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CHAPTER I 

INTRODUCTION AND SUMMARY 


1.1 INTRODUCTION 

The Augmentor Wing Jet ST01 Research Aircraft (AWJSTOLRA) 

is an advanced test vehicle for ST01 powered~lift 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 lift 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 engine 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 and duct. It has been th~ goal of Systems Control, 

Inc. - 'CVt) [SCI (Vt)}, in close coordination -"Ti th NASA, Ames personne~. 
to determine experimental mathematical models of the A1'lJSTORA 
Spey engine dynamics by the application of system identification 
techniques to flight test data. 

The AWSTOLRA is a modified de Havilland Buffalo C8-A air 

craft using two Rolls Royce. Spey engines [I}. The program is 
sponsored jointly by the National Aeronautics and Space Adminis

tration and the Department of Industry, Trade and Commerce of 

Canada. 

Modifications to this C8 ~A "ere 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 lift is provided by vec-toring core stream flow 
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through an adjustable nozzle. The modifications have a signi; 

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 a mechanical cabl"e 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 to utilize system identifi 
cation software to develop flight verified models of propulsion 
system dynamics. 

1.2 SUMMARY 

The report contains six c~apters describing the develop
ment and validation of the ·Spey engine model. Chapten II de
scribes the analysis of the dynamical interactions involved 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 ..• 
Flight 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 ,';as 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 operation. 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 p-roposed for system 
i-denti-f:rcation . 

2.2 TYPES OF ENGINE MODELS 

.' j: 

The propulsion sy~tem can be described in mathematical terms 
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 eng"ine 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 physical system into model and "outside" is determined 
by the obj ectiyes of the descriptions. -

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 ,.hich- are not 

5 




- -

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. Alti~ude/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 val~es 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 
operation 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 as 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 adjrusted 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 different, 
starting and ending values of thrust will be poor. A more 
significant drawback of these models is the poor closed-loop

I 

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 overal~ response can be generally tuned to 
match obs.erved 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 
engine and· control information is require.d 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 effec"ts. 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 requirement. High frequency effects can be neglected. 
The resulting system represents 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 
oyerall aircraft simulation used as a preliminary' tool in the 
design of outer loop integrated control functions such as 

flight 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 englne control, 0TH' 
differs from the commanded value by a hysteresis function (not 
shown) which models the mechanical backlash. Two forward 
paths model accelerations and d~celerations. 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 
variable rate limits for the first order lag system which 

produces the lagged or virtual throt1le position, 0VTH' as 
the output. The acceleration rate limit is low at low power 
and increases at higher power levels. This increased rate 
limit is lagged by the fuel metering time constant, TI , which 
is discussed in Section 2.4. The deceleration path 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 
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time constants are the same, Stated another way, the engine 

can be modeled as a line'aT, dynamic system for reasonably 

small inputs. The deceleration rate limit decreases at 

lower powe-rs. Figures 2.5 and 2,6 show typical sea level 

static acceleration/deceleration -t:ime res-ponses. Note that 
the form of the model in Figure 2.4 is dictated by the response 

rather than fundamental system phenomenology des~ribing 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, bu~ is fundamentally 
non~inear since the loop gain and time constant depend on the 

sign of the power- transition. 

The model in Figure 2.7 uses steady-state representations 
to calculate the mass flow_ and thrust. This is _equival,ent t'o_ 

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 airf~ow 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: 

(I) 	 A nonphenomenological 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 e~gine is characterized by a group of nonlinear 

dynamical elements: (a) the engine, (b) the fuel control, and 
(c) the throttle linkage. Models representing each of these 
elements can be derived for the individual physical members 
in the system. Simple analysis of each component 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 g,eometry 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 typically 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 
rO,tor 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: 
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• , 1 = (2.1)NH {QHTURB - QCOMP)IH 

• '1= (2.2)NL CQLTURB - Q~AN)IL 

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) 

T1NID(PRy - 1/y -1)

Q = 
 (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. Nonlinear maps and detailed dynamical repre
sentation of nonequi1ibrium flow can model the continuity, energy 

. . .__.. 

and mixing phenomena occurring in the gas path. These terms 

can be considered negligible if one .is iinterested in system 
bandwidths of flight control, engine and autothrott1e 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 t.ofO engine spools "ill 
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 equi1ibriuni in
dependently of the compressor. Using these observations, or 

equivalently calculating the .re1ative magnitudes of the com
ponent map slope terms [5] such as 

aQ 
aN ' 

the qualitative analysis can be verified. 
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The linear system of constant' coefficient equations ivhich 

is constructed for the engine 'is shoiVll in a Laplace transform 
block diagram in Figure 2.8 and collected in state variable 
form as follows: 

NHO 
l~f 

0 

+CFHW NHf THS + 1 ++ 

( 1-0:) 

:+ 

'. 

Figure 2.8 Linear Engine Model 

(2.4) 

where the five linear parameters, T L, T H, CHL , CFH , and 

represent the dynamical behavior of the engine. 

The dynamical equations are written for perturbations 

away from an equiligrium condition. A typical choice for th~s 

equilibrium point is'lOO% power. 

In the Spey configuration on the AWJSTOLR aircraft, the 

ducting arrangement can cause the engine dynamics to be more 
uncoupled than the normal mixed flow path configuration. The 
fan flow is completely ducted to the active lift devices on 
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the ,dngs. 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: 

. = YRT Lim (2. 5)p v 
.

where Li.m is the difference between inflow and outflmv 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: 

• -1
oPD = COPD KDLoNL) (2.6)

TD 
, . 

• -1
oPE = 

TE (oPE - KEHoNH) (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 volume. 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 

s.ource of nonlinearity. The throttle linkage and hydromech

ani cal fuel control represent the limiting elements in the 

linearity of the response. The components are quite complex 
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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 electromech~nical 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. 

. 
°T / 0c °T°c 1 °c ~ FUEL/


! CONTROLs(-rss + 1) 

/ 
h ~ 

Figure 2.9 Throttle Linkage Model 

0c (n) - h 0c (n) > °T(n) + h 

°T(n+l) 0T (n) °T(n)-h < 0c (n) < °T(n)+h" f 
0c (n) + h 0T (n) -h > °c(n) 

(2.8) 

The hydromechanical fuel control is the most complex non

linear element of the system. Figure 2.IQ show·s 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 ·metalled 

analysis into perspective. 

The fuel control meters fuel to engine in response to 
throttle inputs and engine demand. Instability, temperature, 

speed, and airflow constraints are accommodated while pro

ducing specified performance at different temperatures, 

altitudes and speeds. 
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Fuel is supp,lied from the tank via a low' pressure pump, fil 

teT, and flow' meter to the high pressure (H. P.) pump en trance. 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 tempe'rature 

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 control. 

The main element of the fuel system is the H.P. pump. 

This variable displacement device is constrained to maintain 

the pressure drop across the regul~tor by a servo pist~n feed
back.: elemel1t on, the pump stroke. The system is shown -in Figure 
2.11. The linearized equation for this system is as follows: 

i'lf = lib [A(Pu-Pn) - kCWf-Wf )] C2.9) 
0 

Po 

P Alb 
~ \1fu s + k/b~6 -I 


Figure 2.11 Fuel Pump Model 

where the is the pressure 'drop across the governor, 

and b, k, Wf describe damping and spring restraints 
o 

on the piston. Fuel is metered by a pressure drop governor 
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 
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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.lZ. The metering 

OR! FICE_--::"-:;__ I 
SLEEVE 

r-----::: -THROTTLE SLEEVE 

Figure Z.12 Fuel Metering Orifice 

area is determined by two displacements, Xl and XZ' The 
Xl 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

~o • . ' 

sule assembly discussed below. 
as follows: 

The metering area can be written 

(Z.lO) 

Considering only motion of the throttle sleeve, 

(2.11) 


where fT is determined by the spring action o~ the throttle 
linkage and fG is the restoring force due to rotation of the 
counterweights. These may be. -,'iri tten as follows: 

(Z.lZ) 

(Z.13) 


where Xc is the commanded sleeve position derived from the 
throttle inputs. 

Z3 



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. 

~~ 

Figure 2.13 Pressure Drop Governor Orifice 

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

~3 ~ (f + PD _ (2.14) 
PD 

and the total orifice area is given by the following 

= Ao - C X 2 (2.15)
PD 3 

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 ~ressure drop governor has the 
following characteristics. " 
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NZ 
- = (Z.17)Pu PD 

C~
pD 


W = (2.18)
Am / Pf (PU-PD)f 
or 

W = (Z.19)KAFAm Nf 

The speed governor, which regulates the metering area, Am' can 
be approximated by the following expression.for·small motion 

of Xl: 

(Z.20) 


and the overall control law can be modeled as follows: 

(2.Zl) 


Note that for fixed metering error (Eq. (Z.19), Am = ~) the 

control lalO[ is unstable, i. e. increased speed increases the 
fuel. This occurs during' large transie:p.ts·. when the gov-ernor 

area is limited by the throttle stops. Figure Z.14 shows a 
typical large.transient in the control plane. For_a_step .input, 
fuel flO1O[ 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, 
cB. 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 fqr the Spey except 

at 101'1 power. Altitude variations are not compensated by the 
components. Note that antisymmetric rate limits will cause 

the engine to accelerate and decelerate at different rates for 

large, throttle limited power excursions. 

The capsule assembly and P3 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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Figure 2.14 Governor Characteristic 

effect of these components is mos"t 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. Th~__dy_n~~~~"range of many of these elements is 
higher than the dominant response time constants. Thus, while 

the dynamical relationships can be ignored, the static feed
back structure of the governor will significantly"aff€ct 

engine response times and linearities. 

26 



I,- !!An 51 kVU 

I 
l'llss'iTi' 

PIJ 

LillI-AGE GO'{[RIlOn 

" 'r 1I111J1liE lie·) 

0. 0 

loin POIWUOII:TlR 

l'A£SSIiAE DROP I"SIOII 

~-{IJ'P 
pRfSSUR£
liililV-

,--,--,~ 

r.oVIRtlOtl5IHVC SJOI'S I~ '[IIIWl ARt" • VAUIADt[ II{IUUItG UlUrJC(, -

@--[}] l-=t= 'r 

CAPSUlE A~SrtIOLY, 

'---; " 

A PRHsunE DROP OrlFIrE • bPi 

"'Ap fOAp c,w, 4P~
-62- ~"-"-P 

WJ 

'u WJ 

AWl! t F '" 17 '. 
x STIRRUP 

.. Do ~ 
'----' 

',Q'-L__$ t l:r,"'n$, ...ftI 
2 "_"_---' 

Pigure 2.15 Detailed Dynamics Simulation of Spey Fuel Control 



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 ar~ 

between 0.05 and 0.1 seconds which is faster than the ex
pected closed-loop engine response. Since commanded throttle 
a~d actual deflections are recorded, any relative time delay 
can be detected. The fuel pump response time should be faster 
than 0.1 seconds at high displacements. This response time 
is the limiting element in the overall gove"rnor response loop 

. - - 

since fly weight motion 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 between the ~orw~rd and 
feedback path gains in the pressure drop system "ill 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 
is tic of the pressure drop governor is a pure integration (i.e. 
a rate se!vo on the speed governor output). The nonlinearity 

of the metering orifice is reflected by a sligntly 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 nonlin~arity and control hysteresis 
are small. This is discussed further in Chapter V. 
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2.6 SENSqR MODELS 

Data on Spey performance i'laS acquired in flight. Instru

mentation was used as listed in Table 2.1. Speed, position, 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. 

Tab·le 2.1 

Sensor List 

VARIABLE SYMBOL RMS ERROR 

Low Rotor Speed NL 
• 0.5% 

High Rotor Speed NH 0.5% 

Throttle Command 0 
c 

0.2 Degrees 

Throttle Angle °T 
1.0% 

Duct Pressur-e PD 
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 response is lightly 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 

lThe values s = 0.2 and = 13.0 sec- 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 representation~ of the inte~cci~ponent responses can 
be used to accurately predict the sys,tem 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 pm'ler) configu'ration 
of the Spey. 
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CHAPTER III 
PRELIMINARY PARAMETER ESTIMATES 

The AWSTOLR aircraft was flown at Cr01'l'S Landing, Cali-· 
fornia to acquire engine res'ponse 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 1,ere 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 the approach configuration in a 
powered descent from 7500 ft. The 'nozzles ~n 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 flight log for the two data acquisition 
runs. Flight time for the two runs was l24'minutes from takeoff 

to final landing. Data was recorded during this time on 84 
instrumentation channels 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 FIIJlEll 

33 



Table 3.1 

Flight Data Records Used for Identification 


RECORD START TIME 
(d-h:m:s:ms) 

END TIt4E 
(d-h:m~s:ms) 

DURATION 
(SEC) 

NO. OF 
POINTS 

FLIGHT 
NO. 

INPUT DESCRIPTION 

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 

JV'
3 295-18:12:25 295-18:13:21 56 2800 323 0.5 / 10 / 2.5 

1.5 / 10 / . 7.5 

4 295-20:21:01 295-20:22:05 
. 

64 3200 324 1.5 / 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 
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Table 3.2 

Sensor List 


SENSOR ENGINE UNITS 

Throttle Command Left Deg 
Throttle Pickoff Left Counts 
Fuel Flow Left PPH 
Compressor Speed Left RPM 
Fan Speed Left RPM 
Exhaust Pressure Left Counts 
Duct Pressure Left CQunts 
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 
acquisi tion unit and the digital tape ·processed to provide· 

scaling, units and conversion for use on the CDC 6600 
at NASA Ames Research Center. 

3.2 INITIAL PARfu~ETER 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 Chapte:; II provides a linear operat~ng line for the. state 
and control variables. Figure 3.1 is a compilation Cif measured 
engine response at steady power points. It will be noted that 
the approximation of linear spool speed to throttle response 
above about 5 degrees 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 flo~ and duct flow of the 
engine at an assumed equilibrium rotor speed match. During 
trans ients., rotor 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 airflOiv 
and core airflow are dependent only on the rotational speeds 
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Table 3.3 
Spey Engine Outputs as a Function of 
Steady State Corrected Engine Speed 

CORRECTED HOT STREAM THRUST 'U T/0 (lbs )f 

%SPEED % SPEED I IOrCATED AIRSPEED - KNOTS 
NL'.ra NH'.ra V = 0 V = 60 V = 250 

0 0 0 0 0 
55.0 84 1023.2 1092.1 2102.0 

70.5 89.5 24'02.7 2456.7 3230.0 

78.9 92.5 .. -37.14-. 2 3763.2 4476.3 

86.0 95 4834.6 4876.5 5465.0 

94.4 98 '5867.0 5902.6 
•

6411.0 
",
00 109.9 103.515 7013.5 7042.1 7446.7 

CORRECTED COLD STREAM THRUST - T/o (lbsf ) 

T InIr.ATFn ATIlSI'F "n - KNClTS%SPEED %SPEED 
N, ,18 V = 250V = 0 V = 60NH'.ra 

00 0 '0 0 
914.655.0 84 796.7 783.7 

1807.270.5 89.5 1666.71660.2 
2668.478.9 92.5 2494.5 2489.6 
311 0.486.0 2977.9 2954.495 
3442.998 3301.0 3289.394.4 
3682.4109.9 3554.1103.515 35.32.3 



Table 3.3 (Concluded) 

% SPEED 
N
L
/16 4 

% SPEED 
NH/16 

CORRECTED ENGINE 
., AIRFLOW 
mal6/(S1ugs/Sec.) 

0 0 0' 

55.0 84. 2.514 

70.5 89.5 4.003 

78.9 . 92.5 4.964 

86.0 95. 5.507 

94.4 ·98. 5.935 

109.9 103.515 6.488 
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of the compression elements. This is normally a more accurate 
assumption than the constant by-pass' ratio assumed in Table 
3.3. In this case, hot thrust is a fUnction of the compressor 
speed only. Cold tnrust 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 u,sed 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: 

o = 0.7212 ,CoT - 31. 5°') - (NH - 100%) 


NL = 2.81 NH - 181% 


W ='7.13 NH - 613%
f 
PTD = 1.32 NL - 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 

or 
0i)) 

Wf 

NH 

NL 

PT6 

PTD 

31 .5 

-957 

5000 

12135 

10075 

3775 

5036 

, Degrees 

Counts 

pph 
. 

RPM 

RPM 

Counts 

Counts 

It should be noted that the operating line linearity of 

e~gine variables, e.g.- t~e rotor speed match is predicted 


-from previous engine experience near full pm..rex. - Go~ernor 
l-ineari ty 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 Hysteresis 

Classical methods can be used to approximate the hyster

esis ,,,idth 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 indep-enderit of frequency ',hich allows 
run-to-Tun comparison of results. The phase shift measurement 

allows a far more accurate estimate of the hysteresis width 

than amplitude roll-off when graphical data is plotted. An 
example of the phase shift measurement is sho~ in Figure 3.5. 

Hysteresis points ,vere 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: 

<P = fH Cal A} + <Pb 

where fH is shown in Figure 3.4, <Pb 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 T , 

between the commanded throttle input and the throttle pickbff. 
Since no frequency dependent 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 unexplained by 
the hysteresis. This residual phase is within the accuracy bounds 
of the data so 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 co~~anded 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 

,vi thin the fuel control. The curve for the governor response 
indicates hysteresis width of about 0.19 degrees. This es'timate 

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. This 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 ~hrottle inputs act as rate commands to the pressure drop 
governor. Since the inputs during the flight test ,Here 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 run data was augmented 

by miscellaneous points which occur~ed when ramp inputs were 
gener.,ated as commands during the n,ormal 'cockpi t 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 (oT - 31.5) 

(Steady Rate) N = 0.7212 0TH. 

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 aC'c'elerations or 

decelerations, the governor characteristic is linear. Rate 
limiting 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 ~I, it was noted that ,the engine rotors have two mod~s 
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 speed equation, then 
the transfer function bet\veen the rotor speeds can be written 
as follows: 

where 'H and '1 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, 

A time constant of 1.0 sec wits '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 unknmffi and the estimate could be inaccurate. 
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3.2.5 Cont'rol Parameters 

The control model developed for identificat10n 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 error, £, can be written from the steady state 

operating line as follows: 

N - 0.7212 0T - 77.28 = -£ 0 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, cf ' is inversely balanced by the pressure 
drop regUlator cha~acteristic rotor speed to fuel flow (pressure 

,:drop) gain. This situation is represented in the moqel. The 
v'alue of is determined from the operating line relationc f 
ship, 

W = 7.l3N - 613%f 
or 


c = 7.13 (% F.F.I% RPM)
f 

The remaining,control parameters are the governor forward 

loop gain and nonlinearity, a. The control law for the engine 
and pressure drop regulator can be written as follows (neglec

ting the nonlinearity) 

(0 . 72 • 2 0T -, NH - 77. 2,8) 
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The time constant of the closed-loop system is TCL ,= TH/CpKAP 
and a reasonable guess of the value for KAF is, 1.0 sec-I, 
The' nonlineari ty, CI., which 'results in slOl</er accelerations 

than decelerations is difficult' to estimate. A nominal value 
of zero is chosen for the initial estimation runs. 

3.2.6 Summary of Inidar Parameter Es:tiniates 

'The discussion in Section 3.2 has provided the basis for 

initial parameter estimates for the engine/control model 

developed in 9~apter II. These estimate~ are sUmmarized in Table. 

3.5 	and identified with the appropriate computer program sYmbology 
(see Chapter V'for estimation results). Initial 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 SYMBOL INITIAL 
ESTIMATE UNITS 

Throttle Hysteresis DUNK1 0.48 Deg 
Control Hysteresis DUNK2 0.19 Deg 
Throttle Pickoff Scale Factor BPon -25 Deg/Counts 
Throttle Pickoff Bias BPOT0 950 Counts 
Throttle/RPM Gain KTH 0.7212 Deg/% RPM 
Area to Fuel Gain KAF 1.0 

, 

Sec-1 

Governor Nonlinearity ALPHA 0.0 (% RPM)-1 

Flowmeter Damping Ratio ZETA 0.2 ---
Flowmeter Natural Frequency OMN 13 Sec-1 

,Compressor 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/70 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 PT6BIS -300 % 
Duct Pressure Bias PTOBIS -32 % 
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CHAPTER IV 
PARAMETER IDENTIFICATION PROGRAM 

A program was developed 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 use~ 

as the foundation of the parameter estimation procedure. This 
model is shmffi in Figure 4.1. The model" equations can be re
presented as follows: 

x = f (x, u, 8) (4.1) 

(4.2) 

where the x is the engine state vector, y is the measure
ment vector, f(.,.,.) 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 parameter 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. 

J = min (4.3) 

8 

- 2 2where R = dlag(cr , ... , cr ) is the covariance matrix 'of thel p
independent measurement errors, and' 

~ ~ ~ 

yei) = h(x(i), u(i), e) (4.4) 
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Table 4.1 

Engine State, Output and Control Vectors 


SYMBOL 
STATE 
High Rotor Speed XNH 
Low Rotor Speed XNL 
Tailpipe Pressure PT6 
Duct Pressure PTD 
CONTROL VECTOR 
Throttle Po?ition DELTT 
MEASUREMENT VECTOR 
Throttle Pickoff DELTPO 
Fuel Flow WFMSN 
High Rotor Speed XNHMSN. 
Low Rotor Speed XNLMSN 
Tailpipe Pressure PT6MSN 
Duct Pressure PTDMSN 

!;ubj e<;t to the differential ·.constra~nt 
•..... • A ,.. 

X = f (x, u, e). (4.5) 

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

. 
A A 

x(i+l} = ~x(i} + ru(i}. (4.6) 

The minimization in Eq. (4.3) is carried out using either. a Quasi
Newton method or Levenberg-Marguar~ procedure. The. Levenberg 
Marquart algorithm prov~~e~ a_stable sea~ch for the minima near 

a priori estimates. The narameter step for this al~orithm is 
as follows: 

-1 
+ AI} aJe(i+l} = eCi} (4.7)ae 
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where the expression, 

a2J 

ae 2 ' 

is 'approximated from gradient calculations and the Marquart para

meter, A, is 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 likeliho9d 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 algoritnm 

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 
differen't data records to calculate the best overall para
meter results. Matrix outputs from the program are discussed 
below. 

The cost function, J(9) is calculated from normalized 
meas'urement error covariances as follows: 

N 2 
l: E. (j) (4.8a) 

j=l l 

A 

Ei (j) = Yi (j) - Yi (j) (4,.8b) 

where 

Thus, the measurement accuracies are weighted with respect to 
the accuracy of the first instrument. The scaled information 
matrix is derived from the second derivative of J with respect 
to the p.arameters. This lilatrix is developed during the i ter
ative solution 'of the mi~imization problem.'. The scaled inform
ation matrix is defined as follows: 

The eigensystem (eigenvalues and eigenvectors) of Hare 
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 

dispersi.on matrix as follows: 

and 
D = N* R 

o 
H- l 

(4.10) 

where the matrix D forms the Cramer-Rao bound on the esti-· 
" 

mates if N* = 1. 
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The value of N* is 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 t"ime constant is approximately 

determined to be then N* can be chosen as follows:
'COR' 

'CORN* = (4.11)TNTOT 

where T is the sampling interval and is the totalNTOT 

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 as. is the fractional confidence interval on ·the esti 
1 

.mate of the parameter, 9 " • 
1 

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 fractional variance, or, 

(4.13) 

Finally, the fractional gradient of the likelihood func

tipn indicates the "closeness" of convergence of the algorithm. 
This quantity is defined as follows: 

Gs = aJ/J/as/s (4.14) 
1 

The quantities listed above are output for each parameter 

estimated. An example of this output is given in Figure 4.2. 
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Figure 4.2 Example of Spey Program Output Statistics 



fiNAL RtSUL1S Of OPllMIZA1l0N 
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Figure 4.2 (Concluded) 



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 r-ecords 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: ' 

9= [i M.]-l [i M. a. i ] (4.15)
i=l ~ i=l ~ ~ 

where M..= Nl * R -1 H. and a. i is the parameter estimate fo~ 
~ i o,~ ~ 

the ith record. An approximate formula can be used with reason
able accuracy as follows: 

q . .]1 -e. = [ql: (D~ .) -1] * l: (D~ .) - L e. ~ (4.16) 
J i=l JJ [ i=l J J J 

where D~. is the jth diagonal element of the ~ dispersion 

matrix. J the above formula can be used to obtain weighted 
averages of the parameter vaiues accurately reflecting the 

overall responses. 
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CIiI\PTER 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 modelill;g 
equations. The par.ameter 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 II I. 

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 Sh01'1S· the parameters of the engine simu

lation lvhich are available to estimate. Variable name defini
tions associated with block diagram variables (Figure 5.1) 
are Sh01'1ll in Table 5.2. The program lvas sequentially exer
cised to identify throttle parameters, engine pressure dynam

ics, engine dynamics, and engine/control dynamics. The 
identification setu~ used and the results are presented in 

the fol101ving subsections. 

5.1 THROTTLE IDENTIFICATION 

The throttle hysteresis value and pickoff bias and scale 

factor 1'1<:re identified. In addition, a P01'1er level dependent 

hysteresis width was hypothesized and added t~ the parameter 
list. Figure 5.2 shows the program set-up. Measured throttle 
commands are used as input, the throttle pick-off is commanded 
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Table S.l 

SPEY ENGINE SIMijL~TION PARAMETeRS 
AWJSTOL RESEARCH AIRCRAFT . 
SYSTEMS CONTROL. I~C (VT) 

1801 PAGE MILL RO~O 
PALO ALTO, CALIFORNI~ 

.**~*******~*******••* ,

• RIGHT .ENGINE •* FLIGHT NUMBER 324* 
• RUN NUMBER 5 * 
* STI 56000 * 
.*.*************.**** 

***'*'*'**f********'*******'*'*'******'*****~*********••••, •••••••••••••••••••••,• • * ' ...__ ..._,
• THROTTLE , CONTROL • ENGINE * O~CT/EXh.~ST * 
* * • * *••,*••, ••••••••*.,.,••••••••••••••••••••*•••••••••••••••••••••••••" ••••••••,•••• 
'OLINK!= ,329645 . 'KTH : ,7&2446 *CLAG: ,210000 *TL~G' ,500000E-OZ' 
'oLINK2~ ,IOOOOOE-ol*KAF • 5,04400 'FLAG' ,403000 'TGAI~ = 4.72200 • 
*ALO • ,253175 <ALPHA.' 0, . oCf : 0110000: 'PT6BlS"I,9~IOO .. '_ . 
• ALI = ,437142E-02'CFCNTR~ ,110000 *.fL : .710000 *DL.G .• ' .500000E-02' 
*ALa : 0, 'EPSBIsa ,435724 *CHL = 3,07300 'OGA!~' 1.13900 • 
<apOTO = 927,898 'KFSF' 1,00000 .XNL8IS= ,324000 'PTOBIS'~3,93000 ..• 
,sPOT! hZ4.5&92 oKfaIAS= 20,9200 "CLAGD' ,90915& *TL.GO = ,!831·56E~Ot* 
'Z~TA • ,990000 'OM = 50.0000 'CLAGG = ,90B436E~01*TL~GG • ,96i664 * 
.oM. .= 50,0000 'SIG -. =~,a02020E.Ol*FLAGO = ,951564' *OLAGD = ,1831~6~-01' 
'KA! = 0, 'KA2" 0, .FLAGG = .46ql&5E-Ol*OL~GG • ,981684 * 
**** f .... " ..".... ****...*.".*.**'.*.'"••***,.*********.....*."*****....*,*......~ .. *:f Y!*.....'*.** 

: " '. 
****,'*********,.,.************',.,****** .**••*.***** ••••***•••••••••• ****_.

fULL POWER POINT OPTIHIZ~TION PARA~ETE"S• .. - - - '" • •,
• THROTTLE POSITION' 31,50 DEGREES ** * NO,Of ~EASUREHH T5 " 6 

, 
• THROTTLE PICKOFF = n&,o COUNTS • NO,Of PARA~ETERS = 4 _. * 
• HAIN FUEL FLOW = 5750, LBM/HOUR'• , NO,Of ERROR TER~5 = 1 ,* 
• COMPRESSOR SPEED = ,1335E+OS REV/MIN * • NO,OF OAT. pal~T5 " lZSO • 
* FAN SPEED = ,1008E+05 REV/MIN * • NO,Of Fl~5T POI~T " 1..- .* AUGMENTOR PRESSURE. 50,00 ~af/SQIN* • NO,OF !NCHEME~T = I •.* DUCT PRESSURE " 50,00 LBF/SQIN* • DATA PRINT INTERVAL. 0 •• • • * •••*.*.**.********•••**~*.**.*••****.*.** • CONSTAN! PRINT fL~G. 0 •• EPSILON = ,10000Ep03*

• DELTA = .Iooooe-OJ'• MAX fU~CTION oVALS = 300 , 
• NO.OF-S!GNIf DIGItS' q
**,••••• **•••********•••• ,*.******* 
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Figure 5.1 Proposed Spey Engine Identification Model Showing Program Symbology 



Table 5.2 

,Spey Parameter Index 


PARAMETER 
INDEX SYMBOL NAME -

11 
12 
13 
14 
15 
16 
17 

18 
19 
20 
21 

. 23 
26 
29 
30 
31 
32 
'35 

38 
39 
42 
43 
44 
46 
47 
48 
50 
51 
52 

ALO 
All 

' AL2 
BPOT0 
BPOn 
DLINK2 
KTH 
ALPHA 
KAF 
CFCNTR 
ZETA 
OMN 
CLAG 

' CF 

AF~ 

CHL 
FLAG 
TLAG 
TGAIN 
DLAG 
DGAIN· 
KAl 
KA2 
EPSBIS 
KFSF 
KFBIAS 
PTDBIS 
PT6BIS 
XNLBIS 

Constant throttle hysteresis 
Linear throttle hysteresis 
Quadratic throttle hysteresis 
Throttle pickoff bias 
Throttle pickoff scale factor 
Internal control hysteresis 
Throttle to RPM transfer factor 
Throttle nonlinearity constant 
Area to fuel gain 
Pressure drop governor feedback 
Fuel flowmeter damping ratio 
Fuel flowmeter natural frequency 
Compressor speed time constant 
Fuel to RPM gain 
Fuel to low rotor speed gain 
High rotor to low rotor gain 

: Fan speed time constant 
Tail pipe pressure time constant 
Tail pipe pressure to RPM gain 
Duct pressure lag 
Duct pressure to RPM gain 
Flowmeter estimator gain 
Flowmeter estimator gain 
-Throttle bias 
Flowmeter scale factor 
Flowmeter bi as 
Duct pressure bias 
Tail pi'pe p\essure bias 
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 ,vas quite consistent 
on a run-to-run basis. The fit results for two runs are 
shown in Table 5.3. An examination of the·~it errors indicate 
that the right engine modeling accuracy is significantly poorer 
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 
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Table 5.3 

Throttle Input Fits 


RUN RECO.RD NO. OF 
POINTS 

RMS THRERR 
LEFT 

. (COUNTS) 

RMS THRERR 
RIGHT 

(COUNTS) 

1 

2 

1 . 
5 

6000 

3250 

1.67 

1.49 

6.10 

3.02 

level dependent hysteresis width is not a ~ignificant 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 throt·tle 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 flmv 
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. 
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Table 5.4 

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

LEFT ENGINE , 

PARH NO, 
l 

CD 
a 
3 
II 

PARM NO, 
1 

CD 2 
1 
II 

, , 

VARI 41:11.. f£ 
ALO 
ALI 
BPOTO 
BPOTt 

VARIABLE 
ALO 
Al.l 

'61'0TO 
BPOTI 

VALUE PRACT,STO,DEV, 
,251 611 .2496501£",01 

".142219E... 03 .. 2.20025 
976,667 .1725261£-03 

.. 26,2088 ... 27t3 IBf, .. Q3 

VALUE fRACT.S1O.PI:.V. 
.a53b7& ,I'1j2865 
.1996951£,,03 10,4169 
'180,654 ,173'1381:: .. 03 

,.2&.37U ''',285lHE.. O) 

F RATIO 
1604.49 
.206565, 
.H595SEt06 
,1158191::+01) 

F HA TIc 
48.9945 
,9212101£.. 02 
.330532Et08 
.1227881£+08 

fRACT,SENSlT. 
.alJlI~b5E .. 05 

... 11.I6!i ll2E;'01 

.. ,,1350671£ .. 03 
.7S347/jE~04 

FHA(:T,5ENSlT. 
"17843141E .. 09 
" .173583E .. 06 
;',288660E"03 

.22307i!E .. OJ 

, ,,,~IGHT ENGINE 

PA'RM NO. 
I 

CD 
2 
3 

" 
PARM NO. 

I 

CD ;: 
] 

II 

VARIABLE 
,1,1.0 
ALI 
SPOTO 
BIlOTl 

VARIABLE 
AlO 
ALI 
BPOTO 
BPoll 

VALUE FRAe T , S TO. D'E Vt 

.250 64 7 .1634211 

.159342E"02 1.26673 
9Ui6bl " . .1565 15~: .. 03 

.. 211.9108 ".21136b6E .. 03 
I 

-
\ 

VAI.UE FRACl,sTo.OEV, 
,253175 ,9668,021:,,02 
,1I371112E.. 02 • 33298'1b.O 1 
921.698 '.I58612E.. 03 

"211, 5b 92 ",252510l .. 0;S 
" . 

F RATJO 
37.4430 
.623203 
.1I08216Et08 
,168150Et08 

F RAllO 
10227.8 ('I01.86lj 
,396I1Y2E+oa 
,1~6810EtOI! 

FlueT ,st-NSIl, 
.t i 12119E-O'S 
,5475571£.. 07 

"./115064E .. 03 
,2bl171E'lIOl 

FRACT ,SENSlT,
0,18440H .. 06 
... 5"{S781Jt .. 07 

,22b!i52E;'OIJ 
:",.145~5~f.~Oq 



Table 5.5 . 

Combined Throttle Estimates 

RUN 2· AVERAGERUN 1 * UNITSEST/FSO (%) EST/FSO (%)* EST 

LEFT 

ALO 0.252/2.5 0.252 Oeg0.254/14 
BPOTO 977/.17 982 Counts987/.17 
BPOn -26.2/.27 . -26.3 -26.4/.29 Counts/Oeg 

RIGHT 

ALO· 0.251/16 0.254/1.0 0.254 Oeg 
BPOTO 937/.16 928/.16 942 Counts 

- -24.9/ .24 BPOn -24.6/.25 -24.75 Counts/Oeg 

* EST/FSO = Estimate/Fract. Std. Oev: 

PT6BIS 

PT6XNHMSN TGAI-N 

TLAG*s+1 


+ PT6ERR 

PT6MSN 

PTOBIS 

+XNLMSN--., OGAIN 
-mLAG'"s+1 + 

PTO 

+ PTDERR 

PTDMSN 

Figure 5.3 Equation Error Identification 
of Pressure Dynamics 
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An estimation run on record one was made. Results are 
presented in Table 5.6. The fits are 'shOiffi 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 0.049 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 IDENTIFICATION OF ·ENGINE PARAMETERS. 

The parameters ~etermining 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 
press1,lre me;l.surements. Pressure gains and s.cale factors ar~ 
introduced ~s free 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 th~ee 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 S. 6 
Identification of Pressure Dynamics 

(Record No.1, 6000 Data Points) 

LEFT ENGINE RIGHT ENGINE 
PARAMETER 

PARAMETER FRACT. 
STD. DEV. PARAMETER FRACT. 

STD. DEV. 
UNITS 

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 

PT6BIS -5.41 0.03 -1.82 0.40 %PRESS 

* Not··identifiable. . 

** Estimate· not reliable because of large sampling :period relative to


lag. - . .: 
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Figure 5.4 Engine Parameter Identification 



Table 5.7 
Fit Errors for Engine Parameter 

Identification Runs 

LEFT ENGINE 

AVERAGE 
DATA ERROR% 

RECORD ERROR NO, RESIDUAL. L.OCA TlON VAL;UE 
1 XHSERR 3 .148043 

1 2 XL.SERR 'I .192332 
3 PTCERR 5 .316965 
.(j PTOERR It .1150491 

, 

ERROR 'NO. RESIDUAl. I.OCA nON VALUE 
. 31 XHSERR ,2bOb25 

2 XLSERR 'I ,2762023 
3 PTbERR 5 .281031 
II PTOERR C .3~1822 

ERROR NO, RESIDUAl. 1.0CA nON VALUE 
1 XHSERR 3 .369610 

7 2, XI.Sf-RR £I .:;05856 
3 PT6Ef<H 5 .£117991 
1.1 PTDERR b .I9149~ 

RIGHT ENGINE 

AVERAGE 

DATA 
 ERROR % 

RECORD E:RROR NO, RESIoUAI. LOCATlON VALUE 
1 XHSERR 3 ,121402 
2 XI.SERR 4 .9914115E .. Ol1 
3 PTnfRR 5 ,258342
4 PTDERR 6 .282912 

ERROR NO. RESIDUAL. 1.0CA TION VAI.UE 

1 XHSEHR 3 1.711b24 


3 
 <1 XI.SFRR 4 1.7391'1 
3 PTIlERR 5 .291593 
4 PTDEHR 6 .311548 

ERROR NO, RESIDUAl.. LOCA TION VAL.UE 

1 XHSERR .3 .205:;44 


7 
 2 XL.SERR 4 .364£127 
.3 PTbERR S .279910 
4 PTDERR 6 .467315 
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Table 5.8 

Engine Parameter Identification Results 
for the Left Engine 

DATA RECORO 1 , 3000 POINTS 60 SECONDS 

PARM ~O, VARIABLE VALUE FRAC1,STD,OEV. F RHID FRAeT ,5E~SIT. 
I CLAG ',245528 ,18311&<.-01 2982.27 -,2&690,,£,,02 
2 CF ,112700 ,2a37Z5E.02 199789. _.9&3444 
3 AfL ,0061123 .b5170IE-01 23~.1I23 -.80,33IE-02 
/I CH~ 2,7050& ,112671<.-01 7877,25 -,9210 06 . 
5 F~AG ,395805 ,828010<.-02 1",85,& ,344291 
b TGA!N 4,91153 .380138E.02 77101.5 ,273931 
7 OGAIN 1,47099 

, 

,1428&&.-01 4899.40 ... 515400 
8 KFBIAS 23,651111 ,3944990.·02 &4255.2 -.5J8333 
9 PTosIS -3,19989 -,540&82E-OI 342,070 .,12&345 

10 PT6aIS ·1,752&3 ·,5J3703~.01 551.075 _.245195.. _02 
11 XN~B15 ,2731:144 .21441n.OI 2!14,LO ,.270H 

-. 

60 SECONOSDATA RECORO 3 3000 POINTS 

PARM NO, VARIABLE 
I CLAG 

:2 CF 
5 AFL 
II CHL 
5 FLAG 
& TGUN 
7 DGAIN 
8 XFBIAS 
9 PTOBIS 

10 PT&RIS 
'11 X.NLBlS 

. VALUE 

,209854 

,110279 

,709761 

3,07253 

,403171 

4,72230 
 -' 1.13533 
20.9181 

-3,93000 
-1.94100' 

.32 0004. 

FRAeT.5TO,DEV, 
.12734&E_0 I 
,345332E-02 
,834593E.Ol 
• &68112E .. 02 
.34a2~oE-01 
,32&436E-02 
,&44158E .. 02 
.7228q7f.-02

-.160548f.-OI 
",376977f.-01 

, .231113<'.01 

F RA HO 
elM.33 
83854,3 
143.5&& 
22402,8 
824.555 
93843.4 
24099,9 
19138.5 
3879,&2 
703,&71 
1872,20 

FRACT ,SENU!" 
.104873 
,54309& 
,763838e-Ol 

... 750252 . 
.559200 
2,04080 


.. ,152&01 

.200554 


-,21&992 

.115070 

,550560 


DATA RECORD 7 2000 POINTS 40 SECONOS 


PARM NO. VARIABLE VALUE FRACT.STO.DEV. F RA lIo FRAC! .S.'S-l!. 
1 CL.t.G .280~59 .174310E-01 3<91.23 .,71l820E~OI 
2 CF ,1:32310 ,S07232f.~02 388&7,5 -19.0540 
3 AF!. ,&48202 .474450E·n 444j241 .3.57841 .._01 
4 CHL' 3,55974 .301222&'-02 11021':. .. 0.b5&12 
5 FLAG ,471682 .550659f.-02 32978.8 2,23&19 
& TGAIN 11.03730 .037339f.-02 24618,4 -10.931:l -7 UGAIN 1,333&1 .781a4so-02 16358,9 -2,90139 
S' KFBIAS 11.19117 .305445£-01 1071,85 -3.113942 
9 PToaIS '11.58550 -.421352E-OI ,5117.555 .. ,4'&0905 

10 PlbalS 1Ja.5.3bSQ ·,2.l7&5Sa-ot 1710.55 "3.09~~1 

11 XNLSlS ,3S7.23 .329964E.0.! 91841,5 Z,2~701 
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Table 5.9 
Engine Parameter Identification Results 

for the Right Engine 

DATA RECORD 1 3000 POINTS 60 SECONDS 

PARM NO. VARIABLE 
1 C~AG 
2 CF 
3 AFl 
4 CHL 
5 FLAG 
6 lGAlN 
7 OGAIN 
8 KfSIAS 
9 PTOSIS 

10 PT6SIS 
!l XNl8IS 

VALUE 
,309&17 
.112'170 
,4090'15 
2,01253 
.363951 
5.17001' 
1,04253 
24,0401 

-2,59336 
1.90112 
.302576 

FRACT.S1D.OEV, 
.209a90t~01 
,351239E-02 
.50009'1<'-01 
.~80933E~02 
.115059E-01 
.599S6SE·OZ 
,156479E~0 1 
.059770E-02 

-.846524<-01 
.562253E-Ol 
.1056bIE-01 

FRATtO 
1372.66 
81057.9 
398.892 
12885,9 
7553.oS 
62541.2 
4084,03 
22972,4 
139.~47 
316.327 
8951.20 

FRACT .SENSIT. 
,497044E-01 
3.72081 

·.3903a9E-01 
5,aoS37 . 

-I,90S15 
_1.95474 

2,17827 
1,61175 
.366318 
.141740 

-I,96U9 

DATA RECORO 3 3000 POINTS 60 SECONDS 

P4R~ NO. VARIABLE 
I ClAG 
2 CF 
3 AFl 
4 Clll 
5 flAG 
0 TGAIN 
7 aGAIN 
8 KfSIAS 
9 PTosIS 

10 PTosIS 
11 ~NLalS 

VALUE 
,31 9747 
,119920 
,701218 
3,15178 
,478460 
4,81038 
1,30134 
18,1109 

-10.0272 
-2,722b2 

,3158b7 

FRACT,5TO.OEV, 
,249485E-OI 
.338874E~02 
,677632<.-01 
.441053E-02 
.680962E-02 
,344225E-02 
,938184~-02 
,8672"5E-02 

-,12453n-OI 
.,400297E-Ol 
.2bIQ79E-O~ 

F RAT 10 
1600,61 
8708-1.0 
217,777 
51206,9 
21565,3 
84394.9 
11301.2 
132,95,9 
0447,71 
024,074 
140709, 

FRACT,SENSIT. 
".123973E-03 
_,094889E;,01 

,190973E;'03 
-,111736E;'01 
,120~ii3E-0 1 

-,321819E;'01 
O.,.842Qa6E"02 
-,! 7 1729E;'0 1 
•• 329149E-02 
~,"13596E;'01. 

,174b02£;,0 1 
-

DATA RECORD 7 2000 POINTS' 40 SECONOS 

PARK NO. VARUB\.E 
I Cl.AG 
2 CF 
3 An' 
4 CHl 
5 FLAG 
0 TGU" 
1 aGAIN 
8 KFSIAS 
9 PTOSIS 

10 PHSl! 
11 XNlSU 

VALUE 
.308398 .. 
.155032 

"',1&1548 
2,91548 
,24 9392 
3,40194 
1012496 
3.60752 

-6.0442& 
"10,77&0 

,379122 

FRAtT,sTa,aEV, 
,191228E-01 
,884564E-02 

-,213005 
,903915E-02 
.390653£-01 
,9&8594E-02 
,977269E-02 
,130&59 

-,331455E_OI 
-,24109IE,,01. 

,588912E.02 

F RAT 10 
2734,02 
12780,3 
13,4171 
10702,7 
1>55,20T 
10059,0 
10410,1> 
~8,576& 
910,227 
1720,43 
26833,7 

FRAtT ,SENSlT 
,1I9934E-0 

-,633109E-0 
,455659E_0 
,202993 . 

-,596218e_0 
-,487042 

,998872£-0 
",523410e_0 

,2708"l0e_0 
.,226384 

,406596E-0. 
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Table 5.10 show's the results averaged 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 IDENTIPICATION OP CONTROL PARAMETERS-

There are three parameters in the Spey which determine 
the characteristics of the hydromechanical speed governor as 

m9deled in the simulation. The.setup for ide~tification is 
shown in Figure 5.5. The assUmptions made . ., in the analysis of. 
the governor produce this simple form. The results of the 
parameter estimation will verify these assumptions. 

The_assumption that the positive feedback from the pre3
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 .'lith gain CP' then 
the metering area to RPM transfer function is as follows: 

cNH Cp 1= 7\ KAP 1 - Cp/C; 'PDs + 1m 

.,here 

'H = 'PD 1 - Cp/C}; 
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Table 5.10 

Parameter Estimates for Engines 


LEFT ENGINE RIGIIT ENGINE 

PAMMETER 

00 
,N 

CLAG 

Cf 

AfL 

CIIL 

fLAG 

XNLBIS 

'RUN 1 


e 

.246 

.113 

.606 

2.71 

.396 

.274 

r 

.018 

.002 

.065 

.011 

.008 

.021 

RUN 2 


e 

.210 

.110 

.710 

3.07 

.403 

.324 

r 

.013 

.003 

.083 

.007 

.035 

.023 

*Not used in average 
o = Parameter estimates 
r =functional standard deviation 

RUN 3 


e 

.281 

.133 

.648 

3.56 

.472 

.30B 

r 

.017 

.005 

.047 

.003 

.006 

.003 

1) 

.232 

.114 

.. 643: 

3.39 

.437 

.3B2 

r 

:016 

.003 

.065 

.007 

.016 

.016 

RUN 1 RUIl 2 RUN 3 

0 0 '6r r 6 r 

.310 .027 .320 .025 .308 

.112 .004 .119 .003 .155 

.410 .05 .701 .068 (-.16) 

2.61 .009 3.16 .004 2.92 

.364 .012 .478 .007 .249 

.303 .011 .376 .003 .379 

.019 

.009 

(.27)

.010 

.039 

.006, 

.312 

.118 

0.56 

3.02 

.423 

.370 

r 

Sec 

.005 

.024 

~ RPM/% FF 

.06 

.008 

.019 Sec 

.007 %RPM 
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Figure 5.5 Simulation setlp for Control Parameter Identification 



'
Clearly. when CF = Cp 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: 

1 


where 

Jl = 

which indicates that the paramet~r Cp is difficult to identify since 
K ·proportio·nally determines the d.c. gain and KAF proportionally

TH . 
determines the closed-loop time constant. The "identifiability" 
of Cp decreases as Jl approaches 1. There is a good justifi 

tion that Jl is designed to be nearly 1. This can be seen 
from the metering area d.c. gain as follows: 

8A = 
m· 

(d.c.) 

It is desirable to hold the·m~tering area at null since 
the· acceleration limits are determined by physically limiting cAm. 

Null d.c. cAm is held if CF =.Cp. Thi~ assumption is made in 
the simulation. Mismatches in those t.vo values cause the esti 

mated value of KAF to be slightly biased, but this effect 

should be second order since Jl ~ 1. 
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Using this assumption, KAF is identified with the_ closcd
loop r-esponse determination and KTH 1'lith the operating (static) 
behavior. The values of KTH are accu~~tely determined by 
steady ground trim runs and verification-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, (TH)CL' is 
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,_ the run-to~run consistency has been excellent. Table 

5.12 lists the final parameter estimates for each engine and 
the uncertainty limits associated with these estimates. The 
confidence- interval suggest-ed for the parameters is calculated 

using th~ 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 S.lla 
Identification Results for Engine Control, 

KAF and ('H}CL Parameters 

RUN RECORD NO. OF 
POINTS ENGINE KAF FRACT. 

STD. DEV . 

1 
2 
3 

4 
5 

1 
1 
7 
3 
7 

3000 
6000 
2000 
3000 
2000 

Left 
Left 
Left 
Right 
Right 

3.44 

2.76 
3.08 
1.60 
3.07 

.007 

.008 

.012 

.007 

.002 

Table S.llb 

Averaged Values 


KAF 
.. 

('H)CL 
(~~ AREA/% RPM) (SEC) .. 

0.653.11LEFT 

2.96 0.89RIGHT 
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Table 5.12 

Final Spey Engine Parameter Estimates 


LEFT ENGINE RIGHT ENGINE 
PARAMETER INDEX 

ESTUIATE UNCERTAINTY ESTUIATE UNCERTAINTY 

AL0 11 0.252 0.254:!:.0.062 :.0. 060 
All 12 Y Y Y Y 
SPOT0 14 9S2 :!:.5.0 942 :!:.5.0 
spon 15 -26.3 :!:.0.22 -24.S :!:.O.lS 
DLINK2 16 a/ afY Y 

O.72lz~KTH 17 O.72lz~ 
rFf rFfALPHA 18 

KAF 19 3.11 :!:.0.07 2.96 0.07 
CF 20 o.n4£f +0.001 O.llaS' :!:.0.002 
ZETA O.zEi21 :O.2Ei 0.2 +0.2 
OM!! 23 1# 1#"!.# !# 
CLAG 26 0.232 :!:.0.01l 0.312 :.0.022 
CFCNTR 29 0.114 :.0.001 O.llS :!:.0.002 
AFL 30 0.64 :!:.0.13 0.56 :.0.10 
CHL 31 3.39 - 3.02 .:.0.07 :.0. 07 
FLAG 32 0.437 :!:.0.02 0.423 :.0. 02 
TLAG 35 0 0:.0. 001 :.0. 001 

.TGAIN 38 4.10 :.0. 10" 4.35 :.0. 40 
DLAG 39 0.05 0.05 
DGAIN 42 1.36 :!:.0.01 • 1.40 :!:.0.3 
KFSF 1.rFf47 1.rFf 
KFSIAS O.rFf O.rFf48 
PTOSIS 50 -3.02 -3.53:!:.O.09 :!:.2.75 
PT6SIS 51· -5.41 :!:.0.5 -1.82 :!:.2.18 
XNLSIS 52 0.3S2 0.370 :!:.0.03:.0. 03 

0.65 0.89:!:.0.05 :.0.05(TH)CL 
(sec) 

YNot Significant 
EiEstimate from inspection of data 
£lOefined as equal "to CF - See Chapter II 
.~Derived frcm steady-state operating 1 ine 
~No 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 
lift 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 

,esulting engine simulation should provide an accurate com
ponent repre-sent·ation for inclusion in the AWJSTOLR aircraft· 

simulator. 

6.2 CONCLUSIONS 

The quality of the flight dat~ 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 run-to-run repeatability of the 
parameter estima·tes ,'las 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. 
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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 pOive.r levels. 

The engine-to-engine repeatability of the parameter 
estimates was within 10% except for the compressor time con
stant. The right engine time constant is 35% longer than the 
left. Fan speed responses are the same. The fuel flow to 
'rotor speed gains are nearly the same, hence, the engine fuel 

consumptions are nearly equal. Fan spee'd 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 greate'r 
than previously available from graphical techniques. Run-to

run repeatability has been demonstrated for many of the 
variables. 

The established system, identification routines can be used 
in the-d~sign and evaluation 'of future flight test applications. 

, , 

Several of these areas" are mentioned below. 

The tests described in this report primarily produced 
linear dynamic results. The scope of the effort was restnicted 
to ge~erally 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 dyn~~ic coefficients. 

A nonlinear model can be used to match the response using 

this data for the full envelope of operation including nozzle 
a~gle 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 = -),.ep-feN)) 
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where the function, fe.), describes the nonlinear static 
operating line response in pressure. The results for duct 
pressure response indicate that the choice of A is not im

lportant since A > 20 sec- 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 series 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 procedure 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 


PRID.WlNG PAGE JiLANK NOTFILMlID: 
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10 

20 

30 

40 

50 

76/76 OPT"! 

PROGR!" SPEY(INPUT,UUTPUT,r~PE5=lNPUT,TAPEb=OUTPUI,IAPE2'/12000) 
c 
C 
C 
C 

SPEY ENGINE SIMULATION ~No IOtNllflCAilON PROGRA/l 
A~JSTOLHA fLI6~T lEST PRUGHAH 

C 
C 
~ 

SYSTEMS CONTHUL, INC 
IBOI·PAGE MILL ROAD 

(VTl 

C FAlo ALTO, CALIFORNIA 
C AI/NI R.L.DEHOff 
C 
C 

ExTERNAL FUNC,FUNCr 
REAL ~TH'KAF,KAI,KA2.KFSf,KFalAS 

15 LEV~L 2,XDATA 
COMMON IENGINEI 

A POINI • rtME , oELTC , OELIMS • WfMSN 
B XN~MSN , XNLMSN • PT6MSN , PloMSN • 

• 

C DtLIPo ,.wFnEsl • XNH , XNL , Plb " . 
o pIO , oELTI • DtLTTS • ~fMa , ~ffLWM 'i-' 
E wfEST , DELIII , oELI12 , EPSRPM , 
f DT~ROI , OAREA 
G fMFS2 , T~RERR 

• fHSI • f"S2 , FMFSI·, 
, fULERR , XHSERR , 

25 
~ XLStRR , PTbERR 

COMMON IENGINEI 
, PIDERR 
OUMI(IOO) 

C 
COMMON ICONSTSI SIART,C~(8),

A OLINKI,ALO , ALI, AL2 • ePOTO 
u ~POTI , OLINK2 , KIH , ALPHA, 
C cFCNIR , ZEIA , OM , OHN , SIG 

• 
KAF , 
, OT , 

o cLAG , CLADU ,CLAGG ,CF,
E AfL , tHL , FLAG , FLAGO , fLAGG 
F TlAG , TLAGD , ILAGG ,IGAIN, 

. 35 
G DLAG , OLAGO • OLAGG ,OGAIN, 
H KAt , KA2 , ENGNO , EPS81S , 
I KFBf , KF81AS , 81T 

COMMON ICONST~I 
A plDBIS , PToBIS , XNLOIS , 
a NH,NP.Nf,NOP,NFIHST,NINC,SPRINT,CPRNT, 
t IPARH(20),ERRPNT(.),R(b),NSIG, 
o EPS , DELIA, MAXFN • 10PT , PARMMQ(~) , 
E FILENO 
F ~UNMFf 

, 
, 

STIME 
HUNNH 

, 
, 

FLGINO , HUNVEL , HUNOPO 
HUNNL , HUNPT6 , HUNPTD 

, 

coMMON ICONSTSI OUM.IIOO) 
c 

COMMON 10AIA/XDAIA(IO.bOOO) 
c 

COHMON ISVM80L/NOGYflH, NCSYHB, VSYMB (50) ,C5YMB (.150) 
c 

coHMON IPLOT5/CPLOT,PlOTf,lNoI,A(200,7),IAAGij(SISI),POAIA(200,201 
C 

OIMENSION 
OIHEMSION 

P(20),PARHtl),ftlO),XJACt200),XJTJI200),WORK(250) 
RLAB(22).neIG(20)'ZVE~T(ijOO)'WK(250) 

55 
DIMENSION 
OIMENSION 

HE55(20) 
0ISP(200) 

C 

10/06/71 


JU~17 
SPEY 

SPEY 

BPEY 

SPEY 

SPEY 

5PEY 

BrEY 

SPEY 

BP~Y 
BPEY 

SPEY 

dUN27 

8Pt! 

JU~15 
SPEY 

SPEI' 

BPEY 

SPEY 

SPEV 


~~~~ . 
SPEY 
BPEI 

'JUNI ~ 
SPEY 
SPEI 
BrEY 
BI'EY 
SrEY 
BPEY 
SPEY 
SPEY 
GrEY 
SPEI 
SPEY 
SPEY 
SPEY 
GPEY 
SHY 
SPEY 
SPEY 
SPEY 
JUNI4 
SPEY 
JUL26 
SPEY 
SPEY 
SPEY 
JU~15 
SPEY 
SPEY 
JUL286 
JUN26 

JUh30 

SpEY

SPEY 


11.15.06$ 


I 
3 
~ 
5 
6 
7 
8 
~ 

10 
II 
12 
13 

I 
15 

I 
16 
17 
18 
19 
20
cl
ZZ 
c3 
i~ 

2 
i5 
26 
27 
28 
c9 
30 
·31 
32 
33 
3~ 
35 

'36 
37 
38 
39 
~o 
~ I 
~2 
.3 
~3 

I 
~5 
~b 
117 

2 
119 
50 

I 
I 
1 

52 
53 

http:11.15.06


PI,l";~A'1 

60 


65 

70 

75 

eo 

85 

<D 
00 

90 

05 

100 

105 

•1\ 0 

tiPl:.V 7617b OPI=I 	 ~ IN q,5Hlq 

L 
N4M~L/sT IINPUT/ S/ART,CH.

A oLINKI,ALO.ALI,AL2,UPOTO,BPOTI,DLINK2,KTH,ALPHA,KAF,CfCNTH, 
B ZeTA'OM,OMN,SIG,UT,CLAG,Cf,AfL,AHL,fLAG,TLAG,IGAIN,DLAG,
C OGIIN,KII,KA2,ENGNO,EPSBIS,PTDBIS,PTbUIS,XNLBIS, 
D 	NM,NP,~f,NDP'NflH5I,NLAST,NINC,SPRINT,CPRNT,IPARM,ERRPNI, 
E p,NSIG,fPS,DELIA,HAXfN,IOPT,PARMHQ,KF$f,KfBIAS,BIT, 
F 	FILENo,STIME'FLGtNO,HUNotL'HUNDPO,~UNMff,HUNNH,HUNNL' 
G HUNPT 6,HUNPTO,DFAC,CPLOT.IOPTIM,IEHfSS, 
H HeSS, cHI. 

C 
C 

OAIA CRLABlll,I=I'2)/QHPARH,QHEIERI 
t 
C "'INitiALIZE VARIAaltS'" 
C 

CALL Sf.TUP 
C 

OFIC=O,I 

CPlOT-o.O 

PLOTF=O.O 

IOPTIM=O 

IEHESS=O 


C 
C .... READ INPUT OATH" 
C 

REAOCS,ItIPUT)

CALL CPRINT 


C 
OT=O.OZ'NINC 

C .HREAO OATAHf 
C 

IFlall.LI.O.'O) CALL ROAH 
Iflall.GE.O,O) CALL TOAH 

C 
C 	"'INS~RI INITIAL pARAMETER GU~5SES'" 
C 

00 220 I=I,NP 
IND=IPARMCIl 
p(l )'PARMC INO) 

220 CONTINUE 
C 
C •• tPFRIVRB INITIAL GUESSeS fUR Ull CASE'"
C 

IFCBIT.LI.o.OI GU TO 200 

IlD 225 I-I,"P 

PCI)=PCI)tCI.tOFAC)


225 CONTINUE 
C 	 . 

200 CONTINUE 
IFIIOPJHI.EU.I) GO 1U 235 

C 
C "'UPTIMIZATION ROUIINE'" 
C 

c ~LL ZX55~lFUNC'Nf,NP'N51G,~PS,OF.lTA. 

\ ~AXFNIIOPlrPAU~IHQtl"SSQ.F' 

2 XJAC.N~,XJTJ,~nRK,INFfR,IEH) 


10/0bl17 

ePEY 

SPH 

SPEY 

SPEY 

SPEY 

SPE\' 
SPEY 
SPeY 
JUN28 
AUG! 
SPEY 
SPEY 
BPE Y 
SPEY 
SPEY 
SPEY 
SPEY 
SPEY 
SJ'EY 
SPEY 
SPEY 
JUN21 
JUN26 
SFEY 
SPEY 
SPEY 
SFEY 
SPEY 
SPEY 
JUL28 
SPEY 
SPEY 
SPEY 
SFEY 
SPEY 
SPEY 

SPEy

SPEY 

SPEY 

SPEY 

~·PEY 
SpEY
SPEY 
SPEY 
5PEY 
SFH 
SPEY 
SpEY 
.SPEY 
SPEY 
JUN27 
SPEY 
5PEY 
5PEY 
SPEY 
5PEY 
SPEY 

1I.15,Ob$ PAGe 

5q 
55 

56 

57 

58 

Sq 
60 

61 


2 

! 


63 

6q 

65 

66 

67 

68 

6q 
70 

71 

72 

73 


3 

Q 


7Q 

75 

76 

77 

76 

79 


2 

60 

81 

82 

83 

8Q 	 '~g 
es 

§l86 
'1:1{$ 

87 
88 
aq .0
90 

l~ql 
q2 	 ~ q] 
qq Ii{
95 
96 
q7 
98 
q9 

q 

100 

I 0'1 

loa 

103 

10q

105 
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.11'U~ ~tll" 1,,_'11,1_ _","_l.,_."""', b ""I 

115 GO 10 230 JIJN27 5 
C JlJN27 6 
c ···QlIASI-NEW1DN llPTII1JZAIIONO" JU'27 7 
C JUNn 8 

235 coNI[NU~ JU~27 9 
120 IFII~HfSS,~Q,O) GO TU 23q JU~28 5 

INP<'IPfctIPfIl/2 JUN<8U I 
00 237 1=1 tIND JUN26~ 2 
XJTJII)=O,O JU~2aC I 

237 CONTINUE JU~2a~ q 
12S 011238 I=I,W JuNi!B b 

IND:1*IItl)/2 JUN26 7 
XJTJ(INO)=HESS(I) JU~28 8 

238 COl><llfJUE ~UN28 9 
c JU~2e \0 

130 219 coNTINUE JU~28 II 
cAL~ lX~IN(FUNCT.NP'NSIG,~.XfN,IEHESS, JUN28 12 

P.XJTJ'XJAC,SSo,WOHK,IER) JUN26 13 
c • JUNn II 

230 CONTINUE JUN21 12 
135 C SPEY lOb 

C "'OUTPUI RESULTS"o SP~Y 107 
c ePEY I De 

CALL CpRINI SPEY 109 
c SPtY 110 

IqO WRIH.lb,IOO) ,SPEV III 
,100 foR~A1CIHI,IOX.2?HfINAL RESULTs Of' OPllHIZATION/1 SPtY 112 

c SPEV 113 
<D If(IOPTIH,EC,O) WRITE(b.122) JU~Z8 I~
<D IFIIOPTltl,EQ,I) WRlTE;16,123) JUN,S 15 

145 \22 FoRMATCIIX,32HMARCUART NONLINE,R LEIST SQUARES/II JUL28 3 
123 FORMAl(IIX,I'HaUISI-NEWTON METHODII) JUL28 q 

IfINP,f.Q,O) GO TO 50 SPEI 114 
,WRllEI6'(01) GPEY 115 

• 101 foRMATCIIX,8HPIRH NO.,qX,8HVIRIA8LE.2X. SPEV lib 
150 * RHLOCATION'4~,5HVILUE) SrEY 117 

c SPEi 118 
00 2 I=I,NP SPEY II' 
INO·IP.RrHil SPEY 120 
WRllECb.IOl) I,CSYHB(INO),INO,P(I) SPEY 121 

ISS 102 foHMA1CI1X.13.AX.A6.SX,ll.5X,GIZ,6) SPEY 122 
2 CONllNUE SPEY 123 

C SPEY IZq 
50 CONTINUE I SPEY 125 

I F II OP T III, E Q , I ) CALL FUNCCP,NP,Nf.F) JUN27 13 
IbO C I SPEY 12b 

WHI1Elb.l~l) aPEi IZ7 
101 fO HMIT(I/IIOX,32HFINAL ROOT liE AN SQUIRE RESl\lUALSI) JUL2Ua 2 

c SPEY IZq 
IFINf,fG,O) GO 10 51 SPEy 130 

Ih5 wRIlECb,104) aPEY 131 , 
IOq foRMATCIIX,9HERRON NO,.lX,6HRESIDUAL,2X, 5PEY 132 

• RHLUCA110N,qX,SHVALUE.12X.bHWf.IGHT) SPEi 133 
C SPEY 13q 

DO 3 1=I,Nf SPEi 135 
170 INIl:f.RRPNTlIl SPEY 13b 

"pOINT=NDP/NINC Ju~za b 

http:NO.,qX,8HVIRIA8LE.2X


C 

P~U~IIAH SI'I:.¥ 7"l7b UPI=) HN q,5t~lq 10/06171 1I,15,Ob' PAGI:. 

F!I):SQRI!fll)"Z*RIIND)/NPOINT) JUL2e 7 

WRIIElb,lo5) I,D&¥MBIINOt2Q),IND,FII),RIIND) SPEY 138 


IO~ FO~~AT(13X,I3,8X.Ab,SX,I3,SX.GI2,6,SX,~11.6) SPEY 139 

175 3 CONTINUE SPEY 140 


JU~Z8 8 

R~SSQ=SQRTISSU/NPOI~T) JU~28 q 

WRIT~(6.12S) RHSSQ JULI8 10 


12~ FnRHATCI9X,17HAVtHAGE RHS ERROR,7X,GI2.6) JUL28B 3

180 C JUL2a 12 


c SPEY 141 

51 COI,T INUE SPEY Iq2


C 5PEY , 143 

WRITEI6,IOb) 5PEY 144


laS lOb FORHATclll,IOX,lbHFI~A~ STA 1I5T1CSll 5PEY 145 

c SPEY 146 

C JUN,7 14 

C "'OUI1MY ~ESULTS fOR UUASI-NEWTON'" JU~27 15 

C JUN27 16


I?O IFIIOPTlM,EQ.O) GO TO 260 JUN27 17 

I~OR~(4)-O.0 JUN27 18 

)~ORKIS)=O,O JUN27 19 

2bO CONTINUE JUN27 20 
C JUN2' 21 

* 

195 WRITEC6t1071 SSQ,lwORKII),I=I,S) SPEY 147

107 foR~AT( SPEY 146 


Ilx,32HRESIDUA~ SUM Of SQUARES ~,GI2.bl SPEY 149 

I-' IIX,32HNUHM Uf THE GRADIENT =,GI2.61 SPEV 150 
..::> ••• IIX,32HNO,OF fUNCI EVALUATIONS =,GI2.bl SPEY 151
0 200 IIX,32H~SI NO. OF SIGN. DIGIT5 =,GII.61 SPEY 152• Ilx,32HFINA~ MARQUARDT PARAMETER -,GI2.61 SPEY 153• IIX.32HNUMe~R Of ITERATIONS .,GI2.61 SPE\' 154• III SPEY 155 ~~ C SPEY 15b .... 

205 IFlIOPTIM,EG.I) GO To 265 Ju~~a 13

WRI1E(6,108) INfER 5PEY 157


108 fORHAT(IIX,17HCONVERGENC~ COD~=131l SPEY 158 
 ~~ 
2b~ CONT IIIUE JUL26 14 , 1;

'§:JC SPty 159
210 C SPEY IbO c:::t~ 

IflllR,fQ,O) "RI1~lb,10?) SPEY I Q I
109 fORHAT1IOX,IBHNOHMAL TERMINATION) SPEY 162 ,§:C SPEY Ib3 c '.'ABNURM.L TERMINATION ENDING MtSSAGES*.' SPEY 16~

21<; t SPEY Ib5
IFlIER,EQ,I291 ~RITE(6,110) aPEY Ib6 

IfIIOPTIM,EQ,I) GO TO 270 JU~27 22 

IFII~R,EQ,1301 WHITE!b,lll) SPEY 1b7

IF1IER,EQ,I311 WHITElb,112) , SPEY 168 


. 220 IF1IER,EQ,132) HHITEI6,113) SPEY 16q 

If(lfR,~Q,133) HHlrE(6,llq) SPEY 170

IFlltR,EO, 38) WRITElb,115) SPtY 171

GO TO ?71 JU~21 23


270 CON THIUE JU~27 24

2?5 IF(IER,f.G.130) ~HlrElbol21) JUN27 25 


IFlIER,~U,llll "~ITt(6, Ilq) JU~21 26 

C SPEY 172110 foR~Ar(IOX,3jHSINGULAR JACOBIAN-RECOVE~~'fAILtD) SPty 173 



-fTN~tql'!!" """06/,....1.1~~ -'AGIl'I 

235 

240 

250 

2S5 

270 

275 

280 

III FOHHAT(IOX,2IHINPUT PA"IMrTER ~RROR) 
liZ fnRHAT(IOX,36HHIIIMUH HAR~UARDT PARAMETER EXCEEDED)
113 FoRHA1(IOX,33HSINGULAH JACOBIAN-RECYCLE fAILURfr)
114 FORHAI(IOX,31111IAX NO. OF FUNCT EVAL' EXCEEDED) , 
115 FOR~AT(lox,3BHWA"IIING-JACODIAN ZERO-STATIONARY POINT)
121 FORMATCIOX,25HRUUND Off fRROR TOo LARGE) , 
271 CON T!tIUE 

C 
C "'PHINT INfORMATION MATRIX'" 
C 

,p(MP.Ea.D.O) GO TO 510 

00 300 I=I,N? 

INO=IPARHC!l 

RLAB(lt2)'CSVM~CIND) 

300 CllNTHIUE 
C 
C 

~Rln(b,llb) 


116 FORMATCIHI,/30X,25H8CALFD INfOHMATI9N,~ATRIX) 

C 

c 
C ".C~LCULATE fIGENSYSIEM'" 
C 

WRITE(6,1I71
111 FoHHAI(IIIOX,31HEIGEN8'STEM Of INFORHATION MATRIX/) 

C 
CALL EIGRSCXJ1J.NP.2,OfIG,ZVECT'NP,WK,IERI 

c 
WRIT~Cb,1181 (~EI~(II'l=I'NPI

liB foRMATCIOX.12HEIGENVALUESI/20(IOX,GI2.b/» 
C 

WRIHCb,119)

119 fORHAT(/IOX,IJH!IGENVECTOR81 I 


C 
WRIT~Cb,1241 WKCI) , 

124 FORMAT{IOX,32HDECOHPOSITION PERFORMANCE INDEx.,~X,GIZ.bl 
C 

CALL UsWTfMCO,O,O'NP,NP,NP,ZV!CTI 
C 
C '''CALCULAT., OlSPfrHS'luN HATRIX'" 

C ".' 

C 

CALL L'NV2P(XJ1J.NP.DISP"DGT,ol,o~.WORK,IER) 
c' 

IFCIER.E~.~) GO TO 310 
c 

wplTE(brl301

130 FoR~ATCIIIIOX'22HUNII DI8PERSION MAT~IK) 


C 
CALL U8WLS~CHLAB.O.O,O,NP'DISPI 

c 
C "'ERROR ANALYSIS'" 
C 

IFCIOPTIM.EQ.11 GO TO 330 
c 

SPEY 
SPEY 
SP~Y 
SPlY 
SPF.Y 
JUN2' 
JUNZ1 
SPEY 
SPEY 
SPEY 
SPEY 
SPEY 
SPf.Y 
SPE' 
SHY 
SPEY 
JU~30 
5PEY 
JUL28 
SPE' 
SPEY 
SPEY 
8PEY 
SPEY 
SPEY 
SPEY 
SPEY 
JVLZ8B 
SPEY 
SPE' 
8PEY 
SP!Y 
5PEY 
5PEY 
JUL28 
JULZ8 
JUL28 
SPEY 
SHY 
JU~JO 
JUN30 
JU~30 
JlJh30 
JUN30 
JUN30 
JUN30 
JUN30' 
JUN30 
JU~30 
JUh.!O 
JlI~30 

JU~30 
JUL2e 
JULeS 
JULI8 
JlJL28 
JULZ8 

114 
175 
11b 
117 
116 

27 
28 

179 
180 
lSI 
lez 
ISl 
184 
185 
leb 
181 

8 
Ise 

15 
190 
191 
192 
193 
194 
195 
19b 
197 

4 
199 
200 
201 
202 
203 
204 

17 
18 
19 

205 
20b 

9 
10 
II 
12 
13 
14 
15 
Ib 
11 
18 
19 
20 
~I 
20 
21 
22 

'23 
24 

http:IFCIOPTIM.EQ.11
http:INDEx.,~X,GIZ.bl


PHIl.HAM ~PlY 76/7b UI'I=I fiN 4.5t414' IU/ObI77 

no 331 J=IINP JUl2S 

HI 
XJACIJI=WORKIK.JI 
corlT INUE 

JUl28 
JUlZS 

2qo 
.150 

c 
CONTINUE JUlZS 

JULZa 
no 332 J= \I NP JUl26 
XJAC(JI=XJ4C(JltP(JI/5S0

132 corn INUE 
JUL28 
JULZa 

C JUL2a 
ZQ5 WRIIE(b,I3I1

131 foR"Arl//llx,aHPA~M NO.,4X,BHVARIASLt,4X,5HVALUE, 
• bX,14HfRACT.5TO.DEV.,3X,7Hf RATIO,4X,13HfRACT.SENSIT.1

C 

JUL2a 
JUL2S 
JUlZS 
JUL28 

300 

305 

DO 3H I=I,NP 
INO=lPA~M(lI
101AG=ltOtll/Z
FsTDV=SQRTIOI8P(!O!AG)1 
IfIPIII.NE.O.O) faloV=FsrDV/PII)
FRATIU=I./FSTDVtt2
wRITE(b,13a) [,CSYNB(lNO),P(ll,FSlOV,FRAlIO,XJAC(l)

132 fo RMAT(13X,13,UX,Ab,3X,4IGIZ.b,2Xl) 
j3J r.nNTINU~ 

JUL2aC 
JULZS 
JULlS 
JULZ6 
JULZ6 
JUL28 
JUL28 
JUL28 
JUL26 

C JUL2B 

110 
C 
C "'SET UP pLOTS If RltlIJIREOt .. 

SPEY 
SPEY 

C 
JIO coNTINUE 

SPE'Y 
SPEY 

I-' 
0 31S C 

IFICPLOT.NE.O.OI 
IFICPLOT.NE,O.OI 

CALL 
CALL 

PLOl(Pl
CPAINT 

SPEY 
JUNI7~ 
GPEY 

N STOP SPEY 
f ND SPEY 

11.15.06' PAG~ b 

25 

26 

27 

28 

Zq 
30 
31 
3Z 
33 

34 

35 

,]6 

37 

I 


H 
40 

41 

42 

43 

44 

~5 
46 

47 


207 

208 
20Q 
210 
ZII 

'I 

212 

213 

214 
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SUBROUTINE FUNCT(Np,P,F) 
DIMENSION PO)
"IHENSION 'INO(IO) 

c 
COHMON ICONS 151 SIIAI,CH(B"

• nLINKI,ALQ , ALI, AL2 , BPUIO 
B RPO r I , oLlNK2 • nil , ALPHA , 
C CFCNIR , lUI, OM , OHN , BIG 

, 
KIF , 
, DT , 

10 
o CLAG , CllGD , LLAGG • c. ,
E AfL , tilL' 'LAG , PLAGO , FLAGG, 
• TLAG • ILAGO ,ILAGG • TGAIN I 
G DLAG • OLAGD ,OLAGG • OGAIN ,
H KAI , KA2 , ENGMO , EPSPIS , 
I KfSf , K,BIAS , ~IT 

15 COMMIIN ICONSISI 
A ploaiS , PTbUIS , XNLBIS , 

20 

ij NM.NPX,NFINDP,~fIRsr,NINc,SPRINT,CPRNTI 
C IPARHC20I,ERHPNI[bl,RCb).NSIG, 
o EPS , DELIA , HAXpN , IOPT , PARMMQ(4) , 
E FILENO , SIIM~ I ,LGINO , ~UNOEL , HUNDPO 
F ~UNMFF , HUNNH • HUNNL I HUNPTb , HUNPTD 

COMMON ICONBIS/OOnaCIOO) 

, 

c 
c 

25 C .*'GEN~RATE FUNCIIONS FOH MINIMIZATION ••• 
C 

CALL 'UNCCP,NP,NFIFINO) 
C 
C "'GENERATE SUM OF SQUARES ••• 

f-' 30 C 
o F=O.O 
'" DO I l=ltNf 

.=ftF INO (11 *'2 
CO~TIIWE 

15 REIURN 
ENI) 

'U~CT 
.UNCT 
FUNCT 
FUNCT 
fUNCT 
tU~CT 
FU~CT 
fUhCT 
FUNC, 
tu~t , 
FU~CT 
FUNCI 
fU~tT 
FU~LI 
fUNCl 
fUNCI 
fu~n 
fUNCT 
FUNCT 
fU~CT 
FU~CT 
rUNCT 
FU~" 
FU~CT 
FU~CI 
FU~CT 
FU~CT 
FU~CT 
fU~CT 
fU~CT 
FU~LT 
fU~CI 
fUNCT 
fUNtT 
FUNCT. 
FUNCT 

2 
3 
~ 
5 
b 
7 
8 
9 

10 
II 
12 
13 
I~ 
IS 
Ib 
17 
18 
19 
20 
21 
22 
23 
2~ 
25 
2b 
.7 
28 
i!9 
30 
31 

,32 
33 
3~ 
35 
3b 
37 



I,IP I-I 	 rlr~ 4,~t/~111 l,U/Utlll 11.1;.Ub,t 

SlIlIROliT INE (NGINL ENGIN~ 2 
C «.G INt 3 
C ."hPEY LNGIIIF SI~ULAIIUN FOR NASA AWJS10LHA AIRCRAFT' •• f.NGINE U 

5 

\0 

\5 

20 

25 

30 

35 

/10 

~o 

C 
C SVSILMS CONIOL.INC (V,) 
C 1801 PAGt MILL ROAD 
C PALO ALIO. CALifORNIA 
C ATT'" R.L.D!:.UOH 
C 
C 

REAL KIH.KAF.KAI.KA2.KfSf.KFBIAi 
COIItWN II:.N(; I N~:I 

A pOINT • TIMC • OLLIe. DELTM5 • WFMSN • 
o X~HHSN • .NLH5N • P16MSN , PTDHSN • 
( atLIPo • WfNE~T • XNH • XNL • rTb • 
D PIO • DELli. OLLITS • WFHB • WFFLWH 
F. "fEST • DEll It, DEL lT2 • 'EPSRPM' • 
r olHROT • DAHEA • fH51 • 'FMS~ • FMFSI , 
G ~HFS2 • TUHERR • fULERR , XHSERR , 
H XLSERR • PlbERR , PTOERR 

( 

(O""ON I(O~SISI 51.RI.CH(8),
A nLINKI.ALO • ALI, AL2 • ePoTo 
B nPOII 
C cFCNTR 
o elAG , 
E AFL • 
F TLAG • 
G OLAG , 
H KAI • 
I KFSF , 

• 	 OLINK2 • KTH , ALPHA, 
, ~EIA • UM • OHN , SIG 
CLAGO ,CLAGG ,CF, 

• 


CHL • FLAG • FLAGO • FLAGG 
'LAGD • ILAGG ,TGAIN, 
DLA~O ,PLAGG • OGAIN , 

KA2 , ENGNO , EPSBI8 • 
KFBIAS • ~ll 

, 
KAF , 

OT • 

, 

coM~ON ICONSISI 

~ ploels , PlbHIS • XNLBIS , 

B NH,NP.Nf.NOP.NFIRSI.NINC.SPRINT.CPRNI, 

C IPARM(201.ERRPNICb),R(b),NSIG, 

o EPS • OELIA , MAXF •• 10PI • PARHHQ(UJ , 
E FIL~NO , SlIME , FLGJNO , HUNpEL , HUNOPO , 
F HUNMfF , HUNNH • HUNNL , HUNPTb , HUNPTD 

c 
SOfl(XI.XM.XB)=AMAXI(O •• XI,(IXI-XBJ~K6)/(XB-XHJtXO) 

C 
IF(START,EG,O,OJ Go TO 10 

c 
C ".INIIIALIIATION PASS ••• 
C 

THREll~ = 0,0 
FULERR = O. 
XH5EliR = 0;0 
)(lS~RR = O. 

PTbERH = 0,0 

PIOERR = 0,0 
OLI~KI=~L?'OELIC'.?tALI'O!:.LTCtALO 
OLINKI=SOFTIPLINKI,-IOO,.O,05J 
DfLTT=DELTC-PLIN~1 
DEL nS=DEL Ie 
OTHROT=0~LII-DLI~K2 

t 

eNGINe 
ENGIN~ 
ENG IN!:. 
ENGIN~ 
ENGINE 
EtlGINE 
ENGINE 
ENGINE 
ENGIN~ 
ENGIN~ 
ENGINE 
ENGINE 
ENGIN~ 
ENGINE 
ENGINI:. 
ENGINE 
ENG IN!:. 
ENGINE 
ENGINE 
ENG!'NE 
ENGINE 
ENGINE 
ENGIN~ 
ENGINE 
ENGINE 
ENGINE 
ENGINE 
ENGIN~ 
ENGINE 
ENGINE 
ENGINE 
ENGINE 
ENGINE 
ENGINE 
tNGIN~ 
JUN29 
JUN29 
ENGINE 
ENGINE 
ENGINE 
ENG IN!:. 
ENGINE 
JU~IUA 
JUNIUA 
JU~IUA 

JU~IUA 
JUNIUA 
JUNI4A 
.JU~17B 
JU~a9U 
JU~17ij 

ENGIN!:. 
JU~17M 

JU~~9B 


•
5 

7 
8 
9 

10 
II 
12 
13 
Iq 
IS 
Ib 
17 
Ie 
19 
20 
2\ 
22 
23 
2U 
25 
2. 
21 
26 
29 
JO 
31 
32 
33 
JQ 
35 
3b 

·37 
36 
39 

I 
2 

qO
ql 
42 
q3 
qU 

I 
2 
3 
U 
5 
6 
I 

I 

2 

q1 
3 
2 

55 



_I Q._4 - 1,_11 _1,._, '-"S~IJ/,~~IN~ 7~ C'"""" 
C "'STABILITY LIMITs'" 
C 

,,0 	 CLAG=SOFT(CLAG.-100.,O.1 I 

FLAG'SOFT(FLAr,,-IOO.\O.1 ) 

lLAG'SOFT(TLAG.-IOO ••• 005 ) 

DLAG=SoFT(OLAU,-IOO.,.OO5 ) 

KAf "SOFT(KAF ,-100.,0.5 ) 


65 	 CF :SOFHCF , .. lO6.,.()l ) 


OLINM2=SOFT'DLI~K2,-IOO •• O.OI)

C 

C '+'FlQWHE1~R SETUP ••• 

C 


70 	 SIG'-I./(ZETA'QMN)
OM:SQRT(OHNO'2-SIG'021

FII'!XPfSIG+OT)+COS(OH+OT) 
Fla:f.XPISIG'UT)OSIN(OMOOTI 
f22:FII 

'/5 	 fal=-fI2 
GS=(EXP(SIG'UTlo'SIGoSIN(OH*OTI-OM*COSCOM'OTII+OMI/VMN"a 
GC=(EXP(SIGtOll*(SIG'COSlOM*OTltOM*SINlOM*OTII-SIGI/UMN*.~ 

GI=(OH/2J'(GS-GCI 
G2=-r,1 

. no c 

WFME5T=WFM5N 


l~ 

C "'IIOTOI! SpUo SETUP'" 
C 

85 	 XNII=XN~MSN
I-' 
0 ClAGe=o.o 
lJ1 IFCCLAG.Ne.O.OI CLAGO=EXPC-OT/CLAG)

CLAGG=I.-CLAGD 
C 

90 	 XNL=XNLHSN 

FlAGU-O.O 

IF(FlAG.NE.O.OJ FLAGP=EXPC-OT/FLAGI 
FlAGC·I.-FUGO 

C 
qS c ***PHESSUPE OYNAIlICS Sflupno 

C 
PTb=Pl&MSN 
TlAGP·O.O 
IFCTlAG.NE.O.OI TLAGO=EXPC-OT/TLAG) 

100 TLACG=I.-TLAGO 

C 


PTP=PTO"SN 

,OLAGO=O.O 

IF(OLAG.NE.O',OJ PLAGP=EXP(-PT/OLAGI
OLAGG=I.-OlAGO 

C 

C 

c "'MAII! RO'JTIN~'" 

C 


I \ 0 10 CnNTIJ,UE 

C 

c 'HI.IN~Ar;E In TH~OIlL~'" 


C 

LALl HySTFH(DflIC.olLI,.ULINKIJ 

.JUN29B 
JU~Z9a 
JU~29a 
JU~2ge 

JU~29B 
JU~29B 
JU~29B 
JU~~ge 
JU~2qB 

~NGINf; 
ENGINE 
~NGIN;' 
ENG IN!; 
ENGlNE 
ENGIN;' 

' ENGINo 
ENG INo 
ENG I HE 
ENG IN" 
ENGINo 
ENGINE 
ENGINE 
ENGINE 
JUN I7H 
ENGIN~ 
ENGINE 
eNGINE 
ENG IN .. 
ENGINE 
EMGINl 
EMGIN" 
ENGINo 
JUN 17& 
ENGIN~ 
ENGINl 
ENGINE 
ENGINE 
ENGINo 
ENGINE 
JU~11il 
ENGINo 
ENGINE 
ENGINE 
ENGINE 
JUN 110 
ENGINE 
ENGINE 
ENGINE 
ENGINE 
ENG INt 
ENGI~~ 

~NGIN~ 
~rWIN. 

ENGINl 
f.NGIN~ 

~t'GIN~ 
ENGINl 

J 
4 

5 

& 

1 

8 

9 


10 
II 
50 

51 

52 

S3 

54 

S5 

S6 

S1 

58 

59 

&0 

61 

&a 

63 


4 

72 

73 

7q 
7S 

16 

77 

78 

79 


5 

61 	 ~O82 

83 

eq 	 ~§ 
85 


.0
66 
fiji 

& 

88 

89 
90 

[if§ 
91 Ss1 

93 

9q 
95 
97 
96 
99 

100 
I 0 I 
102 
103 
104 
106 

105 
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SIJ"HUUII~t L~.INE 76170 uPJol 	 fTN q.~+qlq IU/ObI77 11.IS.Ob~ PAG< .l 

II S t ENGIN~ 107 

C "'THRUTTLE PICKU~f';' ENGIN< loe 

c ENGIN< 109 


DELTPO=ijPOTI*DELIT + BPOIO JUNI7 3 

DEL TTl =IlEL IT ENGIN~ III 


120 DELTT2=IOfL1HS- HPOTOJ/OPOTI ENGINE liZ 

C ENGI~E 113 


IlELTTS=OELITI ENGIN~ IIq 

IF1CH1I).E~.IJ OELrlS"UtLTT2 ENGINE 115 


C ENG I'N< fib 

125 C "'ENGINE CONTROL HODEL'" eNGINt II 7 


C ENGINt lie 

CALL HySTER1OElTTS,OTHROT,OLINK2) ENGINE 119 

XH=XNH ENG INt. 120 

IF1CHI21,EQ.I) XH=XNHHSN ENGIN< 121 


130 EPSRPM=KTH*IU1HROI-31.5J-1XH-IOO.JtEPSBIS tNGINt .122 

c <NGINE 123
; 

DARtA=EPSHPMIALPHA*EPSHPM"2 ENGINt IZq
IF1CH(81.EQ.0.Ol CFCNTH=Cf JUN30a I 
WFMU-KAF'OAREAtlXH-IOO.)/CFCNIHtIOO. ENGINE 125 

135 C ENGINE 12b 
C ,HfLo'IHETERH' ENGINt lin 
c ENGINt 128 
C JU~ 178 e 

IF1STAHI.EQ.O.ol Go 1O 20 JU~178 9 
140 F~SI=o.5*CWF"B-IOO.J JU~176 10 

FMS2=f HS I JUNl1a II 
I-' FMfS~I=FHSI JUN 176 12 
0 
a- fMFSl2=fMS2 JUNI78 13

20 CONTINUE JU~17B Iq
145 FM51=fll'FMSIIFI2*FMS2tGI*CWFMB-100.) ENGINE 129 

f M8 a=F21'FNSI+f22*fHS2+G2*(WfHB-IOO,) ENGINE 130 
WFFlWM=(FHSltFMS2tIOO.I*KFS~ AUG2 I

C ENGIN~ 132
C "'fUeL FlO~ fIL1EH'" ENGINE 133

IsO C ENGIN~ 13q
FHFSI=FHSltKAI,IWfMSN-WfMEST) ENGINE . 135 
fHfS2=FHS2t.A~*(Wf"SN-~FNEST) ENGINE I3b 
WFMEST=(FHFSltfMPS2+IOO.I*KFSF AUG2 2
IPCCHC3J.EQ.I) WfflWM=MfMEST ~NGINt 136

155 IF1CHI3J.EQ.21 wfMEST=.fNB AUGI Z
C ENGINE 139
C "'OACKWARDS CALCUlATloN"- ENGINE 140
C ENGINt 141 

wFI=II./GI)*CFMFSI-fll*FMFSLI-FI2*FHfSl21 ENGINE Iq2
IbO WFa=II./G2J'IFHF.~-fdl*fHFSLI-f22'fHfSL2) ENGIN~ 143 

wFtST=0.S'(~Flt.F2J.IOO. ENGINE Iq4
FHfSll=fHf51 ENGINE 145 
Plf Sll=F I1f52 ENGINE Iqb

C ENGINE 147
165 	 C "tCo~PR~S50R'" tNGINE 14e 


c ENGIN~ 14q

WF=Wfl':B-KFOIA5 	 AUG2 3 
IflCII!qJ .fll.I.J wr.WF~ST-KfBIA5 	 AUG2 q 
IF(CIHq).fl~.2.j "f=(WP~bN-KfBIA5J/KfSf 	 JW~17 q

170 	 C tNr.IN~ 153 
XNlI=CLAGOt (XIJH-I ou.) tCI.AIlGHf' l~f- I 00. J +1 00. ENGIN~ ISq 

http:IF1CHI3J.EQ.21
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C 

:i I JII It tJ uTii:r' t. J': J..""T'i'ir ~'/h """i'iPI = t 'F TN"'ii':"S"t 41 " IU706/ TT""'"l t , 1"S";"llb ~ "I'AH- 4 ' 

C 

C "'FAN ROTOR,,, 

C 


175 XN'XN/i

IFlCtHSJ.EU,tJ X"=xNHH5tl 


XNL=tL.GD.(xtIL-1OO,)tFLAGG*CHL*((X~-100,1*(I,-AFl) 
A tcF'(_f~IOO,J'AFL) t 100, 

lAO C 
XtJl=XNL t XtllU 1 S 

C 
C "'TAll PIPf*H 
c 

185 XN=XNH 

IF(Ch(bl ,EOol I XN=XNHt1SN 


c 

PTb=TLAGD'(Plb-10O,ltTLAGG'«XN-100,I'TGAINI+100,
PTb=PTbtPTbHIS 

190 C 
C '''OUCH'' 
C 

Xrl=XNL-XNLHIS 
IF(CH(7I,EQ,I,1 XN=XNLH5N-XNLbIS 


195 C 

PTD=DLAGD.(PTO-IOO,)tOLAGG.«XN-IOO.l'OGAINl+IOO,
PTO=PT!)tPTOBIS 

C 
START=O.O 


200 C 

RETURN 
...... HtO

0 ....., 

~NG1NE 
f.~GINE 
~N6INE 
E,NGINf 
ENGINt. 
ENGINE 
ENGINE 

• ENG INf. 
ENGINE 
ENGINt. 
t.NGIN~ 
ENGINE 
EIJGINE 
ENGINE 
ENGINE 
f.NGINt. 
JU~ 178 
JU~17d 
ENGINt 
ENGINE 
~NGINl 
JU~ 17A 
JU~17 
E"'GINt. 
JUNI78 
JUNI7~ 
ENGINE 
JUN21 
JUN~I 
ENG IN. 
t.NGINIi. 

155 
156 
157 
158 
I~q 

160 
161 
162 
1/:3
164 
165 
16b 
167 
168 
169 
170 

15 
I. 

172 
173 
174 

2 
5 

177 
17 
18 

179 
I 
2 

180 
181 



b'UfJlllJU I thE o~ TUP IO/ObITI 

SIJUROUTlUE SEIUP StTUP 
e 5~TUP 

RF.AL KT~.KAF,KAI'KA?,KfS~,K~UIAS S~TUP 
COMHON ICOhSTSI SIA~T.e~(6), SETUP 

5 A OLINKI.ALO. ALI. AL2 
B RPO!I • OLINK2 , KTH , 

,6P010, 
AlPHA. KAf , 

SE1UP 
SETUP 

C C~CNTR , ZETA. UII • OM'" • SIG , OT • SETUP 
D CLAG ,. CLAGD ,CLAGG ,ef,
E AfL , CHL , fLAG • FLAGG , FLAGG , 

SETUP 
S~TUP 

\0 f TL~G • TLAGP ,ILAGG ,TGAIN, 
G nLAG • OLAGD ,PLAGG ,OGAIN,
H KAt • KA2 , ENONU , ~PBBIS , 

SETUP 
SOlUP 
SETUP 

I KfSF , .FBIAS , BIT SE1UP 

15 
COMMON ICONSISI 

A P10alS , PTbBIS • XNLRIS , 
SlTUP 
Sl:'lUP 

20 

B NH.NP,NF,NDP'NflHsf,NINe,SPRINT,CPRNT. 
C lPARM(20),tHHPNf(b),R(b),NSIG, 
D EPS I DELTA, HAXFN , IUPT , PARMMQ(4) , 
E FIL~NO , SlIME' FLGTNO , HUNOE~ , HUNOPU 
f HUHMff , HUNN~ , HUNNL , HUNPTb , HUNPIO 

, 

SETUP 
SETUP 
S~IUP 
SE,TUP 
SETUP 

DIMENSION OUH(1501
EQUIVALENCE,IUUHIII,SfAR1, 

StTUP 
SETUP 

25 
1)0 I 1;\,\50,' 
DUHII,.·999.0 

SETUP 
SETuP 
SI:.TUP 

c 
C ••• INITIAL PARAHtTtH GUEfiSES ••• 

SEtuP 
SETUP 

I-' 
o 
co 30 

e 
C 

JUNE \,\977 

SIART"I.O 
DO 2 1=1,6 

2 CHII,=O.O 

SETUP 
SlTUP 
SETUP 
SETUP 
SETUP 

c 
e PLINK\= 

SETUP 
SETUP 

ALO=O.I SETUP 
ALi!;::O"O SETUP 
ALI=O.O StTUP 

40 

apOTO'.291. 
~pOTl.=IIO. ?2 
I)LlNK2=O.~ 

SETUP 
StTUP 
HTUP 

OLINK2=O.1 SETUP 
KTH=O.7212 SETUP 

uS 

ALPHA·O.lo 
KAf=5.04 
CFCNTR=O.140 

SETUP 
SETUP 
SETUP 

C 
lETA=O.2 
Ol~= 
OIlN=I.!.O 

StTUP 
SETUP 
SETUP 

~o 
C SIG= 

OT=O.O?,O 
SETUP 
SETUP 

CLAG=O.50 SETUP 

55 

C 
e 

CLAGU' 
CLAGG= 
Cf=O.lqO 
AFL·O.O 
CHL=2.el 
flAl;=I.O 

StTUP 
SETUP 
SETUP 
SETUP 
5<. TUP 
SETUP 

11.15.0b~ PAGE 

2 

3 

q 
5 

6 

1 

6 

9 


10 

11 

12 

13 

Iq 

15 

Ib 

17 

\'8 
19 

20 

21 

.2 

23 
24 

25 

26 

27 

26 

29 

]0 

31 

32 

33 

34 

35 

36 


,31 

36 

J9 

40 

41 

~2 
43 

44 

45 

qb 
47 
q8 
q9 

50 

51 

52 

53 

54 

55 

5b 

. 57 

58 
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'i'l'IJB"~lE ~ '1'011/,--,,1' I "~ F~~.qlllll aJ/O_ II"'Oh$_ PA_ 

C FLAr.G= SETUP 5q 
C FLAGD= StlUP 60 

60 Tl AI;=O,05 S.T~P H 
~ TLAGD= SETUP 62 
C lLAUG:: SETUP 63 

DLAG:() ...IO SETUP 64 
C OLAGu= seTUP 65 

bS C OLAGG= SI::'T UP bb 
DGAIN=O,70 SeTUP 67 
TGAII<=o ,10 SETUP be 
KAI=O SeTUP b9 
KA2=0 SUUP 70 

70 EIJGNO=I SETUP 71 
EpSUIS=O.o SETUP 72 
~FSF=I,O SETUP 73 
KFHIAS=O;O SETUP 74 
aiT=-qqq, SETUP 75 

75 PTD6IS.0.0 SETUP 7b 
PTbBIS=O,o SeTUP 71 
XN,LUIS=O.O SErUp 70 

C StlUP', H 
!m=b SETUP 80 

80 NP=O SETUP 61 
NPO SI:TUP 82 
No!'=1 seTUP 83 
IIFIRST=I SETUP 84 
NINC= I St.TUP 85 

R5 SPRINT=O, SETUP 86 ..... cpRNr=o. SETUP 87 
0 00 J 1= 10 ~O SEIUP 88
lO 3 IpAR!ICI1=Qtl SETUP 89 

DO q 1=,1 • h ' at. TUP 90 
90 4 ERHPIITClJ=1 SETUP 91 

DO 5 1= I ,b SETUP 92 
~ H(ll=I,O SETUP 93 

NSIll=q SETUP 94 
EPS=I.E-q , SETUP 95 

95 HAXFN:20 SETUP 9b 
DELTA=I.E-q SETUP 97 
IOPT=O SETUP 98 
PAI1!1I10(11=0.0 SETUP 9q 
PAHMI10(2J=0.0 SETUP 100 

100 pAilMMO(31=O,O SE TUP . 101 
PARMHO(4l'0.0 SETUP 102 
FlL~ NO. I, 0 SETUP 103 
SIIME'n.o SeTUP 104 
FLGTNO=O,O SETUP, 105 

105 HUN~tL=H. 5 SElUP 106 
MU t'DPO=9 7f, SETUP 101 
Hutot'H=S1S0. SETUP loe 
HIjNNH'I13sn, SETUP 109 
HIHIIlL= I n015. ~ETUP 110 

110 HUNP16.50. SETUP III 
HUtoPTO.50. bETUP 112 

HTUP 113 
RETURN SETUP II ~ 
END SETUP 115 

http:HUtoPTO.50
http:HUNP16.50


SliBRUIJI1Nf. f UtlL 7,,11" (IP 1=1 F!N ~,5t414 IU/Ublll, 

115 IFII,EQ.NLAS!) GU TO 8 
INI)EXi'lNOEXII 
IFIINOEX.NE.~pnl~l.OR.5P~'NT.lQ.O) GU 
,,,UEx=O 

10 4 

fVNt 
FUNt 
fU~C 
FUNC 

120 r. 
CAll DPRINf(O) fUNe 

FU~C 
4 CONTINUE fUNe 

c fUNt 

C 
u IFISPRIN!.NE.O) CALL llPRINJ( Il FU~C 

FUke 
12S C .I+SCALE fUNCTIONS ••• FU~t 

C 'FUNG 
IFINf.F.Q.O) GO 
110 10 I=IoNF 

10 53 PUNe 
FUNC 

130 

10 

I NO=~RRPNT (I) 
p(I)=f(I1/R(INUl 
F(II=SORllf(I»
COIiIIMUE 

JUL2B 
JULeS 
JUL~B 
JUL28 

C FUNt 
S! CONTINUE FU~C 

135 
r. 

IFICPRN1.fO.I.O) WRIlE(b,IIO) (Ftll.I=IWF) JUNaS 
fU~C 

nf1uRN 
ENII 

PUNe 
fUNC 

11.1~.Uboll r-,.,ut:. 

110 

III 

112 

113 

114 

115 

lib 
117 

118 

119 

Ii! 0 

121 

12i! 

123 


4S 

49 

50 

51 


125 

1i!6 


i!3 

12B 

129 

130 




TIf7TI1; I 1r "TI. 15-;-uo-:i" 

5 

10 

IS 

20 

25 

30 

35 

45 

50 

55 

SIJO~OUTIUE fUNC(P'NP,NF,Fl 
C 
t ••• nAIV~R pROGHIl' tON fNGINE SIMulATIon AND IDENTIFICATION •• , 
L 

DIN~N5ION f(I),Pll),X(I)'ECI)'PARH(I).Y(I) 
r. 

REAL KTH,KAF,KAI,KA2,KF5t,KtHIIS 

l.EVEl. 2.loUA 

CO,I"ON IENG I NEI 


I PUINT , TIME, DELIC , P~LIMS , WfH3N • 

6 XU"HSN • XNLMdN , PTbHSl1 , PTOMSN , • 

C oELIPo , WFHESI • XNH I XNl. , PTb , 

o pTD • PELTT , D~LTT5 , WFHa , WFf~WM , 

E wtEST , DELITI , pELTTa , EPSRPM , 

F oT"NOT , piNEl I FHSI , 'M52 I FHFSI I 


G'FM'S2, THAiRN I ,ULEPR I IHSEAR I 


H xLSERR I p~biHR , PTDERR 

c 

COMMON ICONSISI SIART,CH(8),

I oLINKI,ALO , ALI AL2 , sPOTO ,
I 

~ 6POTI , OLINK2 , KTH , ALPHA , KAF , 

C cFCNTR , ZEIA , UM , OHN , 51G , DT , 

o CLAG , CLAGD ,CLAC,G , CF , 

E AfL , CHL , FLAG I FLAGO , FLAGG , 

f TLAG', ILAGO , ILAGG I TGAIN , 

G oLAG , DLIGO ,OLAGG ,DGAIN,

H KAI , KA2 , iMGNO , tPSRIS , 

I K~S~ , KFHIAS , IIIT 


COMMON ICONSISI 

A pTO~ls , PThBIS , XNLBIS , 

II NM,NPX,NFI,NOP,NFIRS1,NINC,SPRINT,CPRNT, 

C IPAHH(20),ERHPNr(b),RC6),NSIG, ' 

D EPS , DELTA "HA.FN , 10PT , PARMHQ(4) , 

E FIL~No , SliME , FLGTNO I HUNDEL , HUNOPO , 

f HUNMF, , HUNNH , HUNNL , HUNPT6 , HUNPTO 


c 
coMHON 10ATAI 10ATACI0,1) 

c 
EnUIVAL~NCE (STAllI ,PARMC!), 


I (lIHE.x(Il), 

2 (THRcllR,E(!), 

3 (O~LIPO,Y(IJ) 


c 
r '»INSERT PARAMEIERSft. 
C 

IFCCPRNT,NE.I,OJ Go TO 100 
'CALL CPRINT 
NRITt(b,IIOI (p([I,I'I,NP) 


110 FORHAT(ZX.6G20.IOl

100 	 COHTlNI)r. 


INUEX".l 

IF(NP.EQ.O) GO IU ,0 

"0 I [=hNP

[NI)=[PAHH(!) 
PARM (INO) =P II) 

c 
C >"["II[ALIZ~ SIMULAIION'.* 

Fu~e 
FU~C 
FU~C 
FU~C 
FUNe 
fU~C 
FU~C 
JU~15 
FUNC 
fU~C 
FU~C 
'U~t 
FU~C 
FUNC 
FUNe 
FU~C 
FUNe 
FUNe 
fUNe 
FU~C 
FUNC 
FU~C 
FUNC 
fUNC 
FU~C 
fU~C 
FU~C 
fUNC 
fU~C 
FUNe 
fUNC 
FUNC 
FUNe 
FUNC 
FU~C 
fUNC 
fU~C 
FU~C 
fUNC 
fUNC 
FU~C 
FU~C 
FUNC 
fU"C 
'UNe 
JUN28 
JUN28 
JUN2S 
JUNae 
JU"28 
FUNC 
FU~C 

fUNt 
FUNe 
FU"C 
fU~C 
FU~C 

2 
3 
4 
5 
b 
1 
8 
3 
9 

10 
II 
12 
IJ 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
3b 
J1 
3e 
39 
40' 
41 
42 
43 
44 
45 
Ie 
19 
20 
21 
22 
46 
H 
46 
49 
SO 
~I 
~2 
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C FUNC 
So CONTINUE fU~C 

60 51A"T = 1.0 FU~C 
NO=NHI2 fUNC 

C 
2 

00 2 1=I,flD 
Xcl)=XnATA(/,NFIRSTI 

fUNC 
fU~e 
fU~e 

b5 POlNl=NfIR51 fUNC 
C~~~ FNGINE ~U~C 
IFC5PRIN1.NE.O,O) CALL PPRINT(O) FU~t 

c fUNC 
C fU~C 

70 c *'*ZERO INNOVATIONS.*' FUNe 
C FUNe 

75 C 
1 

IF(NF.EG,O)
00 3 I=I,NF 
FIll=O,O 

GU TU 51 FU~C 
fUNC 
FUNe 
FU~C 

C "'5IMULATION LOUP'" FUH 
C fU~c 

51 CONTINUE fUNC 

60 

C 

NLA5T=NFIRSTtCNDP-I)'NINC
00 q I=NFIRS1,NLA51,NINC
po'IN,T:I 

FUNL 
fUNC 
FUNC 
FU~C 

CALL ENGINE . fUNe 
'C fUNC 

.... .... 
N 

R5 t 
t '**TRAN5fER OUTPUTS 1<1 MEASUREflENT S fOR 
C 

IF(NF.NE,o,OR.BI1.LI.0.0) GO 10 54 
C 

TESH" 
FU~C 
FUNt 
FUNC 
JUN27 
FU~C 

90 

95 
C 

C 

15 

54 

Of) 15 J=I,NM 
XCJt21=Y(J)
XOATACJI2,Il=Y(J)
CONT/NUE 

CONTINUE 

FU~C 
FUNC 
FU~C 

FUNC 
FU~C 
fU~C 
FU~C 

C 
C 
*"lNS~RI M~ASUR~MENI5*.' FUH 

FUNC 
CO 5 J=1oND FUNC 

100 5 X(J)=XOATACJ,II 
'c 
C *.'CALCULAT~ ERRORS ••• 

FU~~ 
FUNe 
FU~C 

C fU~C 

105 
DO 6 J=I,NM 

b E(Jl=YCJ)-xCJt21 
FUNC 
~UNC 

C FUNC 
C "'ACCUMULATE tRRORS". FU~C 
C FU~C 

IFCNf.FQ.Ol GO 10 52 FU~L 
110 DO 7 J=1o'jf

LNI);oERRPtH (J) 
FU~C 
FU~~ 

7 f(Jl=FCJ)I~C1ND)'.? fUNe 
C 

',2 tn)'T Itlll!: 
fUNC 
FU~~ 

11,lS.Ob$ PAU~ 

53 

54 

55 

56 

51 

58 

59 

60 

61 

62 

63 

64 

65 

b6 
67 

68 

69 

70 

71 

7a 

73 

74 

75 

76 

77 

7B 
79 
BO 
BI 

62 

29 

BU 
e5 

86 

67 

88 

89 

90 

91 

92 

93 

9~ 
95 
9~ 
97 

96 

99 


100 

I 0 I 

102 


. 103 

104 

lOS 

106 

107 

106 

109 
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~AGE 

SIlBROUTINE CPHINT CPHI~T 2 
CPRINT 3 

COMHON ICONSTSI tiTAkT,CH(S), CPRINT ~ 
,A O~INKI'ALO , A~I , A~2 , ePOTO , CPRINt 5 
~ oPOTI , oLINK2 , KTH , ALPHA, K4F , CPRINT ,~ 

C CFCNTR , ZETA , O~ , ORN , SIG , OT , CPR INt 7 

C 

D CtAG , CLAGD ,CLAGG ,CF, 
~ At~ , CHL , fLAO , fLA6~ , F~AGG , 
F TlAG , TlAGO ,TlAGG ,TGAIN, 

I 0 G CLAG , OLAGD ,OlAGG ,OGAIN, 
H KAI , KA2 , ENONU , EPStliS , 
I KFSF , KfBIAS , UIT 

COftHON ICONSTSI 
A pTOUIS , PTbBIS , XNL~ts , 

15 6 NM,~P,NF,NOP'NFIHST,NINC,SPRINT,CPRNT' 
C IPARM(20),ERHPNTCbl,R(b),NSIG, 
o EPS , O~LTA , MAXFN , 10PT , PARHMQ(4) , 
E FilENO , 5TIH~ , FLGTNO , HUNOEL , HUNOrO , 
F HUNMFF , HUNNH , HUNNL , HUHPT& , HUNPTD 

20 C 
COHHON ISYHBUL/NOSYMO,NCSYHO,OSYHA(50)',CSYHBI1501 

C 
OIM~NSION ENLAO(2'), INOI (20), IN02(20), INOH20), IN04(20) ,PARHII50) 
EQUIVALENCE (PARHIII,START)

25 	 OATA (tNDIII),I=I'IO)/
• 	 10,lb,II,12,13,14,15,21,22,431 

PATA (IND2(IJ,I=I'IOJI
• 17,19,18.20,4&,47,Q8,22,24,441

DATA CIND3(1),1=1,10)1 
30 • 2b ,32,29,30,31,52,27,28,33,341 

DATA IIN04(1),I=I'10)1
• 3~,38,SI,39,4Z.50,3&,37,40,411 

C 
DATA ENLAelbHlEFT ,bHRIGHT / 

35 C 
WRIT~lb' 100)

100 FOHHAT(IHI.III) 
C 

WRITElbtlOI)
40 101 FOH~ATI50X,j3HSP"Y ENGINE SIMULATION PARAMETERSI 

• 54X.2SHA~JSTO~ R~SEARCH AIRCRAFT I 
• 54X.25HSYST~MS CONTROL, INC IVTll 
• 57X,20H1801 RAGE MILL ROAD I 
• 5bX.ZIHPALU ALTO, CALIFORNIAlll 

45 C 
l~RI TElb, 102) 

IO~ FOR~ATI5bX,2111H') 
C 

IFIOIT,LT,O.O) GO TO 10 
50 C 

'tUIT"lbtl03) ~lT 
10~ FOHHATI'&X,IH*.19X,IH*1 

• 5bX,IH*,3X'13HBUILT IN T"ST,3X,IH'1 
.' 5hX,IH*.31,SHHAHP=,F5.1,bH nEG I 

55 • 5bX,IH*.t9X,IH*1 
• 5bX.2ICIHt)1

GO TO ZO 

CPRINT 
CPRINT 
CPRINI 
CPA IN I 
CPRINT 
CPRIN1 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINt 
CPRINT 
crAINT 
CPRINT 
CPRINT 
CPRINT 
CPAINT 
CPRINT 
CPRINT 
CPRINT 
CPRINt 
CPRINT 
CPRINT 
CPR tNT 
CPRINT 
CPRINT 
CPRINT 
CPRINt 
CP,RINT 
CPRINT 
CPR INT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPR IN I 
CPRINT 
CPR INT 
tPRINT 
CPR IN I 
CPRINT 
CPRINT 
CPR INT 
CPRI~T 
CPRINT 

a 
9 

10 
II 
12 
13 
14 
15 
1& 
17 
18 
19'.0 

.1 
22 
23 
24 
25 
2& 
27 
28.9 

-30 
31 
32 
J3. 
34 
35 

,3& 
37 
38 
39 
40 
41 
42 
43 
Q4 
45 
Q6 
H 
48 
49 
50 
51,2 
53 

,54 
55 
56 
57 
58 
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20 

30 

40 

50 
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SIIHROUTINE OPRiN! (",
CoHHON /ENGINE/X(Sol
cnHHON /SyH8UL/NoSyHa,NC5YHU,OSYMH(SO),C5YHH(\SD)
CO HHON/CriNSTS/DUM(\50) , , 

5 COHHO~ IPLOTS/CPLOT'PLOTF'INOI,A(200.j)~IHAGq(5ISI)'POATA(200.201 
C 

L 


DIMENSION P(IO,50) 
c 

10 	 DATA INDIO/ 
c 

IIDSVHH=35 
IND'IN~tI 

DO I X.I'NOSYI~IJ 


l~ 	 p(INO,n=XIIl
cnNTWUE 

C 
!F(N,EQ,O,AND,INO.NE.IO) GO TO 200 
IF(PLOTF,GT.O.O) GO TO 200 

~o C 
IIRlTE(bolOO)

100 FORHAT(IHI.Q9X.~2HSPEV ENGINE SIMULATION,/ 
• 50X.39HENGINE PARAMETER IDENTIFICATION PROGRAM,/
• 50X,2QHSYSTEH5 CONTROL. INC (VT)./

?s • 50X.20HPALO ALTo,CALIFORNIA,/
• SOX,IIHVERSION 001,/) 

c 
DO 2 1=ItNDSYHII 

WRI!t(b.IOII nSYMHcil,(P(J.I).JGI.INOI ' 


30 2 CONTINUE 
101 fORHAT(IX,A~'IX.10(GI2.b))

IND=O 
C 
C *•• SAVE PLOT OATA IF PLOTIING••• 
t 

200 	 CONTINUE 

IFIPLOTf,EQ.O.OI RETURN 


c 
I~DI'INDIH 

~o IFCINDI.GT.200) RETURN 
c 

POATAIINDI.II=XCZI 

00 210 1=1.1 

POATA(INOI,2'!I=X(It21

210 	 CONTINUE 
c 

on 220 1=1.7 
PO"A(INDI,2'Itl)=X(9tI)

220 CONTINUE 
50 c 

kE!URN 
END 

CPRINI 
CPRINT 
'OPRINT 
CPRINT 
JU~15 
OPRINT 
OPRINT 
GPRINT 
CPRIN1 
OPRINI 
GPRINT 
CPRINT 
VPRINT 
DPRINt 
CPRINY 
OPRINT 
DPRINT 
CPRINT 
CPRINT 
CPRINT 
OPRINt 
OPRINT 
CP~lNT 
OPRINY 
OPfUNt 
OPRINT 
OPR'INT 
CPRINT 
OPRINT 
DPRINT 
OPRINY 
oPRIN! 
OPRINT 
OPR INT ' 
DPRINT 
GPRINT 
OPRINT 
DPRINT 
DPRINT 
OPRINT 
OPRINT 
OPR IN I 
crRINl 
CPRINT 
DPRIN1 
CPRINT 
OPRINI 
CPRINT 
DPRINT 
OPRIN! 
oPRINT 
DPRINI 

2 
3 
~ 
5 

7 
~ 

6 
9 

II 
12 
13 
I~ 
IS 
16 
17 
18 
Iq 

21 
22 
23 
24 
25 
26 
27 
ZS 
29 

,31
,32 
3J 
34 
35 
36 
37 
36 
]q 

~I 
42 
q3 
44 
45 
4b 
47 
46 
~9 

51 
52 
53 
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C 

10 CONT HillE 
/,0 C 

I:ENGNO 
J:f~GTNU 
K=f lLE~IO 
~:STIME 

65 WRIIE(h,104) EN~AB(I),J,K.L 
ro~ 'ORH~TC5bX,IH.,19X.III" 

70 

C 

• ~bX'IH',2X,A5,IH ENGINf.,4X,2H "• SbX,IH<,IH ,ISH F~IGHT NUMBEH ,I3,tH" 
< 5bX,IH',.X,IIHRUN NUMBER ,I2,JXi2H
• 56X,IH+.2X,3HST,.113.2H *1 
+ 5bX,2ICIH.)) 

*1 

.0 coNTINUE 
C 

75 

80 
C 

hRITElb,I051 
lOS FORMATC2oX,81(IH')/26X,IH*,19X,IH',19X,IH*,19X,IH*,19X,IH" 

• ?bX,IH',5X,6HTHROTT~E,6X'IH"7X,1HCUNTR~~, 
• SX,IH.,7x,bHINGINE,6X,IH*,4X, 
• 12HDUCT/EXHAUST,3x,IH>,1
• ?6X,IHI,19X,IHl,19X,IH+,19X,IHl,19X,IH"2bX,BI(IH*)) 

DO 50 1'1010 

I-' 
I-' 
U1 

85 

qO 

( 

C 

II:INDICI)
12=lND2II) 
n=lllDlII)
rq=INOIIII) 

I,R1TE(bdI0) 
* •• 

CSYH~CII),PARH(II), 
CSYMU(12),PARM(12), 
C8YM~Clj),PARHCI3), 
CSYHO(Iq),PARM(14) 

110 FORMAT(26X,QCIH*,Ab,IH=,GI2.b),IH*1
50 COIH INUf. 

q5 C 
WRlIECbll1 II 

III fO RH ATC2ox,81(IH')II) 
WRIl~(b' 120)

120 ~oRMATC2bX,41(IH*),bX,3QIIH*») 
100 

C 

~lllTE(h'121)
121 FORMA1C?bX,IHI,12X.lbHFU~~ POWER POINT,IIX,IH*,bX,IH*,qX, 

+ 23HOPTIHIlATIUN PARAH~TEPS,5X,IH*) 

105 
C 

122 
wRITEI.,122)
FORHAT(?bX,IH*,39X,IH*,bX.IH*,j2X,IH*) 

110 

wRl1E(b,I311 HUND~I,' NH 
~IRJTElb'132) HUNOPO,NP 
w1lJTECbd33) HU~IlFF' NF 
'''"ITEC601'~) HUNNH.NDP 
"RITECbol3S) HUNN~,NfIRSl 

WRIT~(bol3b) 11U,;P To. NINe 
IPHNT=SPflIHI 
"qITf.(hIl371 HUNPTo.IPI1NT 

CPRINT 
CPRINT 
CI'NINT 
CPNINT 
CPRINT 
CPRINT 
CPRINT 
(PRINt
CPRINT 
JUNIH 
JUNIH 
JU~ 11A 
JU~IU 
CPRINT • 
CPRINT 
CPRINT 
CPHINT 
CPHINT 
CPR IN! 
CPR IN! 
CPRINt 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPNINT 
CPRINT 
CPRINt 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINt 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINt 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPNINT 
CPRINT 
CPNINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
tPR!NT 

59 
60 
61 
62 
bJ 
64 
65 
66 
61 

4 
5 
6 
1 

72 
13 
14 
75 
7b 
17 
7B 
79 
80 
81 
82 
83 
6q 
85 
B6 
87 
68 
'89 
90 
91 
92 
93 
9q 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
lOb 
107 
lOB 
109 
110 
III 
112 
1'13 
Ilq 
115 
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115 c 
III FoRMATc 	 . 

• 2bX,IH*.IX'19HTHROT1LE POSITION '.GID.~.9H DEGREES ,IH',
• bX,IH'.2IH' NO,Of 	 MEASUREMENIS. .14,~X,IH*)

112 fORMAT(
120 • 2bX,IH*.IX'19HTHROTTLE PIC~OFF =.GID.~,qH COUNTS ,IH'. 

• b •• IH',2~H NO,O. pARAHtTERS • ,I~,SX.IH*)
133 FollMATC 

• 2bX,IH',IX'19HMAIN FUEL fLOW =.GIO,4,9H LBM/HOUR,IH',
• .1,IH •• 23H NO,OF ERROR TERMS • ,14,SX.IH')

125 13~ f~RHAT( 
• 2bl,IH',IX'19HCOHPRESSOR SPEED :,GI0.~,9H REV/HIN .IH', 
• ,'.,IH',23H NO,Of 	 DATA POINTS = ,14,5X,IH*]

lIS fORMAT(
• 20X,IH',I.'19HfAN SPEED =,GI0.~.9H REV/HIN .IH',

130 • ,X.IH.,23H NO,O. FIRsr POINT. ,14,5I,IH')
lIb' FORtlA Tc' 

• 2bX,IH.,II'19HAUGMENTOR PRESSURE.,GI0.4,9H LBF/SQIN,IH', 
• bX,IH',23H NO,Of 	 INCREMENT • ,I~,5X,IH') 

137 fORtlAl(
135 • 2bX,IH',IX'19HDUCT PRESSURE .,GIO,4,9H LBF/SQIN,IH*, 

• 	 6X,IH',23H DATA PRINT INTERVAL" ,I~,5I,IH*1 
WRITE(btl~OI

14Q fOAMAT(2bX,IH*,39X,IH"oX'IH*,32X,IH'] 
c 

I~O 	 Ir,PRNT=CPRNT 
~RITE(o'I~I)ICPRNT

Iql FORMA1(PbX,QI(IH*>,oX,IH.'2IH CONSTANT PRINT FLAG=,2X,I4,5X,IH'1 
C 

WRITE(6'1~21 Ep5 
1~5 "RITE(6'1~1) PELTA 

WRITE(b,1441 MAXfN 

WRITE(6,lu51 NSIG 


IQ2 FORMAT(73X,IH', 

• 21H EPSILON ',GII.5,IH*>

150 Iql 	FOHHA1(73X,IH" 
• 21H DELTA 	 ='GII,5,IH~) 

Iq~ FORHATC13X,IH*, 
• 21H MAX fUHcrION EVALs :.2X,IQ,5X,IH')

IQS fORMAT(73X,IH',
155 • 2tH Nd,Of SIGNIF DIGITS"2X,I~,5X,IH') 

C 
WRITECb,150)

ISO FOR~ATC 73X,3~(IH'» 
C 

IbD 	 RErURN 
ENO 

CPRINT 
CPRINT 
CPR INT 
CPAINT 
CPRI~l 
CPRINT 
CPR tNT 
CPRINT' 
CPRINl 
CPRINt 
CPRINT 
CPRI~T 
CPRINl 
CPRINT 
CPRINl 
CPRINl 
CPRINT 
CPHINT 
CPRINT 
CPRINT 
CPRINI 
CPRINT 
CPRINl 
CPRINT 
CPRINT 
CPRINT 
CPRINY 
CPRINI 
CPRINT 
CPRINt 
CPRINl 
CPRINT 
CPRINT 
CPRINl 
CPRINT 
CPRINT 
CPRINY 
CPRINl 
CPRINT 
CPRINT 
CPRINT 
CPRINT 
CPRINt 
CPRINT 
CPRINT 
CPR,INT
CPRINT 

116 
117 
118 
119 
120 
12t 
122 
123 
124 
125 
lab 
127 
t2B 
129 
130 
131 
132 
133 
13~ 
135 
136 
137 
138 
139 
I~O 
141 
1~2 
143 
14~ 
1~5 
140 
1~7 
148 
1~9 
150 
151 
152 
153 
154 
ISS 
ISb 
157 
158 
159 
160 
101 
Ib2 
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BLOCK DATA SyHAOLS
COIIHUN ISVMBOl/NOSyHB, NCSYMS, Os YIIH (501 ,CSYHS (! 50) 

C 
OAIA NOSYMn'NCSY~O/3~'1501 

5 OATA OSYIIB,CSYHB/200.bH I 
C 

OAI. (OSYMBI!I,!=1 II 0) I 
A bHPOINl , 
B bill HIE , 
C bHD~LTC , 
o MIOtl IMS, 

E bH~IFHSN , 

f bI1XNHHSN, 

G ~liXNlf,SN. 


15 H bHPlb/tSN. 

1 hHPIOHSN, 

J bHDElTPOI 


OATA (05YH811I,I=ll,2011 
A bliWfJ1ES I. 
B bllXNH . •C 6liXNL 
o .HPlb 
E 6HPIO 
f bl10.l TI , 

25 	 G MIDoL TIS, 

H btlWFHR , 


.1 oI<WFFlWf', 

J 6HWHST I 


I-' DATA 'CDSYMAC!I,I=ZI,30)1 
I-' f 6HDEL IT I, 
--l A .HVIoLTla. 

B bHEPSRPM, 
C 6HVTHROI, 
V biiOAI1EA • 

3S 	 E 6HFI1S1 

F bHfH52 

G .HfHfSI 

H bH~HfSZ • 

I 61ITHRERRI 


DATA (DSYMaC!I.l=ll,QOII 
. • bHfULERR. 

A bHXHSERR, 
B bHXLSERR, 
C bHPTbERR, 

45 	 o 6HPlDERR, 

E 611 

f bH 

G bH 

H oH , 
I bH I 

VA TA (DSYMAC!I,I=4\.50)1
A 611 
U bH 
C bll 

S5 	 o bH 

E h/I 

f bH 


SYMBOLS 
SY~BOlS 
SYMBOLS 

SYMBOLS 

SY~BOlS 
SYMBOLS 

SYPBVLS 

SY~BOLS 
SYPOUlS 
SY~B01.S 
SYPBOlS 
SYMBOLS 
SYPBOLS 
SY~BOLS 
SYMBOLS 
SYPBOlS 
SYMBOLS 
SY~UOLS 

5YPBOlS 
SYPBOlS 
SYMBOLS 
SYMBOLS 
SYMBOLS 
SYMBOLS 
SYKUOlS 
SYPuOLS 
sHeOlS 
SY~BOlS 
SYKBOlS 
SHBOlS 
5y~aOlS 
SYMBOLS 
SY~BOlS 
SYMBOLS 
SYMbOLS 
SHBOlS 
5YPBOlS 
5Y~BOlS 
SY~BOLS 
SYPBOLS 
SY~BOLS 
SY~BOl8 
sypao~S 

SHaOlS 
SYPBOLS 
SYKBOLs 
SYMBOLS 
SyrBOLS
SYMBOLS 
SHOOlS 
SHOOLS 
SHUOLS 
SHBOlS 
SyrUUlS 
SYPUOlS 
svrVOlS 
SY~BOlS 

2 
3 
4 

b 
1 
8 
q 

II 
12 
13 
14 

16 
17 
18 
19 

21 
22 
23 
24 

.6 
21. 
28 
29 

31 
·H 
·33 
34 

36 
31 
3B 
J9 

41 
42 
qJ 
44 

46 
41 
4S 
49 

51 
52 
53 
54 

56 
51 
5B 
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2 ULOC~ UAIA 

60 

65 

10 

7S 

RO 

85 

I-' 
I-' 
00 qO 

95 

100 

loS 

110 


ti 'i ti I:S(I I. S 7bl76 01'1=1 

G ~H 
H 6H 
I bH , 
J bH 1 

DAIA (CSYMOII).I=I 
A MISIARr • 
B MICHl II , 
C bHCH(2) , 
D 6HCHI]) , 
E bHCH(~) •F hliCH(SI , 
G bHCH!6l •H 6HCHOI , 
I bHCH(al •
J bHOLINKl1 

110) 1 

OArA ICSYMBIll,I"II,2011 
A bHALO 
H 6HALI 
C 6HAL2 
a hHSPOTO 
E oHBPOIl , 
f bHDLINK2. 
G 6HKTH •H hHALPHA , 
I 6HKAf •J 6HCFCNTRI 

PATA ICSYMBIll,I"2I,3011 
A 6HZETA 
B 6HOM 
C 6HOt~N 
a 6HSIG 
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SUBROUTINE MYSTgHIKIN,XOUT,OZl HYSlER 2 __ c_ ~YSTER 3 
KQUn=X(lIlT ~YSTER q 
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APPENDIX B _ 

FLIGHT TEST PLAN 

l. Fly towards Crows Landing and climb 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 
1,aves. 

JlS AMPLITUDE RECORD LENGTH 
SQUARE 
WAVE 
DURATION TOTAL AMP RATE GNI. , 

. 

5 sec 
 - 10 30 sec

" 
1.25° 1/2°/sec 

202.5° l°/sec " 
405.0° 2°/sec" " 
607.5° 3°/sec "" 

4 to 5 min + climb 

3. Climb back to 7500 ft. and proceed through the follo1Ving 

matrix. 

DURATION GNJ AMPLITUDE GNI RECORD LENGTH 

10 sec 
" 

100 
" 

1/2° jsec 
1.5°sec 

10 
30 

40 sec 
" . 

3 min + cl imb 

4. Climb back to 7500 ft and do the fol101Ving case: 

DURATION GNJ AMPLITUDE GNI RECORD LENGTH 
50 sec 500 .25°jsec 5 2 cycles 

~ 
2 min + climb 

127 



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

DURATION AMPLITUDE RECORD LENGTH 
GNJ GNI 

10 sec 100 1° 20 
 30 sec 
11 
 11
11 1-1/2° 30 

11 
 11 2° 40 
 11 


11 - 8011 
 11
4° 
11 
 11
11 7-1/2° 150 
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APPENDIX C 
TIME HISTORY MATCHES FOR PARAMETER IDENTIFICATION RUNS 

Figure C.l Throttle Linkage Match - Record 1, Left Engine 

Figure C. 2 Throttle Linkage .Mat·ch - Record 5, Left Engine 
. ,. 

Figure C.3 Throttle Linkage Match - Record 1, Right. Engine 

Figure C.4 Throttle Linkage Match - Record 5, Right Engine. 

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

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

Figure C.IO Fuel Control Estimation Match - Record 3, Right 
~ngine 

Figure C.11 	Fuel 'Control' Estimation Match - Record 7, Right 
Engine 
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Engine 
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Figure C.II Puel Control Estimation Match - Record 7, Right
Engine 

0 



f 
,U 
E 
L 

f 
L I 
0 2 
~ I I 

a 
a I H 

'U 
T , M 

a 
p l 
u 
T 

*p 
E 
n 

t-' 

'" 
c 

Q ~ 
N 

T• 

J:.igure C.lI (Concludedl 


