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CHAPTER I
INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

The Augmentor Wing Jet STOL Research Aircraft (AWJSTOLRA)
is an advanced test vehicle for STOL powered-1ift flight
testing. An initial area of interest is the control of
the AWJSTOLRA to closely track an altitude profile during approach
and flare maneuvers. For a powered 1ift vehicle during landing
approach, the throttle may be used as the primary control of
normal acceleration. The accurate digital simulation of
aircraft maneuvers involving throttle changes and the design
of autopilot logic using feedback to the throttle require an
accurate model of the dynamic response of eﬁgine thrust to
changes in throttle commands. This model represents a complex
interaction of nonlinear static and dynamic behavior in the
engine control and aerothermodynamic and mechanical couplings
in the engine énd duct. It haé been the goal of Systems Confrol,
Inc. (Vt) [SCI (Vt)], in close coordination-with NASA Ames personnel,
to determine experimental mathematical models of the AWJSTORA -
Spey engine dynamics by the application of system identification
techniques to flight test data.

The AWSTOLRA is a modified de Havilland Buffalc C8-A air-
craft using two Rolls Royce. Spey engines [1]. The program is
sponsored jointly by the National Aeronautics and Space Adminis-
tration and the Department of Industry, Trade and Commérce of
Canada. '

Modifications to this C8+-A were made to improve lift
characteristics at low speed for the short landing requirement.
A transverse duct is used to channel fan airflow to ejector
nozzles on the opposite wing blowing over an augmentor flap.
Direct 1ift is prfovided by vectoring core stream flow



through an adjustable nozzle. The modifications have a signiZs
ficant effect on the dynamical properties of the propulsion
system and lead to the consideration of experimental model
development for this aircraft.

The spey engine is a low bypass, twin spool turbofan built
by Rolls Royce of Canada. The normal gas path has been signifi-
cantly modified for AWJSTOLRA operation. The new configuration
is shown in Figure 1.1. The engine fuel control is hydromechanical
with 2 mechanical cable linkage used to command throttle lever
inputs from the cockpit electromechanical servo.

The linkage/control/engine system is nonlinear in both
static and dynamic operation. Simple models previously utilized
to describe engine behavior were not sufficient to explain ob-
served response to closed-loop throttle inputs during landing.
The SCI (Vt) program was undertaken tec utilize system identifi-
cation software to develop flight verified models of propulsion

system dynamics.
1.2 SUMMARY

The report contains six chapters describing the develop-
ment and validation of the Spey engine model. Chapter II de-
scribes the analysis of the dynamical interactions involived in
the propulsion unit and the reduction of the model to contain
only significant effects. The reduced model was used in con-
junction with the flight data to develop initial estimates of
parameters in the system using classical approaches. This
analysis is presented in Chapter III. Chapter IV describes
the theoretical background used in estimating the parameters
and the -software package developed to accomplish the processing.
glight data was processed to estimate and validate a set of
parameters and these results are presented in'Chapter V. The-

work and results are summarized in Chapter VI.
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CHAPTER II
MODELING. THE SPEY ENGINE

2.1 INTRODUCTION

A simulation of the AWJSTOLRA was required to assess its
handling and control characteristics prior to flight test [1,2].
In addition, pilots were to receive training in various flight
regimes including system failures and abnormal operatiom. For
this reason, a detailed digital simulation of the AWJSTOLRA
aerodynamic and kinematics was developed by NASA Ames, including
a model of the characteristics of the propulsion system. In
this chapter, models for the propulsion system of varying levels
of complexity are examined and a model is proposed for system
identification.

2.2 TYPES OF ENGINE MODELS

The pfopul%ion system caﬁ be described in mathematical teims
in several ways. The choice of model form has an important im-
pact on the analysis tools, the type of data taken, and the
regimes of application of the expressions. Another consider-
ation in the model is the interface between the engine and the
input/output boundaries. Models that describe the throttle
linkage and fuel control as well as the engine may be signifi-
cantly different from "open-loop" models of the engine.
Also, the estimation capabilities from experimental data will
be directly influenced by the model interface. This partition
‘of the ﬁhysical system into model and "outside' is determined
by the objectives of the descriptioms. -

In the Spey engine, a model is- desired which describes the
engine thrust and airflow response to power lever inputs from
the cockpit. Dynamics 'in the engine or control which are not

PRECEDING PAGE BLANK NOT ‘FILMED



excited during this operation are not important to the modeling
task. The model will be used to describe large power excur-
sions approximately and model dynamics in the high power

region accurately. Altitude/speed regions of validity will be
limited to low altitude/low speed and nonstandard temperature
conditions.

The value of the model will be in its description of
important aspects of performance. Steady-state values of °
thrust and airflow should match the values measured in static
tests corrected to nonstandard conditions. Dynamic response
to small perturbations should accurately reflect engine behav-
ior.  Match of intermediate variables describing engine
operatipn is not critical,

Models used to describe typical engine behavior vary
widely in complexity and accuracy.[3]. The simplest descrip-
tion of engine response is to plot corrected engine thrust
versus power lever angle. This characteristic is shown in
Figure 2.1. The-plot can be used ds a dynamic model if an
appropriate time lag is associated between the actual throttle
position and a lagged or virtual position. The engine is
observed to accelerate and decelerate at rates dependent on
the power level. This effect can be represented in the model
as a variable rate limit. The experimental model is shown
in Figure 2.2. No -attempt is made at a phenomenological
explanation of the behavior and parameters are adjusted from
observations. Since the model does not reflect the internal
derivative agents of the thrust response, the match between
the system behavior for various size inputs and for differenp
starting and ending values of thrust will be poor. A more
significant drawbgck of these models is the poor closed-loop

description of the behavior. This mismatch is typically
manifested by an incorrect prediction of the closed-loop
stability of the system. This is due primarily to matching the
step response in estimating parameters rather than matching
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frequency response over a suitable bandwidth. Generally,
frequency matching requires more complex model forms.

In order to accommodate this lack of precision, simple models
tend to be "improved" by ad hoc additions which attempt to
correct the fundamental nonphenomenological characteristics
of the formulation.

Far more complex digital simulations exist which can
model component characteristics measured from rig tests and
aerothermodynamic phenomena occurring in the gas path. Such
a simulation is shown schematically in Figure 2.3. These
simulations include basic physical laws relating energy,
work, massflow and acceleration as they dynamically interact
in the engine. Various "adjustable' parameters such as lumped
isentropic efficiencies and areas are adjusted to match the
observed steady-state relationships between input and output
variables. A detailed representation of the governor is
.included and the overall response can be generally tuned to
match obserwved dynamics. While this type of simulation
recreates steady-state performance accurately, the match of
transient response is poorer due to modeling uncertainties
in the complex equations. Predicted stability characteristics
in a closed-loop control are quite good. Thus, these programs
can be used as a durable test bed for control and autothrottle
design and evaluation.

The drawbacks of detailed analytical simulations are
that: (a) a large computer capability is necessary to eXecute
them {often slower than real time), (b) detailed internal
engiﬁe and control information is required which is only
available (if at all) to the engine manufacturer, and (c) the
added complexity cannot be justified or validated from input/
output performance observed in operation. Clearly, a middle

ground must exist.

The development of an experimentally validated analytical
description of the propulsion system can be accomplished by
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considering the available measurement data and the type of
inputs provided,. The development starts with a complete analysis
of possible dynamic effects, Data is examined and unimportant
or unexcited phenomena are removed. The remaining model terms
are examined for bandwidth of response relative to the simu-
lation reduirement. High frequency effects can be neglected.
The resulting system Tepresents a description of the response
including both steady-state and dynamic performance whose
parameterization is available from recorded measurements.

This model will provide an excellent component module in an
overall aircraft simulation used as a preliminary tool in the
design of outer loop integrated control functions such as
tlight direction, autothrottle and SAS. ’

2.3 CURRENT SPEY ENGINE MODEL IN THE AWJSTOLRA SIMULATION

The engine model used on the AWJSTOLRA simulator is shown
in Figure 2.4 (a detailed listing is included in Appendix B).
The throttle setting at the input to engine control, STH’ _
differs from the commanded value by a hysteresis function (not
shown) which models the mechanical backlash. Two forward
paths model accelerations and decelerations. This form is used
because the engine control accelerates the turbine using a
different control law than the one used during decelerations
as is discussed in Section 2.4. The forward paths modulate
varizble rate limits for the first order lag system which
produces the lagged or virtual throttle position, SVTH’ as
the output. The acceleration rate limit is low at low power
and increases at higher power levels. This increased rate
1imit is lagged by the fuel metering time constant, Tyo which
is discussed in Section 2.4. The deceleration pdth has a
small signal time constant which is 60% of the acceleration
time constant. This represents a parameter used to match observed
full throttle transients. It is not internal to the engine,
since for small inputs, the engine acceleration and deceleration

10
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time constants are the same, Stated another way, the engine
can be modeled as a Linear dynamic system for reasonably

small inputs. The deceleration rate limit decreases at

lower powers. Figures 2.5 and 2,6 show typical sea level
static acceleration/deceleration time responses. Note that

the form of the model in Figure 2:4 is dictated by the response
rather than fundamental system phenomenology describing the be-

havior.

It can be observed from the model that, at power levels
above about 65% thrust, the engine is operating away from the
rate limits for most inputs. Removing these blocks from the
figure produces a simpler view of the equivalent high power
representation of the system. This is shown in Figure 2.7.
The system is quite simply represented, but is fundamentally
nonlinear since the loop gain and time constant depend on the
sign of the power transitién.

The model in Figure 2.7 uses steady-state representations
to calculate the mass flow and thrust. This is equivalent to.
the assumption that the engine maintains its steady-state
rotor speed match during nonsteady operation. This assumption
is not correct. Cold and hot thrust are determined by the fan
airflow and core airflow which have independent degrees of
freedom.

In summary, the possible problems in utilizing a model
of the form of Figures 2.4 and 2.7 are as follows:

(1) A nonphenomenélocical representation of behavior
leads to false conclusions such as a fundamental
nonlinearity of response.

(2) A small number of degrees of freedom produce poor
transient matches.

(3} Matches of engine response between arbitrary end-
points are uncertain and the number of parameters
in the model is insufficient for adjustment.
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2.4 DETAILED MODEL OF THE ENGINE

The Spey engine is characterized by a group of nonlinear
dynamical elements: (a) the engine, (b} the fuel control, and
{¢) the throttle linkage. Models representing each of these
elements can be derived for the individual physical members
in the system. Simple analysis of each compomnent produces
approximate parameter values. The model can be simplified
for identification to contain only those elements which can
be estimated from the flight data. The development of the
detailed engine model will be described in this section.

The dynamics of the engine in the region near full power
are nearly linear. Small perturbations in the state of the
engine are characterized by the two rotor speeds. Previous
analysis of turbofan engine dynamics has verified the linearity
and the structure of the linear system representing this be-
~havior [3,4]. ’

Since the engine has no variable geometry in the gas ?ath,
the primary dynamic exciter is the fuel flow which is metered
by the hydromechanical governor. Fuel is chemically converted
to heat in the combustor. This provides excess energy at the
turbine entrance. The combustor lag is typicélly on the order
of 0.5 to 2,0 msec and is therefore much faster than the
dominant system response. The gas temperature at the entrance
to the turbines is converted into work by the expansion through
the rotating turbines. This energy is used to drive the
compressor on the high rotor shaft and the fan on the low
rotor shaft. The dominant engine dynamical states can be
associated with the rotating inertia of these elements.
Newton's law for the shafts can be written in terms of the

speeds and torques as follows:

16
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Ny = o Qururs - Qcomp’ (z.1)
fo= 1 - Q) (2.2)
L7 T Qururs T Ypan

where ( )H,( )L refer to the high pressure and low pressure com-
ponent shafts, .The torques are determined from the mass flow and
pressure change across the component. The form of the expression
is given below (for a compressor)

‘I.‘INH.I.(PRY"]-/Y_I)
Q= TN (2.3)

where the compression ratio, PR’ is determined by flow equilibrium

through the engine and duct.

These equations can be used as the basis of a global nonlinear
model of the engine. Nomlinear maps and detailed dynamical repre-
sentation of nonequilibrium flow can model the continuity, energy
and mixing phenoméia occﬁ%ring in the gas ﬁath. These tefms
can be considered negligible if one .is linterested in system
bandwidths of flight control, engine and autothrottle func-
tion.

For modeling the engine behavior during moderate speed
excursions, a linear set of dynamical equations provides an
accurate representation. The form of the system can also be
simplified to second order for most turbofans by considering
the physical character of the motion. For perturbation of
fuel flow with bandlimited content, the two engine spools will
accelerate in a collective fashion. For perturbation in fan
loading due to variations in duct pressure or inlet distor-
tion, the fan speed will tend to "relax" toward equilibrium in-
dependently of the compressor. Using these observations, or
equivalently calculating the relative magnitudes of the com-
ponent map slope terms [5] such as

8Q
aN ?

the qualitative analysis can be verified.

17



The linear system of constant coefficient equations which
is constructed for the engine -is shown in a Laplace transform
block diagram in Figure 2.8 and collected in state variable

form as follows:

Nug
Hf
Q
- C +
FH
W 5 N
f + THS+1 1 - H
N
LO
+

Figure 2.8 Linear Engine Model

)L [ e[ L[]
SNH 0 -l/TH GNH CFH

where the five linear parameters, CFH’ and o

_ v Tw Cmue

represent the dynamical behavior of the engine.
The dynamical equations are written for perturbations

away from an equilibrium condition. A typical choice for this

equilibrium point is-100% power.

In the Spey configuration on the AWJSTOLR aircraft, the
ducting arrangement can cause the eﬁgine dynamics to be more
uncoupled than the normal mixed flow path configuration, The
fan flow is compietely ducted to the active 1ift devices on

18



the wings. Back pressure effects on this flow will greatly
affect fan response characteristics. The core stream exhaust
is modified by a colander plate at the low pressure turbine
exit. This plate provides choked exit conditions at all
flight/power points and nozzle attitudes. The effect of nozzle
motion on the flow is greatly reduced by this device.

The flow equations modeling the pressure phenomena can
be written from the continuity equations as follows:

p = BT 45 (2.5)

where Am is the difference between inflow and outflow rates.
This equation represents a flow lag effect and for small
changes in power, the equation for the pressures in the duct
and nozzle can be written:

8pp = %i- (8pp - KppoNp) ' (2.6)
shy = %i (6pg - KpgdNp) | (2.7)

where the temperature dependence is ignored and the mass flows
are modeled as linear functions of the perturbational rotor
speeds which feed the volumes. Unlike the normal turbofan
configuration, there is no flow coupling back through the duct
to the fan from the nozzle vVolume., It is expected that the
flow time constants will be small compared to the rotor lags,
but because of the usual configuration, they will be retained
in the model.

For power levels typical‘of the approach configuration,
the Spey engines themselves do not represent the largest
source of nonlinearity. The throttle linkage and hydromech-
anical fuel control represent the limiting elements in the
linearity of the response. The components are quite complex

19



and accurate representations of the internal dynamics are dif-
ficult to reconstruct from flight data.

Engine power requests from the cockpit are transferred
by a mechanical linkage driven by an electromechanical force
servo. The cable moves the throttle arm at the engine. About
a 15° rotation of the linkage represents the full idle - to
maximum forward power excursion. The system contains a
moderate amount of hysteresis which affects the small inputs
typical of the autothrottle landing commands. Figure 2.9 shows
the representation of the throttle linkage and the nonlinear
equations are written below. This calculation is performed at
each update time in the simulation. '

c 1

F
g 8
-/ T:‘EGT> FUEL
- shssi-lj > t "

| CONTROL

» N

y
-

Figure 2.9 Throttle Linkage Model

Gc(n) - h. .Sc(n) > 6T(n) + h
GT(n+l) = GT(n) GT(n)-h < Gc[n) < GT(n)+h

6c(n) + Lk GT(n)-h > GC(n) (2.8)

The hydromechanical fuel control is the most complex non-

linear element of the system. Figure 2.10 shows the speed control

and high pressure (H.P,) fuel pump. These systems affect the
dominant response of the governor. A description of the
elements of governor operation is included to put the -detailed

analysis into perspective.

The fuel control meters fuel to engine in response to
throttle inputs and engine demand. Instability, temperature,
speed, and airflow comstraints are accommodated while pro-
ducing specified performance at different temperatures,
altitudes and épeeds.

20



Fuel is supplied from the tank via a low pressure pump, Fil-
ter, and flow meter to the high pressure (H.P.) pump entrance. Fuel
is metered through the control to the fuel spray nozzles in the
combustor, The pressure drop across the governor controls the
fuel rate and this quantity is the primary actuated variable.
Airflow limits, fan overspeed, temperature limits and emergency
cutoff functions are performed by elements which are peripheral
to the governor and not significant in the approach regime

at near sea level conditions (the engine is not temperature

limited at this condition

The dynamical elements of the governor consist of the
bellows assembly, speed governor, pressure drop governor and
H.P. pump. Each element will be discussed and the appropriate
model given. Figure 2.10 shows a schematic diagram of the
pump and fuel comtrol. -

The main element of the fuel system 1s the H.P. pump.
This variable displacement device is constrained to maintain
the pressure drop across the regulator by a servo piston feed-
backfelement on the pump stroke. The system is shown 'in Figure
2.11. The linearized equation for this system is as fellows:

fig = 1/b [A(Ry-Pp) - k(¥ )] — (2.9
P
A/b
Py > N serp [ e

Figure 2.11 Fuel Pump Model

where the PU-PD is the pressure drop across the governor,

and b, k, and Wf describe damping and spring restraints
o
on the piston. Fuel is metered by a pressure drop govermnor

through a triangular orifice. The pressure drop across an ori-
fice in a liquid flow is proportional to the square of the flow
rate. By making the pressure drop proportional to the squares of
the speed, a linear control governor action is achieved. A

21
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Watt's governor can be used for this purpose with the rotating
masses suspended in the fuel to provide damping and fuel density
compensation. The details of the mechanism are complex and a
simplified diagram is used for the analysis.

The triangular orifice is drawn in Figure 2.12. The metering

—THROTTLE SLEEVE

ORIFICE /,,,/”’/,
SLEEVE // pr
Am . ///” R D
| u : D
X
Figure 2.12 Fuel Metering Orifice
area is determined by two displacements, Xl and Xz. The

Xy displacement measures motion of the throttle sleeve controlled
by the governor and throttle springs. The position of the ori-
fice is adjusted by compression ratio and altitude by the cap-
sule assembly discuésed below. The metering area cam be written
as follows:

Ay = CLIX DXy + X)) ‘ (2.10)
Considering only motion of the throttle sleeve,

X, = l/b(fT - £5) (2.11)
where fT is determined by the spring action of the throttle
linkage and fG is the restoring force due to rotation of the

counterweights. These may be written as follows:

£

+ k. (X, - X

T T “°C 1) (2.12)

£5 = X N2 ' (2.13)

G

where KC is the commanded sleeve position derived from the
throttle inputs.
23



The pressure drop across the metering orifice is sensed
by the pressure drop piston in the control. This piston moves
an orifice in conjunction with a second set of fly weights.

The orifice configuration is shown in Figure 2.13.

z
B

- — - -

Py —e—Pp

Figure 2.13 Pressure Drop Governor Orifice

and the equations of motion for this system can be written as
follows:

X5 = (£, * Pp - Py) L (2.14)

and the total orifice area is given by the following

A = A - C X

2.
by =8 7 Cp s (2.15)

and

(2.16)

The function of the governor is to provide stable, iso-
chronous regulation at a wide range of operating conditions.
Primary orifice size is limited because of dynamic range con-
siderations. The operation can be understood by considering
the static behavior.

In steady state, the pressure drop governor has the
following characteristics. -

24



2

Py - Pp " CI;D N (2.17)
We = A /pf(pu'-pD) (2.18)
or
We = KAFAm N (2.19)
The speed governor, which regulates the metering area, Am’ can
be approximated by the following expression -for small motion
of Xl:
= = - 2
A= K, (by *+ b, X_ - by N%) (2.20)
and the overall control law can be modeled as follows:
- i 2
We = KP (b1 f b2 Xc b3 N} N (2.21)

Note that for fixed metering error (Eq. (2.19}, A, = ¢) the
control law is unstable, i.e. increased speed increases the
fuel. This occurs during large trénsiEQESuwﬁen the governer
area is limited by the throttle stops. Figure 2.14 shows a
typical large-transient in the control plane. For_a step .input,
fuel flow increases at the pump response rate to the constant
area line AZ. Fuel and speed increase along this line until
the required speed is reached by the selected throttle curve,
SB' The throttle sleeve moves off the stop and the cubic speed
relationship dominates the control law. The system is stable
as shown. Accelerations follow the reverse logic. This method
provides fast and stable fuel regulation for the Spey except

at low power. Altitude variations are not compensated by the
components. Note that antisymmetric rate limits will cause

the engine to accelérate and decelerate at different rates for
large, throttle limited power excursions.

The capsule assembly and Pz limiter provide altitude
compensation and low power acceleration limiting for the engine.
A model of this system which affects the orifice sleeve position,
XZ’ and the metering area, is not described in detail. The )
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effect of these components is most pronounced during acceler-
ations from low power; At these conditions, the fuel flow
increase is slowed considerably until the rotor speeds are
increased. This limits the possibility of surge during acceler-
ation. Hysteresis can be important during small motions of the bel-
lows and this might affect the overall repeatability of the response.

The various component models have been interconnected
in Figure 2.15. The dynamic range of many of these elements is
higher than the dominant ;ééﬁénsemfime_constants. Thus, while
the dynamical relationships can be ignored, the static feed-
back structure of the governor will significantly:affect

engine response times and linearities.
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2.5 SIMPLIFIED MODEL -

The system model can be simplified to include the linear
model of the engine, the hysteresis model of the throttle linkage,
the variable metering orifice characteristic expanded to second
order and the pressure drop regulator characteristic. This
system is shown in Figure 2.16.

The time constants of the electromechanical servo are
between 0.05 and 0.1 seconds which is faster than the ex-
pected closed-loop engine response. Since commanded throttle
and actual deflections are recorded, any relative time delay
can be detected. The fuel pump response timé should be faster
than 0.1 seconds at high displacements. This response time
is the limiting element in the overall governor Tesponse loop

since fly welght motlon should have response times less than
25 msec. The engine control reduces to a nonlinear feedback
regulator driving a rate servo modeling the action of the
pressure drop governor. -Any mismatch betweern the forward and
feedback path gains in the pressure drop system will result
in a slightly stable or unstable servo loop. This gain
mismatch can be lumped with the speed governor characteristic
. without loss of generality. The forward and feedback gains

in this loop are assumed identical. The closed-loop character
istic of the pressure drop governor is a pure integration (i.e.
a rate servo on the speed governor output). The nonlinearity
of the metering orifice iIs reflected by a slightly nonsym-
metric transfer characteristic. The overall hysteresis of

the control after the throttle is represented by a second
hysteresis block. '

A further simplification of the control model is possible
assuming that the transfer nonlinearity and control hysteresis
are small. This is discussed further in Chapter V.
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2.6 SENSOR MODELS

Data on Spey performance was acquired in flight. Instru-
mentation was used as listed in Table 2.1. Speed, poéition, and
pressure transducers were assumed to respond faster than the
dynamics being estimated. The measurement errors associated
with these inputs can be considered uncorrelated random pro-
cesses with RMS values shown in the table.

Table 2.1
Sensor List
VARIABLE ‘ SYMBOL RMS ERROR
Low Rotor Speed NL ' 0.5%
High Rotor Speed NH 0.5%
Throttie Command sc 0.2 Degrees
Thrott]e Angle GT 1.0%
Duct Pressure Py 2.0%
Exhaust Pressure Pe 2.0%
Fuel Flow wfm 2.0%

The fuel flow was measured at the exit of the low pres-
sure fuel pump. The sensor is a restrained flow turbine whose
angular deflection is proportional to the turbine torque and
mass flow.

The system Tresponse 1s 1ight1& damped because of the small
value of flow damping supplied by the turbine. The model for
the flowmeter is shown in Figure 2.17.
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Figure 2,17 Linear Flow Meter Model

The values ¢ = 0.2 and w = 13.0 sec’t were estimated from
the flight data.

2.7 SUMMARY

A group of mathematical models has been developed for
the dynamical behavior of the Spey engine., Simple non-
phenomenological forms are used to match specific transients.
Detailed representations of the intercomponent responses can
be used to accurately predict the sysiem response if dimen-
sional and rig data is available. A simplified version of
the detailed model is derived which contains important linear
and nonlinear elements of the engine, control and throttle

response for the landing approach (high power) configuration
of the Spey.



: CHAPTER III
PRELIMINARY PARAMETER ESTIMATES

The AWSTOLR aircraft was flown at Crow's Landing, Cali--
fornia to acquire engine response data for parameter estima-
tion. The data was initially evaluated to determine initial
parameter estimates in the dynamic model developed in Chapter
II. -Important terms were identified here and data consistency
was validated. A nonlinear system identification routine was
incorporated with a digital- simulation of the engine. This
program is described in Chapter IV. The results of the pro-
cessing of the flight and the parameter estimates are compiled
in Chapter V.

3.1 SUMMARY OF FLIGHT DATA

Flight data was taken in fhe approach configuration in a
~powered descent from 7500 ft. The mnozzles in this configuration
are rotated downward and the engines are operating-near Full
power. The flight computer was used to generate throttle

rate commands to the electromechanical servo. The engine
throttles were modulated in unison. Appendix B contains a
description of the f£light log for the two data acquisition

runs. Flight time for the two runs was 124 minutes from takeoff
to final landing. Data was recordéd during this time on 84
instrumentation chapnnels comprising engine, aircraft and avionics
equipment sampled every 20 msec. Data records were chosen

from the complete flight data for the parameter estimation.
These data records are listed in Table 3.1. A set of instru-
mentation inputs was chosen to reflect the variables incorpor-
ated in the model. These measurements are listed in Table 3.2.

PRECEDING PAGE BLANK NOT FILMFD
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Table 3.1
Flight Data Records Used for Identification

START TIME

NO. OF

INPUT DESCRIPTION

REfORD END TIME DURATION FLIGHT
(d-h:m:s:ms) (d-h:m:s:ms) {SEC) POINTS NO. RAMP RATE / PERIOD / AMPLITUDE
(DEG/SEC) (SEC) (DEG)
1 295-17:59:30 295-18:02:31 181 . 9050 323 0.5 / 5 / 1.25
1.0 / 5 / 2.5
2.0 / 5 / 5.0
3.0 / 5/ 7.5
2 295-18:10:15 295-18:11:09 53 2650 323 Moderate Size Random Input
3 295-18:12:25 295-18:13:21 56 2800 323 0.5 / 10/ 2.5
1.5 / 1./ 7.5
4 295-20:21:01 295-20:22:05 64 3200 324 1.5 / / 3.75
' 2.0 / 5 / 5.0
5 295:20:22:05 295-20:23:04 59 2950 324 0.25 / 50 / 6.25
6 295:20:24:00 295-20:25 60 3000 324 Step Inputs

)




Table 3.2
Sensor List

SENSOR ENGINE UNITS
Throttle Command Left Deg
Throttle Pickoff Left Counts
Fuel Flow Left PPH
Compressar Speed Left RPM
Fan Speed Left RPM
Exhaust Pressure Left Counts
Duct Pressure Left Counts
Throttle Command Right Deg
Throttle Pickoff Right Counts
Fuel Flow Right PPH
Compressor Speed’ Right RPM
Fan Speed Right RPM
Exhaust Pressure’| Right Counts
Duct Pressure Right Counts
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The flight data was recorded on an in-flight data
acquisition unit and the digital tape processed to provide:
scaling, units and conversion for use on the CIOC 6600
at NASA Ames Research Center.

3.2 INTTIAL PARAMETER ESTIMATES

Classical techniques were used to calculate initial para-
meter estimates using plots obtained from the data. Four areas
were investigated using left engine data: (a) steady state
characteristics, (b) hysteresis, (c) rate limiting and sym-
metry, and (d) fan/compressor dynamics. These are discussed
in the subsections below.

3.2.1 Steady State Operation

An accurate model of Spey operation must match engine static
behavior in this configuration. The engine model described
in Chapter II provides a linear operating line for the state
‘and contiﬁl variables., Figure 3.1 is a compilation of measured
engine response at steady power points, It will be noted that
the approximation of linear spool speed to throttle response
above about 5 degreeé throttle is quite good, However, thrust
and airflow are nonlinear functions of throttle. Since these
are the primary model outputs, a tabular relationship can be
developed for these variables as a function of rotor speed
or throttle. Table 3.3 shows these functions tabulated against
compressor speed. The cold and hot thrust figures refer to
the thrust developed by the exhaust flow and duct flow of the
engine at an assumed equilibrium rotor speed match. During
transients., Totor speeds are not matched and an alternate
formulation of these :curves must be developed.

An approximate set of curves for the thrust and airflow
variables can be developed if it is assumed that fan airflow
and core airflow are dependent only on the rotational speeds
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Table 3.3

Spey Engine Outputs as a Punction of
Steady State Corrected Engine Speed

CORRECTED HOT STREAM THRUST -~ Tn/G (1bsf)

% SPEED % SPEED TNDICATED _AIRSPEED - KNOTS
N //8 N, /8 V=0 V = 60 V = 250
0 0 0 0 0
55.0 84 1023.2 1092.1 2102.0
70.5 89,5 2402.7 2456.7 3230.0
78.9 92.5 . -3714.2 3763.2 4476.3
86.0 95 4834.6 4876.5 5465.0
94.4 98 '5867.0 5902.6 6411.0
109.9 103.515 7013.5 7042.1 7446.7
CORRECTED COLD STREAM THRUST - T /8 (1bs.)
% SPEED % SPEED INDICATED AIRSPEED - KNOTS
N, /B N, //8 V=0 V = 60 V = 250
0 0 0 0 0
55.0 84 796.7 783.7 914.6
70.5 89.5 1660.2 1666.7 1807.2
78.9 92.5 24945 2489.6 2668.4
86.0 95 2977.9 2954.4 3110.4
94.4 98 3301.0 3289.3 3442.9
109.9 103.515 3532.3 3554. 1 3682.4




Table 3.3 (Concluded)

% SPEED % SPEED CORRECTED ENGINE
N /e W.//8  |* _ AIRFLOM
: m_v8/ (STugs/Sec.)
0 . b 0-
55.0 84. 2.514
70.5 89.5 4,003
78.9 1 92.5 4.964
86.0 95. 5.507
84.4 -98. 5.935
109.9 103.515 6.488




of the compression elements. This is normally a more accurate
assumption than the comstant by-pass ratio assumed in Table
3.3, In this case, hot thrust is a function of the compressor
speed'only. Cold thrust and net airflow are determined by

the fan speed. During transient motion each speed can vary
independently.

Data is required to determine the equilibrium rotor speed
match. This data was measured from the flight tape when the
engine had settled at a constant power, Figure 3.2 shows this
match and verifies the assumed linearity of the match in this
power range., Figure 3.2 and Table 3.3 can be used
to determine a new functional representation of cold
thrust and mass flow plotted against fan speed. Then, during
simulation, nonequilibrium fan,speeds are used to calculate
instantaneous cold thrust and mass flow for the engines.

Similar steady operating line data can be derived from
the flight records for the intermediate simulation variables
vis. fuel flow, throttle angle, and pressures as a function of .
the states of the simulation. Relationships derived from
the data are shown in Figure 3.3 for fuel flow and throttle
angle as a function of rotor speed. This line should be
compared to Figure 2.14 which is the predicted linear relation-
ship based on the governor characteristics, The operating
assumptions of the linear operating linear hold quite well
for this particular flight regime. Steady state linear

operating equations are listed below:

0 = 0.7212 ﬁGT -.31.5°) - (NH - 100%)

= - &
Ny 2.81 NH 181%
Wf = 7.13 NH - 613%
PTD = 1.32 Ni - 32%
PT6 = 4.0 NH = 300%

where the 100% values of the variables are listed in Table 3.4.
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Table 3.4 :
100% Values of Engine Variables

VARIABLE VALUE . UNITS
GT _ 31.5 . < Degrees
apo -957 Counts
e 5000 pph
My 12135 ‘ RPM
NL 10075 ’ RPM
PTE 3775 Counts
PTD 5036 Counts

It should be noted that the operating line linearity of
engine variables, e.g. the rotor speed match 1is predicted
"from previous engine experience near full power. Governor
Iinearity is predicted from the functional characteristics
of the centrifugal counter-weight forces and the square root
pressure drop - mass relationship used in the metering orifice.
The latter relationship can be used to derive other character-
istics of this control response as is discussed in Section
3.2.5.

3.2.2 Throttle'Hystefesis

Classical methods can be used to approximate the hyster-
esis width since data containing periodic excitation is
available, The ramp inputs are sufficiently close to sinu-

soids that phase lag measurements can be used as a good
measure of the hysteresis width. The sinusoidal describing

function for hysteresis is shown in Figure-3.4. Considering
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only the phase shift characteristics, measured values .

can be related to the hysteresis width and input amplitude.
The characteristic is independent of frequency which allows
run-to-run comparison of results. The phase shift measurement
allows a far more accurate estimate of the hysteresis width
than amplitude Toll-off when graphical data is plotted. An
example of the phase shift measurement is shown in Figure 3.5.
Hysteresis points were taken at several values of input magni-
tude and frequencies. These points are shown in Figure 3.6
with a least squares fit of the hysteresis characteristic:

¢ = £,(a/A) + 9%

where fH is shown in Figure 3.4, 9y, is a residual phase shift
unexplained by hysteresis, and A is the amplitude of the periodic
throttle inputs. '

The throttle curve in Figure 3.6 shows the phase shifts, P
between the commanded throttle input and the throttle pickoff.
Since no frequency deﬁendent lags are present, all data points
can be overplotted. The fit shows the hysteresis width to be
about 0.48 degrees with only 2° of phase shift umexplained by
the hysteresis. This residual phase is within the accuracy bounds
of the data s¢ it can be concluded that a simple hysteresis is an
excellent model of the throttle linkage.

Phase measurements were made between the high rotor speed
response and both commanded and measured throttle inputs at
a single frequency (w = 1.26 rad/sec). The amplitude dependent
portion of the response can be modeled as an additional hysteresis
within the fuel control. The curve for the governor response
indicates hysteresis width of about 0.19 degrees. This estimate
may be less accurate due to nonlinearities in the governor
response which will tend to cause amplitude dependent phase
shifts.

The hysteresis figures calculated above can be used to
correct the phase response of the high rotor speed to throttle
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inputs. Thi§ is shown in Figure 3.7 for various frequencies.
A fit of a*first order lag phase response is shown which mini-
mizes the sum squared error of the corrected points. The time
lag associated with the fitted phase characteristic is 0.9 sec
which should be close to the high rotor time constant (closed-
loop).

3.2.3 Rate Limiting

"The governor operation described in Chapter II indicates
that thottle inpués act as rate commands to the pressure drop
governor. Since the inputs during the flight test were throttle
ramps, the rotor speed rates which are attained will reflect
rate limiting by the governor if it exists. Rates were -
measured for various acceleration/deceleration magnitudes
‘in the flight records. Rotor speed rates are plotted against
throttle rates in Figure 3.8. The test Tun data was augmented
by miscellaneous points which occurred when ramp inputs were
generated as commands during the normal cockpit operation.
For a linear operating line, and no rate limiting by the con-
trol, the RPM response rate should be determined by the steady
state operating line as is shown below:

(Steady State)(NH - 100%) = 0.7212 (GT - 31.5)

(Steady Rate) ﬁH_= 0.7212 éT

This line is drawn on the figure. The results show good cor-
respondence to the predicted operation of the control. For
throttle rates less than 5.5 deg/sec during accelerations orT
decelerations, the governor characteristic is linear. Rate
1imiting occurs at higher throttle input rates due to the
saturation of the throttle sleeve on the stops, It appears
that the acceleration and deceleration stops are not sym-

metrically adjusted so that large engine declerations are
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somewhat slower. For maneuvers during test sequences, the
governor does not rate saturate and this effect can not be
precisely identified.

3.2.4 Fan and Compressor Dynamics

In the development of the dynamics of the engine in
Chapter II, it was noted that .the engine rotors have two modes
of response, namely, a unison mode and a fan rotor relaxation
mode. The magnitude of these time constants can be approxi-
mated from the flight data by examining the rotor phase relation-
ship at various frequencies. This phase.angle is not dependent
on the characteristics of the fuel control. It is assumed that
fuel flow primarily enters the compressor spéed equation, then
the transfer function between the rotor speéds can be written
as follows:

Np ﬁ Ty S+l

where Tq and T, are the time constants of the two modes.
The phase differences were measured at three forcing frequencies

and are plotted in Figure 3.9. A function representing the
first order phase difference was fit to the data,

6O) - 6MNy = tanl () - tan T () .

A time constant of 1.0 sec was determined for the compressor.
This corresponds quite well with the fuel flow to rotor speed
phase calculation corrected for hysteresis. The fan speed

time' constant is predicted to be 2.6 sec. This is a rather
large value for typical turbofan configurations without the duct
bleed. Since only three points were used, the accuracy figures
are unknown and the estimate could be inaccurate.
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3,2.5 ContTrol Parameters

The control model developed for identification has a number
of static elements which can be estimated from steady state and
dynamic responses of the controlled engine. These calculations
are discussed below. The assumption is made that the null
position in the speed governor is independent of engine speed.
This is nearly true for moderate power changes. In this case,.
the governor ervror, 3,. can be written from the steady state
operating line as follows:

N - 0.7212 S - 77.28

tl

-¢ (% RPM)

The governor error is zero in steady state; thus, the pressure-
drop governor must cancel the engine dynamics to form a pure
integrator (or rate servo)., This implies that ‘the engine fuel
to rotor speed gain, Ces is inversely balanced by the presssure
drop regulator characteristic rotor speed to fuel flow (pressure
Sdrop) gain. This situation is represented in the model. The
value of Ce 1s détermined from the operatihg line relation-
ship,

W 7,.13N - 613%

£
or

Ce 7.13 (% F.F./% RPM)

The remaining control parameters are the governor forward
loop gain and nonlinearity, «. The control law for the engine
and pressure drop regulator can be written as follows (meglec-
ting the nonlinearity)

Ny = Kyp & A
C X
—— FAF Lo d -— -
= (0.72.2 8, - Ny - 77.28)
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The time constant of the closed-loop system is TCL,= TH/CFKAF

and a reasonable guess of the value for K is. 1,0 sec-1,

AF
The nonlinearity, «, which results in slower accelerations
than decelerations is difficult to estimate. A nominal value

of zero is chosen for the initial estimation rTuns.

3.2.6 Summary of Initial Parameter Estimates

‘The discussion in Section 3.2 has provided the basis for
initial parameter estimates for the engine/control model
developed in Chapter II. These estimates are summarized in Table.
3.5 and identified with the appropriate computer program symbology
(see Chapter V for estimation results). Imitial estimates for
scale factor and instrumentation biases are also included.

These were measured directly from the flight data.
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Table 3.5

Initial Parameter Estimates

PARAMETER svigoL | fellIAL UNITS
Throttle Hysteresis DLINK1 0.48 Deg
Control Hysteresis DLINK2 0.19 " Deg
Throttle Pickoff Scale Factor BPOT1 -25 Deg/Counts
Throttle Pickoff Bias BPOTH 950 Counts
Throttle/RPM Gain KTH 0.7212 Deg/% RPM
Area to Fuel Gain KAF 1.0 Sec”
Governor Nonlinearity ALPHA 0.0 (% RPM)'1
Flowmeter Damping Ratio ZETA 0.2 -—
Flowmeter Natural Frequency OMN 13 Sec"1
LCompressor Lag CLAG 1.0 Sec
Fan Lag - FLAG 2.6 Sec,
Fuel/RPM Gain CF | 7.13 % RPM/% PPH
Fuel to Fan Coupling CFL - 0.0 % RPM/% PPH
Fan Speed Bias XNLBIS 0 % RPM
Tailpipe Pressure Lag TLAG 0.0 Sec
Duct Pressure Lag DLAG 0.0 Sec
Tailpipe Pressure Scale Factor TGAIN 4.0 %/% RPM
Duct Pressure Scale Factor DGAIN 1.32 %/% RPM
Tailpipe Pressure Bias PTEBIS -300 - %
Duct Pressure Bias PTDBIS -32 %
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CHAPTER IV K
PARAMETER IDENTIFICATION PROGRAM

A program was devéloped to process the flight acquired
data and estimate parameters of the model. The details of .
the software are presented in this chapter. A program listing
is included in Appendix A.

4.1 THEORETICAL BACKGROUND

The Spey engine model developed in Chapter II is used
as the foundation of the parameter estimation procedure. This
model is shown in Figure 4.1. The model equations can be re-
presented as follows: '

x = f(x, u, 8) ' (4.1)
Yi = B(xy, up, 8) + vy (4.2)

where the x is the engine state vector, Yy 1is the measuTre-
ment vector, ¥(.,.,.) and h{(.,.,.) are the engine/control
dynamic equations and measurement distribution matrix, respec-
tively. Table 4.1 lists the element of the state, output,

and control vectors. The measurement noise is assumed to have

a Gaussian distribution with known covariance.

The maximum likellnood_pérameter estimates are obtained
by minimizing the log-likelihood function for the parameter
estimate given the data. A complete discussion of the theory
is given in Ref. 6. ’

Jemin I (@-oNTRIE-yE) (4.3)
8

It~
l._l

i

2

where R = diag(cl ye oo cpz) is the covariance matrix of the

independent measurement errors, and'

y(1) = h(x(i), u(i), @) (4.4)
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Table 4.1
Engine State, Output and Control Vectors

SYMBOL

STATE

High Rotor Speed ANH
Low Rotor Speed XNL
Tailpipe Pressure PT6
Duct Pressure ’ PTD
CONTROL VECTOR

Throttie Position DELTT
MEASUREMENT VECTOR

Throttle Pickoff DELTPO
Fuel Flow WFMSN
High Rotor Speed XNHMSN |
Low Rotor Speed XNLMSHN
Tailpipe Pressure . PTOMSN
Duct Pressure PTDMSN

subject to the differential-constraint

x = f(x, u, 5). (4.5)

- For the Spey engine, Eq. (4.5) is discretized internally
in the simulation program to form the discrete constraint equa-
tiomns:

X(i+1) = ¢x(i) + Tu(i). (4.6)

The minimization in Eq. (4.3) is carried out using éithe: a Quasi-
Newton method or Levenberg-Marguart procedure. The. Levenberg
Marquart algorithm provides a stable search for the minima near

a priori estimates. The varameter step for this algorithm is

as follows:

2 -1 '
3~Jd 3J
862 + AI) ) (4.7)

6(i+1) = 8(1) -(
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where the expression,

327

;gg >
is 'approximated from gradient calculations and the Marquart para-
meter, A, 1s chosen based on minimization performance during
the search. More detail on these algorithms is contained in

Ref. 6.

The parameter estimation procedure described produces the
maximum likelihood estimates for a given data record assuming
the correct model structure and no process disturbances. These
assumptions are well satisfied in the engines. The model
structure has been carefully studied and initially evaluated
to assure a good a priori structure;

An additional identification option is included in the
program to facilitate the initial startup of the procedures.
Convergence of the maximum likelihood procedure is slowed by
poor initial estimates and by improperly excited modes. To
improve initial parameter estimates before the full algorithm
is run, a partial identification procedure can be used. The
program logic allows utilization of measured variables as
inputs to model blocks in the simulation. In this way, smaller
identification problems can be run to obtain accurate a priori
guesses for the full system. As an example, measured fan speed
can be used as one input to the duct dynamics. Gain and time
constants can be found which then are used as estimates for the
full identification. For the full run, the derived fan speed
is used as the input and the overall response is estimated.

4.2 STATISTICAL PROPERTIES

The identification algorithm generates an estimation of
the statistics of the parameters. These figures may be used to
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evaluate the parameter accuracies and combine estimates from
different data records to calculate the best overall paré—
meter results. Matrix outputs from the program are discussed

below.

The cost function, J(6) is calculated from ncrmalized
measurement error covariances as follows:

P R N

J= 3 ﬁg z Ei(j)z (4.8a)
i=1. i j=1
e;(3) = ¥;(3) - v, (3) (4.8b)
where R = ¢ 2
o] 1

Thus, the measurement accuracies are weighted with respect to
the accuracy of the first instrument. The scaled information
matrix 1is derived from the second derivative of J with respect
to the parameters. This matrix is developed during the iter-
ative solution of the miﬁimization p;obiem.i The scaled inform-

ation matrix is defined as follows:

H = QE% (4.9)
ab
The eigensystem {eigenvalues and eigenvectors) of H are
calculated. The overall conditioning of H and linear combin-
ations of parameters corresponding to small eigenvalues of H
are diagnostic tools in evaluating the convergence. An esti-
mate of the parameter accuracies can be determined from the
dispersion matrix as follows: ’

= N -1
D = N¥ RO H

and (4.10)
cov(eeTJ-z.D '

where the matrix D forms the Cramer-Rao bound on the esti-.
mates if N¥* = 1.

61



The value of N¥ 1is chosen to weight the independence °
of the data. A good approximation to this value is the ratio
of the number of points between uncorrelated residuals, or,
if the residual correlation time constant is approximately
determined to be TCOR? then N¥* can be chosen as follows:

Tcor

N* =
TNrgT

(4.11)
where T 1is the sampling interval and NTOT is the total
number of data points. Values of N¥* are typically chosen
between 1 and 20.

The fractional variance is calculated from the unit dis-
persion matrix (D for N* = 1) . This equation is

(4.12}

where Uei is the fractional confidence interval on the esti-
.mate of the parameter, 8-

The F-ratio of the parameter estimate indicates the signi-
ficance of the parameter to the model. The F-ratio is the
inverse of the fractiomnal variance, or,

2

F = 1/68.

1 i

9 (4.13)

Finally, the fractional gradient of the likelihood func-
tion indicates the "closeness'" of convergence of the algorithm.
This quantity is defined as follows:

Gy = 3J/3/308/0 - ' (4.14)
1
The quantities listed above are output for each parameter
estimated. An exasmple of this output is given in Figure 4.2.
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Typically, for identification runs on different data
records, the parameter estimates will be different. This
is primarily due to the stochastic nature of the inputs.
In some situations, accurate values of the parameters may
be obtained when an optimum input time history excites the
system response in a favorable way. Other data records may
contain information about the parameters but not of the same

quality as optimum inputs. The results of the parameter
estimation runs can be combined to form the optimum estimate
for the overall series of data records by weighting the average
by the predicted parameter covariance.

The exact formula is given in terms of the information

matrices, Mi’ for 'each of q runs:

» q T ~ g
§ = LM IoM, 6, (4.15)
i=

%; RQ"l H; and eil is the parameter estimate for
i . . “

the ith record. An approximate formula can be used with reason-

Fhere Mi.=
able accuracy as follows:

B q i q . .
5. =| & @iy« [ : @iyt e.l} (4.18)
J i=1 i= J3J

where D%. is the jth diagonal element of the 1 dispersion
matrix. JThe above formula can be used to obtain welghted
averages of the parameter vaiues accurately reflecting the
overall responses.
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CHAPTER V
RESULTS OF PARAMETER IDENTIFICATION

The model developed in Chapter II was used as the founda-
- tion of a parameter estimation program. In this way, the code
used for identification could be directly transferred to the
AWJSTOLRA simulation without reformulation of the modeling
equations. The parameter values would be the same as identi-
fied from the data.

The identification procedure is described in Chapter IV
and a listing of the simulation/identification program is
included in Appendix A. Preliminary parameter estimates were
graphically calculated from the flight data as described in
Chapter III,

The simulation can be used to identify parameters in
portions of the engine using measured or derived variables as
input. The parameters which.are identified can be optionally
selected. Table 5.1 shows the parameters of the engine simu-
lation which are available to estimate. Variable name defini-
tions associated with block diagram variables (Figure 5.1)
are shown in Table 5.2. The program was sequentially exer-
cised to identify throttle parameters, engine pressure dynam-
ics, engine dynamics, and engine/control dynamics. The
identification setup used and the results are presented in
the following subseétions.

5.1 THROTTLE IDENTIFICATION

The throttle hysteresis value and pickoff bias and scale
factor were identified. In addition, a power level dependent
hysteresis width was hypothesized and added to the parameter
list. Figure 5.2 shows the program set-up. Measured throttle
commands are used as input, the throttle pick-off is commandgd
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Figure 5.1 Proposed Spey Engine Identification Model Showing Program Symbology




Table 5.2
Spey Parameter Index

L

PARAMETER

INDEX SYMBOL NAME
11 ALC Constant throttle hysteresis
12 ALl Linear throttle hysteresis
13 . AL2 Quadratic throttle hysteresis
14 BPOTR Throttle pickoff bias
15 BPOT1 Throttle pickoff scale factor
16 DLINK2 Internal control hysteresis
17 KTH Throttle to RPM transfer factor
18 ALPHA Throttle nonlinearity constant
19 KAF Area to fuel gain .
20 CFCNTR Pressure drop governor feedback
21 ZETA Fuel flowmeter damping ratio
23 OMN Fuel flowmeter natural frequency
26 CLAG Compressor speed time constant
29 "CF Fuel to RPM gain
30 AFL Fuel to low rotor speed gain
31 CHL High rotor to low rotor gain
32 FLAG “Fan speed time constant
'35 TLAG Tail pipe pressure time constant
38 TGAIN Tail pipe pressure to RPM gain
39 DLAG Duct pressure lag
42 DGAIN - Duct pressure to RPM gain
43 KA1 Flowmeter estimator gain
a4 KA2 ) Flowmeter estimator gain
46 EPSBIS Throttle bias
47 KFSF Flowmeter scale factor
48 KFBIAS Flowmeter bias
50 PTDBIS Duct pressure bias
51 PT6BIS Tail pipe pressure bias
52 XNLBIS Fan speed pressure bias
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Figure 5.2 Setup for Throttle Hysteresis Identification

with the derived pick-off signal and parameters adjusted to
maximize the fit. Program convergence was quite consistent

on a run-teo-run basis. The fit results for two runs are

shown in Table 5.3. An examinatioh of the-fit errors indicate
that the right engine modeling accurﬁcy is significantly pooref
than the left engine. The data shows a large amount of noise
on both the throttle command and pick-off signal relative to
the left engine. This noise is averaged by the identification
procedure and does not significantly affect the accuracy of the
resulting parameter estimates. Table 5.4 shows that the power



Table 5.3
Throttle Input Fits

NO. oF | RMS THRERR | RMS THRERR
RUN | RECORD | points LEFT RIGHT
-(COUNTS) (COUNTS)
1 1 6000 1.67 6.10
2 5 3250 1.49 3.02

level dependent hysteresis width is not a significant parameter
in the model. This may be inferred by the small F-ratio and
large fractional standard deviation. Table 5.5 shows the
average values of the final model for the throttle hysteresis
and pick-off.

5.2 IDENTIFICATION OF PRESSURE DYNAMICS

The tailpipe and duct dynamics were modeled as pressure
lags. It was expected that exhaust pressure lag would be
insignificant. The duct lag was more uncertain. An attempt
was made to identify the terms in a linear model of the flow
as shown in Figure 5.3. The rotor speed measurements are used
as input quantities. The error term is calculated from the
measured and derived pressure. The terms modeled are the time
lag, flow gain, and bias. Sensor scale factors are lumped
with the flow gain. Input and output sensor biases are com-
bined in the bias term. The flow lag and any sensor response
lags are modeled in the time constant term. Typical transient
pressure sensor response times are less than 10 msec and the
rotor speed lag is less than this. Any identified lag .
should be associated with the flow dynamics in the exit

volume.



Table 5.4

Parameter Estimation Results for Throttle Hysteresis Using Flight Data
of Records 1 and 5

LEFT ENGINE

¢

VARTABLE

v24,5692

PARM NQ, VALUE FRACT.STD(DEV, F RATIO FRACT(SENSIT,
} At.0 251611 1 249650E20) 1604449 s QULBGHEDS

2 ALY w (422196903 =2,20025 , 206565, " 1U65H2E~0T

(:) 3 BPOTO 976,887 L172528E=03 3359556408 #,135067E%07
4 BPOTY 26,2088 *,271343E003  ,135819E¢08 L T534T4E0Y

PARM NO, VARIABLE . VALUE FRACT,810.PEV, F RATIO FRAGCT (SENSIY,
| AL O 0253676 SUELTYS 48,9945 weT84314En0Y

(:) 2 AL 4 «199695En03 10,4189 W921210Ew02 w 173583Ew04
3 ‘BPOTO 986,654 o173938E~03  ,330532E+408 w,2B86H0E03

i BPOT) v26,37138 0 PBS3T9EWOY {1 227BBE+0B8  ,223072Ew0

_RIGHT ENGINE

PARM NO, VARTABLE VALUE FRACT.S8TD+DEV, F RATIO FRACT ¢SENSIT,
i AL O 1250647 . a1634824 37,4430 o111249€=05

, 2 ALt ¢159342Ew02 1 ,26673 2623203 «SU4755TE=07
1) 3 BPOTO 9363661 156515Ea03  JA0B21GE+0E ©,415084Ex03
i BROT Y uau.qt?a w,2438b6Ee03  ,168150E408  (267171E03

\

PARM NOQ VARIABLE VALUE FRACY,STDsDEV. F RATIO FRACT SENSIT,
! ALO 4253775 4988802Ew02 1022748 / o 184403506

(:) 2 ALt . GHITIU2E=02  ,3329B89Ek=01 901,864 5,575788EwQT
¥ BPOTO 927,698 w158812E003  ,396492E+0B  ,226552E04

i BPOTY @4252530Ew03  ,{56830E4+08 my{U5}S1Ew0Q




Table 5.5 °

Combined Throttle Estimates

RUN 1 RUN 2 AVERAGE
EST/FSD ()] est/rsp (%] = EsT UNITS
LEFT
ALD 0.252/2.5 0.254/14 0.252 Deg
BPOTO 977/.17 987/.17 982 Counts
BPOT1 ~26.2/.27 -26.4/.29 . =26.3 Counts/Deg
RIGHT
ALO. 0.251/16 0.254/1.0 0.254 Deg
BPOTO 8937/.16 928/.16 942 Counts
BPOT1 | ~-24.9/.24 -24.6/.25 -24.75 Counts/Deg
* EST/FSD = Estimate/Fract, Std. Dev.
PT6BIS
XNHMSN TGAIN
) TLAG*s+]
PT6ERR
PTaMSN
PTDBIS
“thLAGFs+1

PTDMSHN I

Figure 5.3 Equation Error Identification
of Pressure Dynamics
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http:24.6/.25
http:26.4/.29
http:26.2/.27

An estimation run on record one was made. Results are
presented in Table 5.6. The fits are 'shown in Appendix C. It
is apparent that the linear model of the pressure is not completely
satisfactory in measuring large pressure responses. This is prob-
ably due to a combination of sensor and pressure response nonlin-
earity. The estimated pressure gains and bias are best fits to
the particular data record. The exhaust lag is identified as
zero reenforcing the intuitive conclusion. The duct lag time
constant is 0.04S5 sec, This figure represents an insignificant
value relative to the engine dynamics. It is consistent with
the lumped volume time constant of the flow.

5.3 TIDENTIFICATION OF ENGINE PARAMETERS.

The parameters détermining the dynamic response of the
engine to fuel flow inputs were identified. The program setup
is shown in Figure 5.4. The measured fuel flow is the input used.
Error signals are derived from rotor speed measurements and -
pressure measurements. Pressure gains and scale factors arg
introduced as freé parameters-in addition to the linear model
engine'equations. Data records representing triangle wave
and doublet inputs were used.

Table 5.7 lists the fit errors for identification of left
and right engine parameters for the three sets of data. Rep-
resentative time history matches are included in Appendix C.
The results of the estimation runs are shown in Tables 5.8 and
5.9 for the left and right engines, respectively. In general,
the engine variables are accurately and consistently estimated.
Intermediate values such as pressure gains and bias are not
as consistent. These terms have been more accurately identi-
fied in setup in Section 5.2. The inconsistencies arise be-
cause of a nearly unidentifiable combination of bias and
scale factor on the instruments and pressure response nonlinearity.
This does not affect the accuracy of the engine variables.
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Table 5.6
Identification of Pressure Dynamics

(Record No. 1, 6000 Data Points)

TR LEFT ENGINE RIGHT ENGINE
PARMMETER | o TRAST. | pARAMETER STS?ABE@. TS
TLAG 0.0% - 0.0% - Sec
TGAIN 4.10 0.008 4.35 0.03 % PRESS/% RPM
DLAG 0.05 - 0.05 — Sec
DGAIN 1.36 0.003 1.40 0.07 % PRESS/% RPM
PTDBIS -3.02 0.01 -3.53 0.26 % PRESS
PTEBIS -5.41 0.03 -1.82 0.40 % PRESS

* Not-identifiable.

*% Estimate. no

1ag.
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Table 5.7
Fit Errors for Engine Parameter

Identification Runs

LEFT ENGINE
AVERAGE
DATA ERRORZ
RECORD |ERROR NG, RESIpUAL LOCATION VALUE
} XHSERR 3 ,148043
1 2 XLSERR 4 192332
3 PT&ERR 5 2376965
4 PTDERR & J456494
ERROR 'NO,  RESIDUAL LOCATION VALUE
{ XHSERR T3 4260625
3 2 XLSERR 4 0276202
3 PT6ERR 5 .281031
4 PTDERR 6 ,331822
ERRUR NO,  RESIDUAL LOCATION VALUE
1 XHSERR 3 . 369610
7 2 XL.SERR 4 W565856
3 PT6ERR 5 ,417991
4 PTDERR 8 ,191495
RIGHT ENGINE
AVERAGE
DATA ERROR ¢
RECORD [gRROR NU, RESIpUAL LOCATION  YALUE
! XHSERR 3 121402
1 2 XLSERR 4 0 991445Em01]
3 PTAFRR 5 2258342
4 PTDERR & 282912
ERROR NO, RESIpUAL LOCATION  VALUE
i XHSERR 3 te74624
3 2 XLSFRR 4 173914
3 PT&ERR 5 2291593
. 4 PTDERR 6 2311548
ERROR NU, RESIDUAL LOCATION  VALUE
i XHSERR 3 L 265544
7 2 XLSERR 4 $ 364427
3 PTAERR 5 2279910
4 PTDERR & H673815
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Table 5.8 00 .
" Engine Parameter Identification Results QU
for the Left Engine
DATA RECORD 1 - 3000 POLINTS 60 SECONDS
PARM NG, YARIABLE VALUE FRALT,3TD,DEV, F RATID FRACT.SENSIT,
{ CLAG 245528 +1B3116Em0t  2982,27 =, 266902Ev02
2 CF (112700 +223725Ew02 199789, -, 863444 _
3 AFL +5ABAZT W551TUIE=0L 235,423 ~,805331Ew02
4 CHY 2,70508 2112671km01  7B77.25 =, 927048
g FLAG $ 395805 2828018E=02 1458544 + 388291
b TGAIN 4,51193 . +360138Em02 7710445 2735931
7 DGALIN 1,47099 P L42B66ERDL  4899,40 »,515400
8 KFBIAS 23,6544 0 390499Ew02  £423%5,.2 -,538333
9 PTIpBIS  =3,19989 " SUQaB2E=0t 342,070 w, 126345
io PTaBIS  wy,75263 »,533703E=01 351,075 w,245195EwQ2
1 3 XN{.B15 2273844 «21843TE=01  2174,70 «427091
DATA RECORD 3 3000 POINTS 60 SECONDS
PARM Ng, YARTABLE . YALUE FRACT ,5TD,0EV, F RaAT10 FRACT,SENSITY
1 ELAG + 20985y | e 127386EmD] blbh 33 104873 °
2 GF 110279 2345332602 83854,3 5439094
3 AFy, $ 709761 +834593E=01 143,566 ¢ 763838€=01
4 CHL 3,07253 «56B8112E=02  22802.4 =, 750232
s Ft.aG J403171 0388250E=01 824,593 « 359266
& TGAIN 4,72230 __ $325436E-02 9384344 2,04089
7 DGAIN 1,13933 «BUYISBE=G2  24099,9 »,152601
3 KFR1AS 20,9181 +722847E6=02 19138,5 2605524
9 PTDBIS  #3,93060 - {60SUBE=DY 3579462 -, 214992
10 PTeRld  ={,94100- #,376977C%0) 74346714 113070
11 ANLAILS 326054, v231113Ew0] 1872429 550568 _
0ATA RECORD 7 2000 POINTS 40 SECONDS
PARM NO. VARIABLE VALUE FRACT.STD.DEY, F RATIO FRACT ,SENS1T,
) CLaG +280%39 +174310E=01  3291.23 =, 711820Ewd1
2 CE .132310 +507232E=02  38867,5 »{G,0540
3 AFL yb48202 4TU450EmTY R F-T} ) $357841EwQY
4 CHL - 3,55974 «3012228=02 1102123, b, b65612
5 FLAG +471682 +550639E-02 3297848 24234819
b TGAIN 4,03730 0837339E=02 2061844 =10,9313 _
7 DGAIN t933361 2 T81808E=02  153%8,9 =2,9013%
8* KFE1AS 1141947 +305445E~01 1071.35 w3, 43942
9 PIDRIS  «4,5355s *y427352E=01 .S5474555 . 4646905
10 Ptals8  »a8,53689 »,2376558=0¢ 1770455 =3,09991
3¢ 2387823 +329964E=02  91847,5 2428761

XNLBIS
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Table 5.9

Engine Parameter Identification Results
for the Right Engine

DATA RECORD 1 3000 POINTS 60 SECONDS
PARN No, VARIABLE VALUE FRACT ,5TD,DEY, F RATIO FRACT,SENSIT,
{ CLAG «309677 2269890k m01 1372.86 +JU9TORLE=Q]
2 CF 112470 »351239E=02  81057,9 3.72087
3 AFL 2209645 «50069uE=01 398,892 -, 390389E=01
4 CHY 2.61253 +BBQ933E%02 12885,9 5,46837
5 FLAG 0363991 s 11S059E=01 1553,68 =] ,9681%
-} TGALIN Se17007 +399868E=02 62541 .2 wi{,95474
7 DGAIN 1,64253 +156479Em01 50848,03 2.17827
8 KFBIAS = 24,6401 2659776Em02  22972.4 1,61175
9 PT0B15 ~ +2,59338 = 846524E=01 139,547 366318
10 P14815 §e56712 #562253E=01 316,327 2141740
1t XNLB13 «302578 2105661EmQy 8957,20 wl, 96149
DATA RECORD 3 3000 POINTS 60 SECONDS
PARM Ng, VARJABLE YALUE FRACT ,STD.REV, F RATIC FRACT ,SENSIT,
1 CLAG 0319747 21209485Ew0t 160661 n,123973E=03
2 CF «119920 «333874E=02 87068140 w,8948B9E=01
3 AFL 701278 «677632E=01 237777 +190971E#03
4 CHL 3,15778 «B41AS3E=02 S51266,5 =y 1 11738E=0
5 FLAG 878460 «bBO9EZE=02  21585,3 «120963Ew0)
b TGAIN 3,a81038 «344225E~-02  84394,9 v, I21819E~01
7 DGAIN 1,30134 +93848UENO2 11361,2 Tw,842488E~02
B KFATAS 18,7189 +BO72USE=D2 13295,9 =, 177729E%0)
g PIDBILS -1p,0272 = (20537E=01 &8487,71 «,329149E=(2
10 PTRaLS w2,72262 «,400297TE=J1 524,074 v, 413596Ew02
11 XNLB1S + 3715867 «2H1079E=Q2 . 18K709, 2178602E01
DATA RECORD 7 2000 POINTS 40 SECONDS
PARM NGO, VARTABLE VALUE FRACY ,9T04DEY, F RATIO FRACT,SENSIT
i CLAG »308398 2191228E=01 2734452 e119934E=0Q
2 CF +«155032 +884564Emg2 1278043 ®,533109E=0
3 AR », 1615438 », 273008 13,8171 2 855455Ew0
4 CHL, 2,91543 2583915E=02 10762,7 «202993
5 FLAG 0249392 2390653E=Q 859,287 w,595218Ew0
s TGAIN 3.40194 0 9685UE=QZ 1065540 w,487542
7 DGAIN 1,12498 0977269E=0Q2 1047048 «998872E=0
8 KFBIAS 3.80752 21305859 55,5766 »,523410Ewq
9 PIpRIS =4 ,048424 »,331455EnGY 910,227 2T6E8U0ER]
10 PT6B1S  wi0.778¢ w,241095En0f 1720,43 n,226384
| 5 XNLBIS o 379122 «588912En02 28833,7 +B06596E0.
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Table 5.10 shows the results éveraged by the estimated
variances. Accurate .estimates of rotor time constants and
coupling were obtained from the data processing. The engine-
to-engine variation in parameters is less than 10% except for
the compressor time constant. The data indicates that the
right engine time constant is 35% larger than the left. engine.
Compressor and turbine build differences, seal leakage, bleed
differences, deterioration, etc., are possible reasons for
this type of variation. It should be observed that the fan
and compressor response roots differ by about 50%. Modeling
engine transients with a single time constant can lead to
erroneous results as described in Chapter II.

5.4 IDENTIFICATION OF CONTROL PARAMETERS’

There are three parameters in the Spey which determine
the characteristics of the hydromechanical speed governor as
modeled in the simulation. The setup for identificatiom is
shown in Figure 5.5. The assﬁmﬁtions madevin-thg analysis of
“the governor produce this simple form. The results of the
parameter estimation will verify these aséumptions.

The'éssumption that the positive feedback from the pres-
sure drop governor just cancels the natural engine damping is
an important simplification in the simulation. The rationale
is briefly reviewed below. The transfer function from fuel to
speed is a first order lag. If it is assumed-that the pressure
drop governor provides positive feedback with gain Cﬁ, then
the metering area to RPM transfer function is as follows:

8N

H_ g Cg 1
- AF T-Cp/Cp Tpps * 1
where
Ty
Tpp T T Ce/Cp
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Table 5.10
Parameter Estimates for Engines

i LEFT ENGINE RIGHT ENGINE
PARAMETER UN 1 RUN 2 RUN 3 flN 1 RUN 2 RUN 3
ol r ] v o r ] ¥ o |.r 8 r ) r ] v

CLAG 246 | .o18 | .210 ) .13 | .281 |.o17 | 232 §.016 |.310 |.027 |.320 :025 .308 019 ].312 | .024 Sec

cf 13 ) .,002].110F .003 |.133].005 .llh 003 {.112 |.004 {.119 |.003 { .155 .009 {.118 |.005 % RPM/% FF
at | .606|.065 | .710 | .083 [ .648 | .047 | .643|.065 |.220 |.05 |.701 |.068 |(-.16) (.27)* f0.56 | .06 —
CilL. . 2.711 .011 .3.07 .007 13.56].00313.39].007 |2.61 I.009 3.16 }.004 | 2,92 010 ! 3.02 .Oﬂé -—
FLAG .396 | ,0081.403 | .035 | .472 | .006 | .437 | .06 {.364 |.012 |.478 ].007 | .249 .039 {.423 |.019 Sec
XNLBIS L2741 .021F.324 1 .023 |.368 | .003 .382' .016 }.303 |.011 }.376 ].003 | .379 .006, {.370 ].007 % RPM

*
Hot used in average

B = Parameter estimates
r = Functional standard deviation
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Clearly, when g = Cpz, the pressure drop governor has caused
the engine to behave like a rate servo. The speed governor
has a control as follows (assume a linear metering character-

istic):

and the closed-loop transfer function can be written as follows:

L - 1
3 TH* T.q
T H
T s+1
AF~F
where
1-c./Cs \*
_ F/“F
W= e
AF“F -

which indicates that the ﬁarameter Cg is difficult to identify since
KTH-proportidnally determines the d.c. gain and K,p proportionally
determines the closed-loop time constant. The "identifiability"

of Cﬁ decreases as u approaches 1. There is a good justifi-
tion that u is designed to be mearly 1. This can be seen

from the metering area d.c. gain as follows:

1- CF/CE 5

GA = [
m- 1--CF/_CF+KAFCF T

(d.c.)

It is desirable to hold the metering area at null since
the acceleration limits are determined by physically limiting SA_ .
Null d.c. 6A_ 1is held if Cq =-C§. This assumption is made in
the simulation. Mismatches in those two values cause the esti-
mated value of Kag to be slightly biased, but this effect
should be second order since yu ~ 1.
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Using this assumption, Kix is identified with the closed-
loop response determination and KTH with the operating (static)
behavior. The values of Ky are accurately determined by
steady ground trim runs and verificatiom -at selected in-flight

points. This value is not estimated.

The results of the estimation for the parameter, KAF’
are shown in Table 5.11 for two data records. Appendix C
contains sample plots of the time history match to the pre-
dicted fuel flow. The loop time constant, (vydops 1S
calculated in the table. These values are reasonably close

to those obtained from the graphical analysis.
5.5 SUMMARY

Component blocks of the Spey engine simulation have been
used to estimate parameters from the flight data. Accuracy
values have been calculated for each configuration. Several
runs have been used to generate each set of results. In
general,,fﬁe run-to-run consistency has been excellent. Table -
5.12 1lists the final parameter estimates for each engine and
the uncertainty limits associated with these estimates. The
confidence interval suggested for the parameters is calculated
using the fractional standard deviation and a subjective
estimate of the overall fit of the data estimation. Worst
case values may lie with an interval two or three times larger
than the suggested bounds. -
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Table 5.11a
Identification Results for Engine Control,

KAF and (TH)CL Parameters
NO. OF FRACT.
RUN RECORD POINTS ENGINE KAF STD. DEV.
1 1 3000 Left | 3.44 .007
2 1 6000 Left 2.76 .008
3 7 2000 Left 3.08 ~.012
4 3 3000 Right 1.60 .007
5 7 2000 Right 3.07 .002
Table 5.11b
Averaged Values
KAF (ty)e
(% AREA/% RPM) (SEC)
LEFT 3.1l 0.65
RIGHT 2.96 0.89
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Table 5.12
Final Spey Engine Parameter Estimates

LEFT ENGINE

RIGHT ENGINE

PARAMETER | INDEX
ESTIMATE | UNCERTAINTY | ESTIMATE | UNCERTAINTY

ALY 11 0.252 +0.062 0.254 +0.060
ALl 12 al a/ a/ a/
BPOTS 14 982 5.0 942 5.0
BPOT1 15 -26.3 +0.22 -24.8 +0.18
DLINKZ 16 a/ af 3/ a/
KTH 17 | o.7212%/ - 0.7212%/ -
ALPHA 18 &/ - o/ --
KAF 19 3.11 +0.07 2.96 0.07
cF 20 0.114¢ | +0.001 0.118¢/ |  +0.002
IETA 21 0.2% | 0.2 0.2 +0.2
oM 23 13 | Y 13/ +3/
CLAG 26 0.232 | =0.011 0.312 40.022
CFCNTR 29 0.114 | +0.001 0.118 +0.002
AFL 30 0.64 £0.13 0.56 +.10
CHL 31 3.39 +0.07 - 302 . +0.07
FLAG 32 0.437 +0.02 0.423 +0.02
TLAG 35 0 0,001 0 +0.001
TGAIN B .| 410 +0.10 4.35 +0.40
OLAG 39 0.05 - 0.05 -
DGAIN 42 1.36 +0.01 - 1.40 0.3
KFSF 47 1.0% -- 1.0%/ -
KFBIAS 48 0.0/ - 0.0%/ -
PTDBIS 50 -3.02 +0.09 -3.53 +2.75
PT8BIS 51 - -5.41 0.5 -1.82 +2.18
ANLBIS 52 0.382 +0.03 0.370 +0.03
(tdeL - 0.65 +0.05 0.89 +0.05
{sec)

&/ \ot significant
ngstimate from inspection of data
EJUefjned as equal®to CF - See Chapter II
»glﬂerived from steady-state operating line
EJNO significant estimate derived from data
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CHAPTER VI
SUMMARY AND CONCLUSIONS

6.1 SUMMARY

The Spey engines on the AWJSTOL research aircraft re-
present a complex system of coupled dynamics. Flight data
was acquired during controlled throttle tests in the powered
1ift approach configuration of the aircraft. A dynamical model
of the throttle linkage, control system, engines, and duct was
developed from an analysis of the physical configuration of
the engine. The flight data was utilized to develop initial
estimates of parameter values using classical frequency re-
sponse and describing function techniques. A system identi-
fication program was used to process the flight and calculate
estimates of the parameter value in the engine model. The
resulting engine simulation should provide an accurate com-
ponent representation for inclusion in the AWJSTOLR aircraft
?imulator. ‘ . ‘

6.2 CONCLUSIONS

The‘quality of the flight data provided was excellent.
Inputs controlled by the avionics computer were exceptionally
repeatable and accuracies associated with parameters were quite
good for‘this reason. The data processing was nearly routine
with the identification and rumn-to-run repeatability of the
parameter estimates was good.

The results indicate that the engine is represented, for
outer loop simulation and control evaluation, as a second order
system. Thrust outputs must be scheduled on fan and compressor
speeds separated to model the forces generated by the engines.
The model developed is accurate above about 18° throttle angle.

go  PRECEDING PAGE BLANK NOT FILMED



The behavior of the engine and control, aside from the hyster-
esis, is quite linear. An insignificant asymmetry in the
acceleration and rates was found for these power levels.

The engine-to-engine repeatability of the parameter
estimates was within 10% except for the compressor time comn-
stant. The right engine time constant is 35% longer than the
left. Fan speed responses are the same. The fuel flow to
‘Totor speed gains are nearly the same, hence, the engine fuel
consumptions are ﬁearly equal. Fan speed responses are 50%
slower than compressor time constants.

The utilization of automated parameter identification pro-
cedures has provided a significant improvement over classical
methods. The number of parameters estimated is far greater
than previously available from graphical techniques. Run-to-
TUun repeatablllty has been demonstrated for many of the
variables. '

The established system- identification routines can be used
in the design and evaluatlon -of future flight test applxcatlons.
Several of these areas” are mentioned below.

The tests descrlbed in this report primarily produced
linear dynamic results. The scope of the effort was restnicted
to generally linear models relating the engine response near
full power. A more complete representation would use response
data from a larger power envelope to estimate both steady state
and dynémic coefficients.

A nonlinear model can be used to match the response using
this data for the full envelope of operation including nozzle
angle and choke effects. 'Pressure data in the duct and tail-
pipe could be matched much more accurately using a quasi-linear
model of the following form: '

p = -A(p-£(N))
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where the function, £(.), describes the nonlinear static
operating line response in pressure. The results for duct
Fressure response indicate that the choice of X is not im-

portant since A > 20 sec-l for both the duct and tailpipe
dynamics.

The accuracy of the identification procedure can be improved
- using optimal input design. These techniques build upon the
results of this study. Estimates for model parameters developed
from sawtooth and doublet inputs form the input design model.
Throttle input time sSeries are generated from the design pro-
cedure which could be programmed on the AWJSTOLR aircraft flight
computer as throttle rate commands, Data from these flight tests
would be used with the identification program to calculate a
revised set of parameter estimates. This pEOCedure would produce
far more efficient utilization of the flight test time by en-
hancing parameter identifiability. Effects of nozzle position
and choke deflection on thrust dynamics could be efficiently
evaluated.
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APPENDIX A

LISTING OF SPEY ENGINE SIMULATION
AND IDENTIFICATION PROGRAM

FRECEDING PAGE BLANK NOT FILMED-

95



i JON INVIE govd ONIGHOHESE L6

10

15

20

25

10

35

40

45

50

55

PrULRAH SFEY

conoMOCoOCOonnDoe

| >3

gp

ToMmMmoOOo»

MTMMOOO>» =IO TWMOO T

16/76 oPT=1 FIN d4,5+414
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LEVEL 24XDATA
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COMMUN /ENGINE/ OUM1(100)

COHMON /CONSTS/ STARTeCH{8)y

OLINKLeALO ¢ AL1 o ALZ ¢+ BPOTO o
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CALL SETUP

OFAC=D, 1
CPLOT=0,0
PLOTF=0,40
I0PT1IM=0
YEHESS=0

KEEREAD INPUT DATA# &%

READ(S, [HPUT)
CaLL CPRINY -

DYI=0.,02¥NINC
FEEREAD DATAFY

IFCBIT,LT,040) CALy RDATA
IF(BIT,GE.0,0) CALL TDATA

FEEINSERT INITIAL PARAHETER GUESSES*#¥

bo 220 Iaf.NP

INDSIPARNEL)

B(L}=PARW{IND) \
220 CaNTINUE

¥HYPERTURB INITIAL GUESSES FOR BIT CASEX#¥

IF(BIT,LT,.0.0) G0 TO 200
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225 CONTINYE

200 CONTINUE
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4100 FORMATCIH 110Xy 29HFINAL, RESULTS OF OPTIMIZATION/) :PE; 112
C PE 113
IF{TOPTIMLEQ, Q) HRITECH122) : JUnZe 14
1FCIOPTIM ERL1) HRITECA.123) JunNgs 15
145 122 FORMAT(I1X)32HNARQUART NOMLINEAR LEAST SQUARES//) Jue28 3
123 FORMAT(I1X+19HQUAST=KEWTON HETHOD//) | JuL2s 4
IF(NP.gR,0) 6O TO S50 SPEY 114
HRITE (Lo 10t} §PEY 115
‘101 FORMAT(I1X1BHPARM NO s dUXNsBHVARFABLE 22Xy . SPEY 116
150 ¥ gHLOCATION+4XoSHYALUE) SPEY 147
L SPEY 118
Po 2 I=l.nP SPEY 119
IND=1PARMCI) SPEY 120
WRITEC6v102) I CSYHBCIND) 9 INDyP{Y) SPEY 121
1558 102 FORMAT(IIN I3 vBX ALy 85X e0G1248) ' SPEY iez
2 CONTINUE . SPEY . 123
C SPEY 124
50 CONTINUE | . SPEY 125
IFCIOPTIHLEOQLL) CALL FUNCC(P+NP4NFyF) JUN2T 13
160 C | . SPEY 126
HRITE(Gr103) SPEY 127
103 FORMAT(//7/10Xp32HF I{NAL RUOT MEAN SQUARE RESIDUALS/) JUL264 .8
c BPEY 1e9
IFINF«FG,0) GO TO 51 . SPEY 130
165 WRITEC(GeLln4) SPEY 131,
104 FORMATEL 1IN 9HERROR MO4 o 3XyBHRESIDUAL 92X SPEY . 132
¥ AHLUCATIONe 4% ySHYALUE » 12X s 6HWEIGHT) SPEY 133
c SPEY 134
60 3 IslenfF SPEY 135
170 INDEERRPNT (1) SPEY 136

HPOINT=NDP /NG JuL 28 b
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185
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195

200

205
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215
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225

PRULHTAN SPEY 76776 ukl=)

oy

oOooD

OO0

FLIVESQRT(FCLY¥¥2¥R{INDI/NPOINT)
WRITE{6e105) 14DSYMBCINDY29) 9 INDeF (L) sRCIND)
105 FORMATE13X 0 I308X0A0e9%41345%e612,695Xy51244)
3 CONTINUE )

RUSSO=SQRT(SSU/NPOINT)
WREITEL&+§25) RMSSH
12% FORMAT (19X $THAVERAGE RHS ERRORITXeG12,6)

51 COnWTINUE

WRITEC(Le100)
{06 FORHAT(//7/410Xs16HFINAL STATISTICS/)

EFEDUMMY REBULTS FOR QUASIwNEWTON®¥X

IF(IOPTIN,EQ.0) GO TOo 260
WORK{4)=0,0
NORK{S)=0,0

260 CONTINUE

WRITE{&r107) SSOVEHORKCID eI2115)
10T FaRBAT¢
11X+ 32HRESIRUAL SUM OF SQUARES
11X93ZHNORN OF THE GRADIENTY
11X932HNOLOF FUNCT EVALUATIONS
11%932HEST NO, OF SIGH. DIGITS
11X+ 32HFINAL MARQUARDT PARAMETER
F{Xs32HHNUMBER OF ITERATIONS

* A R W

17)

IF(I0PTIM EQ.1) GO TO 245
WRITE(6¢108) INFER
10B FORMAT (11X i THCONVERGENCE CcODE=IZ/)
265 CcoNTIHUE

IFUIER,EQ,0) WRITE(by109)
109 FORHAT(10Xy1BHNORMAL TERMINATION)

FERABNURMAL TERMINATION ENDING MESSAGES**¥

IFLIER,EQ,129) YRITE(64110)
IF(IOPTIM,EQ, 1) GO TO 270
IFCIER,EQ, 130} WRITECEo111)
1FCIER EG,131) WRLTE{6y112)
IFCIER EQ,132) WRITE(by¢113)
IFCIER,EQ,133) HRITE(b4114)
IFCIER EQ, 38) WRITE(64115)
60 10 2711

270 CONTIMUE
TF(IER,EN,136) wRITE(6,4121)
IFLIER B, 131) WRITE(6y)14)

FIN 4,5¢414

4Gl b/
SeGi2eb/
3964246/
=261t/
3961248/
961246/

110 FORMAT{LOX e 3SHSINGULAR JACOBIAN=RECUVERY FAILED)

10r706/77

JUL2B
SPEY
SPEY
SPEY
JulL.2s
JUL2B
JuLas
Jul.28B
JuL28
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
JuN27
Juh2y
JUN27
JuN27
JUN2T
JuN27
Junay
JUNRY
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
JuL2e
BPEY
SPEY
JUL28
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
SPEY
JUN27
SPEY
- SPEY
SPEY
SPEY
SPEY
JUN2]
JUNRT
JUNRT
JUN2T
SPEY
SPLY

11415.006%

- 138
139
140

14

ie2
141
142
143
144
145
14é
14
15
16
17
18
19
20
21
147
148
149
150
154
152
153
154
155
156
13
157
158
14
159
160
161
fe2
163
164
145
166
22
167
168
169
170
171
23
24
2%
2&
178
173
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230

235

240

245

250

255

260

265

270

215

280

285
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114 FORHMATCLOXs21HINPUT PARAMFTER ERROR)

112 FOHMAT (10X y 36HHARIMUN MARRUARDT PARAMETER EXCEEDED)
113 FORMAT(10Xe33HSINGULAR JACDBIAN=RECYCLE FAILURE)

114 FORMAT 10X 3LHHAX ND. O0F FUNCT EVALY EXCEEDED)

115 FORMAT(10X¢3IBHHARNING=JACOBTIAN ZERD~STATIONARY FOINT)
121 FORMAT(10Xy25HRUUND OFF FRROR TDO LARGE)

27t CONTINUE .

FFEPRINT INFORMATION MATREX®¥X
* JFULNPL,EGQ,0,.0) B0 To 310
no 300 IsfehP
INDz=YPARMCL)

RLAB(I+2)=C5YME(IND)
300 CONTIHUE

WRLTEC6v116)

116 FORMAT(1H1+/30X+25H3CALED INFORMATION HATRIX)
CALL USWLEMCRLAHYO0,000yNPoXJTY)

FELC 4L CULATE FIGENSYSTEM®*%

WRITE(6e117)
117 FORMAT(//1O0Xy3ZHEIGENSYSTEN OF INFORMATION HATRIX/)

CALL EYSRACXJTJoNP2pDEIGrZVECT o NP o WK IER)

WRITECHrE18) (DEJGCIdvI=LonNP) '
118 FORMAT(10X 1 2HELGENVALUESI/R0(10X9G12,48/7))

WRITECHe119)
119 FORMAT(/$0Xv I 3HE IGENVECTDRSE }

WRITEChari2U) WK(L) .
124 FORMAT(10X»32HDECONPUSITION PERFORHMANCE INDEX=92X1G12.6)

CALL USKHTFH(Os020+4NP NP oNP¢ZYECT)
¥HECALCULATE DISPERSTION MATRIX#¥¥

CALL LINVRRP(XJITJeNP»DISPyIRGT+pL D24 HORKy IER)
IF(IER,EN,2) GO TO 310

WRITE{&1130)
130 FORMAT(//710Xs22HUNLIT DISPERSION HATHIX)

CALL USKLSHTIRLABYO,0+0,NPypISH)

FFLERRUR ANALYSIS®&Y
IF(IUPTIM;EQ.IJ GO TO 330
K2{NPH])¥nP/2

Iy TN ) N

N0 .
SPEY 174
SPEY §75
JPEY 17&
SPEY 177
SPEY 178
JUNZ? 27
JUN27 28
SPEY 179
SPEY 160
SPEY 181
SPEY 182
SPEY 183
SPEY 164
SPEY 185
SPEY 186
SPEY 187
JUN3D . B
SPEY 188
JuL2as 15
SPEY 190
SPEY 191
BPEY 192
SPEY 193
SPEY 154
SPEY 195
SPEY 194
SPEY 197
JUL28B q
SPEY 199
SPEY 260
SPEY 201
SPEY 202
SPEY 203
SPEY 204
JuLgs 17
JuLz2s 18
JUuL28 i9
SPEY 205
SPEY 208
JUN3O ]
JUN3O 10
JUR30 1
JUh30 12
JUK3O0 13
JUN3O 14
JUK3D 15
JUK3O' 16
JUN3O 17
JURN3O 18
JUN3O 19
JUA30 20
JUNZO 21
JuLae 20
Jukzg 2t
JUL28 22
JuLz28 ‘23
JuLza 24
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PRUGRAM SFEY 76776 UPI=y FTIN 4.5+414

oo O

Do 33] J=feNP
XJACTIY=WORK{K )
3131 CONTLINUE
350 CONTINUE

nD 332 JdzjohP
XJACCS)=XJAC(JI PP (g} /85D
332 CONTINYE

HRITE(69131L)
131 FORMAT(//1 X9 BHPARM NO, ¢ 4XoBHVARTABLE »4X 2 SHVALUE
¥ 6XoLAHFRACT W STDCDEV 413X THF RATIO14X 0 L3HFRACTSENSIT,)

DO 333 IayaNP

INDEIPARM(T)

ID1AG=T*#(1+3)/2

FSTDV=SAQRT(NISP(IDIAG))

IFCP(IINE,0,0) FSTDVSFSTDV/PLY)

FRATIO=],/FSTDV¥%2

WRITEC6e132) LeCSYMBLIND) yPLI)FSTDV¢FRATIO¢XIACLI)
132 FORMAT (13X pI308X 003N 4(612.642X))
533 CONTINUE

¥¥ESEY UP pLOTS IF REWGIREDH¥%
510 CoNTINUE
IFICPLOT NELCG.0) CaALL PLOT(P)
IF(CPLOT,NE 040} CALL CPRINY

sTop
END

19706707

JuL.28
JulL.aa
JuLza
JuLz2e
Jul.2é
JuLze
Jut.2a
JuL28
Jul.28
JuL28
JuL.28
Juk2s
JuL28
JulLz28c
Jul.2e
JulL2a
Jul2s
JuL28
Jul.2s
Jut.z28
JuL28
JuLes
JUL28
SPEY
§PEY
SPEY
SPEY
SPEY
JUN1T4
GPEY
SPEY
SPEY

114154063

25
26
27
28
29
39
31
iz
33
34
35

38
31
1
39
40
43
42
43
44
Us
44
47

207

208

209

210

211

1

212

213

214
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SURFUU T INE FUNCT e M PSRN NS w77 P, LS | 3
1 SUBROUTINE FURCTCNPyPF) FURCTY 2
DIMENSTON P(1) FUNCY 3
BINENSION FINDCIO) FUNCT 4
[ P FUNCT 5
5 COMMON /CONSTS/ STARTeCHIB) » FUNCT &
A pLINK{edLD o ALY o ALZ2 )y BPOTO o FUKCT 1
B pPOTY » DLINKZ s KTH » ALPHA » KAF FUMCT 8
C CFCNIR ¢ ZETA « DM 4 OMH 4 S5IG » DT ¢ FUNCT 9
0 cLAG 4 CLAGD + LLAGG o CF o FURCT 10
1o £ AFL ¢ LML ¢ FLAG » FLAGD o FLAGG ¢ FURLT 11
F TLAG o TLAGD o TLAGG v TGAIN ¢ FUKCT 12
G plLAG o DLAGD ¢ DLAGG v DGAIN o FUNCT 13
H KAL o KAZ o ENGND 9 EPSBIS o FURLTY 14
I KFSF 4 KFBIAS » 817 FUKLT 15
45 coMBON /FCONBTS/ FUNCY it
A PIDBIS ¢+ PTEBIS » XNLBIS FUNCT 17
H HMaNPXoNFNDP ¢ NFIRSTANINCySPRINT9CPRNT y FUMCY 18
C IPARM{20)+ERRPNT{&IR(6)+NEIG, FUNCT 19
D EPS o DELTA » HAXEN ¢ YOPT » PARMHQLYH) FUNET 249
20 E FILENG o STIME 9 FLGTND o HUNDEL o HUNDPO o FUNCT 21
F HUNMFF » KUNNH o HUNNL y HUNPT6 ¢ HUNPTD FUNCT 22
GCOMMON /CoNSTS/DUNP(§00) FUNCT 23
C FUNCGT 24
C FUMCT 2%
25 C ¥H¥GENERATE FUNCTIONS FOR MINIMIZATION¥*¥ FURCT 26
C FURCT &7
GALL FUNC(PoNPyNF1FIND) FUMCT 28
C FUNCT 29
C #4¥CENERATE SuM OF SHUARESK*¥ FUMCT 30
30 C : FURCT 1
F=0'° FU“LT %32
00 | TslenNF FUNCT 33
FzFtFINDCT) ¥¥2 FURCT 3y
CONTINUE FUNLT 35
15 RETURN FUKCT . 34
Enn FURCY 37
=
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Ll Tthily il - Fik d.h+414 v/
BUNROUTINE EWGIML EnGINE
ENGINE
FEEQPEY ENGINF SIMULATIUN FOR MASA AWJSTOLRA AIRCRAFTY®¥ ENGINE
ENG INE
SYSTEMS CONTOLINEG (VT) ENGINnE
1301 pAGE MILL RDAD ENG INE
PALY ALTOy CALJIFORNIA ENGINE
ATTHT R,L,DEHNFF ENGINE
EHG INE
. ENG INE
REAL KIHeKAF1KAY e KA KFESF+KFBIAS ENGINE
COMMON ZENGEINE/ : ENGINE
A POINT « TIME v DELIC o DELTMS ¢ WFMSN o ENGINE
8 XNHMSM 9 XNLUSN ¢ PTOHSN o PTDHSN ¢ ENGINE
C DELTPOD » WFMEST v XNH ¢ XNL + PT6 ENGINE
D PID o DELYT » DELYTS o WFHB o WFFLWH 4 ENGINE
E WFEST » pELTTY o DELTT2 o EPSRPM ENGINE
¥ RTHROT » DAREA » FMSL o FHE2 » FMFSL o ENGINE
G FMFS2 v THHERR 1 ;ULtRa v XHSERR 4 ENGINE
H YLSERR v PTHERR v PTDERR ENGINE
ENGINE
COMNON FCONSTS7 STARTCHLB) ENGINE
A DLINKLsALO » aALL ¢ AL2 + PPOTO 4 ENGINE
B8 gPOT1 » DLINK2 ¢ KTH » ALPHA ¢ KAF o ENGINE
C cFCHTR ¢ LETA » UM o OMN o SIG v DT ENGINE
D cLAG y CLAGD ¢ CLAGG ¢ CF ¢ ENGINE
E aFL » CHL ¢ FLAG 4 FLAGD y FLAGG 4 ENGINE
F TLAG 4 YLAGD + TLAGG o TGAIN ENGINE
G DLAG  DLASGD ¢ DLAGG 4y DGAIN ENGINE
H KAL o+ KA2 ¢ ENGNO y EPSBIS ENGINE
1 KFSF o KFAIAS o 81T ENGINE
COMMON /CONSIS/ ENGINE
A PTOBIS » PTIGHIS 1+ XNLBIS ENGINE
B NHaNPyNF ¢NDPaNFIRST+NENCoSPRINT¢CPANT ENGINE
C IPARN(ZO0Y+ERRFNTILIR(A) INSLIGy ENGLINE
D EPS o DELTA 9 MAXFN » JOPT ¢ PARHHB(4) ENGINE
E FILEND o STIME » FLGTNO » HUNDEL ¢ HUNDPO ENGINE
F HUNMFF » HUNNH ¢ HUNNL » HUNPTS » HUNPTD ENG1NE
JUN29
SOFTAXToXMoXBI=AMAXL(0,¢XTy ((XI=XD)*XB)/(XBmXM)+XB) Juh2g
ENGINE
IF{START,EQ,0,0) GO TO 10 ENGINE
ENGINE
$FEINTTIALIZATION PASS*¥% ENGINE
ENGINE
THRERKR = g,¢ JUNEBA
FULERR = o, JUNLUA
XHSEHRR 1 0,0 Juhtda
ALSERR = o, JUNLYA
PTSERR = 0,0 JUNL#&A
PTDERR = g,0 JUNS U
DLINK =zAL24DELTCH¥ 2+ AL L¥DELTCHALD JUNLTE
DLINKI=SOFTODLINKI 4~300,90,05) JUh298
DELTTSpELTC=DLINN] JUNLTE
bELTIS=DELYC ENGINE
DYHROT=DELTI~DLINK, JUNLTH
JUNZ9B
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C #6¥3TABILITY LIMITSHEX

C

i N ol o]

[z Rz Nl

o« ey

e NN e aoaomn

CLAGESHFT(CLAG,=100,¢0,1
FLABSSOFTC{FLAG)~100,¢0,1
JLAG=SOFT(TLAGy~100.¢.004
DL AGEBOFT(OLAGy=100.0,005
KAF =S0FT(KAF 4=100.40.5
CE =SOFT(CF +=100arelt
OLENKR2=S0FTIDLINRE 4w 100,¢0,04)

Tt et s S T’ At

FEEFLOUMETER SETUP» ¥

§16==1,/(ZETARQNN)

OMESART (OMN¥¥2-81G¢*2)
F113rXP(S1G¥DT)*COECOMIDT)
FIR=EXP(SIGFUT)I¥SIN(OM¥DT)
Faa=Fti
Falsefl2

LR U

GSe(EXP(SIGYDTI¥(SIG*AIN(OM¥DTI=ON*COS{OM*DT) ) +0M) /UNN®*2
GC=(EXP(SIG¥DTI¥(SIG¥COS(OMEDT) tOHFIIN(OMADT) ) =SIG) /UMN¥#2

Gi=LnM/23%(65-6C)
Gaz=i}

WFMEST=WFMEN

¥EENOTOR SPEED SETURE®y

XNHEXNHMEN

CLAGD=0,.0

IF(CLAGsNES040) CLAGDSEXP(=DY/CLAG)
CLAGG={ ,~(LAGD

XHLSKNLMSN

FLAGDIDWLD

IF(FLAG.NE.0.0) FLAGRD=EXP(~DT/FLAG)
FLAGGZ 1 4=FLAGD

t¥¥PRESSUPE DYNAMNICS SgTUPkx¥

PT6RPTEMEN

TLAGD=Q.0

IF(TLAG.NE.04+0) TLAGUSEXP(»DT/TLAG)
TLAGG=1,~TLAGD

PTL=PTpMSEN

-DLAGD=G6.0

1F (DLAGGNES040) DLAGOSEXP(~DT/DLAG)

DLAGG=1 ,=DLAGD

FERMATH ROUTINE#¥¥
106 CONTLNUE

FEH INRAGE T THROJTLE®+

CALE BYSTERLDELTCpELTTyDLINKLY)

T PF RN

JUN24GB
JUuhe9s
JUh29H
JUh298
T JUNZOR
JUNZ9B
JUN2GB
JUNZ29H
JUnZ9B
ENGINE
ENGINE
ENGINE
ENGINE
ENG INE
ENGINE
- ENGINE
ENGINE
ENGINE
ENGINE
ENGINE
ENGLNE
ENGINE
ENGINE
JUNYTO
ENGINE
ENGINE
ENGINE
ENGINE
ENGINE
ENGINE
ENGINE
ENGINE
JUNLTB
ENGINE
ENGINE
ENGLNE
ENGINE
ENGINE
ENG INE
JUNLTE
ENGINE
ENG INE
ENGINE
ENGINE
JURLITH
ENGINE
ENGINE
ENGINE
ENRGINE
ENGINE
ENGINE
ENGINE
EnG INE
ENGINE
ENGINE
ENGINE
ENGINE
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(s R eXel

$EYTHROYTLE PICKOFF¥Y¥

PELTPG=BPNTI¥DELIT + BPOTO
DELTTL=DELTT
DELTTZ2=(DFLTH3~HPOTO) /BPOTY

DELTTS=DELTTL
IFECHUEY (ERe1) DELTTIS=DELTTR

FEFENGLNE CONTROL MODEL®E¥

CALL HYSYER(DELVTS,.DTHROT#DLINKZ)

XHEXNH

IF{CH{2),EQ,1) KHSYNHMSN
EPSRPMzKTH¥(DTHRUT~3145)=(XH~100,)+EPSB1S

DAREASEPSRPMt ALPHAKEPSHPM¥¥2
1F(CH(8) ,EQ,0,0) CFCNTR=CF
WFMARKAFFNAREA+{XH=100,)/CFCNTR¥ 100,
FEEFLOMMETER® 4 ¥
IF(START,EQ,0,0) Gp TO 2o
FMS1=0, 5« (WFHB=100,)
FHS2%FHS|
FMFSLI=FHSY
FMFSL2=FM52
20 CONTINUE
FMSI=F{{$FHS14F 1 2¥FHS2+G1# (WFMB=100,)
FHMOZZFR L«FHUSLIF22¥FME2+G2¥ (WFHR=100y,)
WFFLWMS (FMSL +FMS2+100,) %KFSF
¥EEFUEL FLOW FILTERKY

FMFSI1ZFMSL+KAL ¥ (WFHSN=WFHEST)
FMFS22FMS2+KACK (HEHEN“WFHEST)
KFMEST=(FMFSI+FMFS24100,) ¥KFSF
IF(CH(3) ,EQ41) WEFLWM=WFHEST
IF(CH(3) ,EQR2) WFMEST=WFNIR

FEFRACKWARDS CALCULATRON¥¥%

WELE (L, /GL)¥(FHFB1=Fi1¥FMFSLI+F 1 2¢FMFSL2)
WFa2a(1,/62) ¥ (FNFSE«FJdLI*FHFSLI“F22¥FMFSL2)
WFEST=0.5+(hFl+4F2)+100,

FMFSLLI=FHFS1

FMFSL2=FHFS2

FEVYCOMPRESSOR ¥ *

HWFSHFMR=KFAIAS
IF(CH{Y) JFHale) WF=WFLEST=KFBIAS .
IFICH{H) Fiea) HMFS{WFHON-KFBIAS) /KFSF

XMHECLAGD# (XUH= 100 Y FCLAGGKCF* {hF=300,)+100,

FIN 4.5td14 1u/706/17

ENGINE
ENGINE
ENGINE
JUNLT

ENGINE
ENGINE
ENGINE
ENGINE
ENGINE
ENGLINE
ENGINE
ENGINE
ENGINE

ENGINE

ENGINE
ENGINE
ENGINE
ENGINE
JUN3IOH
ENGINE
ENGINE
ENGING
ENGINE
JUhi7a
JUNLTE
JUkITHE
JUKLTE
JUNLT7B
Juki78
JUNLTB
ENGINE
ENGINE
AUG2
ENGINE
ENG INE
ENGINE
ENGINE
ENGINE
AUG2
ENGINE
AUGY
ENGINE
ENGINE
ENGINE
ENG INE
ENG INE
ENGINE
ENGINE
ENGINE
ENGINE
ENGINE
ENGINE
A2
AUG2
JUn1?
ENG LNE
ENGINE
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Suptu TINE ERUTNE To/7u  UPL=] CFIN Mo+ d
C .
C ¥*¥FAN ROTQORE$#
c
175 XN=XNH
IFICH(S) EU, 1) XHSXNHHSH
¢ ",
XNLSFLAGD#{XHL=100 Y +FLAGG*CHL¥ C(XN=100,3%¥(1l.=AFL)
A PCRECHF=100.2%AFL) + 100,
tao C
XHLEXNE +XNLBIS .
C .
C +e¥TAIL PIPEXEK*
c
185 XNEXNH
tF(CHEL) s FRal) XNSYNHHSN
t .
PTIOETLAGDR{PTa=100, )+ TLAGGH({XN=100,)¥TGAIN)+100,
P1o=PTa+PTHHIS
190 C
C ¥EFDYUCTHEN
C
XN=KNLwXN,BIS
IFCCH(7) JEQete) XN=XNLMSN=XNLbLIY
195 C
PTID=DLAGR*(PTD=100, ) tDLAGG¥( (XN=400,)¥DGAIN)+100,
RTD=PTp¢PTDRIS
c
SYART=0.0
200 I» .
RETURN
EHD

U706/ TT  11415,06%
ENGLINE 155
ENGINE 156
ENGINE 157
ENGINE 158
ENGINE ih9
ENGINE j60
ENGINE 161

* ENGINE 1L2
ENGINE 163
ENGINE 164
ENGINE 165
ENGINE 166
ENGINE 167
ENGINE 1468
ENGINE 149
ENGINE 17¢
JUMLTE 15
JUNLTE té
ENGINE 112
ENGINE 173
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15

20

1 SUUROUTINE SETUPR SETUP e
C . SETUP 3

REAL HTH KAFsKAL¢KAD W RFSEFyKFBIAS SETUP ]

COUMUN ZCaNSTS/ STARTeCHEA) SEfULP 5

5 A DLINKpeALOD o ALY » ALZ v BPOTO ' . SETUP [
B RPOTL o DLINK2 v KTH » ALPHA o KAF y SETUP 1

C CFCNTR » ZETA v UOh v OMN 4 SIG v OT SETUP 8

D cLAG ¢ CLAGD v CLAGG v CF JETUP 9

E AFL ¢ CHL ¢ FLAG ¢ FLAGD o FLAGG ) SETUP 10

F ILAG o TLAGD v TLAGG o TGAIN . SETUP 1t

G PLAG o DLAGD o DLAGHE 4 DGAIN @ SETUP 12

H KA1 » KA2 ¢ ENGND » EPBHIS coo SETUP 13

I KFSF ¢ KFBIAS » 817 SETUP 14

COMMON /CQNGT1S/ SETUP {%

A PTORIS » PTOBIS + XNLRIS SETuP 16

B NMeNP Y NFoNDPoNFLRSTeNINCySPRINTSCPRNTY SETUP 17

C TPARM(20} 1 EHRPNT(E) yR(E)yNSIOGy SETUP 18

D EPS ¢ DELYA » HAXFH o IOPT PARMMQ(Q) ¥ SEfUP 19

E FILEND o STIME v FLGTND ¢ HUNDEL ¢ HUNDPU ¢ SETUP 20

F HUNMFF & HUNNH o HUNNL ¢ HUNPTA » HUNPTOD SETUP 21

DIMENSTION pUM{150) SEIUP 22

EQUIVALENCE . (DUMCE) »START) SETUP 23

£ . SETuLP 24

Bo 1 IstytSe, - SETUP 25

25 1 DUM{1)==999,0 SETUP 26
C SETUP 21

C ¥¥¥FINTTTIAL PARAMETER GUESSES ¥k © SETUP 28

c JUNE 191977 SETUP 29

c SETUP 30

10 START=1,0 SETUP 31
Do 2 I=1.8 SETUP iz

2 CH{1}%0.0 SETUP 33

c SETUP LY

c DL INKL= SETUP 35

315 ALO=O, ¢ SETUP 36
AL2E0,0 SETUP a7

AL1=040 SETUP 3a

Wr0Tos-291, SETUP 19

ypOT1s40,p22 SETUP 4o

40 DILLINKZ2=0,5 SETUP 41
DLINKR=0,1 SETUP 42

KTHZ0,7212 SETUP 13

M.PHAZ0, 10 SETUP 44

KAF=5,04 SETUP 45

u5 CFCNTR=0,140 SETUP Hb
ZETA=0 2 SETUP 47

£ ous SETUP 48

oHN=13,0 SETUP | 49

£ §16= SEYUP 50

50 DT=0.020 BETUP §1
CLAG=0,50 SETUP 52

c CLAGD= Se1up 53

C CLAGG= SETUP sS4

+ CF=0.40 SETUP 55

55 AFLE0, D SETUP 56
CHL=2.81 SETUP ‘87

FLAG=1,0 SETUP 58

Od 00d J0
NIOTEO
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W st —b =l

FIARG=

. FLAGD=

TL AG=0,05
TLAGD=
TLALG=
DLAG=0 ¢
DLAGL=
DLAGG=
TGAINZ0,. 70
Kal=0
Kae=0
ENGNQ=¢ .
EpSBISx0,0
KFSF=1,0
KFH31AS=0,0
§1i==999,
PIDBIS=0,0
PTLBIS=0,0
XNILBISHO.O

HM=b

Np=0

MF=0

NoP=i
HFEIRS5T=1
NEINC=1
SPRINT=0,
CPRNT=g,

po 3 Iztl.20
IPARN(1)=04]
fn 4 I=les
ERRPNT(I)=1
DO S I=t{s8
R(=1,0

NeIti=4

C
C
460
G
[
C
&5 C
70
75
C
ao
AS
3
90 4
5
95
i00
10S
110

ERS=1.E~4
MAXFN=20
NELTA=]  E~i
InPFT=0
PARMHA(1)=0.0
PARBHO(2)=0.0
PARMHD (3 )=0,0
PARMMA{ L) 20,0
STIME=q,0
FLGTMOD=0,0
HYNDEL=31,5
HUMDPD=974
HUMMFF <5750,
HUNNH= {3350,
HUHNHL=16075,
HUNFT6=8p,
HUNPTD=S0,

RETURN
END
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SETLP
SETUP
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SETUP
SEfUP

SETUP-

SETUP
SETUP
SETUP
SETUP
SETUP
SETUP
SETUP
SETUP
SETUP
SETUP
. BETUP
SETUP
SETUP
SETUP
SETUP
* SETUP
SETUP
SETUP
SETUP
SETUP
SETUP

SETUP -

SETUP
SETUP
SETUP

SETUP.

SETUP
SETUP
SETUP
SETUP
SETUP
SETUFP
BETUP
SETUP
SETULP
SETUP

54
60
3
62
&3
&4
&5
bd
€7
b8
69
70
71
12
13
T4
75
1¢
17
78
79
a0
81
82
83
84
a8
a¢
a7
88
89
90
1
92
93
g4
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SHUBRULTYME FUNL

laNelyl

4

]

16776 GPIEY FIN 4.5+414

IFULLEGLNLAST) 6B v0 8

INDEX=TINDEXHE

IFLINDEX NELSPRENT [OR,SPRINT,EQ.0) GO TO 4
THUEX=g '

cALL DRRINTCO)

CONTINYE
TFLSPRINY JME40) CALL RPRINTC(L)

¥FHESCALE FUNCTIONSH¥%

]
53

IFINFLER,0) GO 10 53
GO 10 YI=1,NF
IMD=ERRPNTY (1)
FeI)sF(¢I)/RL1ND)
FelY=SaRT(F(I})

COHT IMYE

CONTINUE
IFICPRNT ,FQ,140) WRITE(O0110) (FL{I)eIztelF)

RETURN
E N}

lo/vesri,

FUne
FUNL
FUKC
FURC
FUNC
FUNG
FUNC
FUNC
FUNC
FUNC
FUMC
"FUNC
FUNC
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JuLz28
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FUNC
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SUBROUTIHE FUNCIPsuP4NFoF)

c
C *¥¥DRIVER PROGRAM FOR FNGINE SIMULATION AND IDENYIF ICATION¥®¥
L

C

fa RN

Lo N o

IOMMITOE -

—THMMOoOOSN >

MM O T

DIHENSTION FOEYaP{LyaXCLI9ECT) sPARMLL) oY (L)

REAL KYHyKAF+KAJ¢oKAZ W KFSFWKFBIAS

LEVEL 2sXDATA

CAHMON /EMGINE/ '
PUINT ¢ TIME y DELTC ¢ PELTHS ¢ WFHSN o
XNHHSM ¢ XNLMSN » PTAMSH 4 PTDMSN ¢
DELTPG ¢ WFMEST o XNH ¢ XNL ¢ PTE o
PTD v GELYT o DELYTS » WFME ¢ WFFLWH
WFEST » DELTTL o DELTTZ2 ¢ EPSRPH 1
RTHROT ¢ DAREA o FMBI ¢ FME2 + FMFSE «
CFHFS2 3 THRERR » FULERR ¢ XHSERR o
XLSERR ¢ PTAERR ¢ PTDERR

+

COMMOM /CONSTSy STARTeCH(B)r

OLINKEeALD ¢ ALL o ALZ2 » BPOTO §
#POT1 o DLINK2 ¢ KTH o ALPHA y KAF
cFENTR ¢ ZETA v UM 9 OMN 4 SIG » OT
cbAG 4 CLAGD s CLAGG ¢ CF ¢

AFL ¢+ CHL + FLAG o FLAGD » FLAGG

TLAG 4 TLAGD o TLAGG + TGAIN

pLAG y DLAGD ¢ DLAGG o DGAXN »

KAL o KA2 ¢ EHGNO 9 EPSRIS

KFSF « KFHIAS » B17
COMMON /CONSYS/

PYDBYIS 4 PTHBIS ¢ XNLBIS ,

NHy NP Xy NF A NOP ¢ NF TRST ¢ NINGC o SPRINT9CPRNT
IPARM{RG) +ERRPNT (43 91R{6) yNSIG,

EPS y DELTA . MAXFN ¢ IOPT » PARMHRCY}
FILEMND ¢ STIME ¢ FLGTNO o+ HUNBEL 9 HUNDPO
HUNMFF ¢ HUNNH ¢ HUNNL ¢ HUNPTS o HUNRTD

COMMON /DATA/ XUATA(L10+t)
ENUIVALENCE (START PARM(L1))»

1 CTIMEsx (1)
2 CTHRERR+ECE) )y
3 COELTPasY(1))

FFEINSERT PARAMETERS#¥x%

IF(CPRNT ,NE41,40) GD TO 100
cakl CPRINY
NRITE(&Lr110) (PCL)oIa14NP)

110 FORMAT (2X.6620,10)
100 conTINYE

INUEX=al -
IF(NPLER, ) GN TU 50
Do 1 IsiyNP
[ND=IPARMCT) '

I PARHOINDY=PL])
¥RVINTTIALTZE SIMULATIOQMN¥¥¥

TE7UE/IT T1.15708F

FUNC
FUMG
FUNC
FUnC
FUNC
FUNC
FUNC
JUMLS
FUNC
FUNC
FUNC
FUNG
FUNC
FUNC
FUKC
FUNC
FUNC
FUNC
FUNC
FUNC
FUNC
FUhC
FUNC
FUKC
FUNC
FUNC
FUNC
FUNC
FUNC
FUNC
FUNC
FUNC
FUKC
FUKNC
FUMC
FUNC
FUNC
FUNC
FUNC
FUNC
FUNC
FUNC
FUKC
FUNC
FUNC
Junza
Junas
Junas
JUkZ8
Jun2e
FURC
FUNC
FUlL
FUNC
FUN
FUMC
FUse

E=RN- I N T ]
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1
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60

65

70

TS

a0

AS

90

95

100

105

Lto

SUphul L INE FUNL 16/76 nr1=y

«Crey o nooo

aonoéa o

©

Ccon oo o

[aX v N o

50 CONTINUYE

START = 1,0
NN=NHt 2
0o 2 I=1eHD

2 X(LISXDATACIPHFIRST)
POINTSNFIRST
CALL FNGINE
IF(SPRINT  RE.0,0) CcALL DPRINT(0Q)
FXEZERO IMNOVATIUNSH¥*
IFCNF<EQ,0) GU TO s1
DO 3 I=1eNF
I FtId=0,0
FFESIMULATION LOUP¥¥#
51 CONTINUE
NLASTSNFIRST+INDP=§)¥NING
Do A I=MFIRSTeNLASTeNINC
POINT=Y

CALL ENGINE

FEETRANSFER OUTPUTS 19 MEASUREMENIS FOR Tésr*tt
IF(NF NE,0,0R.8IT4L.T+0.0) 60 YO 5S4
DN 15 JsieNH
XeJe2l=y(d)
XRATALI¥2y 1) =Y (J)

15 goNTINUE

54 CaNTINUE

F¥XINSERT MEASUREMENTS#¥#

Bo 5 J=1,ND
5 X{JIRXDATACS I}

¥¥FCALCULATE ERRORI¥¥¥

DO & J=1eNM
& EfJISY (=X (dr2)

FERACCUMULATE ERRORS¥x
IFINF.EQ,0) 6O TO 52
DO 7 J=l4MF .
INDSERRPHT (J)
T FOHISF(I)+ECLIND Y%

52 cobiTLHUE

FIN 4.5+414

10/046/71

FUNC
FUKC
FUMC
FUNC
FUNC
FUNG
FUNC
FUNG
FUNC
FUhC
FUKNC
FUNC
FUNC
FUNC
FUNC
FUNC
Fuhe
FUMC
FUNC
FUNC
FUNC
FUNC
FUNC
FUNC
FUMC
FUNC
FUNC
FUNG
FUNC
FUNC
JUK2?
FUKE
FUNC
FUKC
FUNC
FUNC
FUNC
FUNG
FUhC
FUMC
FURG
FUNC
FUh(
FUKC
FUMC
FUhC
FUNC
FUNC
FUNC
FUNC
Fuhce
FUNL
FUNC
FUNC
FUNC
FUNC
FUNL
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SURHRUUTTRE CPRTNT 76776 TFI1=4

SUBROUTINE CPRINT

coMMON /CAaNSTS/ STAKTCH{B)e
DLINKEeALO ¢ ALL 4 ALZ2 ¢ BFOTO o
RPOT! v DLINK2 ¢ KTH 9 ALPHA » KAF ¢

CLAG o CLAGD 9 ULAGG ¢ CF v :

AFL v CHL v FLAG o FLAGD » FLAGG
TLAG 4 TLAGD o+ TLAGG ¢ TGALIN ¢

pLAG 4 DLAGD » DLAGSE ¢ DGAIN 1

KAl o Ka2 r ENGNO o+ EPSHIS »

KFSF ¢ KFBIAS 1« YT
COMMOM /CONSTS/

PYDBIS ¢+ PToBIS » XNLBIS

MM P NF ¢ NOPeNFIRSToNINCy SPRINT9CPRNT
TPARM{20) ERRPNT(5) s R(B) NSIG,

FPS ¢ DELTA » MAXFN o JOPT » PARHNG(Y)

mIOmMmTd

TMMT D@ P

DIMENSION ENLAB(EJ;IND&(EOJrlNDE(BO)vINDJ(EB) INDUC20) ¢ PARM(LSO)

EQUIVALENCE (PARMC1)eSTART)
DATA C(IND1(I)e131010)/

¥ 10plbyttal2913e04,15921 922043/
DATA CIND2(I)aI=1eq0)/

¥ 17919,88,200406947448922¢240484)
DATA CINDICI)eI=1010}/

¥ 26932,29,30¢31152427928133434/
PATA CINDACIYeI=1910)/

¥ The38,519139¢82¢50,36937940041/

OATA ENLAB/OHLEFT  +&HRIGHY /

HRITE(6r100)
100 FORHAT(IHL///)

WRITE(601012 '

10 FORMAT(S0Xs33HSPEY ENGINE SIMULATION PARAMETERS/

CFCNTR v ZETA 9 OM o OMN 4 B1B o DT v |

¥ 54Xy 25HAWISTOL RESEARCH AIRCRAFT/
¥ S54%»25HSYSTEMS CONTROLe INC (VT)/
+
¥

5TXe20H1 603 PAGE MILL RoAp /
Saxr2 HPALL ALTO. CALIFURNIA//I

leTh(b'loai
102 FORMAT(SHXe21(1H¥))

IF(BIT,LT,.0,0) GO TO 10

WrIVE{oe103) BIT
105 FORMAT(56Xy IHE V19X, LHY/

Soxy lBd 3N {IHBUILT IN TESTe3XelH¥/

*

¥ 56Xy 18¥ ¢ IAr5HRAHP=sFSa198H NEG
+ SexXelH¥e b9Xy IH%/

¥ 56Xt (1HEK)}

o TO 20

/

t

FILEND o STIME r FLGTNO o HUNDEL ¢ HUNDPO
HUMHFF ¢ HUNNH ¢ HUNNL o HUNPTE& o HUNPTD

CUHHUN /8YMBOUL/NDSYHBINCSYHBADSYMA (50) 9 CEYMB(150)

R I e Y R

PO b ¢ J— | | (e
CHFRINT 2
CPRINI 3
CPRINT 1
CPRINY 5
CPRINT &
CPRINT 7
CPRINT a
CPRINT g
CPRING 10
CPRINT it
CPRINT 12
CPRINT 13
CPRINT 14
CPRINT 15
CPRINT 16
CPRINT 17
CPRINT {8
CPRINT 19
CPRINT 20
CPRINT 21
CPRINT 22
CPRINT 23
CPRINT 24
CPRINT 2%
CPRINT 26
CPRINT 27
CPRINT 28
CPRINT 29
CPRINT -30
CRHINT 11
CPRINT ¥
CPRINT 33
CPRINT 34
CPRINT 15
CPRINT 36
CPRINT 37
CPRINT 3B
CPRINT 39
CPRINT 40
CPRINT 4t
CPRINT 42
CPRINT k]
CPRINT al
CPRINT 48
CPRINT qé
CPRINY ar
CPRINT 48
CPRINT 49
CPRINT 50
CPRINT 51
CPRINT 52
CPRINT 53
CPRINT .54
CPRINT 55
CPRINT 56
CPRINT 57
LPRINT 58
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C ¥¥¥S5,VE PLOT DATA IF PLOTTINGE¥¥*
200 CONTINUE

L

SURKUUTTRE UFKING 76716 UP1=y FIN 4.5t434

SUBROUTINE DPRINT (M)

COHMMUN JENGIME /X {50)

CRNHON /S5YHBOL/NDSYMByNCBYHBDSYHB{S0) »CSYHBT19D)
COMMON/CONSTB/DUNH(150)

COHMON /PLOTS/CPLOTPLOTFeINDI1AC2000 7)uIMAGQ(SlSl)1PDATA(200|e0)

DIMENSION P(i0450)
BATA IND/G/
NDSYHA=3S
IND=INPH]
ba 1 IslsNDSYMA
PUINGep)=X(])

1 cnNTINUE

IFINJERWO,ANDSIND.NEL10) GQ YO 200
IF(PLOTF.GT«0.0) Go TO 200

WRITE(sel00)

100 FORMHAT(IH]+49Xs22HSPEY ENGINE SIMULATIUN'/

S0Xe39HENGINE PARAMETER IDENTIFICATION PROGRAM#/
S0Xy24HSYSTEMG CONTROLeINGC {VTV)e/

S0Xe20HPALG ALTOICALIFORNIAS/

S0Xe1IHVERSION 90te/)

- K o

D0 2 I=1eNDSYMY . )
WRITELav104) DSYMBCIX o (PCJ 1) IS0 EIND)
2 CONTINUE

101 FORMAT(IX,A691X010(G12,6))

IND=O

IFIPLOTF,EQ,0,0) RETURN

INDI2TINDT+1
IFCIND . GT,200) RETURN

PRATACINDg1)5X(2)
oo 210 [=1,7
FRATACIND e 2%1)=X(142)

210 CONTINUE

Do 220 Izt
POATACINDL92%1+1)35%(9+¢1)

220 CONTINUE

RETURN
END

10706477

CPRINT
BERRINT

‘DPRINT

CPRINT
JUK1S

DPRINT
DPRINT
CPRINT
EPRINT
BPRINT
CPHRINT
CPRINT
UDPRINT
DPRINY
CPRINT
DPRINT
DPRINT
CPRINT
BPREINT
DPRINT
DPRINT
PPRINT
CPRINT
DPRINT
DPRINT
DPRINT
DERINT
CPRINT
DPRINT
DPRINT
DPRINT
CPRINT
DPRINT

DPRINT -

DPRINT
CRRINY
DFRINT
DPRINT
EPRINT
DPRINT
OPRINT
BPRINT
EPRINT
CPRINT
CPRINT
BPRINY
DPRINY
EPRINT
PPRINT
OPRINT
PPRINT
CPRINT
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50

95

105

SO SR, NN NN R BEE SEm . . e

10 CONTIMUE

I1=ENGHO
J=FLGTNO
K=FILEND
L=8TINE
WRITE(Ar104) ENLAB(IYeJdeKel

104 FORHAT(S6Xe1H¥y 19X, 1H¥/

¥ SoXelH¥2XeAB, TH ENGINEygXe2H ¥/

& SuXelHtgtH ¢15H FLIGHT NUMBER o113, tH¥/

' SOXeLH¥p2X ¢ { 1HRUN NUMBER ¢I12¢3X32H %/
¥ SeXp H¥2Xp3HET 1o 11302H ¥/

¥ Sexe210LH*))

20 coNTINUE

. WRITE(b9105)

105 FORMAT(24XeBICIHE) /26X g LH¥ p 19Xy IH¥ ¢ LN LH¥ o ITNy S HE 019X 0 S H¥/

4 90X|1H‘;5Xp6HTHRUTTLE|bX.lH*n?X:?HCUNTROL.

* Xy lHu e 7TXo6HENGINEs X g 1H¥ 44Xy

¥ {2HDUCT/EXHAUST 43Xy LHb 4/

¥ 2OX IHE 19X o JH¥ L 0X o IHE 9 19X EH¥ o 19X0 IH¥ /206X ¢ BLLLH#*))

b 50 y=1,40
IRERLITESS]
Ie=IND2(]) .
I13=IND3(])
T4=1hDyLl)

HRITElarIIOJ CSYHBLIL) yPARMCIL) »
¥ CSYMBLI2) vPARMIIR)
COYMB{IZ) e PARMCLIZ)
CAYMB(IB) ePARMITY)

- "

Li0 FORHAT(26Xed4{IH*¥ 1A R=16§246) 0 1H¥)
30 CONTINYE

HRITE(6e111)

111 FORMAT(2uxXeB1(1H¥) /) I

WRITE(61120)

120 FORHATC26X ATTLHE¥) 6X93U(LHY))

WRITE(R1121)

121 FORMAT(PaX g 1HE 12X 16HFULL POHER POINT#14XotH v 6N s LH¥ s d4X

¥ 2SHUPTIMYZATION PARAMETERS»SXe 1H¥)
WRITE(&e122)

122 FORMAT(ROXp IH¥ g 39X AH¥ 6K {H¥ 0 32X L H¥)

WRITE(av131) HUNDE| oNH
WRITE(&9132) HUNDPOeNP
wRITE(br133) HUNHFFoNF
ARITE (6o 1T4) HUNNH,NDP
WRITElbe135) HUNNL  NFIRST
WRITE (69 136) HUNPTReNINC
IPRNT=SPRINT

wRITELAR137) HUNPTO«IPRNT

(R, NS, N .

CPRINT
. CPRINT
CHPRINT
CPRINT
CPRINT
CPRINT
CPARINT
CPRINT
CPRINT
JUNLTA
JUNLTA
JUNLTA
JUNLTA
CPRINT
CPRINT
CPRINT
CPHINT
CPRINT
EPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPHINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CPRINT
CHFRINT
CPRINY
CPRINT
CPRINT

59
60
&1
&2
b3
&4
65
bb
67
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160

SURKLU{ [NE LPRING 76776  OPT=Y FTN 4.b+414

c

130 FORMAT( . . .
¥ 26Xy LH¥ 41X+ | SHTHROTTLE POSITION =4Gi0,4¢9H DEGREES ¢1H¥y
¥ AXeiHe«23H NOLOF MEASUREMENTS =  sIds5XetHE)

132 FORMATC . .
¥ POXpIHE Xy |FHTHROTTLE PICKOFF =9510,4¢9H COUNTS s iH¥,
¥ aXelH¥928H NO,OF PARAMETERS 5 2 IdeS5XelH¥)

133 FORMAT( .
¥ 2oXe IH¥y I XeJFHMATIN  FUEL FLOW 54G10,4+49H LBM/HOUR: 1H¥,

¥ Xy iH¥a23H MOLOF ERROR TERMS = 1445Xe1H¥)
134 rORMATC
x 26X e TH¥y 1Xo{SHCOMPRESBOR SPEED =+4610,4¢9H REV/MIN o 1H¥,
¥ AX+LlH%s21H NOL,OF pATA POINTS =  oIdeS5%yLH*)
135 FoRHAT( .
¥ 26Xy 1H¥y I X9 {YHF AN SPEED =9G10,419H REV/MIN yiH*,

¥ AXetHee23H NO,OF FIRST POINY 5  414,5KyIH¥)
136 FORMAT(
¢ 26%9 1H¥y 1 X9 [ SHAUGHENTOR PRESSURE=+G10,499H LAF/SRINy1HY,
€ 6XelH¥e23H NO,OF INCREMENY % 3I4¢5XetH¥)
137*FORHAI(

26!;{H*,1Xr[9HOUCT PRESSURE “¢Gi0.d99H LBF/SUINs LH¥,
¥ 6XytHae23H DATA PRINT INTERVALZ  yI4,5Xy1H%)
WRITE(6v140)
180 FORMAT (26X o 1H¥ (39X tH¥ ¢ 6X 1 HE 132Xy 1H¥)
IGCPRNT=CPRNT
HRITE(&+ 14l ) ICPRIT :

141 FORMAT(PoXedf(1H Y 46X eib¥ il CONITANT PRINT FLAGS¢2XeI405XyiH¥)

WRITEC(ar142) EPS
WRITECaeln3d) DELTA
WRITE(6e144) MAXFN
WRYTE(6e145) NSIG
142 FORMAT(TIXsIHY,

¥ 21H EPSILON BrGlll5y LH¥)
{43 FORMATCTIXy LH¥, :
¥ 21H DELTA B1G11a5eHY)

144 FORMAT(T3X e 1H¥%,
21H MAX FUNCTION EVALS =e2XeIyg5Xe1H¥) o
145 FORMAT (73X 1HE,
¥ 24H NOLOF SIGNIF DIGITS=a2X9Iqr5Xy1H¥)

WRITE(H1150)
150 FORMAT( 73Xe34(1H¥))

RETURN
END
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t SUBROUTINE ROATA ' JUKLS 6
I JUK1S 7
C FE¥SUPROVTIHNE TO READ FLIGHT DATA%¥Y JUNLS 8
c JUKLS 9
5 LEVEL 2¢XDATA dUN1S 10
COMMUN /DATA/XDATA(10+1) N JUNLS i
C JUNS t2
COMMON ZCONSTS/ STARTeCH(R) JUh S 13
A DLINK{#ALD ¢ ALL 4 AL2 ¢ BPOTO JUNLS 14
10 B BPOTL » DLINK2 ¢ KTH o ALPHA ¢ KAF JUNLS {5
C CFCNTR ¢ ZETA ¢+ DM ¢ OMN 4 SIG 9 DT JUNLS 14
D £LAG 4 CLAGD » CLAGG 4 CF ¢ JUNLE 17
E AFL o CHL v FLAG 4 FLAGD 4 FLAGG JUMS 18
F ILAG"s TLAGD » TLAGG » TGAIN . JUNES 19
15 G PLAG , DLAGD » DLAGG o DGAIN JUNLS 20
_H KAY v KA2 v ENGNO y EPSHIS o ' JUNLS 21
[ KFSF 4 KFBIAS ¢ 817 JUKN1S 22
COMMON /CONSTS/ ' JUNES 23
4 PTDRIS ¢ PTHNIS ¢+ XNLBIS JUKN1S 24
20 B NMyNP NF(NOPoNFIRST¢NINCSPRINTSCPRNT, | JUMLS 25
C IPARM{20) yERRPNT (5) 4R (£)4NSIG, JUNLS 26
D EPS o DELTA o MAXFN o I0PT y PARMMGCY) ¢ JUNLS 27
E FILEND y STIME 4 FLGTNO » HUNDEL , HUNDPO 4 . JUN1S 28
F HUNMFF y HUHNH ¢ HUNNL ¢+ HUNPTE ¢ HUNPTD JUN1S 29
25 C JUNIS 30
c . JUNS 3
. DIMENSLON DUH(20450) B . JUNLS 12
t P JUNLS i1
C ¥FF¥INFTIALIZE COUNTERS¥¥¥ JUNLS U
30 c . JUNLS 15
STIMEF=0,0 JUNLTA 8
6030,0 JUNLS | 38
IF(STIME ,ED,~999,) GOz}, : JUNES iy
H=0 _JUK§S 3g
35 INDI(ENGNN=1,0)¢40, JUNLS 19
c JUNLS 49
C ¥¥¥START READ LOOP¥*¥ JUNLS aj
¢ JUNLS q2 oo
10 coNTINUE JUNLS 43 =
40 . READ(2) pUM JUNIS 4y i
IFC EOF(2) NE«Ds ) 6O TO 20 JUMES 45 o 6
c JUM1S 46 S B
POt I=1450 JUNES 47 3] g:
c JUMES 48 o
45 IF{STIME,EQ.DUMCI2T)} GO=1,0 JUNLS 49 e
IF(GULER.0.0) GO Tg 1t JUNLS 50 =
c JUNLTA 9 G
IF(STIMEFEQL0,0) STIME=DUMLLs1) JUN1TA 10 &=
STIMEF=1,p JUNLTA 11 53
50 C JUN1S 51
Nzht] . JUN1S 52
oo 2 Jz1y10 JUn1S 53
XDATALIN}SBURCIF IND ) JUKNES 54
2 CcoNTINUE JUMNS 85
55 C JUK24a |
C FEECORRECT SCALING PRORLEH ON N2¥¥x JURNZ2LA 2

C *¥+INPUT DATA SCALING EHRUR¥*# Juh2ta 3
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CONTINUE
6o T0 10

HpP=N

IFI{NDP  NEL0) RETURH
WRITE(&el00])
FORMATCE0X+12HND DATA READ)
RETURN
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SURRGUTINE PLOT(P)

CONMON /CONSTIS/ STARTeCHI(BY ¢

plLINKTeALO v ALY , ALZ » BPOTOG o

BPOTE o DLIMKZ ¢ KTH » ALPHA ¢ HAF
CFCNTR ¢ ZETA ¢ OM4 9 OMN ¢ SIG » DT
CLAG 4 CLAGD 4 CLLAGG ¢ CF

AFL o CHL ¢ FLAG 4 FLAGD s FLAGG

TLAG , TLAGD y TLAGE o THAIN o

pLAG 4 DLAGD « DLAGG o DGAIN

KAL » Ka2 o+ ENGND » EPSHIS o

KFSF o, KFBIAS o BIT
COMMON /CnN3ITS/

PTDBIS s PTHBIS » XNLBIS ’
NHoeNP  NFyNRP o NFIRSToNINCoSPRINT2CRRNT
IPARME20) sERRPNTLo) s RE{6) 4 NS1Gy e
EPB » DELTA ¢ MAXFN o IOPT o PARMMGCYH) ¢
FILEND y STIME o FLUTNO o HUNDEL o HUNDPO
RUNMFF » HUNNH » HUNNL o HUNPTE y HUNPTD

- TITOTNMMOOT >

MmO IO

COMMON /ZPLOTS/CPLOTIPLOTF v INDEpAC200+7) r IMAGH(SISLY4PDATAL200420)
DIMENSION PU1)F(1g)
¥PETRANSFER MATRIX LABELS*¥x

DO .10 =247
no 10 Jgzi,l60
10 acrI)=AL0r 1)

PO 20 13,7

po 20 Jgsfsle200

INDSJ=y0

ACIND+1YsA{de D)
20 CONTINYE

FHEGENERATE PLOT DATA¥¥
PLOTF=1.0
IF(CPLGT.LT.U.UJ PLU]FQ-!‘O
INDE=O
SPRINT=ABS(CPLOT)
CALL FUNGCC(PeNPyNFoF)
FEROYTPUT pLOTSEHE
CPLOT=ARS(CPLGY)
NPOINT=MDP/CPLOTHL
IF(NPOINTGT4200) NPOINT=R00
CalLL USPLH(POATACL L) vPRATALLr2) o NPOINT93910200¢ACke 1) s IMAGUYIER)
tn t Istlys

CALL USPLH{POATACL, 1) yPDATALL12¥ 141} 4 NPOINTY
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"ALUCK DATA PLARELS
GONMUN /PLaTS/CPLOTPLOTF o INDLyAC20007) s IMAGHCSIS1)yPDATA(ROD20)

RATA CA(Igtdel=telip)s

¥ {HBrLHPy tHErIHY +dH 2 LHE
% tHN e IHGy tHI¢ IHNYIHE S LH »
¥ {HIvIHD9tHE¢ LHNY LHT o LH]
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APPENDIX B
FLIGHT TEST PLAN

X, Fly towards Crows Landing and c¢limb to 7500 ft. Estab-
lish communication and telemetry with NASA2 as soon as pos-
sible. If unable to establish communication, start the
throttle sweeps when 15 DME west of Crows Landing.

2. Establish the airplane in the STOL mode on a -7-1/2°

fit path angle. Once stabilized at a speed of LAS + 5 kts
proceed with the following matrix of throttle rate square

waves.

-—I-[-—r“ AMPLITUDE . RECORD LENGTH .

SQUARE

WAVE - .

DURATION | TOTAL AMP RATE GNI

5 sec 1.25° 1/2°%/sec 10 30 sec-
" 2.5° 1°/sec 20 "
"o 5.0° 2°/sec 40 "
" 7.5° 3°/sec 60 "

4 to 5 min + ¢limb

3, Climb back to 7500 ft. and proceed fhrough the following
matrix.

DURATION GitJ AMPLITUDE GNI RECORD LENGTH

10 sec .} 100 1/2°/sec 10 40 éec
" " 1.5%sec _ 30 1

3 min + climb
4. Climb back to 7500 ft and do the following case:

DURATION | GNJ - AMPLITUDE GNI RECORD LENGTH
50 sec 500 .25°/sec 5 2 cycles
AN

2 min + climb
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5.

Climb back to 7500 ft. and do the following doublets.

DURATION AMPLITUDE . RECORD LENGTH -
GNJ GNI
10 sec 100 1° 20 30 sec
" n1a1/20 30 "
It IF 20 40 1t
n mn- 40 80 It
" " 7-1/2° 150 "t
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APPENDIX C

TIME HISTORY MATCHES FOR PARAMETER IDENTIFICATION RUNS
Figure C.1 Throttle Linkage Match - Record 1, Left Engine
Figure C.Z Throttle Linkage Match - Record 5, Left Engine
Figure C.3 Tﬁrottle Linkagé ﬁatch - Record 1, Right. Engine
Figure C.4 Throttle Linkage Match - Record 5, Right Engine.
Figure C.5 Tailpipe/Duct Pressure Match - Record 1, Left Engine
Figure C.6 Tailpipe/Duct Pressure Match - Record 1, Right Engine

Figure C.7 Engine Parameter Estimation Match - Record 3, Right
Engine

Figure C.8 Engine Parameter Estimation Match - Record 7, Right
Engine :

Figure C.9  Engine Parameter Estimation Match - Record 7, Left
Engine

Figure C.10 Fuel Control Estimation Match - Record 3, Right
Engine

Fiéure C.11 Fuel Control Estimation Match - Reéord 7, Right
Engine :
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Figure C.9 (Continued)
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Figure C.9 (Continued)
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Figure C.9 (Concluded)


http:b9b7E.02

LS1

SPEY ENGINE IDENTIFICATION PROGRAM~SYSTEMS CONTROL¢INC (VTII~AWJSEOL .
e B2TROEROR pp RN RO R R R R R R A K R F RN T VR R R R AR RN R R Rt SRR SN RN h [ (R bu g
. _ i

¥ . *

¥ { i | ]

. ¥ __ 1 H i 1 +

. ¥ 1 b} ! H i
y2629E402 4 ! i £ B O +

LT S ¥ __ ot e e o g e e 1 s .. 1 .- 1. ¥

H * 1 [ L

R s | ! 11 } ¥

N+ U e ey e _— SRS SR . b

T 25298402 ¢ 1 | i ¥

1 * i H 1 | | )

N ¥ e e | 1 e e 3

E ¥ i 14 1 | i i 1 ¥

. * § 11 } 1 1 1 1 1

— ©____ 20306202 4 . § | i1 ) +

0 3 ! b § | i v

H -# it i i 4 i1 ] i | i 1 1 § 14

.M » R SN DR i - ; 3 e U P .. :

A ' ¥ i i i e H i i ¥

R v2S3SELD2 & § { { i T | { $ 31 g 4

1 B 1.1 i 1 1 i ! : } 1

¥ i i t I | 1 | 1 +

1 ¥ {1 1 i : 1 i [ §] 1 i H &

N o ¥ e e 'SR T SR B i A N N ¥

P e2P32E402 + i | i 1 i +

u * 1 11 ! i ) i1 "

oV ¥ B | J | 1 { ) %

. ! H ! 11 ¥

* ¢ | #

_.D0 2132E402 & i S | S e e .- —— . ¥

£ * v

6 ) i 1 ¥

L N e ¥ S " - :

‘ . O o

020338402 & | - ’#F’;g; +

e r——— < rvernnd ¥ A - e - . ' a- N - - e ¥

¥ 1 8 Eg #

I | . ¥

N T S o SR '

w193RE+02 + &£ o ¥

¥ l C:‘i m ¥

e S S E o ¥

' ¥ | : ;3:11.‘! ]

¢ o ' ¥

e afB3SER0 4 & » & i

¥ )

v #

VU 3 e e . ) S .

*

L] ‘. .
e - R Ry e R L T e I ey T T S e N R R LR S Al i IiitIIIT]
0y w1 1SUE+OS «23IBBEYOS $3502E405 ) wHTTLEVGS 1S9TOE+(S
TIME (msec)

Figure C.10 Fuel Control Estimation Match - Record 3, Right
Engine :
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Figure €.11 Fuel Control Estimation Match - Record 7, Right
Engine
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Figure C.11 (Concluded)
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