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F-8C ADAPTIVE CONTROL. LAW RFFINEMENT
AND SQFTWARE DEVELOPMENT

Gary L. Hartmann

i

Gunter Stein
HONEYWELL, INC,

SECTION 1
INTRODUCTION

The NASA Dryvden Flight Research Center is currently flight testing o ,
argital fly-by-wire (DFBW) flight control system installed in an 1°-8C
airervaft, This serves as a test vehicle for demonstrations of advanced

control laws and redundancy concepts to improve the performuince and/or

overall effectiveness of future flight control, In support of advanced con- :
trol law efforts, Honeywell conducted a design program to define o digital
adaptive control law suitable for flight test.  The initial study (Reference 1)
recommended an adaptive concept which combines gain-scheduled control
laws with explicit maximum likelihood identification to provide the sched-

uling variables. This approach was selected from a comparison of three

; ) candidate concepts:

e Implicit gain adjustment basedon self-excited limit cycles,

® Gain adjustment based on explicit identification using a

Liapunov model tracker, and
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e  Guain adjustment on explicit identification with Maximum

j.akelihood Estimation,

ater design extensions (Reference 2) added o two-level estimate of gust
intensity and provided o new parameter update method based on Kalman

cshimation of time-varving parameters,

This study provided further development of the Parallel Channel Maximum
I ikebhood Estimation (PCMLE) design, A number of features have been
added to fucihitate fhght testing of the algorithm., The software was
originally designed for on-board implementation,  For convenience and
flexibibity in testing, ‘he algorithm has been implemented on the NASA/
DEFRC Remotely Augmented Vehicle (RAV) facility (Reference 3), As
shown in Figure 1, the PCMLE software resides in a ground computer,
The measuvrements required by the PCMLE algorithm--pitch rate, normal
acceleration, and horvizontal stabilator position--are received by the
ground-based computer via the telemetry downlink. The PCMLE estimates
the aiveraft characterizatuon parameters and computes a dynamic pressure
cslmate as a hinear function ot M o This quantity is transmitted to the
triples on=board digital computer and used for gain scheduling,  As part of
the groundrules, measurements were restricted to rate gyros, acceelero-
meters, and servo position, e data were excluded because aiveratt like
the F-8C, whose performance requirements can be met with air-data-
scheduled control laws, benefit most from adaptive control through the

climination of air-data schedules,

The next section contains the list of symbols used throughout this report,
Section 3 desceribes the PCMLE algorithm. The implementation of the

algorithm and its acceptance test are summarized in Section 4. In
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Section 5, sensor noise statistics are developed from ground test and flight
test data, Section 6 contains the parameter estimates from the PCMLE
algorithm computed from recorded F-8C flight data, Cross-checks are
provided by parameter estimates from a batch maximum likelihood algo-
rithm. Section 7 presents recommendations “or flight evaluation of the
PCMLE algorithm, Conclusions from this study are given in Section 8.
Three appendices to this report contain time histories of the flight maneu-

vers and PCMLE outputs,
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SECTION 2

b SYMBOLS
i'\ Operators
8 Laplace operator
(.) a—?— Time derivavve
A Increment
v Gradient vector with regfect to para-
meter vector ¢
\,2 Second partial derivative matrix with
respect to parameters (
p p-th component of V(,)
| % Summation
Ixt Absolute value
Superscripts
) Estimated value
() One-step predicted value
( )(i) Value for parallel channel i
- (r Nominal value

Subscri pts

O,

Measured value

( )k Value at time tk
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Upper Case Symbols
A

]

%

1))

H

J

K

L,

S0

e AT

Discrete system dynamics matrix
Discrete system input matrix

@ able +
Response variablc Nz Vcoq
Measurement matrix. y due tu u
Measurement matrix

Identity matrix

Partial likelihoed function 1. - 1/2: ¢ndetB

Kalman filter gains

Liikelihood function

Vertical gust field scale length
Number of parallel channels

Pitching moment coefficients ¢n
indicated variables

Trim pitching moment

M_ value for rigid airframe (withour
quasi-static flexibility)

True value of M

50
Number of data samples
Normal and lateral acceleration
Kalman filter covariance matrix
A priori parameter covariance matrix

Residual covariance matrix

Bkt




Lower Case Symbols

-~

¢y €
1

('
=0

¢

-

d

n

Sequence of N control inputs

True air specd (m/s)

Crossover velocity in (' response
Seauence of N measurcinents

Nor oy foree coefficients due to indi -
caed variables

Normal force coefficient in normal
acceleration equition

Parameter vector with components Ci

A priori estimate of ¢

True value of ¢

Sensor displacement from c, g, (4. 62m)
Gravity

Altitude

Index of the minimum-1. channel
System order

Roll rate

Dynamic pressure

(1) Yaw rate
(2) Number of measurements

Time

Control input vector
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Greek Symbols

Upper Case

——— —————

I

Lower Case

State vector

Measurement vector

Discrete system noise input matrix

Angle-of-attack

Gust angle-of-attack

Angle of sideslip

Aerodynamic surface positions

Dummy argument for values of parameter
vector ¢

White noise process

Kalman filter residuals

White noise process

Standard deviation of variable x
Time constant

Roll attitude

Natural frequency
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SECTION 3

PCMLE SOFTWARE DEVELOPMENT

This section summarizes the development of the Parallel Channel Maximum
I.ikelihood Estimation (PCMILE) software. 'This software implements an
adaptive gain schedule for the F-8C aircraft based on explicit parameter
estimation,  ‘The software is designed for flight research using the
Remotely Augmented Vehicle (RAV)facility at NASA/DFRC, It represents a
further development and refinement of an adaptive design recommended

in References 1 and 2, The theoretical background relevant to this study

15 contained in these reports,

A complete documentation of the PCMLE software including program

listings and flowchart; is available as a separate volume (Reference 4),

THE BASIC AT.GORI'THM

The PCMLE algerithm is based on standard Maximum Likelihood Kstimation
theory as applied to longitudinal short-period F-8C dynamics. Instead of
using the usual iterative calculations to maximize likelihood functions,
however, it uses the parallel channel implementation shown in Figure 2,
Several Kalman filter channels operate at fixed locations in parameter
space, Likelihood functions are computed for each. Sensitivity equations
are then solved only for the maximum likelihood channel and used to

interpolate from there to the final parameter estimate with a single

T
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Newton/Raphson parameter correction.  This fixed structure avotds

real=time iterations and eliminates coavergence problems,

Theoretical identifiability results were used to determine the number of
parameters that could be identified with small test inputs.  This acecuracy
analysis also provides insight into the number and location of the filter

channels,

Nominally, five parallel channels are used to handle the F-8C aircraft over
its entire operational flight envelope. ‘The locations oi these channels in

M, ;-Ml parameter space are shown in Figure 3, Up (o four parameters--

vef
surface effectiveness (M ‘\o)' pitching moment due to angle-of-attack (M“).

airspeed (V), and normal foree due to angle-of-attack (ZnV\——ozm he
estimated.  BEstimation accuracy depends strongly on the signal levels in
the control loop.  For the small test signals producing less than 0,05 g
RMS of normal acceleration, errors are 10 to 20 percent in M 5o and
20 to 30 percent in M,1 and V which are typical in six-degree-of-freedom
simulation runs,  Theoretical accuracy analyses confirm these error

levels,

The gain adjustment in the pitch and lateral control laws is done on the
basis of estimated 1\160 only using scheduling functions defined in
Reference 1. However, the MLE design war selected in large part for its
potential to identify additional parameters which may be needed for

scheduling in other applications,

11
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PCMLE SOFTWARE FEATURES

The PCMLE software implements the above identification algorithm in a

flexible manner suitable for flight test experimentation., Specific options

A\
and features of the implementation include the following:
e Variable number and locations of Kalman filter channels,
i
i e Variuble Kalman filter update rates (sumple skipping options),
|
1 e Variable number of identified parameters (up to four),
\
| e Output variables to monitor identification validity,
}
e Provisions for four uplink parameters with fail-safe integrity
tests, :
, ,
L ® Gust and rigid-body angle-of-attack estimation, Lé
e An optional Kalman parameter correction (instead of Newton- i
Raphson steps) for improved tracking, 4
e Optional automatic adjustment of channel gains with gust ?
' intensity, and |
e An optional second Newton-Raphson parameter correction step. |
i These features and options are achieved through a combination of software ;
g structure, channel model structure, and algorithm modifications. The 1
E software structure is discussed in detail in Section 4, Model structure

and algorithm modifications are described below,

13
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Nominal Channel Models

Four-state filter models are used for each channel with the following

discrete-time form:

L] -

X+l =Axn + B“n +K(yn-Hxn) (1)

Elements of mutrices A, B, K, and H are computed in a non-real time
initialization mode from the continuous F-8C model for a specified sample
time,

The continuous model is

X = IFx + Gu + r.g

(2)
3 - ,‘. +
Yk ll\k WT]k
Individual terms appear as
[- - P - e - -~ -1 - -
q M M 0 M q 0] & 0 0
q a & es
o O 1 7 -v/L_ Z . 0 0o -\‘2\7
0t T| . a w & al + + ] “w | )
a 0 0 -v/I. O a 0 0o \J2
g w g a L“:‘:
& 0 0 -K 2 -
el L O R % LR peNER O
i ol

- ey




- - 2
q 1 0 0 0 q % 0
Yk © = T\k
N L M. dM -2 V 0 dM -7V q,r + 10 2 (3)
z] & qQ a a 5 8 aNz
o
g
8
e
where
Mq. Mﬂ. Ma = pitching moment derivatives functions of parn-
(ZGV). (Z&V) = normal force derivatives Igi:::rfs;etc‘i) be
v = true airspeed (Mfso' C2' CS’ Cd)
K : actuator bandwidth (12, 5 rad/sec)
d = distance of accelerometer at of c. g,
l,W z gust field scale length (580 m)
) s standard deviations of noise processes

Subroutine MODEL computes the discrete matrices A and B frou: standard

formulas:
-1 =1
Aty = L T sI- F] evaluated at
t = At
At
B . S At - G d -
(¢}

The resulting matrices have the following form:

e - po -

© O <« <
c o < <
c N < <

\'

\Y

0
C

o -l J
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where V denotes elements which vary with flight condition and C denotes

constant elements, Strictly speaking, A(3,3) = e*v“"w varies with flight

condition nlso because it depends on the bandwidth of a first-order gust
model. However, since the incoming measurements are high-passed

(Figure 2), the high-pass frequency, Yy dominates and is therefore used

to replace \"/Lw.

The Kalman filter gains K and the residual covariance matrix R are defined

by the discrete Riceati equation:

R - (IPH' + WW )
K = (APH T ri)w'm"

P (A - KR YP (A - K )+ (FD - KW)(FD- KW)

1

These equations are solved via a doubly iterative algorithm carried out in
subroutine's DIAK and CAL, The discrete noise input matrix, rl‘)' is

computed from I"p and I¥ according to the second-order approximation

Fyos MY 0+ M 2) (6)
D ¢

In order to compute state and residual sensitivities in real time, each
nominal model also includes sensitivities (first partials with respect to

C (”73. C4) of the matrices A, B, H, and K. These

1] <4y ?
o 2
are computed by numerical finite differencing techniques.

parameters MB

All model parameters are initialized in non-real time and are stored in

labelled arrays for later real-time use.

il

= L v
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Algorithm Modifications

Muadification of the bagic PCMLE algorithm of Figure 2 were required to
implement the following three options provided by the PCMLE software:

° Kalman parameter corrections,
[ Automatic gain adjustment with gust intensity, and '
° Two-step Newton- Ruphson parameters corrections,

The first two of these options were studied under the Design Extension

Study (Reference 2) of the original PCMLE design program, They led to
the algorithm modifications summarized in FFigures 4 and 5. Further

; details can be found in Reference 2, The third option implements a

i two=step parameter correction by introducing a "roving'' channel

located at point ("‘whi(‘h is the estimare obtained from the first Newton-

Raphson step,  Likelihood functions and sensitivities are compured for

the roving channel and are used to provide the second update step:

A A
(v

2
¢c=ec-|yL) VL

~
¢c =cC

. These algorithm modifications are immarized in Figure 6. '

Models for the Second Newton-Raphson Step

Because the second Newton=Raphson step involves a channel whichis not fixed

in parameter space, the filters and sensitivity models for this channel must be

17
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updated in real time, To make this process computationally efficient, the
following approximations of the fixed channel modeling precedure are used

in the software:

° Matrices A and B are approximated as described below,
° Gain matrices K are appro<imated from current min-L,

channel datag

t

A it
K = K(i) *VK|1»:~ ©-c
o Sensitivities for the approximated A, B and for H are explicit,

° Sensitivities for K are taken from the current min-1, channel:
vk vkl ,

A ir}:
¢ - ¢ and should not

These approximations are reasonable for small A =
adversely affect the ability of the second Newton-Raphson step to estimate
parameters. If A becomes very large, of course, the approximations
deteriorate. It is even possible to get vastable A and K combinations,
To protect against this possibility, the second Newton-Raphson step is

automatically bypassed if its likelihood function diverges.

The A and B matrices used for the second Newton-Raplison step have the

following approximated form:

v
A - v A+az) v A F 2y

21
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B =
where

A = % (1 +exp (-12,5 At))

B = & (1-exp(-12.5At)

2A ’

M, and Z , are corrected for flexibility

The seven terms circled in the A and B matrices are updated in real time.
Elements A (1,1), (1,2), and A (2, 2) use a first-order approximation in At.
Elements A (1,4), A (2,4), B (1,1), and B (2, 1) have essentially a second-
order approximation. The variation of three terms in the A matrix,
Ad(l,3), A(2,1), A (2,3), is neglected. These are small terms with
small percentage variations and are fixed at the model values for which

the second Newton-Raphson step was initialized.

In order to provide flexibility for tuning the above model approximations,
the coefficients Mq. Mﬂ, M&’ Zq. zév can be adjusted independently from
the nominal channel values. Their values are set through the common
block F8 MODL which is read via NAMELIST VARL at initialization. This
feature was specifically used to modify the Mq function at supersonic

conditions to better match damping of the exact and approximated models.

prey . o
pe————" N e v ,_&L&»ﬁmmu i a4t 3 B i T PPV
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SECTION 4

PCMLE SOFTWARE IMPLEMENTATION

This section describes the software structure, software management and
control procedures, and acceptance test procedures which were used to
implement the PCMLE algorithm on DFRC's RAV facility.

The PCMILE software was developed for and successfully verified on the
Control Data CYBER 73-28 computer at NASA/DFRC. All the software
is written in standard FORTRAN IV and is intended to be transferrable

to the RAV computer (Varian V-73) for eventual flight test experiments,

SOFTWARE STRUCTURE

An overview of the PCMLE software organization is shown in Figure 7.
The computations are divided into a background (non-real-time) segment
to define and initialize Kalman filter channels and a real-time segment
to process sensor data for parameter identification. Calculations per-
formed in cach of these segments are divided among a number of sub-
routines, as listed in Table 1. The functions of each segment and their
input/output structures are briefly described below. The core required
for PCMLE is 5655 locations for subroutines plus 2730 locations for

storage arrays.

i
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INITIALIZATION

ENTER

NRTIC
READ INPUT

DATA

COMPUTE
CHANNEL MODELS
AND
SENSITIVITIES

INITIALIZE
FILTERS
GRADIENT

UND PAN i

WRITE OUT
CHANNEL DATA

RETURN

REAL-TIME

HIGH-PASS MEASUREMENTS

ALMAN FILTER FOR EACH CHANNEL

EOMPUTE SENSITIVITIES FOR MIN-CHANNEL I

* (OPTION)
SENSITIVITY MEASUREMENT
ACCUMULATION ACCUMULAT 10N

FOR KALMAN FILTER
PARAMETER CORRECTIONS)
DY

2 :

FOR NEWTON-RAPHSON
PARAMETER CORRECTIONS

(LOW RATE COMPUTATIONS)
SUBCYCLE
1. MIN-L SELECTION
. SIGNIFICANCE TEST AND CHANNEL CHANGE LOGIC

CHANNEL DATA TRANSFER

PARAMETER INCREMENT CALCULATION (NEWTON-
RAPHSON STEP OR KALMAN FILTER UPDATE

PARAMETER CORRECTION

. MODEL UPDATE FOR_SECOND
NEWTON-RAPHSON STEP (OPTION)

7. SECOND NEWTON-RAPHSON STEP

P W N
« »

N on
.

RETURN

Figure 7. PCMLE Software Structure
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TABLE 1, PCMLE SUBROUTINES

Non=-Real-Time Required
Subroutines Functions (decimal)
NRTIC Main executive routine for non-real- 930
time operation. Reads data to define
number and location of channels, num-
ber of parameters estimated, sample
rate, etc, Performs all initialization
with calls {o other subroutines.
MODEL Defines the system matrices and sen- 638
sitivities for the discrete four-state
model described in Section 2,
FHIC Computes high-pass filter coefficients 13
and initializes filter states for each
measurement to be high-passed.
DIAK Solves Ricatti equations for the Kalman 101
CAL filier gains of a discrete system, using
double iteration procedures,
POLES, QRCALL Computes eigenvalues for channel 730
QR, HESSEN models and their Kalman filter
dynamics,
Real-Time
Subroutines
- . N s+ R, P 4 - b el
PCMILE Main executive routine for parallel chan- 1767
nel MLLE real-time computations,
FH High-pass filter applied to measurements. 14
TSIG Produces test signal and two random 41
numbers for simulated sensor noise.
FILT Performs fourth order Kalman filter 95

update computation.




TABLE 1, - Concluded,

Core
Real-Time * Require
Subroutines Functions (decimal
SENS Performs a sensitivity filter update for 176
a given parameter,
ACCNR Accumulates likelihood gradients and 177
approximate second partials for a
Newton-Raphson parameter correction,
SENS2 Performs sensitivity filter updates for
"roving'' channel of second Newton-
Raphson step,
ACCNR2 Accumulates likelihood gradients and
: approximate second partials for second
l Newton-Raphson step.
ACCK Accumulates measurements for a Kalman
filter parameter correction,
KBF Performs a Kalman filter parameter
correction,
i
Initialization

The initialization of PCMLE is performed in non-real time with a call to
subroutine NRTIC. This subroutine reads the input data deck and user

options (UX and LX arrays) and checks the input data for reasonableness.

It then defines the specified nnmbers of channels, each at its specified

parameter values. KEach channel is a four-state Kalman filter. The

states are pitch rate, total angle-of-attack, gust angle-of-attack, and

elevator surface position, The two measurements are pitch rate and

26
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normal acceleration, The input to the filter is elevator servo position,
Two sets of gains are computed and stored for each channel, corresponding

to low and high turbulence levels. Sensitivities are computed for each

channel and gust level by individually perturbing each of four parameters
to be estimated. Eigenvalues are computed for each channel model and
each Kalman filter. All computations are performed for the sample rate

specificed,

Real-Time Operation

All real-time computations are executed with CALL PCMLE (IT, 10UT),
where IQUT is a four-component vector for uplink, IOUT(1) is the uplink
,' parameter used for gain scheduling. The scalar IT is not currently used
| but would be available to further partition the real-time calculations
should this be required by the RAV executive. PCMLE is called once per
sample time, On the CYBER 73-28 computer, each call reguired

5% to 6 msec of computer time,

During each call, the sampled values of pitch rate, normal acceleration, and

r: elevator servo position are high-passed. Residuals and likelihood functions

3

d are computed for each channel (fixed in parameter space). Gradients
: and second partials are nccumulated if Newton-Raphson parameter

5 corrections are selected. Otherwise, measurements are defined for a

Kalman filter parameter correction. The remaining real-time operations
are spread over seven subcycles executed in sequence, as shown in
Figure 7, During real-time opera‘ion, the detailed performance of the

algoriit’m can be monitored by the UX array. This is defined later in the

subsection on outputs from PCMLE,
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If the sample skipping option is selected, the sumple time is modified
satomatically by NRTIC, However, PCMLE must then be called at the
appropriate new sample rate, Either one or two samples may be skipped

in this manner,

Real-Time Inputs to PCMLE--Real-time inputs to PCMLE from the RAV

program are assigned to user array elements UX(11) through UX(18) and
UX(20), UX(11) through UX(13) hold the usual measurements needed by
the identifier; UX(14) and UX(15) are used to compute an average elevator
servo position when the sumple skipping option is used. UX(16), UX(17)

and UX(18) are used to communicate "true' values of M and

» M,
N b0 a
q when these quantities are supplied by a simulation, and, finally, UX(20)
provides real-time adjustment of test signal magnitude. These inputs

and their units are summarized in Table 2,

Real-Time Outputs from PCMLE--Provision has been mode for four

outputs to be supplied via the calling argument IOUT, At present only
I0UT(1) is used. It is a 1/§ estimated from Mf»u and scaled to be
between 0 and 512, (Scale factor is 50000, )

Other outputs from PCMLE are contained in the real-time UX array. The
scaled test signal is in UX(19). The remaining outputs are in UX(1) through
UX(10) and UX(21) through UX(50). These are primarily used for
monitoring PCMLE performance. All PCMLE outputs are defined in

Table 3,

e {5




TABLE 2, REAL-TIME INPUT VARIABLE ASSIGNMENT

User Mnemonic
Variables Description Expression Units
uxa1) | Piteh rate Y (1) rad sec” !
12 Normal acceleration Y (2) ft sec 2
13 Servo position at cur- DELTA (1) rad
rent time t
k
14 Servo position at tk—l DELTA (2) rad
15 Servo position at tk—z DELTA (3) rad
16 RAV q estimate QBART Ibs ft 2
17 RAV M&0 estimate MDOT sc(‘-z
18 RAV M(1 estimate MAT sec.2
20 Test signal magnitude SIGUT = SIGUTO + f't seo-z
UX (20)
0 = SIGUT = 40+
i 0 S
- . i e

s sl i e e ot P
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Several halt conditions have heen defined for PCMLE, Thexe are listed in
Table 4. The first ‘wo stops occur in the initialization mode if the data
does not define a stable filier, The last three stops occur in real time if
the parameter update option is not defined, In all the test cases run, these
stops have never been encountered. However, in the final flight test
software, they may be switched to a mode change operation rather than

a halt,

TABLE 4. PCMLE HALT CONDITIONS

Stop Condition

41 Ricatti equation not converging in subroutine CAI during
initialization (Unstable Model).

21 Inverse does not exist in subroutine DIAK for computer filter
gains,
Check data deck.

21 No inverse exists in Newton-Raphson parameter update,
22 “o inverse exists in second Newton-Raphson parameter update.
11 No invers. .wi-ts in Kalmun parameter update.

Colia e,

User Inputs ard Qutputs

Both the background (iritialization) and real-time program segments pro-
vide user inputs and options, These inputs are selected with a nominal
data deck and/or by setting the UX and LX user arrays in the RAV

software,

R o i wl  dRgmgi Coe
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The UN Grray serves different functions depending on whether the program

TR

i1 0 the real-time or in the initiahization segment,  Roth functions are

defined below,

Dita Deck Inputs--Following loading, the RAV program (vunmin'ing all the

POMLE subroutimes) executes the non-real-time initinlization segment,

B ol snln il . B o et
—

buring the first such initialization operation, subroutine NR'TIC reads a

data deck and storves it on o temporary disk file for quick restarts,

The input parameters which are read-in on data cards are defined in
Table 5. The data deek defines nominal (default) values for all program
parameters including the five channel locations tabulated in ''able 6 (hnd

illustrated in Figure 3),

|

Console Inputs Prior to Initinlization- -Certain logical variables ¢ \s)

defined an Fable 7 may be assigned from the control console prior to

initinlization, 11 this step is bypassed, the POMILE detault option will }
r be the basic POMLE algorithm (Figure 2) with a single Newton-Raphson j

parameter correction, These logicals cannot be altered in veal time, 'l'o j
: change them the user must leave real time and remitinlize,

It is also possible to redefine coertain data deck parameters prior to
initialization by sething UN elements from the console, These elements
; . are histed in Table 8, The redefinition is performed as follows:

Nominal
Variable default UN areay

value from +

value
data deck

33
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TABLE 5. NAMELIST PARAMETERS

m m*
Nominal
Parameter Definition Value
i NN Number cf states in Kalman filter (9, a, ag, §) 4,
1
| NR Number of measurements (q, Nz) 2,
. NN Number of noise sources (ag, q sensor, 1,
| Nz sensor, &sensor)
NRM Maximum number of measurements 3.
I D Convergence criteria in DIAK for Ricatti 10"6
A solution
 ITER Maximum number of iterations in DIAK for 20,
Ricatti solution
DTO Nominal sample time (automatically increased 0.02
1 if samples are skipped)
l DT PRINT Print interval when 1.X(5) is true (available in 0.5
batch mode only)
I ~Ne Number of channels 5.
NIPO Number of parameters estimated in first 2.
Newton-Raphson step
3
150 Starting channel location 3.
§
IGO Starting gust level 1.
wWuUTO Natural frequency of shaping filter on random 6.
j test signal
DUTO Damping of shaping filter on random test signal 1.25
aw* A - ——
34
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|
TABLE 5. - Continued |

Nominal ;
Parameter Definition Value :
SIGUTO Gain of shaping filter on random test signal 4, 1
]
uT10 Initial state of shaping filter on random test 0. :
signal
uT20 Initial state of shaping filter on random test 0.
signal y
(above state initialization is useful for gene- I
rating deterministic square waves or sine waves
) with TSIG subroutine)
, UTMAX Magnitude limit of filtered test signal 10.
P
,l TAUPO Time constant of likelihood accumulation filter 5,
TAUP2 Time constant of low-pass filter on L., VL, VzL 0.6 "’
WHP Cutoff frequency of second-order high-pass on 2.
measurements
DHP Damping of second-order high-pass on 0.7
measurements
NP20 Number of parameters in second NR update 2.
SIGGO RMS statistic assumed for gyro noise (deg/scc) 0.15
SIGACCO RMS statistic assumed for accelerometer 0.02
noise (g)
SIGWLO RMS statistic assumed for low w gust level 1.0 ,'
(ft/sec) .’
SIGWHO RMS statistic assumed for high w gust level 5.0
(ft/sec)

35
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TABLE 5, - Continued

Nominal
Parameter Definition Value
HYSTO RMS statistic assumed for elevator servo 10-‘1
hysteresis (rad)
VLIG X 0.
RTJGO Threshold parameters controlling gust level 01
swite
TirRTIGO | SWith 3, 22
TJCO . .
RITJCC Threshold parameters controlling channel 0.1
rurTIco [| Switeh 3. 22
' 't ’/ ) . IS .
RTJZA Threshold parameters controlling Z1MIN 0.1
THRTIZO | Sclection 13.8
R'1'JSO Threshold parameter for significance of 0.25
likelihood function
ZP1 MAX Maximum value limit of parameter 1 estimate -1.
ZP2 MAX Maximum value limit of parameter 2 estimate 1.3
ZP3 MAX Maximum value limit of parameter 3 estimate 120,
ZP4 MAX Maximum value limit of parameter 4 estimate 10,
ZP1 MIN Minimum value limit of parameter 1 estimate -76.
ZP2 MIN Minimum value limit of parameter 2 estimate -0.3
Z1P3 MIN Minimum value limit of parameter 3 estimate -60.
ZP4 MIN Minimum value limit of parameter 4 estimate -10.

e
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TABLE 5. - Continued

— m
Nominal
Parameter Definition Value
2 ;
GSQ1.0O Diagonal elements of v [. matrix (four numbers) 0. 001
0.1
0.0003
0.01
P Matrix defining location of channels (4 para-
‘ See
meters per channel x 10 channels max = ,
Table 6
40 numbers)
NRKF Number ol measurements in KF parameter 2.
correction (q, Nz)
NXKIK Number of states in KF parameter model 5,
(;’/1. yﬂg. '/.43) 7.4’ Zl)
NHKF Number of gradient measurements available 4,
in KI¥ parameter correction
TIKIO 0. 001
Parameters in KF state model
T2IKK 1.0
NCYC Number of subcycles 7.
QDO Initial covariance matrix for KF parameter 0. 6
correction (five numbers) 5x 10
0.2
0.0045
0.00Go
ISKPO Number of measurements skipped (0, 1 or 2) 0.
NSO Signal-to~noise ratio (increased residual noise 0.05
statistics at high signal levels)
—— L
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TABLE 5, - Concluded i
”
Nominal
Parameter Definition Value
M“QO L P : v + oy . o
N Coefficients which define channel models from -0, 23 \
/ , r, O, oviae
MQ1 Mg Cyr Cyo €4 Vin 0.028
/ o + e 2 . ;
MQ12 Mq MQO + (MQI + MQ12:C?2) Mﬁ 0.03 |
]
= Al + MA12:C
ATAL M= (MAL+ MAI2EC2) M 0. 61 §
A2 > Voo (Ve -My 0. 92
vl /,n\ = (ZAV]1 + C4) Ma 200, |
g
' 7 o y 7 ‘
7. AV1 ‘/'f~\ 2Vl Mh 53.
s
’, ZDV1 7.7
"».
ST Distance Nz is measured aft of ¢, g, (ft) 15,15
ACTBW Bandwidth of first-order actuator model for 12.5
A (rad)
(\
’ 1"\l Quasi-static flexibility corrections: 0.016
X2 M,\ = (1, + M. (FX1 +M_ FX2)) 0. 0002
? HO 50
ZPric if M)\O <7ZP1C Mﬁ = (1, + ZP1C (FX1 -10,
+ (7 P1C) FX2
St, Scale length in gust model (ft) 1750,
QME Scale factor between c_q (psf) and Mﬁo -22,
(@ - QME"M \’\o)
z ALPHWI, Bias between water line a and zero lift a (rad) 0. 0086
' # 38
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TABLE 6, NOMINAL CHANNEL LOCATION

Parameters 1

Channel M“ ('3 (‘“ (‘4 ,
[N 4

i -2, 34 0 0 0

2 -5, 27 0 0 0

} -11. 8 0 0 0

1 -28, 7 0 0 0

5 -26, 7 1, 60. 0

| TARLE 7, INITIALIZATION USER LOGICAL ASSIGNMENTS

)
}
User Z
,l Vogical Funetion Mnemonie
L.X(1) Not used
2 Not used
3 Fnables Kalman parameter corrvection in KAL
r place of first Newton-Raphson correction
4 Not usoed
5 Not uke d
G Fnables second Newton-Raphson step NR2
7 Not used
| 8 Inhibits initial model printout during None
s mitinhization
10 Adds pseuwdo-random sensos nowse to NOYS
POMILE's input measurements
Q-50 Not used

Default Values = 1XU) - 1,
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Should the adjusted variable tall outside of program imposed limits, the
variable is returned to the default value, It is also important to note that
RAV rescts all UX array values to zero whenever the program leaves
real time, pence, desired changes of the nominal data deck must be

reentered into the UX array before each reinitialization,

Console Inputs during Real-Time Operation--The logicals defined in

Table 9 can be set and reset during real-time operation, 1If they are set

in non-real time, then the corresponding mneumonic will be defined in

the PCMI.E subroutine as soon as real time is entered,

Only onc user variable, UX(20), can be set from the console in real time,

s function is to alter PCMLE's test signal magnitude (see Table 2),
SOFTWARE CONFIGURATION CONTROIL PLAN

Effective on the date of acceptance at DFRC, a softwuare configuration
coturol plan was implemented to protect the integrity of the PCMILE

program, ‘The control plan includes the following elements:

[ Source file management
° Change reporting and execution
. Verification test

lkach of these clements is discussed below,

1

3

i
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TABLE 9, REAL-TIME USER LOGICAIL, ASSIGNMENTS

User
l.ogicals Function Mnemonic
1.X(1) Disables automatic channel changes NOCHC
2 Disables first Newton-Raphson or Kalman NOEST
step
| 3 Not used
L 4 Disables automatic gust level changes NOCHG
.
'l ) Enables printout from PCMLE (use in PRINT
batch mode only)
6 Not used
7 Not used
| 8 Not used
9 Enables PCMLE algorithm MLE
' 10-50 Not used
’ Default Values: LX) = | F,
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Source File Management

Files of controlled software documentation were established following veri-
fication of program operation on the RAV facility, Duplicate files are
being maintained at both DFRC and Honeywell, Each file contains:

PCMLE source deck

Flowcharts

Listings (current plus two previous versions)
User information

Change notices

To maintain a record of the software, changes in any item require a

properly executed change notice,

Change Reporting

The change notice required for controlled file alteration is a standard form

having the following parts:

A)

B)

C)

Reason for change--Brief summary of problem,

Description of change--Specific program changes, documentation
changes, and affected procedures, Mark-up copies of documents

affected by change are attached,

Furictional checkout--Provisions of checkout procedures re-

quired ‘o verify correct operation of modification,
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D) Program change report--Listing of who performed the changes,

data performed, and verification procedures followed,

Each change notice must be signed off by the originator and approuved by
Honeywell's program manager, A sample change request form is shown

in Figure 8,

Verification Test

Verification tests are those procedures that are performed to assure that
software changes are accomplished in the intended manner, The following

actions are taken:

) Following change in the master source deck, a new listing is run

and checked against the change notice requirements,

° For critical changes, portions of the acceptance test routines
are run, These requirements are listed in part (C) of the

Change Request,
PCMLE ACCEPTANCE TEST

This section summarizes the procedures followed in conducting ibe PCMLE
Acceptance Test on the F-8C simulation at NASA Dryden Flight Research
Center, Test conditions, selected time histories, and interpretation are

given below,
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Program: _ PCMLE

Number
FORTRAN SOFTWAPE PROGRAM CHANGE REQUEST

Originator Date Approval Date

Effectiivity Title of Change

A) Reasoi: for Change

B) Description ot Change

Change
Statement No, Statement

: C) Functional Checkout

D) Change Report

Who performed Change/Checkout Date

Figure 8, Software Change Request Form
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Definition of Test Cases

Acceoptance test cases were jointly defined by DFRC and Honeywell

personnel,  They are summarized in Table 10,
Detailed Test Procedure and Conditions

The acceptance test was run on the CDC Cyber 73-28 Computer in real time,
The 1*-8C simulation with the control laws function as one program, the
RAV executive with PCMLE as another, Data interchange was accomplished

via D/A and A/D trunk lines as presently mechanized in the RAV mode,

The acceptance tests used a standard acceleration mancuver, The ¥-8C
simulation was brought to the 6100 m, 250 KIAS flight condition and trimmed
to 1 g flight, 'The aircraft was then accelerated at constant altitude until

it stabilized at a new velocity (approximately 300 m/see),  The simulation
was run man-in-the-loop using the 1°-8C Iron Bird, Small pilot inputs

were ased as required to maintain trim,

Two cight-channel strip-chart recorders were used to obtain time histories
of various aircraft response variables and selected PCMLE outputs,

These figures are presented later in this section,  For the performance
evaluation we have the luxury of knowing "true" values of M;, and Mn'
These parameters were computed in real time by approximately deter-
mining the slope of the CMy and (‘M\_1 simulation functions, These approxi-
mated slopes were used with POMLE estimates to compute the M@c and

M orrors shown in the time histories,

O
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TABLE 10, TEST CASES FOR ACCEPTANCE TEST

DR R A

Tost
Case Description
1 Baseline- -Identification of M g¢, ¢2. agust, 9nd apjgid body
of the simulated F-8C, The ma wuvcr was a full after-
burner accelerstion from 250 KIAS to 450 KIAS at 6100 m
in the presence of 2 m/sec gust disturbance and no sensor
nois¢, IFive channels located as defined in Table 6 were
usced, The nominal sample rate was 50 sps,
2 Repetition of baseline in absence of gusts to show auto-
matic adjustment of Kalman filter gains,
3 Repetition of Case 2 with a smaller number of parallel
channels (4).
4 Repetition of Case 2 with a slower Kalman filter update rate
(two samples skipped),
5 Repetition of Case 2 with Kalman filter parameter correc-
tions instcad of Newton-Raphson corrections,
6 Repetition of Case 2 with two Newton-Raphson iteration steps,
7 Roepetition of Case 2 with two additional parameters
estimated ((‘.3 and C4).

The detailed test procedure is given in Table 11 and the acceptance

criteria are shown in Table 12,

Acceptance Test Results

A successful acceptance test was completed at DFRC on 15 October 1976,

Table 13 summarizes the time histories for ecach of the test cases., In




some instances several additional time histories are included to illustrate

the performance of the algorithm,

The performance of the algorithm is judged by examining the q error
traces and the Ma and M be error traces, For most cases the performance
is as expected and compares with results in Reference 2, For the sample -
skipping cases there is an increase in the errors when the high gust

channel is used, This effect warrants further investigation.
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TABLE 11, ACCEPTANCE TEST PROCEDURE

Test
Case

Procedure

5

PCMLE was initialized by reading the nominal input data cards
(Reference 4). The program was then put into real-time oper=-
ation, After 10 seconds, estimation was armed via logical
MLE [1.X(9), Table 9] and the accelerated maneaver was
initiated, Variables appropriate to judging PCMLE were
monitored in real time via CRT displays of UX and LLX arrays
and via strip chart recordings,

Same proccedure as Bascline Test Case 1 is followed with no
turbulence in the F-8C simulation,

PCMLE was reinitialized prior to this run, Only four channels
were used, Channel 1 was deleted and Channels 2 through 5
were renumbered as 1 through 4, This verifies that fewer num-
bers of channels can be used and that their location can be
moved, These changes were accomplished with a new input
data deck. Following initialization, PCMLE was brought into
real time and engaged as discussed under the Baseline case,

The PCMLE program was reinitialized with the sample skipping
optional [UX(28) = 2, Table 8], Every third measurement of q
and Nz measurement was used, and the §, servo position
measurements were used to compute an average value valid over
the three-sample interval (Reference 4). The sample rate of the
Kalman filters was one third of the simulation rate, Real-time
operation was the same as discussed under the Baseline case,

PCMLE was reinitialized with the logical KAL set [LX(3),
Table 7] and then brought into real time as discussed under
the Bascline case,




7R ”

)
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TABLE 11, - Concluded

——

Test
Case

Procedure

6

PCMLE was reinitialized with the NR2 logical set [LX(6),
Table 7] and the NOEST logical [LX(2), Table 9], This
combination holds the first Newton-Raphson step at the chan-
nel location, and, hence, the second Newton-Raphson step
should approximate the first step of the Baseline case, PCMLE
was then brought into real time as discussed above, Two para-
meters were estimated by the second step,

PCMLE was reinitialized with NP = 4 [UX(32) = 2, Table 8]
to estimate two additional parameters, Rcal-time operation
was the same as the baseline,
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TABLE 12, ACCEPTANCE CRITERIA

Criteria

2

6

Qualitative - -The channel switching shall be smooth and in the
proper sequence (channels ordered in more negative Mtse).
The parameter estimates shall be smooth during channel
switches,

Quantitative --The error in estimated dynamic pressure shall
be within + 50 percent of the ''true" value throughout the
transition,

The channel indicator shall show a switch to low gains when
data permits, although it is not required to remain continuously
on the low gust channel, Qualitative characteristics of basoe-
line apply,

fince the first channel was not selected as a min-L channel

in the baseline run, the results will match the baseline run
excoept for renumbering of the channels (i.e,, 1 was 2 in base-
line, 2 was 3, etc,)

Only qualitative factors of baseline apply., Errors will approxi-
mately match baseline,

This run shall demonstrate improved tracking over the base-
line case (less error in estimated dynamic pressure),

The estimates will approximately follow the baseline irun,
(Differences are due to model approximations included in the
second Newton-Raphson computations, )

This run shall produce estimates of C,, and C, with the
qualitative characteristics of the baseline,
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SECTION 5

SENSOR NOISE MODELING

The PCMLE algorithm was developed under the assumption that sensor
noise statistics are constant over the flight envelope and are reasonably
well known.  Hence, they are not treated as parameters to be identified by
the algorithm. The validity of tius assumption i3 investigated in this
scection,  Sensor data from ground tests at engine off, idle, and 80 perceent
maximum RPM, and from flight tests are analyzed. Results support the
assumption that the statisties are constant, but modified nominal values

dare required to match the test airceraft's effective sensor characteristies,

ENGINE-OFE DATA

An 82=-second segment of sampled gyro and nceelerometer outputs under
auicscent hangar conditions was analvzed,  The analvees included mean
and variance calculations, histogram plots, and sower spectral densities
(PSDs) computed via Fast Fourier Transform methods, The variance
calculations are summarized in Pable 14, They show RMS levels

roughly equal to one=-third of cach sensor's leasi-sgmficant quanti-
sotion bt (1.SB)Y. The corresponding histograms are plotted i Figures 15
and 16 and the PSDs are given in Figures 17 and 18, Thesce show that

noise in the hangar is dominated by relatively white random motions of

Dircct transformation of 4096 data points, with resulting plots smoothed
by uveraging adjacent frequency samples.,
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Ground Test Data

TABLE 14, STANDARD DEVIATION OF SENSOR NOISE

Sensor

Engine Off

Engine Idle

80% RPM

Normal accelerometer
12-bit resolution
1.SB = 0,00547 g

Pitch rate gyro
12-bit resolution
1.8 = 0,038 deg/sec

0.0018

Sonmmsvenmm"

the bit motions are generated by A/D electronies rather than by internally

generated sensor noise,

ENGINE-ON DATA

: This is shown in Table 14 for two engine speceds=-=-idle and 80 percent RPM.

: resonances between 3 and 20 Hz. While these resonances may in fact be
., legitimate input signals as far as the instruments are concerned (i.e., not
; internal sensor noise), tiiey must be treated as "effuctive sensor noise'
: for purposes of PCMLE because the algorithm includes no models to explain

the sensed motion.
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the last one or two quantization bits,

one-third bit are again obtained for both sensors,

0.0042

PSDs for these conditions are shown in Figures 19 through 22,

0,016

Using a Gaussian assumption for the
underlying noise processes which move these bits, RMS levels of roughly
Since there is this much

similarity between the gyro and accelerometer noise levels, it appears that

The RMS sensor outputs increase substantially when the engine is running.

cate that most of the RMS increase can be traced directly to various

They indi-

Pt Ry~ S ~IPTTVE 1IN T




& ool s

T RO TN T ——— o g G ki R T B T

HISTOGRAM
HLSTOGRA! 0.9042
0.0032
0. 0. 0002
0.0024 /
I S 1 2 3
BIT

MEAN = 3 BITS

l » - hgd
CUMMULATIVE + T

/
|
|
R
/
!
/

!

l___.h—.d&::E—l 1 )

-3 -2 -1 0 1 2 3
COMPARISON WITH GAUSSIAN COMMULATIVE YIELDS o = 0.39 BITS.

Figure 15. Gyro Noise Distribution (kngine Off)

3



CLORRVETR ey

i
2 ¥
B et e i

HISTORRA 4
N0- 8632
I\
A
ik
AR
| \
I A
0.0156 / ]p.f'lo’z
3 -2 <10 1 2 3

MEAN = 180 TITS (0,98 )

CUMMULATIVE
1 el ,’ - e
/ 0.8978
]
|
H
!
,
0.0156
/ /
L 1_,.,/#/ 3
-2 -1 0 1 2

COMPARISON WITH GAUSSIAN APPROXIMATION YIELDS ¢ = 0.3 BITS.

Figure 16, Accelerometer Noise Distribution (Engine Off)

76




(330 aurdudg) dsd 014D

LT 2andtg

“~=
[
Lo a
o
3"
‘___.‘.2.:2-
o o
'_,te.
——(."':T e
<
sl

T

=__
—

e e e e e

rz. SOUGTL L
R I E I
c oz v Z £ ¢ o < L5 v Z
— 2 & s i — I | 2 A — A I} ] i
¥
‘ -4 C1
i Q-

{
lm| ‘«
Zh
1595 /bap
é
(54
=1 1

-
~




(330 autduy) Sd J19319UWOId[220V

(Za) Fousrioag

e TS

‘g1 3aInJrg

0ot ‘o1 ¢ 1
' A | I ) f g
- o
!
il ?\M
I :?7“ WT;WL H
iy bl Wi 1
! N
I
K
i -0

e

78




ST e T e TR R AR e e

(a1pi autdud) dSd 044D *g1 2an3dtg

{zp) Aouariaay

"GOt o1

- (1
b VO

)

g ¥ l —

1°G

09

4-01
2
(-0
4
,(33s/62p)
0S4
p-01

=]
b~




(a1p] autdud) dSd 1219WOIIIIOV ‘gz 2andiq

v <

o N

-

|
w
_N

(1

60

LT

A
o E
@<
ok
- I
&%
A
.




(Nd Y juad33d 08 autdulg) dSd 03£LD °1Z dIn3tg

P Y
foo L€
o
=
XV

b .

01

mnma

-t
«©

3

onff

s
o
STV

&



(NdY 1uad13d 08 dutdud) ASd I913WOII3IDV

fze) Foaagrtiia,

*gg 23ty

’ vl [ ¥
: - ‘ + 7 S 11 v
v 4 w " o ‘- . — -\ n . + m
- |
1o
J
01
o
‘61
09 2t
m-oﬁ
X3 .,
o L e o s T A o T

N
«©




]

FLIGHT DATA

Sensor noise numbers applicable once the aircraft leaves the ground were
dediced from Kalman filter residual histories, as generated during flight
data parameter identification runs discussed in Section 8, These para-
meter jdentification runs used a general purpose identification program
(GPMLE) to fit a best linear model to the flight data. The model extracts

estimates of the (rigid body) sensor output, §k' leaving the residuals,

MY T §k’ due to either internal sensor neise, unmodeled dynamics

(e.g., structural modes), atmospheric turbulence, and mismatched rigid

bodyv motion. In the abscnce of turbulence and assuming a good model fit

for rigid body motion, therefore, the resi-duals provide "effective' sensor

noise time histories directly.

RMS noise levels from such residual histories are summarized in Table 15.
Four mancuvers are shown, corresponding to flight data segments docu-
mented in Section 6, It is evident from this table that effective noise
numbers in flight are substantially higher than both the hangar data and

the ground test data, This is highlighted in Figures 23 and 24 which illus-
trate the data from all test conditions in graphical form. The figures
clearly show that ground and hangar tests are inadequate indicators of
airborne noise statistics. They also show that, while the constant statistics
assumption made for PCMLE seems reasonably valid, the actual RMS
levels used in the acceptance test should be modified somewhat to match

the test aircraft sensors,

SRR e
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TABLY, 15, STANDARD DEVIVETION OF EFFECTIVE SENSOR
NOISE: FLIGHT DATNA

Mancuver 22 301 3:4

AMntude (feet) 201300 20129 19848 22500

Aluch 0. 14 0. 566 0. 85 1.12
GPMLE Residual
: lLevels (RMS)
{ Acceleromoeter 0.05H8 0. 050 0.050 0.0564
i (g'S’
' Gy ro (deg/sec) 0.11 0.079

| As o further evaluation of effective noise statisties, it would have been use-

,' ful to repeat the analvses an Pable 15 under turbulence conditions, There

,!» is some rationale to suggest that effective sensor noise should increase
further with turbulence level because of increased unmodeled structural j
excitition,  in the absence of turbulence dinta, we are forced to rely on
conclusions from related noise modeling efforts conducted on the SA AR

r JA=3T aireraft (Reference ), These suggest that effective noise increases

due to turbulence are probably negligible,
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SECTION 6

PARAMETER ESTIMATION WITH FLIGHT DATA

In order to gain increased confidence in the algorithm prior to tlight test,
PCMLE was exercised with recorded sensor outputs from F-8C flight
tests, Since the flight recordings do not contain PCMLE's own test signal,
data segments with lurge pilot commands were used to pr"ovide good
conditions for identification. Results of these off-line exercises are veiy
positive and provide a high level of confidence for successtul closed-loop

flight tests,

In addition to the PCMLE exercises, a general purpose maximum likelihood
estimation (GPMLE) algorithm developed for the F-8C (Reference 1) was
used to estimate ull pitch axis parameters in a conventional iterative batch-
processing mode. Results from both the PCMI.E ond GPMI.E estimation
ars presented and compared in this section, They provide a data base for

flight test recommendations made later in the report.
TEST POINTS

Flight conditions for which flight data were processed are plotted in Figure
25. This is an adequate number of conditions for checking PCMLE, although
more data at 40,000 ft (12,195 M) would have been desirable. The flight
records examined contain 15 pitch doublet maneuvers covering a dynamic

range from 126 psf to 840 psf. These have all been processed with PCMLLE,
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Figure 25. F-8C Flight Data Test Points

Several lateral maneuvers were also used as ''disturbances' to PCMLE to
evaluate the effect of lateral maneuvers on the pitch axis estimation,
Finally, an acceleration run from Mach = 0, 82 at 37,000 ft to Mach = 1,15

at 30, 000 ft was processed.

The flight data for each test point consist of time histories for the three
measurements needed to drive the PCMLE software. The time histories
were sampled at 50 sps. Other related measurement parameters are
given in Table 16, Note that the accelerometer was located at the c.g.
Also, the quantization level of each sensor is higher than the ground data

quantization used in Section 5.
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TABLE 16, F-8C MEASUREMENTS

Prefilter Quantization

40 iz +170 deg/sec 0.138 deg/sec

Measurement

Pitch rate (q)

Normal acceleration +8 g

0.0156 g

+11,75°,
-21.5°

Elevator position
(. !

0. 0325 deg

Six longitudinal maneuvers (two consecutive pilot doublets each) were
extracted from the Flight #2 data tape. Each maneuver is a 10, 24-second
segment, The maneuver start times are given in Table 17 for the time
references of the tape. Five similar segments containing pitch axis pilot
commands were extracted from the Flight #3 data tape. These are also
identified in Table 17. For shorthand reference to all i2 data segments,

the symbol ""Maneuver i:j" will be used to designate Flight i, Maneuver j.

Plots of the maneuver time histories for all 11 maneuvers are shown in

Figures Al through All in Appendix A. Note that the accelerometer

measurement on Maneuvers 2:5 and 3:5 are contaminated with low frequency

oscillations.

PCMLE PERFORMANCE

The above maneuvers were used to exercise the baseline PCMLE algorithm
(two parameters were identified using a single Newton-Raphson step) and

also two of the software options:
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1, The second Newton-Raphson correction, and

2, ldentification of additional parameters,

Since the algorithm for all these cases is nominally set up to operate with
measured servo position, a modified actuator bandwidth parameter, ACTBW,
was used to operate with the available measured surface position instead. The
bandwidth was moved from 12,5 rad/sec to 100 rad/sec. In addition, the accel-
erometer noise parameter, SIGACCQ, was increased from the nominal value of
0.02 g RMS to 0.04 g RMS, as suggested in Section 5, ‘The distance param-
cter, DIST, was set to zero to match the ¢, g. location of the instrument.

All other parameters remained at their nominal values in Table 5.

The Kalman filters in PCMLE use a parameterization based on "unflexed" M

)
because the functions are simpler, Therefore the parameters estimated by
fitting data to the model will also be "unflexed, ™
Table 18 summarizes performance of the baseline algorithm for the 11
flight test points, Estimated variables in the table are the following:

1\‘/160 -  PCMLE's estimate of surface effectiveness before quasi-
state flexibility corrections,

ﬁ'be - Surface effectiveness estimate after quasi-state flexibility
corrections,

SM -  PCMLE's estimate of the one-sigma accuracy of its M{,o

§ estimate. This tends to be an optimistic number because

PCMILE does not recognize errors due to unidentified
parameters,

02 - Estimate of small perturbation parameter C, used to calcu-
late pitching moment due to angle-of-attack,
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°c - Estimate of the one-sigma accuracy of the (32 estimate,
2 Scaled up by IM%!. this parameter gives a rough (optimistic)

indication of the expected accuracy of PCMLE's Ma estimate,

ﬁa - Estimate of pitching moment coefficient due to angle-of-
attack, as computed from 1\350 and Cz.

\ - Estimate of velocity

CH - PCMLE's selected min-L channel,

GUS‘. Al Al et s R a f » e t- 1 - l l s h > l\

Lovel PCMLE's estimate of random vertical gust level, either high
(5 ft/sec RMS) or low (1 ft/sec RMS),

SIGSQ - Estimated scale factor on the residual magnitudes of the

min-I. channel, SIGSQ = 1 corresponds to nominal noise

conditions,

Time histories of the min-1. channel's gyro and accelerometey residuals,
~

the estimated RMS error 5]\’[5' and the ]\7150. Nkl(\e. M, and v estimates
themselves are shown for cach maneuver in Figures Bl through B11 of
Appendix B, Note that the starting transients include some drift in the
estimates since PCMLE is not getting any information until pilot commands
starte As mentioned earlier, the normal PCMLE test signal is not

present in any of the flight data,

Compared with expected (simulation) parameter values for the test points
in Table 17, all the estimates in Table 18 are reasonable except those

for Maneuver 2:5. This case produces a more negative 1\7[60 estimate than
expected, especially when compared to Maneuver 2:6 which is nearly the
same flight condition. Looking at the raw data for Maneuver 2:5, we see

that the accelerometer is particularly noisy for this maneuver and contains

93




the unexplained low frequency oscillations noted earlier (about 3, 25 [z),

; ’ This probuably explains why PCMLE goes to the high gust estimate and

| seleets a lower Mf’o value, Note, however, that the amount of shift in M,,lo
:i‘ (50 percent over the value on Maneuver 2:6) should cause no closed-loop

:\ stability or performance problems,

|

?

Following the above baseline *uns, a selected subset of cases was rerun
with a single channel located at the parameter estimates from the first run. ¥
This corresponds to a second Newton-Raphson correction performed in

sequential fashion., Rcsults of these experiments are summarized in Table

19, Their time histories are shown in Appendix C,

The results verify two properties of the PCMLE algorithm:

1. The first Newton-Raphson parameter correction achieves

improved fit to the flight data, This is evident by comparing

residual traces for the baseline cases with residual traces from
the second iteration, The bascline residuals correspond to the
min-L channels indicated in Table 18, while the second residuals
correspond to channels located at corrected parameter values
from the first Newton-Raphson steps. Note that the second
residuals are smaller but still do not resemble white noise
during the pilot input periods. This is because PCMLE's channel
models ignore severul aircraft parameters which are weakly
identifiable under iest signal conditions but can produce sub-

stantial residual errors under large pilot inputs.
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2. The first Newton-Raphson correction comes close to achieving a
local minimum of the two-parumeter likelihood function imple-
mented in baseline PCMLE. This is evidenced by the fact that
the second corrections in Table 19 do not move far from the first
corrections in Table 18, Most changes are within one- or two-
sigma units of the algorithm's own optimistic accuracy estimates,
Hence, the second step is "'satisfied" with the location found by
the first., We note again that, because PCMLE's models ignorc
sceveral other aircraft parameters, the locatior of this local
minimum does not necessarily correspond to the true parameter
values. According to our identifiability and design studies, how-

cver, it should be accurate to within 10 percent or so,

As a final experiment, the effects of estimating additional parameters were
examined using Maneuvers 2:3 and 2:5. Results of these tests are summar-
ized in Table 20, For cach maneuver, two-, three-, and four-parameter
identification trials were run, These show small changes (“elative to
PCMLE's accuracy estimates) of the original two parameters when addi-
tional parameters are estimated. The additional parameters themselves
are found only crudely, as indicated by their corresponding accuracy esti-
mates. For example, the expected one-sigma error on C: (small pertur-
bation parameter for velocity) is greater than 35, The maximum variations
of C3 are known from wind tunnel data to be only +60. Similarly, the small
perturbation parameter for ZQV has expected one-sigma errors greater than
7.20. Its maximum variations are known to be + 10.0. Hence, while
PCMLE produces numbers for the additional parameters, their accuracy

is hardly better than a priori knowledge. This is consistent with past

identifiability and design studies.
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PARAMETER ESTIMATION WITH GPMLE

Selected maneuvers from Table 18 were also used to conduct identification
runs with a general purpose maximum likelihood algorithm (GPMIL.E). This
software was used to do the original identifiability analyses which led to the
PCMLE design (Reference 1), 1t uses a conventional iterative batch-
processing approach to parameter estimation. The parameter estimates
arc updated with standard Newton=-Raphson steps until the likelihood function
censes to imvrove.,  For this algorithm, the various gradients required are

analytically computed,

e e v ———

The identification model used by GPMLE was a three-state pitch axis model

with discrete measurements of pitch rate and normal 2cceleration. The

model is
q Mq Mu 0 q M‘Se 5e 0 £ Mo
4 a = 1 Z -V/Sllla.l+ |2 +]o Vi, glv
dt T a T be a\L
“g 0 0 -V/SL “‘g 0 N 0
b -l boar = 2 ol b - b -t e -
& 2 1
., 1 0 O0llqg 0 e oq 0
N |- - . 2
. dM Ma zav o @ + dM5 ZGV + 0 o
m 2
‘g
-
where
£, 7 = white noise
d = acceleration displacement from c.g.
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- Model Parumetesization

One of the features of the PCMLE algorithm that allows it to work well
while estimating a small number of parameters is its method of parameter-
‘ ization, The coefficients appearing in the above model are computed from

R R

| one dominant parameter C,’ (which is M 0) plug other amall perturbatjon

purameters ((i‘ through (Y4. (‘.6) as shown in Table 21,

TABLE 21. ¥-8C MODEL PARAMETERIZATION

M = «0,24 +(0.028 - 0,017 (32) 05 +C

1
Mo = (0,61 +0,92 Cz) C5

\ = (200 + C3N -E5
ZaV = (63 + C4) C5

4]

So Cq

Z(‘_)VQ - (1.7 + CG) C5

Correction for quasi-static flexibility:

1

2
Mg, = Mg (1+0.016 Mg +0.0002 My )

u

Z gV

(Z VM /Mg

eper e g R R N W S o s s

4
iy
3
:
.
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GPMI.F Results

The parameter estimates obtained with GPMLE are summarized in Table 22, |
Estimates of Mq. M, V, ZIV. and ZV are plotted against Mbe in Figures ;

26 through 30. 'The figures are the original scatter plots used in the model

analysis on the F-8C aduptive study (Reference 1), The x's and o's repre-

sent the model parameter values at 25 flight conditions which were used to
establish the PCMLE functions given in Table 21, The functions are plotted
as solid lines. The four flight data points from Table 22 are ploited as A's,

Comparison of the flight data with the original linear models shows that the
model fits quite well for M, V, and Z 4V (Figures 27, 28, and 30), llow-

ever, the aircraft seems to have more damping (M qQ’ Figure 26) and larger
¢.g. acceleration due to surface deflection (ZV, Figure 30) than indicated
by the model. Moreover, there does not appear to be a need for the quasi-
static flexibility correction used in Table 21, The original model data in
Figures 27 through 30 are plotted as a function of "unflexed" surface effec-
tiveness, Mao. while the flight data is plotted as a function of actual
("flexed") Mg o

Since these plots are compatible (except for the scale factor changes on M q
and Z V alrcady mentioned), it follows that Mf*o may just as well be

interpreted as M‘se'
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GPMLE and PCMLE Comparisons

A coniparison of PCMLE and GPMLE estimates for a subset of maneuvers

is given in Table 23, For the M 5 and Mcx parameters, a percent difference

is ulso shown which indicates thut the two estimation procedures agree to
within reasonable percentages. True values of these parameters are, of
course not known. For the V estimate, on the other hand, a measured air
data value is available, This value falls somewhere between the GPMLE and
PCMLE estimates. The GPMLE velocity estimate does not improve over the
PCMLE estimate at two test points (2:2 and 3:1), Both the percentage differ-
ences and the differences between estimated and measured values are consis-

tent with theoretical performance predicted during the PCMLE design program,

Representative comparisons of GPMLE and PCMLE residual time histories
{v = y-Sr) are shown in Figure 31, These traces correspond to the residvals
from the last iterition of GPMILE (a Kalman filter located at the parameter
values in Table 22) as compared with the residuals from the min-1. channel
of PCMuLE (a Kalman filter located at onc of the nominal channel locations
given in Table 6). Both filters fit the raw signals quite well, llowever, it
is clear that the GPMLE filter should (and does) fit better because it
includes several aircraft model parameters not recognized by the PCMLE
filters. The net effects of this improved fit are the 10 to 20 percent

parameter differences already noted in Table 23,
MANEUVERING FLIGHT

The performance of PCMLE during a maneuver is shown in Figure 32. The
top five traces show the response of the aircraft., The maneuver, lasting
about 135 seconds, is an acceleration from Mach = 0, 85 to Mach = 1,15
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during which the altitude decreases from 41, 000 feet to 23,000 feet. This
is immediately followed by a deceleration back to Mach = 0, 89, The F-8C

is supersonic for about 57 seconds during this maneuver,

The rlcxt two traces show the “7‘68 and 1\7!0 estimates from PCMLE, Note

how M, goes sharply more negative (as it should) as the aircraft goes super-
L;onic. The M;,, estimate was used to produce an estimated dynamic pressure
G. In the bottom trace of Figure 32, this estimate is compared to a dynamic
pressure (&a) computed from the measured altitude and mach number,

The q crror is initially large (for 10 seconds or so) because there is no

pilot activity, (This maneuver does not contain any test signal.) During

the remainder of the mancuver the RMS error is about 20 percent.
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SECTION 7

FLIGHT TEST RECOMMENDATIONS

Based on the acceptance test and flight data processing results discussed
in previous sections, the PCMLE software is judged to be ready for flight
test evaluation, Recommended nominal parameters, test inputs, and
evaluation experiments which should be incorporated in the flight tests are

discussed in this section.
NOMINAL PCMLE PARAMETERS

The flight tests should be initiated with the same nominal PCMLE para-
meters recorded in Table 5, except for the following modifications:

1. Modified PCMLE model parameterization

MQl = 0,044 (old value 0.028)
ZDV1 =13,8 (old value 7, 7)
FX1 = 0, (old value 0, 016)
FX2 = 0, (old value 0, 4002)

The first two changes alter the pitch damping function and the acceleration
due to surface deflection function in PCMLE's models. The remaining
changes remove quasi-static flexibility, These are justified by GPMLE

results in Section 6.
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2, Maodified sensor noise

SIGACCO = 0,086 (old value 0. 02)

This chunge increases the accelerometer noise tevel to the value found in

Scction 5,
TEST SIGNALS
Test inputs for PCMLE flight evaluation should include normal pilot inputs

ap.d flight disturbunces, plus random test signals generated by the filter

network shown in Figure 33.

RANDOM TEST
NUMBER LIMITER SIGNAL
GENERATOR

Figure 33. Test Signal Generation

This filter is mechanized as a subroutine of PCMLE and corresponds to the

same test signal routine used for simulator design evaluation at Langley
Research Center. The output should be applied as a C*~command to the
pitch axis control augmentation system. The random number generator
provides a uniform distribution from -0,5 to +0.5. The frequency and

damping of the filter are adjustable, as is the RMS level of the test signal,
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Provisions have been added to produce sine wave and square wave test
signals with the same software. To do this the input and damping are set
to zero and initial conditions on the filter are defined to produce a sine

wave. By limiting the sine wave, a suitable square wave can be realized.
' A FOR™ AN coded version of the test signal subroutine is shown in Table

24, The various parameters are communicated through labeled common
(UTEST). Typical values are given in Table 25,

TABLE 24, FORTR/N CODE FOR TEST SIGNAL

p— A

SURROUTINF TSIG(MONE «'1T)
COMMON/ZHTESTZDT «SEFDoWUT«NUT o IGUTaUTINGUIT20 e UTMAX
UTZINPYT = SeSIGUT/(S#S o 24D TawyTes o vuTowyt)
INPUT = RANDOM NO wiTH 0 MFAN UNJFORM =0,5 T0 0.5
UT1eUT?2  STATFS IN SECOND NINFR FIL TER
60 TO (1e2) MDOE
INITIAL IZATION

1 W2UT==wWyTewTenT
TZWUT =2, 44 TEDIITONT
GAMUTO=GNRT (=24 4 T7iUIT)
Url=utTio

O "H"Oon

uyr2=uT20
RETURHY

2 SFFNsAMND(3175,#8FFNeW3IS59TI83A8, )
S=0,291NININLSATE=L08GFFD =« 0,5
S=EWAITEYTL » T7WUT2UT? o GAVUTORSTGUT S
UTI=UTY ¢ DTRUT,
UT2=UT?2 +» §
UtT=Uut?
IF (ARS(1JT) o GF J11TMAY) HYI=STIONMIHITMAX W UT)
RETURY
EnND
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TABLE 25, TEST SIGNAL PARAMETERS

» (WUT) = 6,0 --Frequency

f?

¢ (DUT) = 1,25 --Damping ratio

L

SIGUT 4,0 --RMS level

Initial Values:

SEED = 3051758125 --Random number generator seed
uTI1O =0 -=-Initial test signal

uT20 =0 --Initial test signal rate

UTMAX =10 -=-Test signal magnitude limit

FLIGHT EXPERIMENTS

Recommended flight test experiments with the PCMLE software are sum-
marized in Table 26. They fall into seven major groups which should be
completed in sequential fashion in order to maximize safety and experi-
mental value. An eighth group of experiments which involves off-line
processing of data from other groups is also recommended, These off-
line runs can be conducted as data become available. They serve to maxi-
mize the experimental value of available flight hours., A brief description

of each experimental group is given in the following pages.
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Group 1: Test Signal Acceptability

These experiments can be conducted with the standard air-data scheduled
¢ -command control mode. The random test signal should be mechanized 1
as shown above und inserted ot the Ct-command point, With several differ-

ent pilots and at several straight and level trimmed conditions, the RMS

test signal level should be slowly increased by a ground-based experimenter .
f from zero to 10 ft/sec, The pilot should be asked to indicate when he first
detects the signal and when it hecomes unacceptable. 'The corresponding

levels should be noted by the experimenter. We recognize that the defini-

tions of detectability and acceptability must necessarily remain vague and
that the entire experiment will at best be " informal' in the human factors
sense.  More sophisticated experimentation is not justified unless the test

signal level turns out to be a crucial design and performance issue,

Group 2: Open-l.oop RAV Operation

These experiments repeat selected mancuvers from this report in the real-
time RAV environment but with uplink data unused (i. e., control gains
should be set by the air-data schedule), Each experiment should quali-
tatively match estimation results prescnted in this report., This will verify
proper real-time downlink/ RAV/PCMLE operation, The received uplink

: gain purameters (unused) should be compared via telemetry with on-board
air-data scheduled gains and with PCMLE's sent uplink parameters., This

verifies proper uplink and gain-scheduled operation.
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Group 3: Open-l.oop RAV Operation With Test Signals

Thesc experiments examine estimation uccuracy in straight and level "hands

off" flight at several test signal levels, The aircraft should be in the stan-
dard air-data scheduled C*Command Mode, and PCMLE should be in its i
bascline configuration, The test signal level should range from less than

detectable to barely acceptable, as determined from Group 1 experiments,

iroup 4: Closced-Loop RAV Operation

These experiments repeat selected maneuvers from this report with the

RAV loop closed, That is, the aircraft should be in the Adaptive C*-Command
Mode, and PCMLE should be in Bascline, Cases with pilot commuands only

and with pilot commands plus selected test signal levels (from Group 3) ‘
should be run and should qualitatively match estimation results presented |
in this report, Closed-loop handling qualities should be judged by the s
pilot and should closcly approximate the scheduled C*CAS mode ratings.

If these flight results are positive, other test points not covered in this 4

report should be evaluated as available.

Group 5: Flight Transitions

These experiments examine PCMLE's tracking pability in closed-loop

RAV operation, Cases should be run with test inputs only and with occas-

ional (normal) pilot inputs,
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These experiments evaluate PCMLE performance during various flight
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—

muneuvers and configuration changes, The aircraft should remain in the
Adaptive C*=-Command Mode throughout, and PCMLE should be in Baseline

with a test signal level judged acceptable from previous flights,

g

.
i
l

Group 7: Flight in Turbulent Air

PCMLE performance should be evaluated in turbulent flight environments zi

as ayailable.

Group 8: Off-l.ine Duta Processing

These experiments use selected flight data from Groups 1 through 7 (. ¢val-
uate various PCMLE options. Using prerecorded data for this purpose
serves two functions. First, it makes more effective use of available flight
hours, and, second, it provides a biscline run over the same data against

which to make performance comparisons,

The options which show greatest promise include:

[ ] Channel Reconfiguration
More or fewer channels

More channels without Newton-Raphson parameter corrections

) Kalman Parameter Corrections

I
v
M

%

Unaided (as presently mechanized)

Aided with other data (as discussed in Reference 2)
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[ Sample Skipping

Indications to date are that the second Newton-Raphson step option and the
option to find additional parameters have little promise and hence should be
of lower priority., Two recommended channel reconfiguration options are
given in Table 27, One uses only three channels and hence relies heavily
on the Newton=-Raphson parameter correction step for accurate estimation,
'The other uses ten channels, It should be evaluated with and without a
Newton-Raphson parameter correction step and also in combination with
sample skipping. RBoth procedures would offset the increased computing

time needed to handle the large number of channels,

Additional details on the recommended experiments in each of the above
groups can be found in Table 26. We note that these experiments are not
intended to represent a rigid protocol for flight experimentation with PCMLE;
rather, they should be viewed as a rough experimental outline to be enhanced

and modified as the opportunities of the moment permit,
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TABLE 27,

CHANNEL RECONFIGURATIONS
(C“ = O for All Channels)

[ ————
CHANNEL M,
e
1 -5.0 0 0
2 -20.0 0 0
3 -26.7 1, 60,
1 -3.25 0 0
2 -4, 67 0 0
3 -6.176 0 0
4 -9, 69 0 0
5 -13.9 0 0
6 -20.1 0 0
7 -28.9 0 0
8 -41.7 0. 0.
9 -28.9 1, 60,
10 -41.17 1. 60.
U A

o
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SECTION 8

CONCLUSIONS

The goal of this program was to refine the PCMLE design and prepare it

for flight evaluation on DFRC's Remotely Augmented Vehicle facility,

The refinement includes several steps:

1.

The addition of a number of options to enhance the research value
of flight tests by permitting easy modification to the baseline
configuration (such as adding channels, varying the sample rate,
cte. ), Proper operation of these features has been verified on
the F-8C Iron Bird,

The determination of sensor noise statistics from ground tests
and in-flight recordings. Results show that the statistics are
reasonably constant over the flight envelope. Specific values
recommended for the PCMLE algorithm are based on time histor-
ies of Kalman filter residuals from the flight records. The
assumption that sensor noisc does not have to be identified on-

line was confirmed,

Identification performance was checked using the flight data,
These estimates were cross-checked with batch MLE identi-
fication and compared with wind tunnel data, The estimates are
consistent, QOverall performance on flight data correlates well

with theoretical predictions and simulation results.

123

;
E
:
4
3
;
i



The PCMLE design is now ready for flight test, Specific experiments ure
recommended in Section 7, Successful flight demonstration of the design

signifies renewed vitality of adaptive flight controls in modern digital

implementations,
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APPENDIX A

FLIGHT DATA TIME HISTORIES
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