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I. INTRODUCTION AND OVERVIEW

‘System identification technology has been used
successfully for many vehicles. Because of their
large number of degrees of freedom and complex aero-
dynamic interactions, the rotorcraft have always
presented a special challenge to system identification
methods. A completely integrated methodology has been
developed under this NASA contract to solfe this
difficult prdblem. This mefhodology_has also been
translated into a user oriented series of computer
programs. This volume provides basic guidelines for
efficient and effective use of one of these computer
programs. t

Figure 1 shows a schematic flowchart of the overall
data prdcéssing technique for rotorcraft. The first _
stepAin.this procedure is state estimation and instrument
calibration. This is implemented by the computer program
DEKFIS (for Discrete Extended Ealman Filter and Smoother)
which implements an extended Kalman filter/smoother using
the Friedland-Duffy formulation.. Instrument biases and
scale factors are estimated at this stage together with
any state which is not measured directly. The second
step involves estimation of the mathematical model of
various forces, moments and interchanges. This is
implemented in OSR (Optimal Subset Regression) computer
program which uses a regression technique. Accurate
estimates of parameters are obtained in the final step.
One of two computer programs is used for this purpose.
SCIDNT implements the maximum likelihood method for linear

systems and NLSCIDNT extends the method»to nonlinear
rotorcraft models. ' |
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STALCTURE USUNG
INFGRMATION MATRIX

Integrated Rotorcraft System
Identification Procedure

Accuracy of parameter estimates may be improved

Oy using flight test inputs based on the input design

program, INDES.

This user's manual describes the

computer program.

report. *

NLSCINDT

The details of the theory and the
particular implementation used are given in the final

* Hall,

W.E., Gupta, N.X., Hansen, R. and Bohn,
"State Estimation and Parameter Identlflcatvon

J.,

for Rotorcraft,'" final report on contract VASI 14549,

May 1978.
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This user's guide describes the structure of the NLSCIDNT
Vprogram; the program's input and output, and illustrates them
with example runs. It also gives guidélines for the program's
effective use and information on selected topics which the
reader will find helpful in using the progranm.

The contract research effort which led to the results in this report was
financially supported by the Structures Laboratory, USARTL (AVRADCOM),
NASA Langley Research Center and NASA Ames Research Center.



CHAPTER II
BACKGROUND

The nonlinear, maximum likelihood, parameter identification
computer program (NLSCIDNT) described in this user's guide was -
written by Systems Control, Inc. (Vt) to evaluate rotorcraft
stability and control coefficients from flight test data.

The program has the following features:

The optimal estimates of the parameters (stability and
control coefficients) are determined (identified) by
minimizing the negative. log likelihood cost function.
These maximum likelihood estimates are asymptotically
unbiased, consistent, and efficient (see Appendix A)
[(1,2]. _ '

‘The minimization technique is the Levenberg - Marquardt

method, which behaves like the steepest descent method
when it is far from the minimum and behaves like the
modified Newton-Raphson method when it is nearer the
minimum. Hence, the technique becomes quadratically
convergent as- it nears the minimum, and at the same

- time it avoids the divergence problems often associ-

ated with quadratic techniques when far from the
minimum. : ' '

Twenty one states and 40 measurement variables. are

~modeled, and any subset may be selected. States which

are not integrated may be fixed at an input value, or
time history data may be substituted for the state in
the equations of motion.

Any aerodynamic coefficient may be expressed as a non-
linear polynomial function of selected "expansion
variables.!" This feature gives the user great flex-
ibility to model nonlinear aerodynamics through the
program's input without any changes in the program's
code. Up to five expansion variables may be selected
from a 1list of 17.

The states and state sensitivities (partial derivatives
of the states with respect to the identified parameters)
are propagated by an efficient implementation of a , -
variable-order, variable-stepsize, Adams-Bashforth pre- '

dictor and Adams-Moulton corrector algorithm due to

Shampine and Gordon [3]. :
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CHAPTER III
PROGRAM DESCRIPTION

3.1 PROGRAM STRUCTURE

The overall logic of the NLSCIDNT program is presented in
Fig. 3.1." It is intended to give the user a general overview
of the program and, therefore, it shows only the major routines
with a brief description of their purpose.

The subroutine calling structure is given in Fig. 3.2. The
user may find this figure useful in further understanding the
program's flow and in constructing an overlay structure if one
is needed. The program was developed on a CDC 7600 and re-

- quired 303,771 (octal), 100 345 (decimal) storage locatlons
(words). '

The functions of the various subprograms are sketeched
below: '

DRIVER is the main routine. It performs no calculations
itéelf,'but rather calls three routines--INPUT, SMAIN, and QUTPUT--
which accomplish the computational and input/output tasks.

DRIVER's most important function is the dimensioning of the major
arrays and setting up most of the labeled commons in the program.

BLACXD is a block data routine. Its major function is to
initialize arrays which contain labels for the measurement, con-
trol, and expansion variables for input/output purposes.

INPUT handles all of the program's input, checks for errors
in the inputs, and initializes various flags within the program.
It also prints this information as a record for the user.

FLAGIT is used by INPUT to set pointer arrays to the state,
measurement, and expansion variables which are to be used in the
Tun. | '
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Figure 3.1 NLSCIDNT Functional Flow Chart
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INREAD is called by INPUT to read the time histories of
the measurement and control variables.

PRNTP is caiied by INPUT to print the initial ﬁarameter
values which were read into the program.

SMAIN performs the main computational tasks. It searches
for the optimal parameter estimates by means of the Levenberg-
Marquardt minimization technique. It constrains the parameter
values within bounds set by the user, and it automatically
restricts the search for estimates of parameters having low
identifiability. This latter function is accomplished by adap-
tively modifying the effective rank of the information matrix.

CVINIT is called by SMAIN to compute the covariances of the
measurements and controls.

SYMVV1 is called by SMAIN to compute the eigenvalues and
eigenvectors of the (symmetric) information matrix. It is opti-
mized for use on symmetric matrices. The eigensystem is calcu-
lated by the QR algorithm after the matrix has been put in tri-
diagonal form by a Householder transformation.

UPDATE: (1) propagates the state estimates (%) and state
sensitivities (5X/38) with respect to the parameter estimates and
computes the measurement estimates (¥) and their sensitivities
(5¥/38) by calls to appropriate subroutines; (2) calculates the
cost function and its first and second gradients for use by SMAIN;
and (3) stores the measurement estimate time histories for use by
@UTPUT.

INTGR8 1s called by UPDATE to oversee the integration of the
first-order differential equations for X and 3%X/38 forward
one sample time increment. This is accomplished by a variable-
order, variable-stepsize, predictor-corrector algorithm. The
algorithm chooses its own order and stepsize to most effici
satisfy relative and absolute error bounds on X and 5%/
by the user. The resulting stepsize may be more as well as lass
than the sample time increment.




STEP is called by INTGRS to perform the actual integration
of the equations. In general, the integration stepsize is not
a rational fraction of the sample time interval.

INTRP is called by INTGR8 to interpolate the values of <X,
3x/38 and their time derivatives at the data sampling times.

DXDTNL is called usually by STEP but initially»by INTGRS
to obtain the time derivatives of x and also a&/aéi, where §i
is an identified parameter..

YAHAT is called by UPDATE to evaluate ¥ and 37/38 at
»the data- sample times glven X and 3x/38 at those times. ‘

STATE has. five EVTRY points. A call to STXTE 1n1t1a11 es
variables used elsewhere in the subroutlne STATIC sets tHe
state initial condltlon.estlmates, x(0). STAICI sets the state
sensitivicy initiai condition estimates, -ax(O)/ae A call to
'XDQT computes the time. derlvatlve of the state estlmates, dx/de.
A call to XTHD@T computes tle tlme derlvatlve of the state sensi- .
tivities with respect to a spec1rled paramete d(3x/38, )/d‘
NTherefore, the vehlcle equatlons of motion ‘appear in thls sub-
" routine. '

- MEAS has three ENTRY points. A call to MEAS evaluates the
‘measurement nqise'covariehce'matrix, R. HCGMP cemputes the |
measurement estimetes, ?t. HTHCMP computes the measurement sensi--
tivities with respect to a specified parameter, | ay/3e There-
fore, the measurement lnstrument equatlons appear in tHls routine.

CQEF evaluates the aerodynamlc coefficients requlred oy the
vehicle equations of motion in subroutine. STATE.

DCPEF evaluates the partial derivatives of the aerodynamic
coefficients with respect to each of the identified parameters.
CONTRL finds the values of the control inputs at any speci-

fied time by linear 1nterpolatlon between the neare:t >ample time
points. '



QUTPUT perfdrms three tasks: (1) it'computes the combined
optimal parameters if the a priori information matrix is not zero
(see Section 5.3); (2) it writes the time histories of the con-
trols, measurements, and measurement estimates to tape; and (3) it
uses PRTPLT to produce plots of the estimated measurement time
history fit to the actual measurement time histories and to plot
the control input time histories.

- In addition to these major subroutines, there are ten utility
routines of which use is made by several of the above routines.

ADD finds the sum of two matrices.
-EQUATE sets one matrix equal to another.
;gz‘finds the inverse and determinant of a matrix.
MULT finds the product of two matrices.
"gggi writes a matrix on the printer.
RDTITL‘reéds a card containing the run‘title.
~ SUBT finds the diffarence of .two matri;és;
ZERQ sets a matrix equal to the zero matrix. .

ASPERR produces a ''walk-back' when an €rror in computation
is detected. ' ‘

LNCNT prints the run's title at the top of each'page.

PRTPLT produces plots on the printer:
3.2 EQUATIONS OF MOTION

The maximum likelihood identification algorithm mavy be
applied to any dynamic system. NLSCIDNT was coded specifically
to model the motions of a rotorcraft, These equations are
WTitten in terms of the 23 state Variables and eight con-
trols listed in Table 3.1. '
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Table 3.1

State, Control, and Measurement Variables

'STATE VARIABLES

INDEX

SYMBOL DEFINITION - UNITS
1 u Tongitudinal component of velocity ft/sec
2 v lateral component of velocity ft/sec
3 W ‘vertical component of velocity ft/sec
4- P body roll rate rad/sec
5 q body pitch rate rad/sec
6 r' » body yaw rate rad/sec
7. s " Euler roll angle rad-
8 ;] ‘Euler pitch angle rad
.9 | Y Euler yaw angle: rad .
10 B, collective flap angular rate . rad/sec-
11 ‘élc ~longitudinal flap angular rate rad/sec
12 By | -lateral flap angular rate ‘rad/sec
13 Bofj . collective flap angle “rad
14 - Blc flongjtudina1 f];p angle rad
15' »_?15 - lateral flap angle » - rad
16 s collective lag gngular rate. rad/sec
17 Flc - longitudinal lag angular rate 'rad/sec
18 Zys - 1atera] lag angular rate rad/sec
- 19 o) rotor speed variation rad/sec
20 Co collective lag angle ‘rad
21 %1c ;'1ongitudinal‘1ag:angle rad
22 B1s lateral lag angle v rad
23 awr rotor angular po;ition variation rad

11




Table 3.1 (Continued)

CONTROL VARIABLES .

INDEX SYMBOL DEFINITION UNITS
1 eo collective pitch of blades rad
2 8¢ lateral cyclic pitch of blades rad
3 81s longitudinal cyclic pitch of blades rad
4 S1R pitch of tail rotor blades rad
5 8 elevator angle rad
6 da aileron angle rad
7 Gr - rudder angle rad
8 éf f]aperon angle rad
MEASUREMENT VARIABLES
INDEX- | SYMBOL - DEFINITION UNITS
1 a, 1ongjtudina] accelerometer : ft/secz
2 a lateral accelerometer - ft/sec
y : .2
3 ?z vertical accelerometer_ ft/sec2
4 ?m roll angular ac;e]erometer rad/sec2
5 I pitch angular accelerometer . 'r‘ad/S?C2
6 m yaw angular accelerometer - rad/sec
7 P roll rate gyro rad/sec
8 9 pitch rate'gyro rad/sec
9 ro yaw rate gyro rad/sec
10 O roll position gyro rad
11 em pitch position gyro rad
12 wm _ yaw position gyro rad
13 o angle-of-attack vane rad
14 Bm sideslip vane rad
15- Vm pitot tube ft/sec

12




Table 3.1 (Continued)

MEASUREMENT VARIABLES (Cont'd)

INDEX SYMBOL DEFINITION UNITS
16 Un longitudinal velocity ft/sec
17 Vi lateral velocity ft/sec
18 W - vertical velocity ft/sec
19 me rotor longitudinal force 1bs
20 - YRm | rotor lateral force 1bs
21 sz rotor vertical force 1bs
22 LR rotor roll moment ft-1bs
23 MRm rotor pitch moment ft-1bs
24 NRq, rotor yaw moment ft-1bs
25,-? v Blm flap-angle of blade 1- rad
26 Bzm flap angle of blade 2 rad
27 B3m flap angle of blade 3 rad
28 Bam flap angle of blade 4 rad
29 BSm fjap,ang]e of blade 5 rad
30 . 86m flap angle of blade 6 rad
31 B flap angle of blade 7 rad
32 % m lag angle of blade 1 rad
33 Zom lag angle'of.blade 2  rad

- 34 Zam - lag angle of blade 3 ‘rad
35 % am lag angle of.blade 4 " rad
36 Com - lag angle of blade 5 rad
37 Cem lag ang?e of blade 6 rad
38 Sm lag angle of blade 7 rad
39 (cos wR)m cosine of rotor azimuth N.D.
40 (sin wR)m sine of rotor azimuth N.D.




The equations of motion are lengthy for the sake of com-
pleteness. As a result, they contain terms which will frequently
be negligible, and they contain far more aerodynamic coefficients
than can be accurately identified with ordinary rotorcraft
instrumentation. With properly designed control inputs and with
highly accurate and very complete instrumentation such that all
state variables are redundantly observable, it would be possible
to use the complete set of equations of motion and identify all
significant parameters, However, in the common use of the pro-
gram, only subsets of the equations are integrated and only the
parameters appearing in those integrated equations are identified.

For this purpose, the user has the option of fixing any state
at its initial value or reading in a time history for it rather
than letfing the program propagate that state by integrating
its differential equation. A considerable savings in computation
time is realized if states unnecessary to the problem at hand are
not integrated. As an example of the use of these options, suppose
lateral directional data about a trim condition is to be processed
but significant perturbations in pitch, angle-df-attack and
flapping occurred. Then the user may choose to have the lateral
states v, p, r, and ¢ integrated; to hold u, the rotor lag and
speed states at their initial values, and to substitute measure-
ments of q, 8, w (perhaps derived from angle-of-attack) and
the six flapping states for these state variables in the equations
of motion. '

The 13 degree-of-freedom, nonlinear equations of motion are
in body-axis coordinates with origin at the center of gravity.

Wx = f (3.1)

The state vector is

x=[uvwpaqgqr ¢ 5 v By B1c 31s 70

. : 7
o "1c %S1s §Qp %o %1c %1s SYR (3.2)
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f

u -

1]

(I,-I)pr +'1

" Yaero Zhub

. 2.

¥ 00? R¥1 (g

* Taero(xhub cosbp * Zpyup Sindp) + N oll5q 8 1s

+ I-
(Ix-Iy)pq + I
2.5

+ pQ° R {CN

" Qero

* Miero * Haero(xhub sinfp f,zhubicoéeﬁ)

coseR + Nb Sln?R('Iéa B - I 3z

£ is composéd of the foilowing elements:

| . 1 .2 4 L
vr wa- g sing + a pQ" R T { Cx + TaerO-SIneR
- Hoero coseR}.
Wp - ur + g cos® sin¢ * L pQZ R4f {C,+Y }
_ ) m o y aero
uq - vp + g cose'c§§¢ + X sz R‘nt(c. -1 cos®
; -© T ome ' Tz aero R
- Hiero Sinfpl
(1,-Iar + I (a%r?) + (Ia - I_1)p.
Y Tz oyz R Xz° XYy
9 5 , : . , oo
+ pQ° R7m { CL +Q - .s1in8é_ - 1, CoseR

aero R aero

" Ba

+ Ny cos8p (I q” - Iy, 87 - I- cicl}'.

“1c za.

g it |
<z (T fp:) f.(Ixyr - I

-

ta %1s ~ Io(pvvc_oseR +_r.j51naR)]}

(p -q ) - (I yzp_I Qr

+Y X - Lopo Sinéy

aero “hub aero

1lc A ga “1c +qu )}

p + (q sin¢ + r co$¢) tand

15

- (3.

(3.

(3.

(3.

'63,

(3.

4)

5)

6)

7)

8)

9)



f9 = q cos¢ - r_sih¢

fw = (q sin¢ + r cos¢)/cos®

2 g

féo = -2I8¢ (p 51n6R - T coseR) - IB\)B o
+ p@? RO MO
=< .- = 2 . . ‘ . A
2 RSTr M1c> 

+ ZIBQ:(p coseR + T sineR) + o

- . , - 2 - . -
fsl - (Ig 85 vg * 2I58)8, - Talvg1)Byg - 21g4a

s °s
. DQ2 R57T Mls
fBo‘z Bo
£, =8
o 5lc le
f - é
‘Bls 1s
f. = -2I (pvsine'v-lr cosB,) + pQZ Rsn QO
;O Ty | R R o
o2 PR | . 2,5 lc
S1c = IC(vC 1z, (Ig 85 Vp * 2l 2)E g pQRT Q
= ' ' AL - 2,
f§15 (I 8gvg * 2I.2)8 To(ve-1egg
. OQZ RZw.le
- 2 .5 Q
fGQR pQ” R7m Q
. f.' - éo
%0

16

(3

(3.

(3

(3.

(3.

(3.

.10)

.11)

.IZj

13)

13)

.14)
15)
.16)
a7

.18)

19)




(s.

fclc i clc
£, =z (3.
Cls ls
£ = 60 (3.
GQR . R
where‘: L
C.=cC. +C. Z2+c. X X,.c B
X X, Xy QR xv QR Xy iR xp Q
+c. Yec. Taec. 6, +cC b
Xq Q R xr Q X8rr TR X5e ©
+ stasa'+ cxérar + chfaf (3.
aﬂ@ ‘Cy, sz Cr» Gy gnd CNf‘dre_eXﬁanded ;imilar}y;:
o 5 3 :
- ~0 , 1c : ls :
' . = T >.v+ T. —_— T. ‘ ARREN T. ) _+ T B -
aero o By W Blc Q EE Bls.vQA, BQ 0.
+ T, By + T, B,  + T ==+ Ts =5
CBele TBpgls e, ® Tgy R
t §Q . ,
. 21s . R : .
+ T: + T - + T, ¢, + T, 3
b1 W 8@ G 60 z;1<:-1C
+ T, gy *+ T, 6y +T. 6 + To 6, + T, 0
G118 S¥p 3 8,0 8. ;cv 0,5 1s
| (3.
and Haero’ Yaero’ Laero’ Maero’ and Qaero are expanded

- similarly;

23)

24)

26)

27)



SEREEE SEE SEF NS L RS
R e e
* Mgogo ¥ Mglcclc * Mglscls MgwRGWR ¥ Mgoeo
* Mglceic + Mglsels (3.23)

~and Mlc, Mls, Qo, Qlc, le, and QQ' are expanded similarly.

The elements of the matrix W which are not zero are: .

224 S,
W . = p * 3 sin BR

4

Y’

=.____£. 3
W COS,SR

=
e
3
(3]
Q
&)

=
n
[o
o
~
=}
z

18




W. = PR RT Nb'-—% cos 9

WBo m Q R
W . = Eﬂzﬁil ﬁh EE sin 6
WL m 2 Q2 _ R
pr = Ix
Wpq = “Ixy
wpr = Is

| _ |
W. = -p%R%m -2 .« B2 . <65 6
p - 2 QZ. R

- . Vo,
wao pPReR T (ZNb) - ° sin GR
W = DQZRS N 'E%E os ©
W o= -szst N lbo cos ©

pBls b o R
W.e = -pa%RoT N la sin 8
PZ, b Q R
N, S_ Z,
W_. = -pQZRSn b _g hub
p;lc 2 QZ R
I
25,5 0
w .o = - R —

19



w .

P,

= 00%R%1 (2N,

- 2,5
_-DQR“Nb

2,5
'QQ RTT Nb

- 092 5

I-
v,
) -5 sin eR

—
D™
[*]

R

cos eR




Tq yz
Wrr = IZ
N, I
245 b ."Ba
W_e = -pQ°R7w - —7 sin 6
rBls QZ R
W = - QZRsn (2Ny) ié& cos 6
rso P b o Q R
W = Qstn N Eég sin 6
8. ° Y R
S. IBa
Wrsls = -pQ°R%Tm Nb T sin QR

ré b
W . = on2r5- b St Xhub
i PPRT 7 7R
T%1c Q
205 »Io L

Wris = pQ°RY Nb 57 cos GR
W__ = -p@®R%r (2N.) Ity cos 6

TZ, e b Q R
W = -pQ%R%r N lia sin 8

T P b 0 R
Woo = 1



S

8 sin eR

-S

B cos eR

= - ss(zhub sin g -

B8

Ig 85 vg *
ZIB@

-I'Ba

= IB

= Ig 85 Vg
= ZIB

-IBa cos BR
-1 sin.eR

Ba

21

+

21

[g8)

Xpub €OS eR)

ro




We

o0%0
CowS

We
Clc

Ica

-IC

-21

Ig 85 Vg

51n_6RA

" cos eR

+

21,:

+ 2I -

44



'sc Zhub

SC Xhub

"I'ZIo

S_ cos eR
S_ sin eR

Sc(zhub cos 6p - Xhub sin eR)

= IC

- .21,

= 1. gg v, * 2l
1

1

24




1c1c
W =1
%1s%1s
W =1
Vs¥s
‘where
g = acceleration of gravity, ft/sec2
p = density of the air, slug/ft3
m = mass of the rotorcraft, slug
Q = reference rotor speed, rad/sec
R = rotor radius, ft
I, = rtoll moment of inertia = f(yz +22%)dnm, slug-ft2
Iy. = pitch moment of inertia = f(x2 +z2)dm, slug-ft2
I, = yaw moment of inertia = f(x2 +y2)dm,_slug*ft2
V'Ixy' = x-y product of inertia = Sxy dm,_slug—ft2
I, :# x-z product of inertia = Sxz dm, slug-ftz_
Iyz = y-z product of inertia = fyz dm, slug-ft2
: 1
Sg = fo NB mbdr
‘ All terms non-dimensional
: 1
St =/, NC mbdr
where .
N8 = st flapping mode shape, N.D.
NC = 1st lagging mode shape, N.D.
my = blade mass
“ implies division by QR. e.g. p” = p/e2R
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3.3 MEASUREMENT EQUATIONS

Forty measurement instruments are modeled in the program,
from which the user may select aﬁy subset. Different measure-
ment equations are applicable depending upon the set of
equations of motion selected.

3.3.1 Measurements for Complete Set

The equations which evaluate the measurement estimates when
the cbmplete set of equations of motion is used are:

(1) 1longitudinal accelerometef

a, = u - vVvr + wq + g sin g - (q2 + ro)x

*(pa - 1)y, * (pr +q)z_, + Db
S X

(2) 1lateral accelerometer.

Y

o

a, =V - wp + ur - g sin s cos 8 + (pq + r)ﬁcC
(=]
- S8y

2, 2 : |
IR P P (#q - p)zcgv * by

Yy
(3) vertical accelerometer

az. = w - uq + vp - g CcoOs ¢ cos g + (pr - q)xccr
. O =

-

- 2 2 |
*(rqa*+ply, - (@ +pT)z ., + b,
Sz ez




(4)

(5)

. (6)

(7

(8)

(9)

(11)

(12)

roll angular accelerometer
pm=p+bé
pitch angular accelerometer

dp = a4 * by

yaw angular accelerometer

r =T + b

m by
roll rate
Pm = p + bp

pitch rate
qm=q+b
yaw rate

Crom oo
m™ T "0

roll angle




(13) angle-of-attack vane

. -1 cg cg
an = (1+k)) tan TR %°q7 & * b,
eg, cgq '
(14) angle-of-sideslip vane
V""I"X - pz
2 a RS €83 " <85
am (1‘*k3) sin — VT + 04

where

2
Vo= [u-ry +qz J“*- V+rx -p:2 .]
T { "85 % RERRAEY

1
+ [quxcgsfpycgéJZ}z

(15) total velocity

Vm

2 2 2
(1 +KV) /ﬁ Pove + Wt o+ bV

(16) u_ = (1 + ku)u + bu

(17) Vm ~ (I + kv + bv
(18) wm = (1 + kw)w + bw
= 2 4 i - ‘
T 2.4

(20) Y = (1+ky )mpQR“R™ Y + b

Rm YR aero YR
(21) 7, = (1+k, )mon?R%(-H sin 8, - T cos 2.)+b

'Rm Zn ' aero - YR aero “R z

R

R




(22)

(24)

(25)

7(26)

(27)

(28)

L

(1 +k, Imea’R(Q

(1 +ky )ToQ

+ Zref sin eR)]1+ bM

'T(Bls+315

aero Zref) +.bL

(;-+kN

R

R

ZRS

aero
R.
M +H

. aero

aero

Ym0 R (% . Y

(ekg ) [85+8,

tef

r

-(B;_+B
| 1s lsref

- (8

(l+k84)[80+8

- (8

ls+

B

+B.

1s

1s:

1s

T

ref

Or

ref

ref

ef

) sin(Qt+6

e

)sin(Qt+v

e

)sin (Qt+6

sin eR - L

(%

) sin(nt+elj] + by
‘ 1 -

- (B1c*Bic

ff(§1¢+61c

8

1

-aero

~

ref €05 Op

R .

R
) cos(
ref v

1*88)] + b

ref

1

ref

+3A91)1 + b

cos 8

Qt+6

B,

B8

+2A91)) +-b83

f-(BiC+81C v)coS(Qt+§

) cos (Qt+6

1

4 .

R

aero(xref~51n eR .

R “ref "aero 'Laefo sin 6p-
- Qaero cos eR) +'bNR'
(L+k, )[8 +8_ - (8, +8,. ) cos(Qt +8.)
B17 770 TOres 1€ TlCreg e

1%481)

1

+2A61).

+3884)



.(29) ésm = (l+k8;)[80+Boref’(SiC+BlCref)cos(Qt+61+4661)
-(815+Blsref)sin(Qt+el+4A61)] + b85
(30) 86m = (1+k86)[Bo+8°ref-(Blc+81cref)cos(Qt+61+5A91)
-(Bls+815ref)sin(Qt+el+5Ael)] + b86
(31) 87m = (1+?B%)[BO+B§ref-(Blcfslcref)cos(QF+61+6A61)
(32) éim = (l+k;1);;6+;9ref-(;1c+;lcref)cos(nt+gl)
| 'F‘ls*clsfef)Sin(Qt*gl)] s
(33)° “2_ ='(1+kcz)[cg+c°ref-(iicféicref)cosgntfsl+ael)

: -(;1s+;ls )s1n(Qt+91+A81)] + bc

ref 2

(34? ';sm_= (1+kC3)[c6+cbref-(clc+clcréf)Fbs(Qt+Ql+zaal)
-tcls+clsr%f)sin(ﬂt+el+2Ael)] + b;3

(35) C4m = (l+kc4)[c°+coref-(Clc+tlcief)cos(Qt+61+3A91)
-(c15+;lsref)sin(Qt+61+3Ael)] + bcd'

(36) csm = (1+kC5)[C°+é°ref-(C1;+C1Cref)cos(Qt+el+4Ael)‘
-(:15+c1$ )sin(Qt+81+4Ael)] + bCS

ref

(97}
(]




(37) ¢ (1+k, )z . *z - (g4 %z Jcos (Qt+5,+548,)
6m C6 o] Oref 1lc lcref 1 1

-(z,_*z )sin(Qt+9,+5A6.)] + b
1ls lsr_ef | 1 1 C6

(38) (l+kC )[CO+CO

+6A61)
m 7 ref

-(clc+clc

)coS(Qt+el

ref

+646.)] + b

)51nFQt+61 1 %,

-(g,.*2C
ls lsref

(39)  (sin yp)_ = (1+ksz) sin yp + bop

(40)  (cos vg)y = (1 +kcwR) cos vy + Peyr

5.4 POLYNOMIAL EXPANSION OF COEFFICIENTS

Three hundred-forty eight aerodynamic coefficients appear
in the equations of motion in Section 3.3. These ‘coefficients
are listed in Table 3.2 by giving the index of the coefficient
in the row of the appraopriate primary symbol and column of the

appropriate subscript. - For example, coefficient 46 is CL and
. _ o

coefficient 112 is T: .- Coefficients which are usually not
8
. . 0
51cn1f1cant have their entrles enclosed in "C)", i.e.,
coefficient (3) is C, o
Xy
Each of these coefficients is evaluated within the program
as a polynomial (although in most applications the polynomial
will consist of a single, constant term). The procedure by
which this is accomplished will appear complex at first; but
once it is mastered, the user may appreciate the great
flexibility which it gives him.



Table 3.2
Indices of the Aerodynamic Coefficients

" SUBSCRIPT
t;«:‘::(nv R o | v w p O I W O I N i {he &y vl o Jac]@s ¥ ] o o dons ] s de |G S 1 & SPAKES
Lo 1l 21 ) 4 ) e (n B (| o)) anfaz | i3-1s
€ ..... wl () s |9 20| (2] 22 23 [(4) | (25) | (26) [(en) | 28-30
Lj ..... wl e e | @s)| 36 {Gan (38) | (39) | (40) | (41) | (42) 43-45
G veees a | @ an | (49)) so | (s51)] s2 53 (54 [ (s5) | (s6) | (57) | s8-60
Gy eeee 61] 62 (63)] 64 | (65)] 66 | (67) (68) 1 (69) | (70) | (1)} 2} 7328
Ly -ooee ] N s P19 wo | (81)] 82 83 {(v4) ) (5) | (86) | (87) ] ws-90
[ 9l 921 93] 9a] 95] y6| 97 98] 99] 100 loi] 1021103 ] (104)f (105)]] 106 | 107} 108 109- 110
T...... 11 nzpspaatusineinz fus [ ustazel aafzzhaf e sl 126 |12z 12s 129-130
Voo 131 132113310341 1351036 (137 1138 | asy| wdof ] 182 a3f Qaa)] as))| 146 | 147 | 1as 149-150
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W 2hp 2z L s 2ia foas e | 2 e 9] 220y 221 | 222 [ 223§ 224 zes| 226 { 220 ] 2e8 | 229 J(230){(230) | 232 | 233 234 235
n' 3 23/ | 238 | 239 | 240 | 281 | 242 243 | 2an] 245 ] 246 | 2a7 | 2au] 249 ] z50] 251 ] 252] 28] 254 |(255)](26)) 287 | 268 289 260
uls ¢l f 2oz | 263 | 264 | 265 | 266 | 267 |z68 | 209 270) 224 272) 213 2ra | 218| 226] 222) 298 279 (280} (281)] 282 | 283 2u4 285
TR 240 1 87 | Zu8 | 289 | 290 | 291 | 292 {293 244 | 295 | 296 | 297 | 298] 299 ] 300 ] 301 | 302 | 303 ] 304 |(308) |(300)] 307 {308 ] 309 310
ot P s s s | 316 | 307 | us | 309 320 [ 321 | 322 | 323 ] 324 | 328 | 326 | 327 ] 328 329 |(330)[(330)] 332 | 333) 238 33
o' BL] L 339 ] 90 | 3a1 ] 342 1383 ] 9aa ) 345 | 3a6( 3a7] 348 | 349 | aso| 351 ] 352 ] 363 | 154 {3583 306) | 357 | 388 ] 389 360
0w ful psbzpose3 1 3041 365 | 366 | 367 | 368 369] 370] 32| 322} s3] 374 25| 376 ) 377 320 329 ) (o) (381) | 382 | 383 | 384 345-400




Because of its complexity, the procedure is best introduced
by example, Suppose the rolling moment coefficient is to be
modeled as ’

o= - 2 L~ a
Cpo=Cp +Cp (8-8)) +C ,(8-8)° ¢ ad
B 26 g

0 3 TR

where 8, 1s a constant (not nécessarily 8 at  t=0). ‘Let

Pr=C» P Tl P30 Py

0 AB 2] éGTR
Z, = a, 2 =0, z, =28, 2 =8, Z. = 5 _,
1 1, 2 2, 0 3 TR
z2. =0
JO
Then, Eq. (3.69) is identical t&
. c _ p +‘p_ (z‘b_ . ) +p (7 ;‘z )2+ .}7,? .
LT P17 Poifp T fg 0 T P3lEp tiEp I TP
Cr o= py(zy -2, )% (25-2,)° (27- 2. )°
L 18717 1 2" %2 3,
' R 1 )
P (2752, 0% (25-2, )" (22-2% )
271 1o 2 20 3 éo
. L 2 0
+pa(2,-2,)% (2,-2, )% (27-2.)
F3YT1 | 1O 2 2o 3 3
1

(V2]
w



4 J 3 nij?
C; = T p I (z,-z.) >
Loogar 3 gar 1 L0
where the exponents n.. have appropriate values.

1]

The form of Eq. (3.72) which emerged in the above example
is similar to the general form used to'evaluéte each of the thirty-.
three coefficients. Specifically, the k-th coefficient is
computed as

z n i
C, = £ -p 0(z;, -z;)
where P; is a parameter which may be identified by the

program,
z. 1s an "expansion variable,"
z, 1is the reference value of the i-th expansion
variable, and '

n;; are integer exponents of the expansion variables.

The exponents and the expahéion variable reference values are in-
puts to the program and remain constant throughout the entire run.
The parameters are constant throughout an iteration of theoptim-
ization search, but they may vary from one iteration to the next
if they are identified. The initial values of the parameters are
inputs. The expansion'variables‘are'functions of the state and
control variables and are evaluated repeatedly by the program.




_  Table 3.3
- Expansion Variables

UNITS

- INDEX SYMBOL DESCRIPTION

1 a angle-of-attack rad

2 B8 angle of sideslip . rad

3 p roll rate rad/sec

4 q pitch rate rad/sec
5 r yaw rate 4 rad/sec

6 % collective pitch ~ rad*
7 elc lateral cyclic pitch rad*

8 ’615 1ongitudina1 cyclic pitch rad*

9. GTR tail rotor collective pitch rad*
10 -8, elevator angle - “rad*
11 Ga ‘aileron angle - rad*
12 S, rudder angle rad*
13 Gf.  flaperon angle rad*.
14 u advance ratio N.D.
15 u’ longitudinal velocity (norma11zed) N.D.
16 v’ lateral velocity (normalized) N.D.
17 ' vertical ve1ocity (norma]ized) N.D.

Recomnended units; actual un1ts are detenn1ned by the input

time h1stor1es

U/QR
v/QR
w/ QR




- As many as five expansion variables may be selected for a
run. Storage and run time constraints make more than five
impractical. All the polynomials describing the coefficients
must be expressed in terms of the same five (or fewer) expansion
variables. The selected variables are specified by input from
the list of 17 possible expansion variables in Table 3.3. They
may be chosen in any 6rder, but once chosen, the reference
values and the exponents must be input.éuch that they correspond
to the same order. Of course, the units of the reference values
must also be consistent with the units of the corresponding
expansion variables.

The equations defining the expansion variables o, 8, and

u are:
= -l (w
a = tan (u)
: _' v
3—,tanl . :
u- +w
s L (u ﬁose + W sinse )
T QR R R
3.5

PARAMETERS

NLSCIDNT was written with a capacity for 705 parameters for
use in evaluating the equations of motion, the measurment equa-
tions, and the expansion variables (see Table 3.4). This is more

[

than sufficient for the present model, so not all parameters ar
used. Also, some parameters have been reserved Ior uses which
not currently implemented but are easily added iI the need ari

5
Finally, some parameters may not be identified; for example, th

W

re

w

e
e

aircraft mass and the air density may not be identified.




Table 3.4

Parameters
INDEX SYMBOL -DESCRIPTION
1-400 These parameters are available for defining
the polynomial expansions of the aerodynamic
coefficients
401 u(0) \
402 v(0)
403 w(0)
404 p(0)
405 q(0)
406 | r(0)
407 ¢(0)
408 | o(0) .
409 v(0)
410 3,(0) |
411 : élc(o)' [ Initial conditions for the state.
o . ' iab1 '
a2 | B (o) | | vETieRles
413 | 8(0)
414 |- Blc(O)
415 ?15(0)
416 5o(0)
417 £,.(0)
. 418 Cls(O)
419 . _ 6QR(0)
- 420 EO(O)'
421 %1c(0)
422 ;15(0)
423 GwR(O) /
. 426 g Gravitational acceleration (default -
32.174 ft/sec?)
427 P Air density _ A
428 Rotor shaft tilt in X-Z plane, (+) forward

~d

(93]




Table 3.4 (Continued)

INDEX SYMBOL DESCRIPTION

429 Q Rotor speed

430 R Rotor radius

431 c NC/ R

432 y Lock number = pack®/1,

433 a 2-D 1ift curve slope |

434 mo Mass of vehicle '

435 XHUB Longitudinal d1stance of rotor hub from

vehicle C.G.

436 b4 Vertical distance of rotor hub from vehicle

. HUB C.G.

437A Ix A

:38 Iy |

39 Iz fuse]age moments of inertia

440 Ixy (sTug-ft2 )

441 ' Ixz_

442 - Iyz ) . ‘ ,

443 I, blade moment of inertia (slug-ft©)

444 IB blade flap moment of inertia N.D.

445 IC blade lag moment of inertia N.D.

446 'SS \

447 SC

448 IBé

449 IBa

450 IB@

451 [ = _
IBa inertia terms - for definition see

452 By page xi, Definitions of Inertial

453 IC& Constants in the final report [10]

454 Ica

455 IC&

61

457 Iéw

458 Nb Number of blades

38




Table 3.4_(Continued)

INDEX SYMBOL _ : DESCRIPTION
459 Vg
460 vc Inertia terms
461 9
| Longi tudinal Accelerometer
470 R Noise covariance
471 b, Bias -
472 1kx Scale factor error
473 xng N X 1ocat?on
474 Yegx Y lo;ation
475 Zegx Z location
, j Latéra] Accelerometer
479 'Ry : - Noise covariance
480 by' Bias
481 'ky_ Scale factor error
ZZi xcgy - 1$ :ocatTon
» | ycgy | ocat?on )
) 484 “zcgy-- Z location
. Vertical Accelerometer
- 488 RZ Noise ;ovariance’
489 bz Bias »
490 : kZ _ Scale factor error
491 Xng X'IocatTon
492 ycgz Y 10cat1on :
493 chz YA 1oc§t1on
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Table 3.4 (Continued)

INDEX SYMBOL DESCRIPTION
Vertical Accelerometer (Cont'd)
494 ' '
495
Ro1l Angqular Aéce1erometer
497 Rb Noise covariance
498 bb' Bias
499 kb " Scale factor error
Pitch Angular Accelerometer
503 Ra Noise covariance
504 ba' Bias
505 ka Scale factor error
Yéw Angular chelerometer
509 R, Noise covariance
510 'b} Bias
511 ks Scale factor error
Rol1 Rate Gyro
515 Rp Noise covariance
516 bp Bias
517 kp Sca]e.factbr error

490




Table 3.4 (Continued)

INDEX SYMBOL DESCRIPTION
Pitch Rate Gyro v
521 Rq Noise covariance
522 bq. Bias
523 k Scale factor error
Yaw Rate Gyro _
527 Rr ‘Noise covariance
528 - b Bias
529 Ky Scale factor error
Roll Position Gyro
533 Ry ~ Noise covariance
534 by Bias )
535 k¢ "~ Scale factor error
_ | Pitch Position Gyro
539 Noise covariance
- 540 ‘Bias _
541 Scale factor error
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Table 3.4 (Continued)

INDEX SYMBOL DESCRIPTION
Yaw Position Gyro
545 RW Noise covariance
. 546 blp Bias
547 .kw Scale factor error
548
549
. : Ang]e-of-Attack'Vane -
- 551 Ra " Noise covariance
552 .- ba Bias .
553 ka Scale factor error
554 .xcga X location
_555 ycga Y 1ocation
556 zcga Z Tocation
557 - .
_ Sideslip Vane
558 Ry Noise covariance
559 bB Bias
560 k8 Scale factor error
- 561 XegB X locaﬁion
562 yCgB Y 1oqatiop
563 zch Z location
564
' Pitot Tube
565 RVT Noise covariance
566 bVT Bias
567 VT Scale factor error
568 X1 X Tocation
569 W Y location
570 Zyr Z location

42




Table 3.4 (Continued)

~ INDEX SYMBOL DESCRIPTION
Pitot Tube (Cont'd)
571 Py Reference air density
572 Ve Velocity of sound
4 _Longitudinal Velocity Measurement
574 R, Noise covariance ’
575 b, . Bias v
576 - k, Scale factor error
| Latera1.Veldcity.Meésufement
- 578 R, Noise covariance '
579 bv Bias »b
580 kv. Scale factor error .
_ Vertical Velocity Measurement
582 - Rw‘ Noise covariance '
- 583 b ~ Bias ‘
584 - Scale factor error
585 . 5 '
586 iréf Horfzpnta]’reference distance
588 Eréf‘ ' Vertical reference distance -
. " Rotor Longitudinal Force Measurement
590 Rxg Noise covariance
591 byg Bias
592 kxg Scale factor error




Table 3.4 (Continued)

INDEX SYMBOL DESCRIPTION

Rotor Lateral Force Measurement

594 RYR Noise covariance
| 595 bYR Bias .
- 596 - 'kyR' : Scale factor error

Rotor Vertical Force Measurement

598 . RzR ‘ ' Noise covariance
599 bzp Bias '
600 kzg Scale factor error

Rotor Roll Moment Measurement

602 Rlg Noise covariance
603 bLg Bias
604 KLg Scale factor error

Rotor Pitch Moment Measurement

606 RMp. Noise covariance
- 607 bMg Bias '
608 kMR : Scale factor error

Rotor .Yaw Moment Measirement

610 RNg Noise covariance
611 bNg Bias

612 KNR ~ Scale factor error
614 9 Euler angle

615 A Increment

616 8, Euler angle

617 A6 Increment
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Table 3.4 (Continued)

INDEX SYMBOL . DESCRIPTION
618 Bo ref _ |

619 B1c ref Blade flapping

620 VBIS ref

Blade 1 F]apping Measurement

622 RBI 1  Noise covariance
623 | bg; | Bias .
624 kay | Scale factor error

‘Blade 2 Flapping Measurement ‘

626 | Ras . . Noise covariance
627 | bg, |  Bias o
. 628 kgp |  Scale factor error

.| Blade 3 Flapping Measurement

630 | Rgq " ‘Noise covariance
631 | by, | Bias
632 | kgg Scale - factor error

‘Blade 4 Flapping Measurement

634 RB4 I R Noise covariance
635 bgs Bias -
636 kegg | Scale factor error

Blade 5 Flapping Measurement
Noise covariance

638 R

85
. 639 bBS , Bias
640 kBs Scale factor error




Table 3.4 (Continued)

INDEX SYMBOL ‘ DESCRIPTION
Blade 6 Flapping Measurement

642 Rag Noise covariance

643 b86 - Bias

644 k86 Scale factor error

645 _

| Blade 7 Flapping Measurement

646 RB7' Noise covariance '
647 . bB7 Bias _
648 k87 Scale factor error

649

650 Co ref

651 %1c ref - Lag references

652 Cis ref. |

653 .

o . ‘Blade 1 Lag Measurement
654 Rg1 Noise covariénce

655 b‘;1 A  Bias

656 k;l Scale factor error
657
'_ Blade 2 Lag Measurement
658 Rcz Nbise_covariance

659 b;z | ~ Bias '

660 kCZ- Sca]evfactor error

661 :

, Blade 3 Lag Measurement

662 RC3 Noise covariance

663 23 Bias

664 c3 Scale factor error

665
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Table 3.4 (Continued)

INDEX SYMBOL DESCRIPTION

Blade 4 Lag Measurement

666 RC4 ' Noise covariance
- 667 bc4 Bias
668 kC4": | Scale factor error
669 . :
.Blade 5 Lag Measurement
670 | Rg Noise covariahce
. 671 'b(:5 o .- Bias | |
672 kCS - Scale factor error
673 |
_ Blade 6 Lag Measurement
674 Reg : ;v Noise covariance
675 bts S Bias -
676 | kg - Scale factor error
677 ' ‘ ’ -
Blade 7 Lag Measurement
678 - | Rey -~ Noise covariance
679 bt7 o "~ Bias |
680 | k?;7 ~ Scale factor error
681
682 stR }Noise cov;rjante
683 kSva' i Scale factor error
684 bSWR | Bias
685 :




Table 3.4 (Continued)

SYMBOL

INDEX DESCRIPTION
686 R Scale factor error
SwR :
687v kSwR Bias . | |
688 bS Noise covariance
YR
689
701 7 Reference valué for expansion vari‘ab]ézl
4 o , _
702 Z, Reference valu€ for expansion variable 2,
0 o S
703 24 " Reference Valug'for expansion variable Z,
o . _ o i , :
704 z, Reference value for gxpansion variab}e'z4
0 , - , ' o
705 zg Reference va]uérfor expansion variab]eAzs
. 0 : : '
-* (bias)
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Generally, most of the parameters which are identified in
a run are those used in forming the polynomial expansions of
the aerodynamic coefficients. Parameters 1 through 400 are
reserved for this purpose. However. the user should always
use the low end of this range, when all locations are not
needed, as this will reduce the run time. Chapter IV will
“explain in more detail how these expansions are accomplished.






CHAPTER IV
PROGRAM INPUT

Two forms of input are used by the NLSCIDNT program. Infor-
mation about the parameters and the selection of various options
are read from cards. The time histories of the measurements and
controls are read from a mass storage dev1ce, such as magnetlc
tape or dwsk

4.1 CARD INPUT

All data cards are read by subroutine INPUT. The forms of the
_ 1nput fall into several types, which are llsted in Table 4.1.
The input sequence is as follows:

(1) One card of'type 1. Thebinfofmation on this card is
' printed at the top of every page of printout.

(2) One card of type 2. For an explanation of "outer" and
- Uinner"‘iterations, see Section 5.2.2. A '"prediction:
 run'" is one in which -the tra;ectory'ls simulated using
the control input time histories and input parameter
values; no identification is attempted.

_(3) One card of type. 3. _Th15~card sets various option
flags. If IPL@T = 2 or 3, the user must provide a
tape on 1og1ca1 unit 3 (see Section 5.3).

(8) Two Or more cards of type 4. These cards tell the pro- .
‘gram ‘which states are to be 1ntegrated from the equa-
tions of motion, which states are to be looked up from
-an input time history, wnich measurements are used and
their order, and which expansion variables are uséd and

. their order. If no states are to be looked-up, then a
. card beginning with ""READ'" is not necessary. Any state
variable whose value does not appear on a "STATES" or
"READ'" card will automatically be held constant by the

program at its initial value, which is one of the input
parameters. These cards may appear in any order except
the "*" card must be last.
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Table 4.1

- Input Card Types

" CARD . VARIABLE
TYPE COLUMNS FORMAT NAME DESCRIPTION
1 1-60 15A4 TITLE Program 1dentifjcation information.
2 4-5 12 K1MAX Maximum number of outer iterations
> 0, normally
= 0, prediction run
=-1, only Oth iteration will be
computed (usually selected
for diagnostic purposes only)
9-10 12 K2MAX Maximum number of inner iterations
' > 0, normally
= 0, prediction run
12-15 I4 NN ‘Number of data sample points (< 501)
16-25, E10.3 DELTA ‘Time interval between samp1e>points
_ . _ ‘of the time history data (in sec.)
26-35 £10.3 RELER1 Re]at1ve error bound for X and
' ax/ae allowed in- 1ntegrat1on algo-
rithm (defau]ts to 10 5)
36-45. E10.3. ABSER1 Absolute error bound_(defaults to
' 1.7x107%.
45-65 | E10.3 FMARQ Initial value of Marquardt para-
meter (Defaults to 1.) .
g 56-65 E10.3 - XMARQ Factor by which the Marquardt para-
meter will be increased or decreased
as search proceeds. (Defaults to 2.)
66-70 I5 LLL =1, the Marquardt parameter is com-

puted as the current value of.
FMARQ times the largest element
of the gradient (3J/36).

=0, the Marquardt parameter is
FMARQ.
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Table 4.1 (Continued)

CARD
TYPE

COLUMNS

FORMAT

VARIABLE
NAME

DESCRIPTION

12-15 -

20

22-25
26-30

33-35

I1

I1

14

Il

14

I3

IPLOT

IPLTC

 IDATA

IPRNT.

INCPR2

INCPR3

INCPLT

=3, if both printer plots and a tape
storing the time history data
are to be made

=2, if only the tape is to be made

=1, if only the printer plots are to

be made ’
=0, if neither
=1, if printer'piots of control

input time histories are to be
-made

=0, 1f not
(IPLTC is 1gnored 1f IPLAT = 0 or 2)

,=+k, then the f1rst k sample points -

of the measurement and control
time histories read into the
program will be printed -

'~-k then every kth sample po1nt »

will be printed
= 0, if they are not to be printed

Sets 1eVe1 of detail of the diag-
nostic printout (see Section 4.2)

=3, highest Tevel

=2, medium level

=1, Towest level

=0, normal printout only

=k, if X, 9X/38, ¥, 3y/36, and y are

to be printed every kth sample
point

Default value is 50. INCPR3 is ig-

‘nored if IPRNT < 3.

=k, every kth déta point is plotted
in)the printer plots (default
=1 | -
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Table 4.1 (Continuedj

CARD
TYPE

COLUMNS

FORMAT

VARIABLE
NAME

DESCRIPTION

40

45

50

52-55

5660

61-65

I
11
1
14

I5 -

I5

IINFD

IRCMP

IRVARY

MAXNM1

MCYCLE

ILVL]»

=1, a priori information matrix is
to be read

=0, a priori information matrix is
not to be read but assumed zero

=0, estimated noise covariance, R,

. to be computed as the diagonal

of the innovations covariance
(see Appendix A)

=1, R computed from parameters

=1, R is assuméd nonstationary (it
- is a function of time which user
must -code into subroutine MEAS).

=1, R is assumed stationary (con=- ..
stant throughout an iteration).

Maximum number of integration steps
permitted in one sample interval.

If non-zero, it is the number of
parameters to be 1dent1f1ed on this
run, .

F]ag to use 11near1zed state and
measurement equations if # 0.

1-10

A8,2X

LTYPE

= STATES, if the card lists the input
names of states which are to be
_ integrated.

= READ, if the card lists the input
. names of the states which will
be looked-up from 1nput t1me
- histories

= MEASURE, if the card 11sts the
input names of the measurement
variables

= EXP VARS, if the card lists the
input names of the expansion
variables

= *, if no more cards of this type
are to be read ("b" indicates
a blank).

Note that only the first two charac-
ters are actually read; these words
must be left justified.

(92)

[§8)




Table 4.1 (Continued)

CARD VARIABLE
| TYPE COLUMNS FORMAT NAME DESCRIPTION
4 11-80 14(A3,2X) (L (d), Input names of state, measurement,
_ J=1 4) or expansion variables as listed in
Table 4.2. Note that only the first
three characters are actually read;
these words must be left justified.
Blank words may appear between 1nput
names.
5 1 Al ECHK = blank, if this card contains para-
- - meter information
= *, if no more cards of th1s type
are to be read . .
2-4 13 ~J1 Parameter index (see Table 3. 4)
5 AL 1 d2. = *, if this parameter is to be
- identified '
= b]ank, if not _
6-11 | A6 PLABJL | Label for the parameter for ‘printout
' o ‘ purposes. o
12-29 D18.0 PJ1. _Initial value of the parameter
31-32 | 13 11(1)- | =k, this parameter appears in the
: - polynomial expansion of the kth
‘aero coefficient (see Table 3.2},
Ignored if Jl1 > 400.
34-38 511 II(J) - | Exponents of. the expansion var1ab1es
' J=2,...,6 | in the aero coefficient polynomial.
C term containing this parameter.
51-60 D10.0 PLJ1 Lower bound of the parameter.
61-70 | ©010.0 | Pudl Upper bound of the parameter. (If

both PLJ1 = 0 and PUJ1 =.0, then.
PLJ1 defaults to -1027 and PUJL de-

faults to +10%7).
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Table 4.1 (Continued)

CARD
TYPE

COLUMNS

FORMAT

VARIABLE
NAME

DESCRIPTION

1-80

8F10.0

INFO(J,K)
K=1,...,m

Jth row of the a priori information
matrix; continue on another card if
necessary (m = number of parameters
being identified).

7-30

Al

12

bA4

JA

NAME

T, the label which follows on this

dent variable)

= Y, the label is for a measurement
variable

= U, the label is fof a control
variable

= X, the label is for-a state vari-.
able (only look-up states are
affected)

The index number of the variable..
If JA =T, then J is ignored.

A label of six 4-character words.
Usually the variable name appears in
the first 3 words and its units in
the last 3 words.

card is for time (the 1ndepen~‘

e




(5) As many cards of type 5 as needed to input all informa-
' tion about the parameters, each card describes one para-
meter. £ a parameter is zero and is not identified,
no card need be inserted for it. A card with "#*" in
column 1 tells the program that all cards of this tyvpe
have been read. The system of units for the parameter

values is feet, pounds, slugs, seconds, and radians-:
or meters, ewtons, kllograms, seconds, and radians.
It is the responsibility of the user to maintain con-
sistent units throughout. :

(6) Cards of type 6 are read only if IINFP=1 on card type
3. These cards are used to read the a priori information
matrix. This matrix must be mxm, where m  is the
number of parameters being 1dent1f1ed Furthermore, .
the order of the rows and columns must correspond to the
“order of the identified parameters as listed in the

-

cards of type 5. The matrix is read by rows; each row
begins on a rnew card and contlnues on more cards as
-needed : : :

(7). As many cards of: tyoe 7 as needed to alter the labels
o of time, measurements, and controls in the printout and
printer plots of the time histories. These labels
default to the output labels listed -in Table 4. There-
- fore, the most common use of these cards is to cnanoe the
units shown in the labels. If none of ‘the labels need
alterlng, then: no.cards of type 7 are necessary

:4;2 _EXAMPLE INPUT DECK

As an 111ustratlon of the card input, consider the follow1ng
» xample The data. processed were 51mu1ated from a rotorcraft in.
llevel fllght at 100 knots at sea level. Long1tud1na1 cyclic pitch
control 1nputs excited the 10ng1tud1na1 dynamlcs. However, some
perturbations in the,lateralvdynamlcs were observed and of enough
significance that they could not be‘neolected A NLSCIDNT Tun
was made to 1dent1fy three aerodynamic derlvatlves

Figure 4.1 shows the input card deck for this example run.
The first card contains the title of the run. The second card
specifies one outer iteration, a maximum of four inner 1terat10ns
_ permitted, that there are 101 sample points, and that 0.02 second
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Table 4.2
Input Names and Output Labels of Program Variables

SYMBOL. AAE OUTPUT LABEL?
TIME t --- TIME (SECONDS)
u u_ LONGIT VEL  (M/SEC)
v v_ LATERAL VEL (M/SEC)
W W VERTICAL VEL (M/SEC)
p P ROLL RATE  (RAD/SEC)
q Q PITCH RATE  (RAD/SEC)
r R YAW RATE  (RAD/SEC)
" PHI ROLL ANGLE  (RAD)
3 5 THET PITCH ANGLE (RAD)
T v pST YAW ANGLE  (RAD)
A 8, BOD CBETA DAT  (RAD/SEC)
T Bl BCD | BETA 1c DPT (RAD/SEC)
E B BSD BETA 1s DBT (RAD/SEC)
S B, BO_ BETA O - (RAD) -
By BC - BETA 1c  (RAD)
B BS | BETAls  (RAD)
Z, 200 ZETA 0 DT (RAD)
Z1e ZCD . | ZETA 1c DPT (RAD/SEC)
i] . ZSD . ZETA 1s D@T (RAD/SEC)
2 'OME | OMEGA PERT. (RAD/SEC)
;.0 20 ZETA 0 (RAD)
fe c_ ZETA 1c . (RAD).
e s ZETA 1s  (RAD)
b, RSP PSI-S PERT. (RAD)
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Table 4.2 (Continued)

‘ INPUT o AREL 2
SYMBOL [ yane OUTPUT LABEL
ay AX AXIAL ACC (M/SEC**2)

L ay AY LAT ACC (M/SEC**2)
" 2y Az VERT ACC (M/SEC**2)

E . Py PD ROLL ACC (RAD/SEC**2)

A q, Q PITCH ACC (RAD/SEC**2)

. o RD YAW ACC (RAD/SEC**2)

S P, P ROLL RATE - (RAD/SEC**2)

U g, Q- PITCH RATE (RAD/SEC**2)
Y ro R YAW RATE (RAD/SEC**2)

O PHI ROLL ANG (RADIANS)

£ 8 ‘THE _ PITCH ANG (RADIANS)

M Y PSI ~YAW ANG (RADIANS)
e o ALP ALPHA (RADIANS)
o B BET BETA (RADIANS )

N v VEL TOTAL VELOCITY  (M/SEC)

T u | U - LONG VEL (M/SEC)

s Ve Vo | - LATVEL (M/SEC)

- W W © . VERT VEL (M/SEC)

Xg XR ROTOR LONG FORCE  (N)

Yo YR ‘'ROTOR LAT FORCE  (N)

Zo R ROTOR VERT FORCE .~ (N)
. .

Ly LR ROTOR ROLL MOMENT (N-M)
m . . o

Mo MR ROTOR PITCH MOMENT -(N-M)
m , ' _

No NR ROTOR YAW MOMENT  (N-M)
m . .

By B1 FLAP ANGLE-BLADE 1 (RAD)
m : : :

8, | B2 FLAP ANGLE-BLADE 2 (RAD)
. .

B B3 FLAP ANGLE-BLADE 3 (RAD)

. m
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Table 4.2 (Continued)

sympoL | NPT OUTPUT LABEL?
By B4 FLAP ANGLE-BLADE 4 (RAD)
. 85: 85  FLAP ANGLE-BLADE 5 (RAD)
. 8 B6 FLAP ANGLE-BLADE 6 (ReD)
- B, B7 FLAP ANGLE-BLADE 7 (RAD)
A m ‘ :
S % . LAG ANGLE-BLADE 1 (RAD)
Y sz 2 * LAG ANGLE-BLADE 2 (RAD)
R c3m Z3: LAG ANGLE-BLADE 3 (RAD)
3 c4m 24 | LAG ANGLE-BLADE 4 (RAD)
i’ csm 5 ~ LAG ANGLE-BLADE 5 (RAD)
E -csm 6 LAG ANGLE-BLADE 6 (RAD)
N :7m' o LAG ANGLE-BLADE 7 (RAD)
T m ‘
.S (cos wp) | cos COS ROTOR AZIMUTH (RAD)
(sin ) | SIN SIN ROTOR AZIMUTH (RAD)

58




Table 4.2 (Continued)

INPUT 2
SYMBOL | yauel OUTPUT LABEL
A 10 COLL PITCH (RADIANS)
c
0 6, TC_ LAT CY PITCH(RADIANS)
N 8 TS LON CY PITCH(RADIANS)
T S DTR TAIL COLL  (RADIANS)
R " . o S
0 S, DE_ CELEVATOR  (RADIANS)
gt 8, DA_ AILERON . (RADIANS)
3 5, DR RUDDER ~  (RADIANS)
S OF_ FLAPERON - (RADIANS)
o ALPH | ALPHA
£ 8 BETA | BETA
XA p P ROLL RATE
PR g Q_ "PITCH RATE
Al N
| R_ YAW RATE
S B % 0 COLLECTIVE
1L 8. | IC LAT CYCLIC
0E e T | |
NS 81 IS LONG CYCLIC
Srm DTR TAIL ROTOR
6, DE_ | ELEVATOR
s, DA AILERON
5. DR_ | RUDDER
8¢ DF_ | FLAPERON
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. Table 4,2 (Concluded)

INPUT ' 2
SYMBOL NAME OUTPUT LABEL
EV Y MU_ MU
XA N
PR u u u (NORM)
N A v v v (NORM)
SB oo
IL W W w (NORM)
0E -
NS

1The underlined characters of the input name are

what the program actua]}y reads.

- 2"MS" in the measurement labels indicates the

measured quantity; "ES" appears instead in the
label to indicate the estimated quantity.
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CARD  CARD ' o : - C '
TYPE _NO. DATA CARDS | ;_‘ _ COMMENTS

1 I, 1 ATEnaL CRUISF NybauiCs EXAMPLE < _ : title .
2 2, 1 4 101 0 07« z : max iterations, max step cuts, no. of
3 3 qu;;., I leeﬁ o0 . 1 °‘*"‘*—] sample points, and sample interval
S,  READL W0 THETA _ ' — option flags _
4 6, MEASURFI_ AY  BFTA P R - PHI — — : specification of variables used in
7,  Exp vipsy BFTA MSp . . ) - - S - this run
. . g . _ _ S : _
9: it ry 0, o b
10, . 2 Cvv . 0nY26A 7
1, 3 cve =.1RAQ2 A
12, a CcvyR O.4047 9 ) '
0 SRR RTI T parameter number
14, & CyYNR 0.34pA : L
‘5. T 6 e ' - 7 parameter name
th, "Ry = .0N0G 350y L . \
17, GegLP =0.55 , 19 : T7o000000. 0, _Parameter value
14, N LU AN 0.1542 .20 4
19, 11 ciba O, 1RSD : 2y ‘ : upper bound.
20, .12 c1on N7 Py o -
" '3 ewn 0, | o8 ‘ B — lower bound
. 1o [y | ohanssy SRS : index of coefficient in whose expansion
u Lo cn <0.1403 ) ' c : this parameter appears
5 S, 17 cupa 005904 32 . _
5. 1B cHD =0,133y 13 exponents of expans i s
.y P e 36 ‘ - exp n pansion variable
20, 2030 NS 0, 17 0y :
29, . FAETH NI S B S . ] 17 oy ) ' .
30 :;f'r’:“‘p 22023309 ‘ indicates the parameter is to be
w2l 83 4. B o A o _ ldentlf_ied
3,  ean b5. ‘
xa, RS HASS Jap, _
1S. 6 1y VhRep,
16, 87 1y 2u9o0n,
7, BA 17 37550,
‘“. . R9 1tTx7 0.
19, 95 vsup 117,
a0, 101 1o 179.75
ay, 103 wo 9,42
v2, Y .
0y, 27620 2n19 .9 52,65} _ o o
6 { ua, 20191 69264, 176,60, ‘< : a priori information matrix
ns, SR.b651 17044 0,u47228 : ‘ T
ah. 1 TINF (SECY  REF 10 vab 3l Cps e :
7 { a7, vt 73 pHy (RAD) }- specification of output labels

Figure 4.1 Example lInput Card Deck



is the sample interval. The third card asks for printer plots,
for the first 11 sample points of the input time histories to
be printed, for the highest (third) level of diagnostic print-
out at intervals of 25 sample points, and for the second level
of diagnostic printout at intervals of 25 sample points. It
also specifies that an a priori information matrix is not to be
read, that the noise covariance R be computed fiom the para-
meters, and that ﬁ. is constant with respect to time. The
maximum allowable number of integration steps per sample
1nterva1 is set to default to SO

The fourth card tells the program which states are to be
integrated. The states which do not appear in the fourth card
will be held constant at their initial values. The fifth card
tells which states are to be read in from the test-data.

The - SIXLh card specifies the measurements avallable to the
run and their order. The seventh card indicates ‘the expan51on

varlables.

The first 21 parameters (specified on cards 9 through 42)
are used in the expansions of the aero coéfficients which appear.
in the equations of motion.

The parameters which are to be identified are P(9), P(ZO),
and P(Zl) P(16) 1is bounded such that the identified value
will not be permitted to become positive. '

~Cards 43 to 45 contain the a priori information matrix.
Cards 46 to 47 give new labels to time and ¢.




4.3 MASS STORAGE INPUT

The time histories of the measurements, controls, and states
which are looked-up rather than integrated or fixed are read by
subroutine INREAD. The subroutine INREAD supplied with the pro-
gram assumes these data are stored on a mass storage device (tape,
disk, etc. ) referenced by FPRTRAN logical unlt 2 and read by an |
unformaeted READ statement: '

D¢ 10 K=1,NN .
10 READ(Z END=900) T(K) (Y(J K) J= l VP) (U(J K),J= 1 VQR)

where : .
‘ NN = number of sample points,
- T(X) = the tiﬁeeat_the K-th sample peiﬁt{
'Y(J,K) '=;'Value of the thh_measurement‘eﬁ the K-th
sample point, | '
‘NP = number of . measurement Varlables ‘used in
the run, _
U(J,K) = Value of the J-th control variable or a
’ state variable at»the K-th sample time,
NQR - ' = number of control variables (4) plus the

number of look-up states (those not inte-
grated or fixed)

T, U, and Y are single precision arrays.




The user must ensure that the time. hlstory data conform to
these rules: '
(1) The order of the measurements must be the same as their
- specified order in the card input (card type 4 in
Table 4.1).

(2) The controls must always be in the order of:

e collective pitch e elevator
e lateral cyclic pitch e aileron:
e longitudinal cyclic pitch e rudder

e tail rotor pitch ® spoiler

(as ‘they appear in Table 3.1); each must be included,
even if it is always zero.

(3) Look-up state variables muSt be appended as if they
were additional controls. Their order must be the
same as their specified order in the card 1nnut {card
type 4 in Table 4.1).

(4) No more than ‘our look- up :tates are permltted

For tHe example run descrlbea 1n Sectlon 4 2, the k-th logi-
cal record of the time history data must be:

Py

ENCHPENCHRERCHRETCHREICHREICH

The user will almost cnr;alnly have to rearrange his da;a o
- coniorm to the structure required by this subroutine. If he '
believes he will process the same data repeatedly, it would be
~worthwhile to perform this rearrangement once before the first
NLSCIDNT run and take advantage of the efficiency of this INREAD.
fdowever, if the data will be processed only a very few times, he
may choose .instead to write his own subroutine INREAD, which

will accept the data in their original form. Figure 4.2 shows
the source code of ;ne INREAD subroutine supplied with' the pro-
gram, which may serve as a model for the user's own.
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Figure 4.2 ‘Subroutine INREAD Source Code






V. PROGRAM OUTPUT

Most of the program's output is written by the printer, in-
cluding optional plots. The program also has an option for writing
data on a mass storage device, which gives the user the information
hecessary to make off-line, pen-and-ink plots (e.g. Calcomp plots).

5.1 PRINTED OUTPUT

The 1nformat10n prlnted by the program falls into six classi-
,ficatlons Not all classifications may appear since the user has
considerable control over the detail of the printout through his
selection of various options on input card type 3. The six classes
are:

(1) repetltlon of the 1nputs to the program, A

(2) 1nformat10n on the 1ntegrat10n of the dlfferentlal-
' equatlons, .

(3) 1nformat10n on the Levenberg Marquardt 1terat1ve search,

(4) 1nformat10n on the steps taken in the 1dent1f1ed para-
meters and their error standard dev1at10ns,

(5) the f1na1 parameter estimates (always glven),-and
"(6) prlnter plots show1ng (a) the fit of the estimated

measurements to the actual measurements (IPLOT = 1 or 3),
and (b) the control time histories (IPLTC =1). =

5.1.1 Example of Printed Output

Figure 5.1 consists of selected pages from the printout of
the same example run whose input was discussed in-Section 4.2
It contains examples of all the available printed output.

The information in Figure 5.14 is a repetition of the input'
~and is self-explanatory except for the flag arrays. .ISFLAG(J)
contains: 0 if the jth state variable will be fixed to its initial
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value, +k to indicate it is the kth element in the vector of
state variables to be integrated, and -k to indicate it is the
kth element in the vector of look-up states. NSFLAG contains
the indices of the states to be integrated; NMFLAG contains the
indices of the measurement variables used in the run. NZFLAG
contains the 1nd1ces of the expansion varlables used in the run.
NZFLAG (1) w1ll default to 1 if no expan51on varlables are used.

Flgure 5.1(b) shows the parameter 1nput information. If a
'parameter does not appear in the llSt, its value is zero and it is
- not 1dent1f1ed Figure 5.1(c) presents a sample of the input
time hlstory data Only the first 11 sample points were printed

because IDATA was . set to 11 by the 1nput deck (refer to card type 3
in Table 4. 1 ‘and Flgure 4.1). ' - ’

The CV matrix ln'Figure S.ld" is

Yi'-]

B \ . _ _ E
V= oty | Iy oy oxpy] | . . (5.1)
1=1 : ST : o
where _ _ 7
Y- = measurement vector at t=t,,
i : _ _ ‘ i
-ui = cohtrol vector at ‘t='ti,
xLi = vector of look-up states at t = ti
‘N = total number of sample points.

Eleven elements are zero because all controls except longitudinal

cyclic pitch are zero for all N points and because the four
look-up states_are'not used.

The IU array contains the indices of non-zero control
variables. Look-up states would be treated as additional controls.
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LATFRAL CRUYISE DYNALICS Exare| €

¥4 INTTIAL PARAUETER VALUES #¥¢

UPPER BOUND -

aNLSCIUNT PROGRAMS

ND o ID NAME  COFF  EXFNENTS - PARAM VALUES  LOMER ROUND
- - - ®®eowen - - L L R PP Teave oo e .y Ly ynpepry s L T -y Wy ®
1 cy 6 6.00000 0.a0000 0.00000
p) Cyy 7 =l P2bB0N-00T N.nn00A 0.00000
) Cye A =R H9200=002 N.n0Q0p 0.00000
a cyn a nend700-001 600000 0.00000
'3 CYDA 10 3.12100=00% G.nnN0Q © 0.00000
6 Cyhp 1 1. U6R00<001 0.p0000 0,00000
7 Clo 17 a.n0nn0 0.n0000 0.00000
A ClLy iR G VS0NA=00U 0.00000 ) 0.,00000
9 s CLe 19 <5.S0000=001  =1,400004007 . 0.00000
1Y) (Le © o 2a 1.54200=001 0.00000 " 0400000
1 cLna 21 1.A5200+001 0.0000n 0.00000
12 CLNR ‘2> 2.70%00=-002 0.0000q 0.00000
1 CNn 2R 9.0000n 0.0n000 n.00n00
14 CNy 29 S.53n0n=004 0.on00q 0400000
15 CNe ln “h.15300=002 0.00000 0.00000
14 CNn 3y e 0900001 0.00000 0.,00000
17 CNNA 1> €.99400-003 0.00000 0.00000
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The initial noise covariance matrix, R, 1is also printed in

" Figure 5.1(d). Because none of the_instrument-noise covariances
were specified by the input deck, each of the diagonal elements
of R was approximated as '

N .
ST AN (1% 5.

That is, the variance of the noise in the jth instrument is
approximated as 5% of the variance in the instrument‘s signalx

‘ Information on the integration of the state and sensitivity
 differential equations for the zero th iteration of the Newton-
'Raphson search begins in Figure 5.le. A "matrix" of lnlclal con-
ditions appears in this figure. The first cOlumn'is the initial
condition of the i vector (estlmated states) This column has
length four because’ only four of the n1ne states are belnv inte-
grated The second column is the 1n1t1al condition of ax/aa

i. e., the sen51t1v1ty 0of the estlmated states to the first 1dent1-
fied parameter,ewhlch is P(9) -1n the example ‘The. third column
is the initial-condition of ax/aez, etc. The second and succeed-
ing columns should always be zero unless the 1n1t1al condltlons

of the states are among- the 1dent1f1ed parameters.

The four groups of values printed between the flrst line of
dashes and the line of stars in Figure 5.1e are 1ntermed1atev_ o
results in computing the time derivatives of x and 9x/36. First
time (T) and thelexnansion variables (2) at that time are printed.
In the example, there are two expansion variables. ‘Next is the
u-vector showing the controls:and'look-up states (appended as addi-
tional concrols).at time T. The four normal controls-are zero.
The first look-up state, x(3) = w, -equals 9.4202. The second
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and third 1ook-up states, x(5) = q and x(8) 28, are zero. A
potential fourth look-up state is printed, even though it is not
defined. . '

The x-vector printed next is the nine-element state vector.
For example, x(1) 2 u = 179.75 .and X(3) = w = 9.4202. Next are
printed a series of terms which appear in the equations of motion.

o]
<
g :
. (1]
Nt
t (o
=N o
8 .
'U .

CBVQ = q
Q = 3oV = q_
WS
Qs ==
QB = q.Sb
QC = g_Sc
_ b - o
BVR = 50— o (5.3)

The 35 aerodynamic coefficients (C) are printed in order across
the page; hence, C(11) = CycSr = 0.3468. Last in this group appear
the time derivatives of the state variables being integrated, DXI.
In this example, there aré.four: v, P, i,_ and 4.

.The second group contains information on sensitivities with
respect to the first identified parameter, which is P(9) = Clp.'
Time is repeated and followed by ZTH, the partial derivatives of
expansion variables with respect to P(9). Next are the paftial
derivatives of the quantities defined in Egqs. (5.3). The partial




derivatives of the aero coefficients are "DC." Note that
DC(19) = 1 because C(19) = Czp = P(9). Last in this group is

v DXTHI, which is d[aﬁ/aP(Q)]/dt for the four integrated state
variables. :

Groups three and four are similar to group two except that
all partial derivatives are w1th respect to P(20) and P(21),
the second and third identified parameters,,respectively. Note
specifically that at T = 0, DC(1l7) = 0 in both groups three and
four, even though -

L]

CLT) = B(7) + P(20)(2,-2,) " + P(21) (2,-22,)°

P(7) + P(20)6 * p(zl)ssp | 5.8

THis is because the partial derivative of C(17) with respect'to
either P(20) or P(21) is zero when Sep = 0, which it does
here. | ' ' T

‘The information printed between the line of stars and the
second line of dashes in Figure 5.le shows the results of the in-
~tegration at the j-th sample point. In this instance, j = 1.

‘In the middle of the line of stars in Figure ‘5.le is printed

KOUNT, which is a running total of the number of times subroutine -

STEP has been called. This is approximately the number of times

the states' and sensitivities' time derivatives have been computed.

More will be said of its 1mportance in Chapter VI.

‘Vett is ”XHAT(I)” whlcn is the vector of integrated states
and their sensitivities with respect to the 1dentl_fled parameters

at the (in this case) first sample point (t = 0).' They appear
in the order

K30 Xgs 3X1/38), 3x,/36,, 3R3/38, 3R,/36,

5y ey 8§4/863
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They are followed by "YHAT", the measurement estimates and their
sensitivities with respect to the identified parameters in similar
order. "Y-VECTOR" is the vector of actual measurements at the
same time.

As the integration proceeds, the groups shown in Figure 5.1e
are repeated at intervals specified by the program's input. These
pages are omitted from the figure to save space. Figure 5.1f has
the very end of this stream of information at its top.

The RCMP matrix is printed next. Its diagonal elements are
computed as

2

]2

RCMPi,i

M=
—

j [yl(tj)-s;l(tj) (5.'5)

These are the variances of the errors between the actual and the
estimated measurements; and, therefore,.are a measure of the good-
ness of the fit. Also, it is the best estimate- of the measuremeht_
noise covariance (see Appendix A). '

Figure 5.1g presents the results of the‘zero-;h (i.e., initial)
iteration of the Newton-Raphson search. The DJ vector is the
partial of 'J, the negative log-likelihood cost function, with
respect to the three identified parameters. The D2J matrix is
the 'azJ/aejaek matfix. Also printed are its inverse, its eigen-
values, and its eigenvectors. The significance of the number of
"eigenvalues effecting a full-sized step" will be deferred to
Chapter VI,

Next are printed the values of the parameter estimates, the
lower bounds on the error standard deviations of these estimated
values, and their F values, which are the ratios of the squares
of the parameter values to the squares of their respective standard
deviations. The value of the likelihood function and the length
of the gradient are printed. Of course, it is the likelihood func-
tion that the program is seeking to minimize, and the length of
the gradient will be zero at a minimum.
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At the top of Figure 5.1h are the '"'new parameter values"

~ found by adding the "step" to the "parameter values' printed
earlier. These new parameter values are presumed to result in a
value of the likelihood function less than the one obtained for
this iteration, and they are the parameter values which will be
used at the beginning of the next iteration. "Normalized step"

is the ratio of the step vector to the parameter values in Figure
5.1g, except that ‘division by a zero parameter value is replaced by
d1v1alon by one. This ratio tells at a glance the relative size

of the step, and it w1ll decrease as a minimum is approached.

R is the measurement noise covarlance which will be used
"1n the next iteration. What follows it is dctually part of the
next 1terat10n and parallels the printout of Flvure S.1le.

ThlS example run was allowed only one 1teratlon and there-
}ore, the parameter search did not converge. Thus ‘the message
"maximum number of iterations exceeded" appears in Figure s, 1j.

The matrix A is the sum of the a prlorl information matrix,

ap

M, , and the information matrix from the last iteration, Mlas*'
. ' (9
The vector B .1is the sum '

B =M P + M

ap o ‘last Plast : ' (5.6)
where _ _
Po = the initial (input) values of the identified
: parameters, and
Plast = the values of these parameters used in the last
' ~ iteration (not the last ''new parameter values'')
Finally,
K -— .-l - - )
PSTAR = A B = (W last) '(wappo ' ylastplast) (5.7)
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which is the vec;or'of the optimal parameter estimates which com-
bine the information obtained from this run and the information
known a priori. Of course, to be valid this run should have

been allowed to converge. A, B, and PSTAR will not be printed
if the a priori information matrix is zero.

Next are printed plots of the actual and estimated measure-
ment time histories and the control time histories. Figure .5.1k
is an example of the measurement plots and Figure 5.1% of the
control plots. In the measurement plots, "A" is always printed
for the actual measurement and "B" for the estimated measurement.
Control variables are plotted two to a graph; and, again, look-up
states are treated as additional controls.

5.1.2 Printout Control

In most cases, the detail of the printout is controlled by
the flag IPRNT in card type 3 of Table 4.1. For normal production
runs this flag is set to zero, and the printout is shortened to
essential results of each Newton-Raphson iterétion, Setting
IPRNT = 1, 2, or 3 results in increasingly greater detail of
diagnostic information, as explained in Table §5.1.

Setting IPRNT = 1 results mainly in added information regard-
ing the computation-cf the parameter step in each iteration.
Setting IPRNT = 2 results mainly in the printing of Xk, 3x/39,

?, and 3y/36 as the trajectory is integrated for each iteration.
Finally, setting IPRNT = 3 results in detailed information on the
trajectory integration.

5.2 MASS STORAGE OUTPUT

An option is provided to write on mass storage: (a) the last
vector of identified parameters, (b) the last information matrix,
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Table 5.1

Printed Information Controlled by IPRNT Flag

FLAG VALUE INFORMATION PRINTED COMMENTS
IPRNT =0 1. Card input data repeated Only parameters mentioned
in the input deck are
printed under "Initial
Parameter Values." The
a priori information matrix
is printed only if it is
non-zero.
2. For each iteration of the Newton-

Raphson search:

a. Parameter values at start of

. iteration

b. Parameters' standard devia-

tions
c. Parameters' F-values
d. Value of negative log likeli-
hood function, J ,

e. Length of first gradient of J

f.. New parameter estimates

g. Parameter steps

h. Innovation covariance (RCMP)
3. Final combined parameter set Only if a priori informa-
(PSTAR) tion is non-zero
IPRNT =1 Same as for IPRNT=0 plus:

1.

Values in ISFLAG, NSFLAG, NMFLAG,

NZFLAG, and IU arrays

2. CV matrix
. Initial R matrix
For each iteration of the Newton-

Raphson search:

a.
b.
c.

First gradient of J (DJ)

Second gradient of J (D2J)
Eigenvalues and eigenvectors

of (DZJ)'1 and number of
eigenvalues effecting a full-
sized step

. Combined information matrix (A)

These arrays described in
Section 5.1.1

Described in Section 5.1.1

Significance described
in Chapter VI

Only if a priori informa-
tion matrix is non-zero.
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Table 5.1 (Continued)

~iteration of the Newton-Raphson

search:

a. Initial conditions of states and
their sensitivities
b. Time and values of expansion
variables (T and Z)
c. Control vector including look-up
states (U-VECTOR)
d. Nine-element state vector
(X-VECTOR)
. Values of V, BVP, CBVQ, QD, QS
Qc, BvP, BVR
. Aero coeff1c1ents (C)
. Time derivatives of 1ntegrated
states (DXI)
Partial derivatives of var1ab]es
in b through g above with respect
to the identified parameters

m

o o« ~h

FLAG VALUE INFORMATION PRINTED COMMENTS
IPRNT = 2 Same as for IPRNT = 1 plus for each
iteration of the Newton-Raphson
search: ,
a. States and their sensitivity esti- Printed for the first
mates (XHAT) 4 1 int df
b. Measurements and their sensitivity sampie points and tor
every (INCPR2)-th
estimates (YHAT) amp] int
c. Actual measurements (Y-VECTOR) sampie poin
d. Number of calls to subroutines Significance described in
STEP, CPEF, AND DCPEF Section VI.
e. Inverse of D2J matrix
~ IPRNT =3 Same as for IPRNT =2 plus for each

Printed for the first

3 sample points and for
every (INCPR3)-th
sample point
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(c) the time histories of the actual and estimated measureménts,
and (d) the time histories of the control variables. The mass
storage device (tape drive or disk) is currently designated as
logical unit 3. The data are written in unformatted records by
statements equivalent to the following:

WRITE (3) NS,NQ NP, NN, M, (PID(J) J=1,M), ((INFOL (J,X),
1 J=1,M),K=1,M)
D@ 10 K=1,NN

10 WRITE(3) T(X),(U(J,K),J=1,NQ), (Y(J K) J=1, NP),‘
1 (YHAT (J,K),J=1 NP)

ENDFILE 3
where‘ v
NS = number of states integrated in the‘run, '
~NQ : = number of control variables in the model plus
S number cf'p0551b1e look up states. (currentlv .
NQ=8) _ _
NP = number of measurehents used in the run,
NN = number of sample points in the run,
M' = number of parameters identified in the run, .
PID = vector of 1den»1f1ed parameters used in the

last iteration of the run,

INFQL é'last'lnformatlon matrix,
T = array of time values at sample points,
U = array of control and look- up state Varlables
. at sample p01nts,
Y = array of actual measurements at -sample points,
and ' :
YHAT = array of estimated measurements at sample points.

89






CHAPTER VI
EFFECTIVE USE OF THE NLSCIDNT PROGRAM

This chapter contains information on selected topics and
guidelines for effective use of the NLSCIDNT Program.

6.1 INTEGRATION ALGORITHM

Each outer iteration of the Levenberg-Marquardt search requires the
integration of n(m+l) ordinary differentiai'equations, where
n 1is the number of integrated states and 'm- is the number of
parameters identified. This is the most time-consuming task the
program must perform. Most of this time is spent evaluating
dx/dt and d(3Xx/96)/dt. -Therefore, an integration algorithm
which requires relatively few evaluations of these derivatives is
more efficient than one requiriﬁg more. '

Adams formulas are well known for this desirable character-
'istic,‘buﬁ most implementatioﬁs aré”not self-starting (for ex-
ample, four Runge-Kutta steps may have to be taken first), they
~have .a fixed order (usually they requife four previous points),
and they have clumsy machinery for- varylng the stepsize (which
may cost them much of their 1nherent advantage in speed). A
recent implementation of an Adams formulation due to Shampine and
Gordon [3] overcomes all these objections. It is called a PECE
method because for each step it:

e predicts the solution of the differential equations at

the end of the step using the Adams-Bashforth predictor
of order Kk,

e .evaluates the derivative at this predicted solution
point,

e corrects its solution value at the end of the step using
the Adams-Moulton corrector of order k+1, and

e evaluates the derivative again using the corrected
solution.



The PECE method was designed to be self-starting. Also,
the order and the stepsize are both varied routinely to reduce
the number of evaluations of the derivatives while meeting relative
and absolute error bounds imposed on the solution by the user.
These bounds are imposed as follows. Let ;i be any element
of the x - and 23X/36 vectors as computed by the PECE method
at the i-th point, and let €5 be the difference between ?i
and its true value, Yo at that point. Because Y is unknown,
€; can only be estimated. However, the theory says that A
the difference between the predicted and the corrected values for
;i’ ~is an upper bound on the error €. That is,

le;1 < Inyl o (6.1)

The program bounds the error by requiring

In;| < RELERR*|y | + ABSERR N (6.2)

~where RELERR and ABSERR are inputs to the program. If the user
does not supply values, they default to 10%5 and 1.7:(10-4,
respectively. (The value l.7‘><llf4 is 0.01 degrees expressed in

radians.) Note that choosing ABSERR=0 will cause difficulties if

the solution v, passes through zero.

If the error bounds are unnecessarily restrictive, then
the program will be forced to take many small steps and waste
time. If the error bounds are too lax, the solution of the dif-
ferential equations will be inaccurate, and the subsequently
computed step in the identified parameters will also be in error.
The user should experiment to find values of RELERR and ABSERR
which are best suited to the problems he solves.

The program constrains the order of the predictor equation
between 1 and 12. That is, as few as one and as many as twelve




past time points of data may be used to predict the next. Obvi-
ously, this requires setting aside sufficient storage for the
maximum of twelve past points, which is 12n(m+1) '
locations. Thus, higher orders quickly become impractical and pro-
duce diminishing returns anyway. In practice, twelth-order is
seldom reached.

The maximum permitted integration step-size is ten times
the data sample step-size. The minimum is 0.02 times the sample
step-size, unless another factor is read into the program (MAXNM1
in Table 4.1). 1In general, the ratio of the integration step-size
to the sample step?size or the inverse ratio is not an integer.
Hence, the'"mesh”>points of the integration (i.e., the time
points which mark the end of the integration steps taken) almost
‘never coincide with data sample times. The values of X. and
ai/ae_ must be found by interpolation between their values at
mesh points. This is an inexpensive task, however, since the
interpolating polynomial is readily available from the corréction
equation. Furthermore, the theory says that this interpolating
polynomial is as accurate between mesh points as at them.

In a typical run, the integration Step-size-is initially
much smaller thaﬁ the sample step-size. 1In fact, it may be
repeatedly halved and the time derivatives of X and 3%/36
fépeatedly computed until a small enough first step is taken to
satisfy the error bounds. Once started, however, the integrétion
step-size is steadily increased until it is 3 to 7 times the
sample step size. Consequently, the run time is not directly
proportional to the number of data points (see Figure 6.1).

In the example run whose printed output is shown in Figure
5.1, the initial number of integration steps per sample step was
6.0. By the 100th sample point, this ratio was down to 0.32.
The total number of steps taken is the number of times subroutine
STEP is called. Because STEP may occasionally make more than one
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NUMBER OF INTEGRATION
STEPS PER SAMPLE STEP

NUMBER OF THE SAMPLE POINT

Figure 6.1 Variation of Integration Step-Size in a
Typical Run

attempt at a successful step in order to satisfy the error bounds,
the aétual total number of times dx/dt and d(3x/38)/dt are
evaluated may be slightly higher than twice the number of steps.’
(If STEP made no '"false starts," it would be exactly twice.)

The number of times subroutine COEF is called reflects the number
of evaluations of dx/dt. Because subroutine DC@EF is called
_once_in evaluating d(aﬁ/aei)/dt' for each ei, ‘i=1,...,m, it
will be called m times more often than C@EF.

The reader may now appreciate the efficiency of the PECE
algorithm. In 101 sample points, it needed to evaluate the time
derivatives only 118 times. The second-order Runge-Kutta algo-
rithm would have required 202 evaluations of the time derivatives,
for example. Greater savings are realized for longer data

records.

The cause and possible solution to error conditions in the use
of subroutine STEP will be discussed briefly in Chapter VII For




more detailed information on the source of error conditions as well
as more details on the theory and use of the PECE algorithm, the
reader is referred to Ref. 3.

6.2 CONVERGING TO A MINIMUM (AND OTHERWISE)

- 6.2.1 Convergence Criteria'

‘After each Levenberg-Marquardt iteration,}the program performs
two tests to determine if it has found a minimum of the cost func-
tion. ' If either test gives a positive result, the search ter-
minates.~-Thése tests are: | a

I = Jx-1
EPEE

(1) s

< 10 (6.3)

where J,- is the cost after the current iteration and
Ji., 1s the cost after the previous outer iteration.

.CZ) % _\/Eéa)g (Ae)N <-¥0j5,  y - :;, : L (§;4)

where (AG)N is the '"normalized step" Vec:dr {(explained
in Section 5.1.1), and m 'is the number of identified
parameters. ‘ o

6.2.2 Step Cutting Procedure

V_Thesé criteria have served the.?urpOSe well in all cases
except one--step cuts. If the value of the cost function for an
iteration is greater than the cost at the previoﬁs itération, the
program cuts back on the parameter step it has taken until a lower
cost is found. Usually, this works satisfactorily, and the program
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proceeds. However, sometimes round-off or other inaccuracies
(such as error bounds which are too lax) cause the step to have
been computed erroneously in the first place, and no amount of
step'cutting will result in a lower cost. The result is that the
step is cut so much that one of the convergence criteria is met
even though the cost may be nowhere near a minimum. The user
shculd suspect this condltlon whenever he sees a large number

of step cuts occurring just before the search appears to converge.
A suggested remedy is given in Chapter VII.

Nonetheless, the step cutting procedure in NLSCIDNT has
proved itself very effective. It is a common occurrence that the

. cost function may be nearly insensitive to one or more linear

comb1nat10ns.o+ the identified parameters. In such cases, the
parameter step has large components in these directions of the
parameter space. In Appendix A it is shown that .the parameter
step vector is the sum of vectors whose dlrectlons are the same as
the elcenvectors or (9 J/BS ) 1,11 e., the 1nverae of the infor-
mation matrix, and whose lengths are 1nverae;v proportional to
the elaenvalues of the same matrix. Theretore,'a small eigen-
value cotresponds to a large step. component in the_dlrectlon of

the as;oc1atea eigenvector.
The NLSCIDNT step-cutting procedure works as'follows:
(1) set k = 0;

(2) if-the current cost is less than the previous Newton-
Raphson iteration's cost, proceed to the next iteration;
otherwzse,

(53) set j = k + integer [1 + m/5], where m is the number
of 1dent1f1ed parameters, then set k = 3;

(4) reduce the length of the components of the step vector
in the directions associated with the k smallest eigen~
values and recompute the step vector.

(53) add thls new step vector to the or°V1ous Newton-Raphson
iteration's parameter vector and obtain a new parameter
vector, compute its associated cost, and go back to
step 2. '
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If step cuts have occurred previously (k > 0) and a Newton-
Raphson iteration is completed successfully without resorting to
more step cuts, then k 1is reduced by one. When the lowest level
of diagnostic printout is flagged, a message is printed to inform
the user how many eigenvalues are permitted their full size in
computing the step vector (see Figure 5.1g).

6.2.3 Primary and Secondary Parameters

The computer program can identify any or all unknown para-
meters if enough information is available about these pérameters
from the data. To identify a large number of parameters, a very
careful procedure is often required to ensure convergence. In
the procedure which has been found to be most successful, the
‘parameters are divided into two or more groups in decreasing order
of the effect they have on the rotorcraft response. Initially, only
the most important parameters are identified, leaving the remaining
ones fixed at a’priofi values. Once a reasonable convergence is
achieved on these parameters, the second group may be added to the
list of identified parameters. The identification is carried
out using this new set of parameters, which are identified until
a reasonable convergence is reached. This procedure is repeated
until all the parameters are included in the identified set.

6.2.4 Initial Parameter Estimates

Good a priori values (e.g., from other wind tunnel data or
flight tests) should be used for start-up. If they are not avail-
able, it may be necessary to use a least-squares type of proced-
ure to obtain starting values. If the start-up values are too far
from the true answer, the program may converge to a relative mini-
mum away from the global minimum of the cost function.
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6.2.5 Data Record Length

Sufficient data length should be used to identify parameters.
If the data length is too short, the identified model may yield
a good time history match even though the parameter estimates
are inaccurate. A data length equal to 2 to 3 times the longest

modal period of the system should prove adequate.

6.2.6 Data Sampling Interval

In order to assure adequate information content in the data,
a sampling interval of at least 25 times the highest system
natural frequency is required. A faster sampling rate provides
somewhat more accurate parameter estimates because of some ;ddi-
tional information available in the sampled data. However, the
algorithm realizes diminishing returns in terms of increased
parameter accuracy as the sampling rate approaches the continuous
time case. - '

"6.3 A PRIORI INFORMATION

Suppose a user has three data records at the same flight
condition. Because the control input time histories differ
among the three records, the information contents of the three
records are different. By processing these records individually,
the user will get three slightly different sets of parameter
estimates and three sets of standard deviations. But what he
wants is a single set which combines the information content of
all three records.

When he has processed the first record and is about to pro-.
cess the second, he has a priori information from the first
record about the parameters he is about to identify in the
second record. He can combine the information of the two records
by reading into the second NLSCIDNT run: (a) the converged para-




meter estimates of the first run as initial parameter estimates
in the second, and (b) the converged information matrix of the
first run as the a priori information matrix of the second.

After the second run has converged, it uses this a priori infor-
mation with the second record's information to produce a statis-
tlcally combined final information matrix and parameter estimates
according to Eqs. (5.6) and (5.7).

Similarly, when he processes the third record, he should
read the combined parameter estimates and information matrix into
the third run as the initial parameter estimates and a priori
information matrix. After this run converges, the statistical
combining is again performed, and the user obtains his goal--one
set of parameter estimates and standard deV1atlons combining the
information of all three data records.

The user must take care that»eaéh run identifies exactly
the same parameters in exactiy the same order. The program has
no way of checking whether this is true. If it is not true, the
results are invalid.

The user may find it more convenient to perform this statis-
tical combining of information himself after processing each of
the three records individually. 1In this case, he must write a
program to do the following:

(6.4)

where

M. 1s the converged information ma;rlx from the i-th
Tun, »

P; is the converged parameter estimates from the i-th
Tun,
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is

is

the number of runs whose answers are combined,
the final information matrix, and

the combined parameter estimates.

may be stored on tape by each run (see Section
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' CHAPTER VII
 DIAGNOSTICS

7.1 NORMAL TERMINATION PROBLEMS

Even though’a Tun terminates normally by announcing it has
'converged there may be problems with the Tesult. Three prob-
lems are dlscussed below. S

7.1.1 Large Number of Step-Cuts

If there were several step-cuts taken Just before the search
"converged "ot ‘may not actually be near a mlnlmum as explained
‘in Section 6.2.2. Correctlve action:

(1) Delete parameters hav1no low 1dent1f1ab111tv from ‘the .
searcn .

(2) Restart the . program using. the parameter values. from
' the final iteration of the terminated run.

Increasing the step-cut 11m1tr(max1mum_number_gfm;nnergiterations“per;

mitted) beyond 4 or 5 is geherally not helpful but may be tried.

7.1.2 ~ High Value for a Measurement Noise's Variance

The diagonal -elements of the final RCMP matrix are estimates
of the measurement noises' variances. If one Or ‘more are un-
reasonably large, a problem usually exists. Corrective action:

(1) Inspect the tlme history data for errors, particularly

for dlsagreements with the program's sign conventions,

for time lags (for air data errors, particularly), and
for lost data due to a telemetry dropout

(2) Inspect the 1n1t1a1 parameter values, partlcurarly for
incorrect signs or unlts : '
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(3)  Verify that the model equations are reasonable given the
response data.

7.1.3 High Standard Deviation for a Parameter

If the standard deviation for a particular parameter is high,
it implies that its identifiability is low. There are several
possible causes:

(1) the parameter inherently has little effect on the
- aircraft's response, '

(2) there is insufficient excitation of the mode for which
.that parameter is most influential, o

(3) too many parameters are being identified relative to
the information content of the data record, or

(4) the parameter's influence is masked by the parallel
' influence of a more important parameter. ‘

Corrective action:
(1) Fix the parameter and identify more important para-
- meters, then fix them at~their_final values and try
again to identify the troublesome parameter.
(2) . Try to find a data record having more information on
the parameter and process it.

7.2 ABNORMAL TERMINATION PROBLEMS -

_ If possible, an eérror message is printed when the progran
terminates abnormally. The conditions resulting in the error
messages and recommended corfective actions (if not OBVious) are
discussed below.
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*** ERR@PR IN SUBRQUTINE INPUT. P( j) .NE. 0 BUT AN
INCPRRECT CPEFFICIENT INDEX WAS SPECIFIED.

Parameters 1 through 400 are set aside for use in the poly-
nomial expansions defining the aerodynamic coefficients. The
j-th parameter was given a value but not assigned to the expan-
sion of any aero coefficient; i.e., the input card describing the
j-th parameter (card type 5 in Table 4.1)fdid,not correctly speci-
fy the assqciated coefficient index number. Valid coefficient
index numbers.are in the range 1 to 384. '

*%* ERR@R IN 'SUBR@UTINE INPUT. - A N@PN-ZERQ EXPPNENT WAS
DETECTED FPR AN UNDEFINED EXPANSIQPN VARIABLE.

If only 'n(<.5) expansion variables are defined for the. run,
then values for exponents should not appear for expansion varl-

ables

n+1,...,Zs in parameter input cards (type 5 in Tahle

h4.1). However, one was detected.

~%*** ERROR IN SUBR@UTINE INPUT. LTYPE = xx, WHICH IS N@T @NE
@F THE ALLQWABLE SET' ‘ - o

Invalld characters were detected in the flrst two columns
of a_card of type 4 (Table 4.1).

%k ERRQR'IN SUBR@UTINE FLAGIT. "LL( j) = xx, WHICH IS N@T
IN THE. ALL@WABLE SET: ' - :

An ivalid input name of avstate, measuremeht,'or'expansion
variable was detected in an input card of type 4 (Table 4.1).
Valid input names are listed in Table 4.2.
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4.1)

.

*** ERR@R IN SUBR¢UTINE_PLAGIT. THE NUMBER OF ELEMENTS
SPECIFIED BY INPUT IS j, WHICH EXCEEDS THE MAXIMUM ALL@WED,

The number of variables spécified in a card of type 4 (Table
exceeds the maximum number for which the program is dimen-

sioned.

*** ERRPR IN SUBRUTINE INREAD. DEVICE ERRPR DETECTED WEILE

ATTEMPTING T@ READ DATA PPINT k. THE TIME AT THE PREVIQUS

P@INT, T(K-1), WAS x.

Device errors- usually result from selectlng the wrong density

or parity for a tape or attemptlng to read a damaged portion of
the tape ‘ ‘

Ll ERRQR IN SUBRQUTINE INREAD. END PF FILE ENCPUNTERED

© PREVI@QUS PQINT, T(K-1), WAS x.

type
time

sion

WHILE ATTEMPTING T@ READ DATA P@INT k. THE TIME AT THE

Thé humbér of data sample points specified in input card
2 (Table 4.1) exceeds the number of logical records on the
history tape ‘ '

**% ERRGR IN SUBRPUTINE PRNTP. THE INDEX @F THE CQEFFICIENT
CORRESP@NDING T@ PARAMETER ( j ) IS ZER@.

Parameters 1 through 400 must appear in the polynomial expan-

of an aero coefficient.

*** ERRPR IN SUBR@UTINE UPDATE. INVALID INPUT WAS PASSED
TO SUBR@UTINE INTGRS.

-The two most likely sources of invalid input to INTGRS are:

(1) the maximum number of data points specified in card
type 2 (Table 4.1) is < 1, or
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(1)' restart the pfogram using the parameter values from
the final iteration of the terminated Tun, and

(2) increase the iteration limit.

*** MAXIMUM STEP-CUTS LIMIT, j, EXCEEDED. PLQTS, IF ANY,
WILL SH@W Y-HAT FR@M THE PREVIQ@US ITERATI@N.

The parameter set used at the beginning of the 1last Newton-
Raphson iteration resulted in a higher cost than the previous
iteration had. The program began cutting back the step in the
paraméters in search of a lower cost, but the number of step-cuts

exceeded the limit specified in card type 2 (Table 411). Correc-
tive action:

(1) Delete parameters with low identifiability (small F-
values) from the search.

(2) Restart the program using the parameter values from
the iteration of the terminated run.
Increasing the step-cut limit beyond 4 or 5 is generally not
helpful but may be tried.

INV ERRGR DETERMINANT OF A=0 RANK OF A=K

The progrém attempted to'invert a singular matrix. The two
most frequent causes are a singular inertia matrix in subroutine

' STATE of a singular information matrix in subroutine SMAIN.

Both are the result of errors in the program's .input. The infor-
mation matrix will be singular if, for the vector of measurement
éstimates ? and for some one identified parameter -ej, a?/ae.so
for the entire time history. For example, if the user mistakenly
tries to identify the bias in the roll attitude gyro, b

g but
roll attitude is not one of the measurements, then 3y/5b

gE.
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(2) either the relative or absolute error bound specified
in card type 2 (Table 4.1) is negative, or both are

ZeTo.

*** ERRPR IN SUBR@UTINE UPDATE. T@P9P MANY INCREASES IN THE

INTEGRATI@N ERRPR T@LERANCES.

If the program cannot integrate the differential equations.
within the error tolerances specified by the user, it increases
them, prints a message and continues. If this occurs twice, the

program terminates. Corrective action: examine input error
. tolerances for the possibility of increase or examine data for

error.

*%** ERRPR IN SUBRPUTINE UPDATE. MPRE THAN MAXNUM STEPS

NEEDED BETWEEN T = x AND T:= y. '

The program's integration‘algorithm hds determined that in
order to meet the error bounds it must take more.stepé between
~times x and y than the maximum specified in input card type
5 (Table 4.1). Corrective action: '

(1) verify that the input parameter values are reasonable;
and if they are, then

(2) 1increase the number of steps permitted; or

(3)- relax the error bounds.

*%%* EQUATI@PNS APPEAR TP BE STIFF

There are almost certainly errors in the input to the pro-
gram. However, the differential equations could conceivably
appear stiff because of exceptionally noisy control variable time

histories.
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. %%% MAXIMUM NUMBER @F ITERATIPNS EXCEEDED.

The Levenberg-Marquardt'search has not‘converged in the
maximum number of iterations specified in card type 2 (Table 4.1).
Corrective action: re-examine convergenée criterion in input'
data and adjust as necessary.

© 7.3 ERRORS‘NOT'CAUSING TERMINATION

‘ Sometimes errors are detected which are not critical to the
procfam's compﬁtation, and it prints a message and continues.
The condltlons resulting in these error messages are descrlbed
‘below.

Ll ERR@R IN INPUT CARD DECK WHILE ATTEMPTING TQ READ A
LABEL ERR¢R QCURRED QN TEIS: CARD

The character in the flrst column of an 1nput ‘card of type
(Table 4. 1) was 1nva11d The program skips this card and con-’
tlnues to read the’ next card, which it also expecgs_ to be_a card
 of type 7. - -

K&k IVTEGRATI@V'ERRQR TPLERANCES ARE TP® SMALL TQ CANTINUE.
THEY HAVE BEEN GIVEN NEW VALUES AT SAMPLE PQIVT j.o RELERR = X
"ABSERR = ¥ : o

The program has determlnod that it cannot meet tHe error

bounds spec1f1ea by the user and replaces them with the smallest
bounds it belleves it can meet.

*** ERRPR. A NEGATIVE EIGEVVALUE, X, WAS CQWPUTED FQR TH:
INFORMATI@N . MATRIX. IT HAS BEEN SET = 1.E-27.

106




Because the information matrix is theoretically positive
| semidefinite, none of its eigenvalues should be negative. A
slightly negative eigenvalue occasionally results from numerical
error when it should actually be slightly positive. A large
negative eigenvalue invalidates the run, and a serious error

exists.

7.4 CONTROL CARDS

Flgure 7.1 shows a typlcal set of control cards needed to
run NLSCIDNT. The job and accounting cards are installation
_dependent and so are not shown in detail. The syntax of the
ether control cards may also be installation dependent the
cards shown are for the SCOPE 2 1 operatlng system on the CDC
7600 computer.

. Tape 2 is the flight test or simulation data to be used
~as.input.. Tape 3 is .the output generated by NLSCIDNT (see

Section S 2); if the output does not need to be saved, remove
the REQUEST and CATALOG cards for tape 3.
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JOB CARD
ACCOUNT CARD

Other cards required by installation to
initiate a job. - - _ :
- ATTACH,  TAPE 2 = RSRA3, ID = RSH

REQUEST,  TAPE 3, *PF o
ATTACH, ~ NLSCIDNT, ID = BJB
NLSCIDNT, PL = 7777 R
CATALOG,  TAPE 3 = RSRANL, ID = RSH..

7/8/9 (End of Record)
INPUT DATA CARDS (see Sections 4.1 & 4.2)
6/7/8/9  (End of File)

Figuré'7.l ‘Control Cards
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APPENDIX A

WAKIMUM LIKELIHOOD IDENTIFICATION OF PARAMETERS
OF A NONLINEAR SYSTEM#*

Al VIN_TRODUCTION

The maximum likelihood method is one of the most flexible
technlques in statistics for identification of parameters from
input-output data. Suppose it is p0551b1e to make a set of ob-
servations on a system, whose model has m unknown parameters é.
For any given set of values of the parameters 8 from the feasible
set ©, we can assign a probablllty_‘p(zls)‘ to_eéch outcome Z.

If the outcome of an actual experiment is z, it is of interest
to knowfwhich sets of values of 8- -might have led to these obser-
. vations. . This concept is embedded in the likelihood function |

Z(8|z). This function is of fundamental-iﬂnortance in estimétion«
theory because of the likelihood principle of Fisher and others

[6 - 8] whlch states that if the _system model is correct, all 1n-

: formatlon about unknown parameters is contalned in the likelihood

A

function. The maximum likelihood method flnds a set of parameters
8 to max1mlze this likelihood functlon

'§=max'_fe(e/z) o S (A.1)

In other. words, the probablllty of the outcome z is higher with
:parameters § in the model than with any other values of para-
.meters from the feasible set. Usually it is more convenient to -
work with the logarithm of the likelihood function (it is possible
to do SQ‘because the logarithm is a strictly monotonic function)L

This eppendlt is a shortened version of Appendix A in Ref. 1.
Only portions applicable to the NLSCIDNT program are included to
provide a ready reference for the NLSCIDNT user.
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The great asset of the maximum likelihood method is that it

‘can be used with linear or nonlinear models in the presence of

process and measurement noise. The maximum likelihood estimates

are asymptotically unbiased, consistent and efficient. These

terms are defined below.

(1)

(2)

(3)

Bias: 6 1is an unbiased estimator of 3 if

CE@) = R - (A.2)

where E Stands for the "expected value." In physical

‘terms, this implies that if the data were collected

a large number of times, the mean of the different esti-

mates 9 1is &,

Efficient: & 1is an efficient estimator of § if i

t is
unbiased and if for any other unbiased estimator 3
of 8 _ A
.. - 2 . -~ 2 A ! o . : . - . - .
E(6-6)° <E(6-8)° _ A (A.3)

Consistent: S 1is a consistent estimator of 8 if the
accuracy of the estimate improves with increasing amount

of data and approaches the true value as the amount of -

data tends to infinity. In other words, for any
positive n and = o -

P(I8_ -8l <e)>1-n gy C(A.4)

This definition is analogous to the definition of con-
vergence. in real analysis, ' '

A.2 GENERAL NONLINEAR SYSTEMS

Consider the general nonlinear aircraft equations of motion

(without process noise) .

w
~

x = £(x,u,8,t) 0<t<T (AL
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where _
x(t) 1is nx1 state vector

u(t) 1is 2x1 input vector

6 is mx 1 vector of unknown parameters
Sets of p measurements y(tk) are taken at diScrete times tk
)’Ctk) =.h(X>(tk) ’uctk)’e’tk) + V(tk)
k= 1,2,3,...8 (A.6)
V(:k) is Gaussian random noise with the following properties
CEv(ty)]
E[v(tj)y (tk)]<f R(o,t.)s.k _ L _(A.?)

_ " The’ unknown parameters ‘are supposed to occur in the runctlons -
£ and h- and in matrices fR and Xq- -In the ana1y51s to fol-
10w ‘the model and the funct10nal form of f and h is assumed
known corr°c;ly ‘ ' ‘

The set of observatlons y(tl) y(tz),...,y(tv) constitutes
_ the outcome I in tnls case. The llkellhOOd unctlon for 8,
which has the same form as the probability of the outcome 'z for
a certain value of parameters 6, 1is given by

"
e
~

[
(e0]
p -

QTGIZ)

P(Y(tl): Ytté), ﬂ"; YCtN)Ie)'

p(Yy|8) B | (A.8)
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_where _
Yk = {y(tl),..{,y(tk)}, k=1,2,...,N

P(Yyl®) = POy (ty)|Yy. 1,8) Yy {l8)

P()’(tN) IYN-I’G) p(Y(tN-l)IYN'Z:e) p(YN_zie).

TP e a (A.8)
l = , . .

 The log-likelihood function is

log {p(y(ti)IYi_l,a)}’+ constant
" S (4.9)

lfvrz
-

log [Z(8]z)] =
To find theApfobdbilityndistribution of y(ti)' given Yi-l and
8, the mean value and covariance are determined first.

E(y(t;)1Y;_4,6) Q-x(l/lfl) . | ) (A.10)
The expected value or the mean is the best possible estimate of
measurements at a point given the measurements until the previous
point. | |

cov(y(t;)1Y¥; 1,8) = ELly(e)-F(i/i-1)] [y (r;)-F(i/i-1)173

E{v(i) v(i)T}

1>

A B(i) | (A.11)

v(i) are the innovations at point i and B(i) 1is the innova-

tions covariance. Since
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y(e) - BE(eg)lY¥;.5,8) = v(d)  (A12)

it follows that y(ti) given 'Yi-l and & have the same distri-
-bution as v(i). Kailath [ 9] has shown that as the sampling rate
is increased, the innovations v(i) tend towards having a Gaussian
density. Assuming a sufficiently high sampling rate, the distri-
bution of v (i) and, therefore, y(t;) given Y., and & is

Gaussian, i.e.,

| expt- 2o vy o
?(?(ti)lyi;l,e) = PRY.TE IR Ve - (A.la).

log ply(e)lY; 1,8) = - v B v
- % 1ogl3(i)]:f constant (A¢l4) _

.The log-likelihood function of Eq.'(A;9)Acaﬁ be'written as

Il P1Z ;

log[ (alz) = - % l{v (1)B (i)v(i} +Ai§g]B(i)I}(A;lij
. 1 ’

jAnlestimate of the unknown parameters is obtained by maximizing -
the 11ke11hood function or the log- llkellhood functlon from the
‘ea51ble set of parameter values.

8 = max loc[af(elz)] | o o | E .(A.lﬁ)

i £e0
1 LA JURUNE B c |
= max [- 5 I {vi(i)B (1)v(1) + log|B(i) |} ] (A.17)

8e® i=1
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Thé 1og-like1ihood function depends on the innovations and
their covariance. To optimize the likelihood function, a way must
be found for determlnlng these quantities. In the absence of
process noise, this is a simple task. '

The state prediction is done u51ng the equations of motion
(A.5). The innovation is

V(1) = ¥(t;)) - h(x(t;),ult),8,t) o (A.18)

- From Eqs. (A.6) and (A.7) it can be seen that the covariance of
‘the innovations is

B(i) = R(8,t,) - O (A.19)

AL3 OPTIMIZATION“PROCEDURE_

Wany p0551ble numerical procedures can be used for thlS op-
timization problem. Modified Newton-Raphson (1,2] or Qua5111n-
'éa*i?ation [4] have been found-by experience to give quicker con-
vergence than most procedures like the conjugate gradient or the -
Davison method. The modified Newton- Raphson is a second order |
gradient procedure requiring computation of flrst and second
order partials of the log-likelihood function, whlch after sub-
stituting Eq. (A. 19) into (A. 15), is ' '

I

log [2(s]2)] = - 3 TR IV(5) « 1og [R] (4. 20)

i=1
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3 log [£(8]z2)]
BELER

{vTrta) 28 .1\ Tyyrlo

n ™

i=1

AR(1) p-1,:y. /s -1, ' |
. 'a'i_e;) R™(1)v (1) +% Tr(R L) %ﬂe;—))} (A.21)

2 h .
3° log [Z(e]=2)] .. ;{GVTQI) R™1eiy 2v(i)
39796} j=q\ 36 38 5

Trs
2R n) B gl ()
J

_ 9V
36,

- ba\a)ef:l;) R 1) P_}gieil R™ L (1)v (i)

08

S TR gy BEL g1, —3§éi)'a'l(i)o(i)‘
; > .

-1 TT[R-lm 3R(4) p-1.;y 3R( ]
305 Fx

20057 |
e L S OO

J

. 2n s .
Vi) R I %‘a% R (i)v(i)
. J

1 1., aR(d .
+7Tr(bR (1)5;%)} i,k=1,2,...,p (A.22)
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The last three terms in the equation for second partial of the
log-likelihood function involve second partials of innovation and
its covariance. Those terms are dropped because they are much
smaller than the other terms near a minimum and they are expensive
to compute.

Solving Eq. (A.21) for unknown_parameters in R, when R is
not a function of time, gives

R=g 1 v(i) v () (A. 25)

[N B 4
-

1

The equality in (A.23) holds only for those elements of R which
are not known a priori. For instance, even if R is known to

be diagonal, the right hand side matrix will not be diagonal in
general, but the off-diagonal terms should be ignored before they
are equated to R. Using (A.23) in (A.20)

N g -1
£ v (i) R"°v(i) + constant. (A.24)

1
2 j=1

log[2(8fz)] = - %

The first and second derivatives of the log-likelihood func-
tion with respect to unknown parameters (which do not appear in
R) are

- N A IR
= log[@(5]z2)] = - = T(i) R°Y () (A.25)
3%, S 32

3% loglz(sln)] L . ] {angi) a-1 3v(i)
. 36,38, P 1 L
2 .
. l\-l ~
+ vI(i) R §§¥§%% | (A.26)

J
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The terms in the second derivative are approximated as

22 log[z (8]z)] . . ) {@l@ Rl 2pdi) (A.27)
36396, i=1 38 39 o

One Newton-Raphson iteration evaluates the first and second
gradients for the parameter values given it and computes new para-
meter values as follows

Snew = eold + 48 | | (A.28)
| 2. -1 T |
a°J oJ
A6 = _(o ) ( ) A (A.29)
22 FE :
where
48 = the step vector,

J = -log{Z(8|2)],

,%% = 1lxm row vector whose j-th element is 3J/33j, and.

Q
<

= mxm symmetric matrix whose (j,k)th element is
;5 _
3 J/(aejaek).

)

‘ i
Because azJ/aa- is real and symmetric,

(A.30)
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where

AG = -

2

[ 3]

the i-th eigenvalue of 3°J/38°,

the i-th eigenvector.

for simplicity of notation; then

m m 538

1 T i
L = a,g,g = - I (-——) £
j=1 Ay 171 i=1 VA 7
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