximately

2 percent in both areas.

Instrumentation

A diagram of the PWl128 engine is shown in

Fig. 2. The locations of the DEEC instrumentation,
DEEC-calculated parameters, and the parameters es-

timated by the PSC system are indicated. Fan airflow

(WCFAN) and engine face total pressure (PT2) were

independently modeled by both the DEEC and PSC

control laws. The PSC algorithm requires only con-
ventional DEEC-instrumented parameters as inputs,

and estimates other necessary parameters within the

algorithm. The engine instrumentation and PSC pa-

rameters were sampled at 20 samples/sec.

In addition to the basic engine parameters detailed

earlier, the challenging nature of the technology be-

ing demonstrated required the recording of many in-

ternal algorithm variables. These additional variables
provided for real-time and postflight analysis or de-

bugging of the algorithm. More than 200 internal pa-

rameters were recorded at a rate of 100 samples/sec.

In the Kalman-filter (KF) estimator, the inputs, out-

puts, and residuals were recorded. At the compact

propulsion system modeling stage, all estimated and

measured inlet and engine parameters were recorded

including instrumented temperatures, pressures, and

control positions, and estimated stall margins, thrust,

and drag components. In the optimization phase,

the constraints, optimal solution, and optimizer health

condition codes were recorded. Finally, the actual com-

mands that were sent to the engine through the DEEC
were recorded.

The airdata used in the PSC were obtained from the

F-15 production side probes. The algorithm corrects

the data for position error and location effects. All data

were recorded on a pulse-code-modulation system.

Performance Seeking Control System

The PSC algorithm is a control law that attempts to

optimize propulsion system steady-state performance. 2

The algorithm in Fig. 3 includes parameter estima-

tion, modeling, and optimization. Flight measure-

ments are used as input to the propulsion system pa-

rameter identification process and then to the compact

propulsion system model (CPSM), as described later.

Once the updated engine model is obtained, a linear-

programming optimization routine is used to generate

trims to control parameters. An essential assumption

of the estimation and modeling processes is the steady-
state nature of the problem. According to program

objectives, only existing engine control measurements



wereused,eventhoughperformancecouldhavebeen
improvedwithadditionalmeasurements.

An extendedKF is usedto identifythedifferences
betweenthenominalmodelandtheactualflightarticle
by producingfiveengineefficiencyparameterswhich
representthesedifferences.Theestimatedparame-
tersaccountforlow-andhigh-pressurecoreefficiencies
(DELPT andDEHPT, respectively), differences in
fan and high-pressure compressor airflow (DWFNA

and DWHPC respectively), and a change in high-

pressure turbine area (AAHT).

In the second stage of the estimation, flight mea-

surements are augmented with the KF efficiencies to
develop the CPSM. The CPSM uses the KF estimates

to adjust the steady-state model to accurately repre-

sent the flight article.

Finally, the CPSM provides estimates of unmea-

sured propulsion system outputs, such as net propul-

sive force (FNP) and fan stall margin (SMF), to the

follow-on optimization routine. The optimization rou-

tine is based on the linear-programming simplex algo-
rithm. For this paper, there were three optimization

modes: maximum thrust, miifimum FTIT at constant

thrust, and minimum fuel consumption at constant

thrust. The optimization sends the optimal trims to

the DEEC, which applies trims to the engine.

Kalman-Filter Estimator

The adaptive feature of the PSC algorithm is pri-

marily provided by a KF, which estimates engine effi-

ciency. The KF estimates five engine efficiency parame-

ters, which account for engine-to-engine variations and

engine deterioration. Engine operating efficiency has

been modeled in a state-space perturbation formula-
tion as follows:

Ax ----[A]A_ + [B]Au + [L]_

A9 : [CJA_ + [D]Au + [M]_ (1)

where

x : [N1 N2 TMT] w

u : [WF AJ CIVV RCVV HPX BLD] T

y : [PT6 PT4 FTIT N1 N2] T

= [DELPT DEHPT AAHT DWHPC DWFNA] T

The state, control, measurement, and efficiency vec-

tors are x, u, y, and ¢ respectively. Horsepower ex-

traction (HPX) and bleed airflow (BLD) are modeled

as part of the control vector, and aggregate turbine

metal temperature (TMT) is modeled as part of the
state vector. The state, control, and measurement per-

turbations are calculated from the engine data (x, u,

y) and the predicted state, control, and measurement

steady-state trim values (xb, Ub, Yb) where

I_X -_- :r, -- x b

,'_'t_ -_- u -- u b

Ay:y--yb

In the PSC problem, the values for _ are unknown and

require estimation.

Engine deterioration occurs slowly relative to the dy-
namics of the engine state vector and is assumed to be
steady state. Hence, _ can be approximated to be 0.

Reformulating the problem by augmenting the state

vector with _ yields:

A_ = 0

and

L ]
0 j [au] (2)

[A9] ----[C M] A_ + [D] [Au]

After combining the A_ and _ vectors to form an aug-

mented state vector, the above equations are written

in a compact KF format yielding

A_' = [A'IA_' + [B']Au + [gl(Ay - Ag)

= +

where the KF gain matrix, K, is a function of the solu-

tion to the steady-state matrix Pdcatti equation. More

details concerning the KF design may be found in Lup-
pold et al.6

The block diagram in Fig. 4 shows how the KF
estimator employs the dynamic state variable model

(SVM). The SVM is a piecewise linear model en-

compassing the entire range of engine operation at
Mach 0.9 at an altitude of 30,000 ft at standard day

conditions. It consists of a state-space perturbation
model and an associated table of steady-state trim val-

ues for all engine variables in the model. The pertur-

bations of Ax, Ay, and Au represent the differences

between flight-measured and model steady-state values

(also referred to as basepoints, hence the subscript b).

The predicted steady-state trim values are stored as a
bivariate function of PT4 and PT6 and are for a nomi-

nal, undeteriorated engine. There are 49 sets of A', B',

C', D, and K matrices corresponding to values of PT4

ranging from 23 to 260 lb/in 2, which accommodate the

engine operating range for the flight envelope corrected
to the 0.9-Mach, 30,000-ft altitude reference condition.

Figure 2 shows the locations of the engine parame-

ters. Values for the following measurements and con-

trol variables are taken directly from flight data: N1,

N2, burner pressure (PB), FTIT, PT6, WF, A J,
CIVV, and RCVV. The PT4 is modeled as a func-

tion of PB, HPX is modeled as a function of N2, and
BLD is modeled as a function of Mach and altitude.



AdditionalflightmeasurementsareusedbytheKF for
calculatingotherenginevariablesandtotransformthe
enginedatato theSVMdesignconditionof Mach0.9
at analtitudeof30,000ft. Standardcorrection factors
are used to transform the measured and calculated en-

gine variables to different flight conditions.

The engine efficiency parameters convey operational

differences between an engine model at 0.9 Mach and

30,000 ft and the measured in-flight engine. The esti-

mates were designed to represent the most significant

influence on engine efficiency-namely, engine degrada-

tion. Included in engine degradation are component

deterioration and engine-to-engine variations. How-

ever, from the mathematical formulation, the five esti-
mates must also contain all other unknown effects, such

as measurement bias and Reynolds effects. The source

of measurement bias is sensor error. Reynolds ef-

fects arise from differences between the design point at

0.9 Mach and 30,000 ft and the flight-tested Mach and

altitude. Effectively, the five estimates can be thought

of as model-matching parameters or component devia-

tion parameters. As such, they will be termed compo-

nent deviation parameters throughout the remainder of
this paper because they are more than simple operating
efficiencies.

Compact Propulsion System Model

The second phase of the PSC parameter estimation

algorithm formulates the CPSM. The CPSM is a sim-

plified steady-state model of the engine and inlet. Es-

timates from the KF are included in the control input

vector to the CPSM to adjust the model to more accu-

rately reflect engine operation. The CPSM consists of

a linear steady-state perturbation model of the engine,
steady-state trim tables, and follow-on nonlinear cal-

culations. Figure 5 shows the structure of the CPSM.

The linear portion of the CPSM is the steady-state

variable model (SSVM). The SSVM has the form

AV= (3)

where

Ay = y - Yb

AU _ U -- Ub

The symbols u and y represent the control input and

measurement vectors, respectively. They are defined
to be

u = [WF PT6 CIVV RCVV HPX BLD DEHPT

DELPT DWFNA DWHPC AAHT] T

y = [N1C2 N2 AJ PT2.5 PT4 TT2.5 TT3 TT4 FTIT

TT6 WCFAN WCHPCI T

Although this model was developed for 0.9 Mach at an
altitude of 30,000 ft, it was translated to the sea-level

static standard day reference condition using standard

correction factors. The steady-state trim values are
analogous to those used with the SVM in the KF, pro-

viding the Yb and Ub vectors in equation (3). The SSVM

trim and the matrix models (Yb, Ub, and F) are sched-

uled as a bivariate function of PT4 and PT6 using

linear interpolation between model points.

The SSVM uses engine measurements for the follow-

ing control inputs: WF, PT6, CIVV, and RCVV.
The HPX and BLD are modeled as in the KF. The

KF estimates are input to the SSVM calculation as

part of the control vector. The SSVM provides esti-

mates for the measurement vector y at the sea-level
static condition and then transforms those estimates

back to the actual flight condition with the standard
correction factors.

Following completion of the linear SSVM calculation,
the nonlinear CPSM estimates are calculated. Refer-

ring again to Fig. 5, these variables include PT7, TT7,

gross thrust (FG), FNP, ram drag (DRAM), nozzle

drag (DNOZ), AJNL, SMF, and high-pressure com-

pressor stall margin (SMHC). The nonlinear calcu-

lations use a combination of analytical equations and

empirically derived data tables. They are based on

measured engine variables and SSVM estimates. If

a variable is both measured and estimated, the flight
measurement is used in the nonlinear calculations. The

nonlinear outputs from the CPSM are used with the

SSVM outputs by the follow-on optimization routine.

Performance Seeking Controls Optimization

The PSC optimization routine is based on linear-

programming techniques. As input the optimization

uses a propulsion system matrix derived from the es-

timated engine variables by the CPSM. The solution

to the linear-programming problem represents the local
minimum within the defined constraints. By definition,

the optimal solution will always be on the boundary of

at least two constraints. Depending on the optimiza-

tion mode, either equality or inequality constraints are

placed on parameters such as FTIT, FNP, and phys-
ical boundaries.

Of the possible 18 optimization constraints, the
SMF estimate is often one of the two active con-

straints. The optimization minimum SMF limit is

determined by the accuracy of its calculation. The
inputs to the SMF calculation are EPR and fan air-

flow (WACC). Since EPR is considered very accu-
rate, the WACC estimate drives the limit for mini-

mum SMF. Without the adaptive features of the PSC
system, the error in the WACC estimate may be as

high as +4 percent leading to a required ShiF limit

of approximately 10 percent. With the adaptive fea-

tures of PSC, the increased accuracy in the WACC
estimate leads to a lower required minimum SMF of



4percent.Withthereducedconstraint,theenginecan
beuptrimmedfurther.Therefore,the increasedaccu-
racyof the adaptive parameter estimation process leads

directly to improved engine and aircraft performance
benefits.

The PSC algorithm is closed-loop in a very general

sense, since flight measurements are fed into the es-

timation and modeling. However, the optimal solu-

tion is based on models rather than flight data; as

such, the algorithm may be described as a model-based

command system.

Evaluation Procedure

The PSC subsonic flight testing and thrust stand

testing provided an abundance of data with which to

evaluate the propulsion system parameter estimation

process. Maneuvers flown include aircraft accelerations
and cruise flight at various altitudes and power settings

on both the refurbished and degraded engines. Hence,

a spectrum of flight conditions, engine operating condi-

tions, and engine degradation levels was available from
which to select data accurately representing the capa-

bility of the PSC estimation process.

The evaluation of the parameter estimation process

involved analyzing the KF engine component deviation

parameters first and then the CPSM estimated engine
variables. The KF estimates have no associated mea-

surement with which to compare. The interpretation of
the absolute values of the estimates was somewhat lim-

ited because the KF model is not a fully accurate rep-

resentation of the actual propulsion system. The over-

riding factors determining the value of the estimates

and particularly their trends are power setting, engine

degradation, measurement bias, and Reynolds effects.

Of these known influences on the estimates, only power

setting and engine degradation were modeled. Thus,

some insight may be gained from observing trends in

the estimates in comparison with engine degradation

and power setting, or equivalently, operating pressure

ratio (OPR, defined as the ratio of total burner pres-
sure, PT4, to inlet total pressure, PT2, to normalize

for power setting). However, since unmodeled sources

of estimation error are not separable, it is not possi-

ble to measure the sensitivity of each estimate to each
known source of error.

Evaluation of the CPSM parameter estimation is

most readily accomplished by direct comparison with

engine measurements. Several of the SSVM-estimated

parameters are also part of standard F100 instrumen-

tation: N1C2, N2, A J, PT4, and FTIT. The param-

eter N1C2 is the measured fan rotor speed corrected
to station 2 with TT2. In addition, the degraded test

engine had special instrumentation for PT2.5, TT2.5,

and TT3. Comparisons were made between the DEEC
airflow calculation and the CPSM-estimated airflow.

Engine Testing

Each of the three PSC optimization modes was

tested on the refurbished and degraded engines. The

minimum fuel mode was tested in steady-state cruise

maneuvers, the minimum FTIT in steady-state cruise
and acceleration maneuvers, and the maximum thrust

mode in steady-state cruise and acceleration maneu-

vers. Steady-state cruise test points usually consisted

of 2 min with the PSC disengaged (PSC trims calcu-

lated but not sent to the engine) followed immediately

by 2 min with the PSC engaged (PSC trims calculated

and sent to the engine). The 2-min time interval was

determined to be an adequate period for the PSC al-

gorithm to reach steady state. Typically, the KF es-

timates required the most time to reach steady state,

indicating a relatively large time constant in the filter.

Before commencing the test, the power setting was ad-
justed to the required position and was left there for the

duration of the test maneuver. Acceleration test points

required sustained turns for engine and algorithm sta-
bilization after moving the throttle to the required test

position. Once the engine-algorithm (i.e., the FTIT

and PSC parameter estimates) stabilized, the pilot lev-

eled the wings and began the acceleration test. The

baseline configuration tests were conducted at three
altitude and Mach number conditions: 15,000 ft and

0.9 Mach, 30,000 ft and 0.9 Mach, and 45,000 ft and
0.88 Mach.

Besides the testing completed in the nominal PSC

configuration, some parametric testing was also per-

formed to determine overall algorithm robustness.

During the course of the subsonic flight testing, biases

on engine measurements were adjusted several times to

more accurately reflect the enginehardware and instru-
mentation sensors. The effect of measurement biases

on the estimation is of interest since it will demon-

strate some of the sensitivity of the PSC algorithm to
measurement errors.

Degraded Engine Testing

Tests were performed on the degraded engine to

demonstrate the ability of the PSC system to adapt

to various levels of engine deterioration. Specifically,

the engine deterioration refers primarily to the high-

pressure turbine. These blades and vanes were partially

eroded from extended use (if the blades had been in a

production engine they would have been replaced). To

a lesser extent, the high-pressure compressor was also

deteriorated, mainly because of worn tip seals. The

poor condition of both components adversely affected

engine performance. For example, the deterioration

was manifested in FTIT; the degraded engine operated



at hottertemperaturesthantherefurbishedengineat
thesameflightconditionandpowersetting.

Thestateof thedegradedengineisreflectedin the
KFenginecomponentdeviationparameters,CPSMen-
gineestimates,andtheoptimalengineoperatingpoint.
Assumingidenticalbiasconfigurationandflightcondi-
tions,a comparisonof theKF estimatesbetweenthe
refurbishedanddegradedengineswill reflectrelative
differencesin engineoperatingefficiency.Becauseof
thedeterioratedcomponents,thestateofthedegraded
enginedifferedfromthenominalengineandresultedin
differentestimatesandoptimizationresults.Maneu-
verswereconductedin thesamemannerasdescribed
fortherefurbishedenginetesting.
Thrust StandTesting

A thruststandtestwasperformedduringthecourse
of thesubsonicflighttestingto demonstrateandcali-
bratereal-timethrustcalculations.7Degradedandre-
htrbished engines were tested on the aircraft with the

PSC system engaged and disengaged. Effectively, the

test setup consisted of the aircraft being tied down with

a cable which was attached to strain gages to mea-

sure force supplied by the engines. The strain gages

measured the gross thrust as well as any wind-induced

forces, or equivalently, net thrust. Although some

thrust stand procedural or hardware error may have

contributed to inaccuracy in the absolute thrust read-

ings, the trends in thrust should be accurate. Thus, the

thrust stand provides a unique opportunity to evaluate
the onboard thrust estimate.

Results and Discussion

Results are presented to illustrate the ability of the

parameter estimation process to provide acceptable es-

timates of propulsion system outputs. Algorithm eval-

uation of the overall estimation is approached at three

levels: First, KF flight data will be qualitatively an-

alyzed for trends and comparisons made with pre-
dictions; second, the CPSM estimates will be com-

pared with available measurements; third, the effect

of parametric variations on the estimation process will
be shown.

Kalman Filter Component Deviation
Parameters

The trends and levels of the five KF estimates are

evaluated at different flight conditions, power settings,
and engine health. The values of DELPT, DEHPT,

AAHT, DWHPC, and DWFNA are each plotted as

a function of OPR. In general, the OPR points reflect

tests done at nominal power level angle (PLA) values

of 40 °, 50 °, 60 °, 70 °, and MIL. Engine component

deviation parameters from refurbished engine testing

at the KF design point of 0.9 Mach and 30,000 ft are

presented to establish baseline magnitudes for these es-

timates. Then, the variation of the engine component

deviation parameters with respect to flight condition is

evaluated. Next, the sensitivity of the KF estimation

to measurement biases is examined. Finally, the effect

of engine degradation on the KF estimates is presented.

Besides the modeled engine degradation effects,

the KF engine component deviation parameters in-

clude many effects which are not explicitly modeled.

Among the more influential factors are flight condition

(Reynolds effects) and measurement bias. Boundary-

layer and flow separation variations with flight condi-
tion are examples of Reynolds effects. Measurement

biases are known to exist for the engine iustrumenta-

tion of A J, FTIT, and WF. Measurement bias esti-

mates were obtained by the engine manufacturer based

oil detailed analysis of ground runs and flight results.

Accordingly, the data presented in this paper were ob-

tained with the resulting set of biases: +70 ° for FTIT,

+2.0 in 2 for A J, and +180 lb/hr for WF for the re-

furbished engine, and +70 ° for FTIT for the degraded

engine. Thus, any remaining bias is probably small.

Later, results are presented with a preliminary bias

configuration (+40 ° for FTIT, -2.9 in 2 for A J) used

with the refurbished engine.

As stated earlier, the PSC command system is model

based, and as such, will produce similar results whether

engaged or disengaged; differences are caused by rel-

atively small changes in the engine operating point.

Since the objective of this paper is to evaluate the es-

timator, this evaluation will be comparable whether

or not PSC is commanding optimal trims to the en-

gine. The results obtained with the PSC system disen-

gaged were more complete and of better quality; there-

fore, these results are used for most results presented

throughout the paper.

Baseline Results

Steady-state testing with the refurbished engine at
0.9 Mach and 30,000 ft minimizes the influences of

flight condition and engine degradation on the KF

estimates. Still, there are modeling errors. The

refurbished engine is not exactly the same as the en-
gine model, and there are sensor biases. If the model

contained no error, the KF estimates would be zero for

the nominal engine at the design flight condition.

Figure 6 presents the KF engine component devia-

tion parameters for refurbished engine testing done at
0.9 Mach and 30,000 ft. The OPR ranges from 12 at

40 ° PLA to 29 at MIL PLA. Overall, the estimates

are well behaved and follow smooth trends indicating

reasonable KF estimates. However, not surprisingly,

the onboard-determined engine component deviation



parametersarenotzero.Thefollowingparagraphsdis-
cussthecomponentdeviationparametersof Fig.6:

Low-PressureTurbine ComponentDeviation
Parameter.TheestimatedDELPT (combination of

fan and low-pressure turbine) is low relative to the en-

gine model, ranging frorn -15 percent at OPR = 12 to

-1 percent at OPR = 29. The -15 percent at OPR =

12, where PLA is 40 °, may be too low since at other

OPRs, the DELPT lies within +5 percent.

High-Pressure Turbine Component Deviation
Parameter. The estimated DEHPT (combination

of compressor and high-pressure turbine) of the refur-

bished engine decreases very little relative to the en-

gine model with increasing engine operating ratio, from
0.2 pcrccnt at OPR = 12 to -3 percent at OPR = 29.

High-Pressure Turbine Area Component De-
viation Parameter. The estimated AAHT (or gas

flowpath area) of the refurbished engine decreases rel-

ative to the engine model with increasing engine oper-

ating ratio, from 1.3 in 2 at OPR = 12 to -1.3 in 2 at;
OPR = 29.

High-Pressure Compressor Airflow Compo-
nent Deviation Parameter. The estimated

DWttPC displays trends similar to those observed

with the high-pressure spool component deviation
DEHPT. The DWHPC of the refurbished engine

decreases very little relative to the engine model with

increasing engine operating ratio, from 1 lb/sec at

OPR = 12 to -1 lb/sec at OPR = 29.

Fan Airflow Component Deviation Parame-
ter. The estimated DWFNA exhibits a minimum of

-4 lb/sec at OPR = 18. The DWFNA of the refllr-

bished engine increases overall with respect to the en-

gine model from -3 lb/sec at dO° P1,A to -0.7 lb/sec
at MIL PI,A. The 70 ° PLA point where OPR = 26

appears to be another irregularity that is inconsistent

with the general trend.

An indication of the significance of the KF estimates

is obtained by comparing the flight test and theoret-

ically predicted values. From the data, the estimates
were seen to have nonzero wllues indicating that the

flight article is not like the model. Whether these dif-
ferences are important will be determined by examin-

ing the effects of known biases and engine degradation
at 0.9 Mach and 30,000 ft. To evaluate the irnpact

of the magnitude of the KF engine component devia-
tion parameters on the total PSC system, a eompari-

sort is presented later for the CPSM estimation process

with Kt" estimates as input and with zeroes as input

at 0.9 Maeh and 30,000 ft.

Flight Condition Effects

The KF estimation was evaluated with steady-

state flight test data at three different altitude
and Math-number combinations for the degraded en-

gine: 0.9 Math, 15,000 ft; 0.9 Mach, 30,000 ft; and
0.88 Math, 45,000 ft. Corresponding to each flight con-

dition is a Reynolds index (R]). The RI is calculated as
a flmction of inlet stagnation temperature and pressure

(0 = "/'7'2/518.9 and f = PT2/14.696; RI = 5/0L24),

and is an indication of the thermodynamic properties
of the free-stream air. The variation of each engine

component deviation parameter with flight condition
will indicate the overall effect of RI. Engine degra-
dation and measurement bias are assumed not to vary

with flight condition, but Reynolds effects certainly do.

By examining each estimate at the three tested condi-

tions, the Reynolds effects will be indicated. Each of

the engine component deviation parameters is plotted
as a function of OPR at the three flight conditions in

Fig. 7.

The parameter DELPT of the degraded engine

shows a strong dependency on flight condition. For

power settings ranging between an OPR of 10 and 30,
the deviation is highest at 0.9 Math and 15,000 ft and
lowest at 0.88 Mach and 45,000 ft relative to the nom-

inal engine. Differences from the 0.9-Mach, 30,000-

ft design point are clearly seen in Fig. 7; at t5,000
ft, DELPT ranges ut) to 7-percent higher, and at

45,000 ft it varies as much as 7-percent lower.

The estimated DWFNA and to a lesser extent

DEHP,I', like DELPT, also display tendencies with

flight condition. Such tendencies are most noticeable

at 15,000 ft and least noticeable at 45,000 ft. The esti-

mated AAHT and DWIIPC exhibit less pronounced

trends with flight condition than the other three KF

estimates. In general, AAHT and DWItPC show
small increases with increasing altitude. Other than

one test point at OPl{ = 24 at 45,000 ft, the estimated

DWHPC is negative at all test conditions, indicating

less high-pressure compressor airflow than is modeled

by the nominal engine. The probable cause of the sub-

nominal airflow is engine degradation relative to the
model.

To determine the individual contributions of

Reynolds effects to the estimation would require know-

ing the biases. The fact that these results were
obtained with a degraded engine should not affect con-

clusions relative to Reynolds effects. Of the three flight
conditions tested, all five estimates displayed the lea.st

variation with OPR at the 0.9-Mach, 30,000-ft design

condition. The DELPT, DEIlPT, and DWFNA



were seen to decrease, and tile AAHT and DWIIPC

increase with increasing altitude or decreasing RI.

Measurement Bias Results

The refllrbished engine was tested with two sets of

measurement biases for A,I, WF, and FTIT. To cor-

rect for what was believed to be measurement bias,

corrections were added to the appropriate measure-

ments before being used in the PSC algorithm. What
will be referred to as the tinal bias set 1 consisted of

+70 ° FTIT, +2.0 in 2 A J, and +180 lb/hr WF mea-

surement biases, and the preliminary bias set 2 con-
sisted of +40 ° FTIT and -2.9 in 2 AJ. Data were

collected at 0.9 Mach and 30,000 ft for cruise points at

four partial- and MII,-power settings for the final bias

set 1 and two partial- and MIL-power settings for the

preliminary bias set 2. The resulting KF estimates are

shown in Fig. 8 as a function of OPR. The data for bias
set 1 represent the biases believed to be most accurate.

Bias set 2 are values used early in the program.

The estimated DELPT of the refllrbished engine
tends toward zero with increasing OPR for both bias

sets. The two bias sets result in DELPT differing by

up to 23 percent at the lowest OI)R (_ 40 ° PLA) but

by only 3 percent at the highest OPI{ (_ Mll_ PLA).

For all tested OPRs (12,-_30), the final bias set 1 re-

sulted in lower values for DELPT. Similarly, the dif-
ferences in the estimated DWFNA between (,he t)ias

sets are greatest at the lowest OPILs (12 lb/sec) and

least at the highest OPlLs (1 lb/scc).

The estimated DEItPT for the final bias set 1 re-

sulted in higher values for DEtfPT, over the range
of OPRs. The differences in the estimated AAHT

between the bias sets decrease with increasing OPI{.

Overall, the final bias set 1 resulted in greater values
for AAItT. For all tested OPILs, bias set 1 resulted in
more positive values for DWttPC.

In general, it appears that the effect of biases is more

exaggerated at lower OPRs or power settings and that

the biases have less effect at the higher power settings.
At MIL PLA, some engine parameters are running on

operating limits and physical boundaries, and as such
there is little or no effect of measurement bias. flow-

ever, as PLA is reduced, fewer engine parameters are
operating on limits, and the effects of measurement

bias will be more pronounced. KF estimation sensi-

tivity to individual measurement bias on FTI7', A J,

or WF (as opposed to a combined bias set) is unclear

since no parametric bias data are currently available.
The results presented above represent the cumulative

effects of a difference in biases of 30 ° FTIT, 4.9 in 2 A J,
and 180 lb/hr WF. Additional bias evaluations are
made later for the CPSM estimation.

Engine Degradation Results

Steady-staLe data gathered on the degraded and re.-

fllrbished engines (with bias set 1) at 0.9 Math and

30,000 ft arc compared to gauge the overall effect of
engine deterioration on the KF estimates. The data

are shown in Fig. 9.

The estimated DELPT displays very little varia-

tion between the refurbished and degraded engines
except at lower OPRs. Estimates of DELPT for

both engines increase with increasing OPR. The es-
timated DEllPT also shows small variations with en-

gine degradation. Estimates of DEHPT for both en-

gines decline slightly with increasing OPR.

The estimated AAIIT decreases with increasing

OPR for both engines, although there is some indi-

cation of differences with engine degradation. The
AAHT estimate for the refurbished engine decreases

by 3 in 2 over the OPR range, whereas the AAHT esti-

mate for the degraded engine decreases by only 0.5 in 2.

The estimated DWHPC decreases more for the re-

furbished engine than for the degraded engine. For all

tested OPlks, lhe degraded engine results show lower
DWI1PC estimates than those for the refllrbished en-

gine, as much as 3 lb/sec lower. The DWFNA vari-

ation with Ot)1{ for the refurbished engine is much

greater than that observed with the degraded engine.

For the data in Fig. 9, the condition of the degraded

engine is not obvious based on the engine component

deviation estimates. '['his may indicate insufficient fi-

delity in the KF model and suggests that the engine

component de.viation estimates are more accurately re-

ferred to as model-matching parameters. Data clearly

do not correlate with known degradation of the high-

pressure spool. Comparisons of absolute magnitudes of
any one KF estimate are inconclusive as to the effects

of engine degradation, even at the design point of 0.9

Maeh and 30,000 ft. Overall, the KF estimation for the

refurbished engine shows more sensitivity with respect

to power setting than the degraded engine. Based upon

the KF model, it would bc expected that the trends in
the engine component deviation parameters with OPI{

would be relatively constant or at least small. These

results may indicate better overall modeling for the de-

graded engine.

Compact Propulsion System Model Estimates

The CPSM estimates and associated measurements

will be compared for the end-to-end estimation pro-

tess. Flight condition and measurement bias effects on

the CPSM estimates will also be reviewed. The pa-

rameters to be eornpared are N1C2, N2, AJ, PT4,
FTIT, 7'I"2.5, PT2.5, and TT3. The measurements



for PT4, TT2.5, and TT3 are based on single-point
sensors, whereas the CPSM estimation produces av-

eraged values for these parameters. A comparison of
the CPSM estimate for net thrust is made with thrust

stand data.

The results of the KF estimation are an intermedi-

ate step to the objective of the PSC algorithm. Suc-
cessful PSC operation requires accurate CPSM esti-

mates for such crucial parameters as SMF, FTIT, and

FNP. Comparison of measured to estimated FTIT

will yield an assessment of model accuracy. As for
the SMF and FNP, no associated in-flight measure-
ments were made and as such, these parameters must

be estimated; this was done with established thermo-

dynamic relationships. Inputs to the SMF and FNP
calculations are based on measurelnents rather than

estimates, when the measurements arc available. By

comparing these measurements with the associated es-
timates, overall model accuracy may be further sur-

mised. However, absolute model accuracy of the SMF
and FNP estimates cannot be realized without ad-

ditional instrumentation and knowledge about the fi-

delity of the thermodynamic re]ations.

Baseline Results

Data gathered on the degraded engine at a Mll,-

power setting for an acceleration at the design altitude

of 30,000 ft serve as baseline for comparison. The de-

graded engine was chosen for this analysis because it
had more instrumentation than the refurbished engine.

Although the results are from testing of a degraded en-
gine, the CPSM should produce results independently

of engine deterioration. The CPSM-estimated values
for the five measured inputs N1C2, N2, A J, PT4,

/s'TIT, and estimated values for PT2.5, TT2.5, and

TT3 are shown in Fig. 10 along with the correspond-

ing measured values. Compared also are the CPSM-
estimated fan airflow WACC and the independent

DEEC calculation. The following paragraphs discuss

the CPSM estimates of Fig. 10:

Fan Rotor Speed, Corrected to Station 2. The

decreasing trend of N 1C2 compares favorably with the
measured wlluc over the acceleration. Near 0.88 Mach,

the slope of measured N 1C2 decreases and the estimate

does not change slope until approximately Mach 0.95,

indicating some apparent lag. The estimated absolute
value of N1C2 is as much as 1.5-percent greater than
the measurement.

Compressor Rotor Speed. The trend of the esti-

mated N2 does not agree as well as expected with its
measurement, although neither vary significantly with
Math number. The difference in absolute value for N2

between the estimated and measured vahle is less than

I t)ercent.

l0

Nozzle Throat Area. The estimated AJ is up to

2.5-percent less than the measured value. The esti-

mated AJ is actually an effective nozzle area, related

to the physical AJ by the discharge coefficient which

can be quite large. As such, it can be expected that

the effective nozzle area may be up to 10-percent less

than the physical area. Since the estimate is less than
the measurement, the trend is in the right direction.

Total Pressure at the High-Pressure Turbine

Inlet. Trends of the estimated PT4 agree well with
the measurement. The estimated value for PT4 is

always low and as much as 4-percent less than the
measured value.

Fan Turbine Inlet Temperature. The CPSM

estimate of the FT'IT agrees to within 20 °R of the

measurement. Overall the trends agree well, but the

FTIT estimate appears to lag the measurement.

Total Pressure at the Compressor Inlet.

Trends of the estimated PT2.5 agree very well with
the measurement, although the value is low over the

Math range. The estimated PT2.5 is never more than

2-percent less than the measured value.

Total Temperature at the Compressor Inlet.
The estimated TT2.5 does a fair job in tracking the

dynamics seen in the rneasurement. At the h)wer Mach
numbers, the estimated TT2.5 is 2.5-percent less than
the measured value.

Compressor Discharge Total Temperature.

The estimated 7'7'3 agrees well with the trends of the

measurement. A relatively constant offset error of no
more than 40 ° or 3 percent is observed between the
estimated and measured values of TT3.

Digital Electronic Engine Control Calculated
Airflow. The estimated WACC is up to 2-percent

greater than the DEEC calculated airflow. The DEEC
airflow is limited to a maximum of 246 lb/sec for most

of the acceleration, but the CPSM estimates airflow up

to 4.5 lb/sec higher midway through the acceleration.
Near the end of the acceleration, both airflow estimates

are reduced and in better agreement.

The majority of the CPSM estimates lie within a

moderately accurate 3-percent error band over the high

subsonic Mach region at 30,000 ft. Discrepancies in the

estimates might be the result of either a lack of engine

modeling lidelity, including installation and instrumen-
tation errors, or unmodeled measurement biases.

Measurement Bias Results

Data were gathered on the refurbished engine at a

MIL-power setting for an acceleration at 30,000 ft for

two different bias configurations. The same bias sets

used for analyzing the KF estimation are used here



(thefinalbiasset 1:+70° f_'TIT, +2.0 in _ A J, and

+180 lb/hr WF measurement biases; and the prelim-
inary bias set 2:+40 ° FT1T and -2.9 in 2 AJ rnea-

surement biases). The CPSM-estimated values for the

five measured inputs N1C2, N2, A J, PT4, FTIT are

shown in Fig. 11 along with the corresponding mea-

sured values for both bias configurations. The CPSM-

estimated airflow is also overplotted with the produc-
tion DEEC-calculated airflow.

The magnitude of estimation error for the N1C2

seems to be more accentuated with the final bias set 1,
whereas the preliminary bias set 2 displays less consis-

tent behavior in the higher Mach region. The N1C2

estimate for bias set 1 is as much as 185 rpm less than

the measurement. The magnitude of estimation error
for the AJ with the preliminary bias set 2 is almost

twice as great as that with the final bias set 1. Bias
set 2 results in an estimate as much ms 10 in 2 less than

the measured value. The magnitude of estirnation er-

ror for the F7"IT is slightly more with bias set 2 than
bias set 1. The difference of the CPSM-estimated to-

tal engine airflow, WACC, and the DEEC-calculated

WACC is greatest with bias set, 2.

Overall, the final bias set 1 produces more accurate

CPSM estimates. In particular the estimates for A J,

FTIT, and WACC appear to benefit from bias set 1.

The magnitude of estimation error for N2 and the f"7"4
is about the same for either bias set.

Altitude Results

The effect of altitude on the CPSM estimation is an-

alyzed with data gathered on the degraded engine at a
MIL-power setting for accelerations at 15,000, 30,000,

and 45,000 ft. The CPSM-estimated values for the five

measured inputs N1C2, N2, A J, P7'4, FT17", and es-
timated values for PT2.5, 7'7'2.5, T7"3, and WACC

are shown in Figs. 12 and 13 for the accelerations at

15,000 and 45,000 ft, respectively, and from Fig. 10,

shown previously, at 30,000 ft along with the corre-

sponding measured values.

The magnitude of estimation error for both the

N 1C2 and the PT4 decreases with increasing altitude.

The amount of PT4 estimation error ranges from
3 percent at 45,000 ft to 5.5 percent at 15,000 ft. The

magnitude of estimation error for the AJ also decreases

with increasing altitude.

Very good estimates are made for the N2 and the
FTIT'. The maximum estimation error observed was

less than 1 percent for both estimates, and is minimized

to nearly zero at 15,000 ft.

The errors for the estimated PT2.5, TT2.5, and TT3

display no clear trends with altitude. The estimation

error for TT3 is about 3 percent throughout the three
altitudes.

The differences in the CPSM and DEEC total cor-

rected engine airflow, WACC, decrease with increasing

altitude. At 45,000 ft, the estimated WACC is approx-

imately 1-percent greater than the DEEC airflow and

about 2-percent greater at 15,000 ft and 30,000 ft.

Good CPSM estimates are found for the MII,-power

setting at all the flight-tested altitudes. Unexpectedly,
the most accurate estimation occurs at altitudes other

than the design condition, 30,000 ft. Estimation ac-

curacy is delined as the largest observed difference be-

tween each estirnate and its corresponding sensor read-

ing, at the same time noting the sensor accuracy. The
table below presents, for each estimated parameter, the

largest observed difference between measurement and

estimate along with the sensor accuracy. The differ-

ences represent the combined effects of sensor inaccu-

racies and modeling uncertainty. Fortunately, the least
accurate estimate, PT4, is also measured, and the mea-

surement is used by the CPSM for other estimation

outputs. The error for AJ estimate includes the dif-

ferences between the geometric measurement and the
model-calculated effective area. The 7"7"3 estimation

error did not vary with altitude; this probably repre-

sents a discrepancy due to single-point sensor measure-

ment not representing the average value of the engine.

The PT2.5 and TT2.5 estimation error probably con-

tains effects from the assumption in the model of stan-

dard day atmospheric conditions.

Approximate CPSM e.stimation accuracy.

Estimated Sensor Difference,

parameter accuracy, percent percent
NIC2 ±0.5 1.0

N2 ±0.5 -1.0

AJ ±1.5 -2.0

P7'4 +3.0 -4.0
FTIT -t-0.5 -0.5

PT2.5 ±5.0 -2.0

TT2.5 ±0.5 1.0

TT3 ±0.5 3.5

Thrust Stand Results

Figure 14 shows the results from a thrust stand run

at a MIL PLA setting for the degraded engine. The
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estimatedthrust is approximately/l-percent higher

than measured. The difference may bc attributable to

error in other PSC estimates that are used as input to
the thrust calculation, or error in the modeled thrust

equation. However, it is more critical for the PSC al-

gorithm to closely match trends in thrust rather than

the absolute values. As seen in the fgure, the CPSM

estimation performs the tracking task very well, but

with an apparent lag of about 3 sec. Additional thrust

stand results are presented in Ref. 7.

Sensitivity of Model to Kalman-Filter Inputs

Results were presented in Fig. 6 for the KF esti-

mates produced in flight for the rcfllrbished engine for

an OPR of 22 (60 ° PI,A setting) in a cruise at Mach 0.9

and 30,000 ft. It was noted previously that the engine

component deviation parameters were expected to be
zero, but in real time they were not. At tile 60 ° PLA

setting, the KF estimates were relatively small com-

pared with the other power settings, but the effect of
these small numbers on the follow-on CPSM estima-

tion was unclear, rib obtain a feeling for the impor-
tance of the engine component deviation parameters,

the onboard CPSM model was executed postflight with

zeroes used as the KF input to the CPSM. The result-

ing postflight CPSM outputs are compared with the
real-time CPSM outputs and associated measurements

in Fig. 15.

The estimates produced with and without the real-

time KF values for the measured inputs N1C2, N2,

A J, PT4, FTIT are overplotted with the correspond-

ing measurements. The estimated outputs ,9MF and

FNP are also overplotted for the two cases. In
addition, the CPSM airflow WAG(_2 is shown for both

cases plotted with the DgEC-calculated WACC.

All estimates except FTIT increase when zeroes

are used as input from the KF to the CPSM. The

estimated nozzle area, A,I, increases by as much as

5 percent and the estimated FTIT decrc.mses by about
3 percent without the real-time KF input. The real-

time estimates, in general, are in good agreement with
the measurements. The estimated airflow is about

7-percent greater with zeroes as KF input.

The effect of the KI" input on the resulting SMf"

calculation is sizable and less conservative; without the

real-time inputs, the SMF is reduced by about 50 per-

cent. At least some of this decrease is caused by the
increase in estimated airflow. With zeroes substituted

for the real-time engine component deviation parame-
ters, the resulting thrust calculation is about 3-percent

greater.

For the |light test point considered, all real-time KF

deviation parameters were negative suggesting the re-

furbished engine is less efficient than the engine model.

in fact, the effect on the estimated engine parameters

agrees with this hypothesis. Estimated FNP for the

engine model is 3 percent greater than estimated for

the refurbished engine. In addition, the engine model,

with zero component deviations, operates at a lower es-

timated FTIT than for the refllrbished engine. Clearly,
even seemingly small KF estimates play an important

role in the PSC estimation process.

Concluding Remarks

Test results show the propulsion system parameter

estimation process to be successfully operating and

producing reasonable engine estimates over the entire

steady-state subsonic flight envelope. Variations with

flight condition, engine degradation, and measurement

bias indicate the sensitivity of the performance seeking
control algorithm and estimation process.

Comparisons with flight measurements indicate that
the estimated inputs to the Kalman filter and compact

propulsion system model are reasonable. Well-behaved

estimates are produced that accurately reflect the state

of the engine. The airflow estimation produces higher

maximum values than those predicted by the digital

electronic engine control calculation. Thrust stand re-
sults show good correlation between the performance

seeking control estimated and measured thrust.

Reynolds elh._cts, hardware discrepancies, and engine

dynamics all contribute to performance seeking control
modeling error. The sensitivity of the Kalman-filter

engine component deviation parameters to unmodeled
altitude and measurement bias effects indicate the need

for improved modeling techniques. The Kalman-filter

component deviation parameters do not accurately re-
fleet known engine degradation. The propulsion system

model estimation is quite sensitive to small Kalman-
filter estimates.

References

1Nobbs, S.G., Jacobs, S.W., and Donahue, D.J.,

"Development of the Pull-Envelope Performance Seek-

ing Control Algorithm," AIAA-92-3748, July 1992.

2Oilyard, Glenn B. and Orme, John S., "Subsonic

Flight Test Evaluation of a Performance Seeking Con-
trol Algorithm on an F-15 Airplane," AIAA-92-3743,

July 1992.

12



aMaine,TrindelA.,Cilyard,(]lennIL,andI,ambert,
lleatherIt., "A Preliminaryl';vahmtionof an I"100
Engine.ParameterEstimationProcessUsingFlight
Data,"NASATM-4216,1990

4Myers,LawrenceP.and[hlreham,l,'rankW., Jr.,
Prelirninar_ Fli9ht Test Results of the FIO0 EMD l'2n-

9ine in an F-I5 Ai_lane, NASA TM-85902, 1984.

5Digital Electronic Engine Contrvl (DEI';C) Flight

Evaluation in an F-15 Airplane. l)roccedings of a min-

isymposium held at the NASA l)ry(ten Flight l/.esearch

l.'acility, Edwards, California, May 25 26, 1983, NASA
CP-2298.

61mppold, R.II., Roman, J.l{., Gallops, C.W., and

Kerr, I,.J., "Estimating In-Flight Engine Performance

Variations Using Kahnan l,'ilter Concepts," AIAA-89-
2584, July 1989.

7Conners, Timothy R., "Thrust Stand Evalua-

tion of I';ngine Performance hnprovement Algorithms

in an 1:-15 Airplane," AIAA-92-3747, July 1992.

Fig. 2. The 1.'-15 aircraft.

Ecg0 :312-11

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH

1:_



C°mbF-u_ltilgrh-pressureturbine /- Aflerbumer

_a___Compressor \ \_ r L°wpressure_ _°_-.=le ...

Tr2 1T2.5 TT3 PT4 TI-/
PT2 PT2.5 _o_72

Fig. 2. F100 engine, parameter, and sensor locations.

(

Flight
measurements

l Optimalengine trims

Linear programming
optimization

Estimated engine
variables

Fig. 3. Performance seeking control algorithm flowchart.

Parameter estimation

process

Kalman filter )estimation

Model

updates

Compact propulsion
system model

920173

14



Um

YB

PT2, "11"2,

PS2, Pamb,

Mach, PLA

Flight
condition
correction

and

Calculated
inputs

Yb

Yc -_ Ay
_C

+

+_
A

A

Ax _ Ax+

-I-

A

Fig. 4. Extended Kalman filter structure.

A

Ax
J

920174

WF, PT6, CIVV,
RCVV, HPX, BLD

Flight condition data
M, h, PLA, PS2, "l-r2, PT2, (x,

N1, N2, AJ, PT4

;_O
u,T

Trim

predictions

Component
deviation parameters

Yb

1.
:©

> I Nonlinear> calculations

N1, N2, AJ, PT2.5, PT4,
1-1"2.5,1-1"3,1-r4, 1-1"4.5,
1-1"6,WCFAN, WCHPC

PT7, TT7, FG,
FNP, DRAM, DNOZ,

AJ, SMF, SMHC
v

920175

Fig. 5. Compact propulsion system model structure.

15



Percent

in 2

Ib/sec

20

0

-20

0

-5

1°f0

-10

10

Fig. 6.

0 o 0 -- Q N
LJ

" 0 0

o DELPT

[] DEHPT

<> AAHT

A DWFNA

t_ DWHPC

I I I I I I I I I I

12 14 16 18 20 22 24 26 28 30

OPR 920176

Kalrmm filter est, imal,es for Ihe refurbished engine at 0.9 £'Iacl'l and 30,000 fl,.

DELPT,

percent

DEHPT,

percent

AAHT,

in 2

DWHPC,
Ib/sec

DWFNA,
Ib/sec

20

0

-20

5

0

-5

2.5

0

-2.5

10

0

-10

10

FI o_ ,,nn --_-_

0

-10

10

[g
A

v

O-

12 14 16 18 20 22 24 26 28 30 32

OPR 92o17z

Fig. 7.

o 0.9 Mach,

15,000 ft, RI = .910

[] 0.9 Mach,

30,000 ft, R1=.560

<> 0.88 Mach,

45,000 ft, RI= .290

Kalrnar_ filter estimates for t_he degraded erlgine at difte.rerlt, ttight conditjons.

16



DELPT,

percent

DEHPT,

percent

AAHT,
in2

DWHPC,
Ib/sec

DWFNA,
Ib/sec

l"i _:. S.

20

-20

5

0

-5

2.50 [
-2.5

1°f0

-10

1°f0

-10

10

___._----o
r-1

_ _ ct -cO D

_LI

Final bias set 1:

+70 °R FTIT,

+2.0 in 2 A J,

+ 180 Ib/hr WF

Preliminary bias
set 2:

+40 °R FTIT,
-2.9 in 2 AJ

O_
D Q N u C_ , 0 w

._L--1

I I I I I I I I I I

12 14 16 18 20 22 24 26 28 30

OPR 92o_78

t_::lhn;lrl filler cstim;ttt+'s I;ar I.he rulurhis}+lc, d engine with dillcr*._rll hi;_scs :-il 0,!) _1_(:tl ;rod 30,000 lt,

DELPT,

percent

DEHPT,
percent

AAHT,

in2

DWHPC,
Ib/sec

DWFNA,
Ib/sec

Fig. 9.

20 [ o Refurbished

0 I n _ B O _ engine
-20 _ [] Degraded

5 engine

-5 0 _

2.5 I
-2.5

,o(0 o----------
[] "u _ [] 0 [] 0 u 0

-10

lO[0 _ _

-10 R , , i i , , , = ,

10 12 14 16 18 20 22 24 26 28 30

OPR g2o179

]7



NIC2, 10500 Measured
rpm 10000 --- Estimated

95O0

rpm 13000
12500

 _iii ii_ .....AJ, 425
in2

400

.....PT4, 200 i .

100

2350
FTIT, 2300

oR
2250

PT25,1b/in2 3020 "
10

TT25, 750
Ib/in 2

700

1500
1-1"3, 1400
Ib/in 2

1300
260 .............. ......

WACC, 245 .... --" :-'-_ .... --777 .... ;-...........
Ib/sec

230 , , , , ......
.50 .55 .60 .65 .70 .75 .80 .85 .90 .95 1.00

Mach _,o18o

Fig. 10. Compact propulsion system model estimates compared with degraded engine measurements for a military-
power acceleration at 30,000 ft.

18



10500

NIC2, 10000
rpm

9500

10500

NIC2, 10000
rpm

9500

13500

N2,
13000

rpm

12500

13500

N2, 13000
rpm

12500

450

e _=::==_==._=,_=_. Final

"_-'---_ ..... _.... =.._ Preliminary
- ":'_ _'_ _"_" "_":"" ......... O.

""': :'C)

Final

-- Final bias set 1:

+70 °R F-TIT,

+2.0 in2 AJ,

+ 180 Ib/hr WF

- - - Preliminary bias
set 2:

+40 °R FTIT,
-2,9 in 2 AJ

o Estimates

Preliminary

_.._-: ;.:U._.o-2"":;__:v:-:'_;---:---=o. ..... ._ ...... _ .... o- .... .-o

f Final
AJ,in2 425 _ , d-_

4O0

450
(- ..................... ---.. _ Preliminary

A J,
"_- o ..... o ..... o--.__<j_.-:--_ ............. .......................

in 2 425 | - - .... m-.... o ..... e- .... -o
L4O0

PT4, 240 f _F
ib/in2 190

140 inal

240 f .......... __::.._.:_0.__-.:_.---'-:-". -o

PT4,

ib/in2 190 ...... o._.,_.;:0:._.-: :._ :---::- o- .... Preliminary
140 ""_ ..... , ..... , , ,

.50 .55 .60 .65 .70 .75 .80 .85 .90 .95 1.0

Mach g20181

Vig. 11. Compact propulsion system model estimates compared with measurements for the refurbished engine

with different biases during a military-power acceleration at 30,000 ft.

19



Tr'r j

oR

FTIT,
oR

WACC,
Ib/sec

WACC,
Ib/sec

2300 f" :2200 - Final

2100

F
22002300_ ....6=............ b"'2"':-_':-:':_r :--'::'-O: :':_ --°- -"

Preliminary/
2100 L

255 F --o -_---°- o o o _

240 I
225 . Final '

255 ---o .... =:.0_:.::-.o- .... o ..... _..
........................ -'-" ;Q'-- _ =_'-': "-'-"=O.-: - -_--.,

240 "

Preliminary
225 , , , , , , , , , ,

.50 .55 .60 .65 .70 .75 .80 .85 .90 .95 1.0

Mach 920182

Fig. 11. Concluded.

-- Final bias set 1:

+70 °R FLIT,

+2.0 in2 AJ,

+ 180 Ib/hr WF

- - - Preliminary bias
set 2:

+40 °R FTIT,
-2.9 in2 AJ

o Estimates

2O



NIC2,
rpm

N2,
rpm

100OO

9500

90O0
13500

13000

12500

_ __ _ .

Measured
--- Estimated

450
AJ, 425
in2

4O0

PT4, 300
Ib/in 2

20O

FTIT, 2300OR 2250

2OO0

PT2.5, 40
Ib/in 2

3O

T'_.5, 800
oR

750

161111 _
T'_, 1500

oR

1400
250 " • _

WACC,lb/sec235 ...... : ................ : ...............................

220 , , , , , i , , , ,

.50 .55 .60 .65 .70 .75 .80 .85 .90 .95 1.00

Mach _o_

Fig. 12. Compact propulsion system model estimates compared with degraded engine measurements for a military-
power acceleration at 15,000 ft.

21



N 1C2,
rpm

N2,
rpm

AJ,
in2

PT4,
Ib/in 2

FTIT,
oR

11000

1O500

10000
13000

12500

12000
45O

425

400
200

100

0
2400

2250

2100
20

10

0
750

700

650
1450

1350

1250
260

................. ,...... : ...... , ..... ..... , ...... ..............

Measured
--- Estimated

PT2.5,,b/in 2 I'. : :. i:.:il fill. : . . :.-:.:i: ". iiiii :::-!:-:iiiiii . i . i " .. .• "................... _ i_ "'"=----

...... i ...... : ...... i...... i..... i ...... : ...... i ..... :...... i...... i

...... :...... :...... i...... i...... ...... !...... ! ..... !.... !...... i

230 ,

.78 .80 .82 .84 .86 .88 .90 .92 .94 .96 .98

Mach _o1_

Fig. 13. Compact propulsion system model estimates compared with degraded engine measurements for a military-
power acceleration at 45,000 ft.

22



14000

13000

FNP, 12000
Ib

11000

10000

Measured

...... Estimated

I I I I L i L I I J

0 10 20 30 40 50 60 70 80 90 1O0

Time, sec 92o_8_

Fig. 14, CompacL propulsion sysLcm rrlodcl cstirrlat,cs of net propulsive {'orcc (FNP) compared with thrust sLand

me_ksurcrncnts, static con(titions at_ M II_ PICA.



N1 C2,
rpm

N2,
rpm

AJ,
in2

PT4,
Ib/in 2

FTIT,
oR

WACC,
Ib/sec

SMF,
percent

FNP,
Ib

95OO

9OOO

85O0

12500

120O0

11500

460

440

420
250

150

.50
2100

20OO

0
5OOO

..... i . _.. . i .... .... ...... _ .... L i ..., • i

210

0 ......................... z

10 ..... - ............. , ..................... - ............ "..............

....... . . . ..... ...... i . . .

4500

4000

0 10

_ihli_Jl--'lmml_llll_ll." _----Inli_pli--'n'l'----'l_l_l¢lill _.... II

i i a i a i , : J

20 30 40 50 60 70 80 90 100

Time, sec 92o1_

Measured

CPSM estimate
with Kalman filter

CPSM estimate
without Kalman
filter

Fig. 15. Compact propulsion system model estimates with and without Kalman filter input compared with refur-
bished engine measurements at 0.9 Mach, 30,000 ft, and 60 ° power lever angle.

24





ii i

FormApproved
REPORT DOCUMENTATION PAGE oMeNo.OZO_01_

=|

Puoll¢ m0o_ng burden for this collection of lnformatiorl is estlmEed to Ilvemge 1 hour per response. ;r,,cluclln 9 the time for revlewtrlQ InsulJ_lone, sot_olng eldsttng date sources,

gathering _ maint_nlng the data needed, and completing and reWewhlg the collection of irdomlatlon. Send commeml regarOthg thls burden estimate or any other mlpect o_ thhl

collection of information, including SuggestJorm for reducing trY| hu_en, to Washington Headqulrlers Servkcell, I_rectorate for irdormailon Op_'llllo_s end Flepolls, 1215 Jefferson
Oavls HIgllwly, Suite 1204. Arlington. VA 22202-4302, and10 the Office ot Management trod Budget. Pepet_vork Reduction Proje¢l (0704-0188), Wesh/r_ton, OC 20503.

1. AGENCY USE ONLY (Leave blank) _ 2. REPORT OATE 3. REPORT TYPE AND DATES COVERED

Novemb er 1992 TechnicalMemorandum
i i

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Subsonic Flight Test Evaluation of a Propulsion System Parameter
Estimation Process for the F100 Engine

s. AUTHOR(S)

John S. Orme and Glenn B. Gilyard

7.PERFORMINGORGANIZATIONNAME(S)ANDADDRESS(ES)

NASA Dryden Flight Research Facility
P.O. Box 273

Edwards, CA 93523-0273

9.SPONSORING/MONITORINGAGENCYNAME(S)ANDADDRESS(ES)

National Aeronautics and Space Administration

Washington, DC 20546-0001

WU-533-02-36

8. PERFORMING ORGANIZATION

REPORT HUMBER

H-1809

10. SPONSORING/MONITORING

AGENCY REPORT NUMBER

NASA TM-4426

11. SUPPLEMENTARY NOTES

Presented as paper 92-3745 at the 28th AIAA/SAE/ASME/ASEE Joint Propulsion Conference, July 6--8,
1992, Nashville, Tennessee.

i

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified -- Unlimited

Subject Category 07

13. ABSTRACT (Maximum 200 words)

Integrated engine-airframe optimal control technology may significantly improve aircraft performance. This

technology requires a reliable and accurate parameter estimator to predict unmeasured variables. To develop this

technology base, NASA Dryden Flight Research Facility (Edwards, CA), McDonnell Aircraft Company (St. Louis,

MO), and Pratt & Whitney (West Palm Beach, FL) have developed and flight-tested an adaptive performance seeking

control sy stem which optimizes the quasi-steady- state performance oftbe F- 15propulsion system. This paper presents

flight and ground test evaluations of the propulsion system parameter estimation process used by the performance

seeking control system. The estimator consists of a compact propulsion system model and an extended Kalman filter.

The extended Kalman filter estimates five engine component deviation paranactersfrom measuredinputs. The

compact model uses measuren_nts and Kalman-filter estimates as inputs to predict unmeasured propulsion

parameters such as net propulsive force and fan stall margin. The ability to track trends and estimate absolute values

of propulsion system parameters was demonstrated. For example, thrust stand results show a good correlation,

especially in trends, between the performance seeking control estimated and measured thrust

14. SUBJECT TERMS

Propulsion systems; Performance seeking control; Subsonic flight test

17. SECURITY CLASSIFICATION rlil. SECURITY CLASSIFICATION

OF REPORT OF THIS PAGE

Unclassified Unclassified

NSN 7540--01-280-5500

19. SECURITY CLASSIFICATION

OF ABSTRACT

Unclassified

16. NUMBER OF PAGES

28
16. PRICE CODE

A03
20. LIMITATION OF ABSTRACT

Unlimited

Standard Form 298 (Rev. 2-89)

Prelerlbed by ANSI Std. ZSO-16
298-102

NASA-Langley, 19!12


