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I. INTRODUCTION AND OVERVIEW

' System identification technology has been used successfu11y
for many vehicles. Because of their large number of degrees of
fteedom and complex aerodynamic interactions, the rotorcraft have
always presented a special challenge to system identification
methods. A completely 1ntegrated methodology has been developed
under this NASA contract to solve this difficult problem. This
methodology has also been translated into a user oriented series of
computer programs. This volume provides basic guldellnes for effi-
cient and effectlve use of one of these computer programs.

Flgure 1.1 shows a schematlc flowchart of the overall data pro-
cessing technique for rotorcraft. ‘The first step in- thls procedure
is state estimation and instrument calibration. This 1s 1mp1emented
by the computer program DEKFIS (for Discrete Extended Kalman Fllter
- and Smoother) which 1mp1ements an extended Kalman fllter/smoother
~using the Friedland-Duffy formulatlon Instrument. blases and scale
- factors are ‘estimated at this stage together with any state Wthh
is not measured dlrectly The second step -involves estlmatlon of
the mathematical model of various forces, moments and 1nterchanges
‘This is- 1mplemented in OSR (Optlmal Subset Regre551on) computer pro-
gram which uses a regre551on technlque Accurate estlmates of
parameters are obtained in the final step. One of two computer pro-
grams 1is used for this purpose. SCIDNT implements the maximum like-
'11hood method for linear systems and NLSCIDNT extends ‘the method to
nonllnear rotorcraft models.

. Accuracy of parameter estimates may be improved by using fllcht'
test 1nputs based on the input design program, INDES.

This user's manual describes the INDES computer program. The
details of the theory and the particular implementation used are
‘given in the final report.*

S ——
Hall, W.S., Gupta, N.K., Hansen, R. and Bohn, J., "State Estlmatlon
and Parameter Ident1f1cat10n for Rotorcraft," final report on con-
tract NASI-14549, May 1978 :
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II. PROGRAM DESCRIPTION

2.1 - PROGRAM STRUCTURE

The overall logic of the INDES program is presented in
Fig. 2.1. It is intended to give the user a general overview of
the program and, therefore, it shows only the major routines with
a brief descrlptlon of their purpose. | ‘

: The subroutine calllng structure is given in Fig. 2.2. The
.user may find this flgure useful in further understandlng:the pro-
gfam's flow and in constructing an overlay structure if one is '
needed. The progfam was deVeloped'on a CDC 7600.

The functions of the various subprograms aré sketched below:

MAIN is the main routine. It pefforms no claculations'itself,
but rather calls three routlnes--IVPUT INDES, and QUTPUT--which
_ accompllsh the computatlonal and . 1nput/output tasks. WAIN'S most
important function 1s the dlmen51on1ng of the major arrays and set-
t1ng up most of the labeled ‘commons in .the program.

BLKDAT is a block data routine. Its maJor functién'is to
initialize arrays which contain labels for the measurement, control,
and expan51on'var1ables forilnput/output purposes.

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

FLAGIT is called by Subroutine INPUT to set a pointer arrays

to the state, measurement. and expansion variables which are to be
used in the run. ' ’

SYMVV1 is called by INDES to compute the eigenvalues and
eigenvectors of the (symmetric) information matrix. It is optimized
for use on symmetric matrices. The eigensystem is calculated by
the QR algorithm after.the'matrix has been put in tridiagonai form
by a Householdef.transformation.
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UTILITY ROUTINES:
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UPDATE: - (1) propagates the state estimates (X) and state sen-
sitivities (9X/38) with respect to the parameter estimates and com-
putes the measurement estimates (y) and their sensitivities (3y/36)
by calls to appropriate subroutines; and (2) stores the measurement
estimate time histories for use by @UTPUT.

INTGR8 is called by UPDATE to oversee the integration of the
first-order differential equations for X and 3x/238 forward one
‘'sample time increment. This is accomplished by a variable-order,
variable-stepsize, predictor-corrector algorithm (Adams-Krogh~Methbd).
- The algorithm chooses its own order and Stepsize to most efficientiy
‘satisfy relative and absolute error bounds on x and 3x/se set by
‘the user. The resulting“stepsize may be more as well as less than the
sample time increment.

‘ STEP is called binNTGRS»to perform the actual ihtegrétion of
the equations. In general, the integration stepsize is not a
rational fraction of the sample time interval. ‘

INTRP is called by INTGRS to 1nterpolate the values of X,
3%/ 238 and their time derivatives at,the ‘data sampling times.

DXDTNL is called usually by STEP but ihitially by INTGR8 to
obtain the time derivatives of X and also ai/aéi, where "8,
is an identified parameter. S

YAHAT is called by UPDATE to evdluate v and 3y/38 at the
data sample times given x and 3x/38 at those'times, A —

-~ STATE has five ENTRY points.' A call to STATE initializes var-
iables used elsewhere in the subroutine. STATIC sets the state
initial condition estimates, x(0). STAICI sets the state sensi-
tivity initial condition estimates, 93x(0)/36. A call to XDPT com-
putes the time derivate of the state estimates; dx/dt. A call to
XTHDPT computes the time derivative of the state sensitivities with
respect to a specified parameter, d(a§/a§i)/dt. Therefore, the
vehicle equations of motion appear in this-subroutine.




MEAS has three ENTRY points. A call to MEAS evaluates the
measurement noise covariance matrix, R.. HCPMP computes the meas-
urement estimates, ;. HTHCMP computes the measurement sensitivi-
ties with respect to a specified parameter, 3?/361. Therefore,
the measurement instrument equations appear in this routine.

CPEF evaluates the aerodynamic coefficients required by the
vehicle equations qf motion in subroutine STATE.

DCPEF evaluates the partial derivatives of the aerodynamlc
coeff1c1ents with respect to each of the identified parameters.

- CONTRL finds the values of the control inputs at any specified
time by linear 1nterpolat10n between the nearest sample time points.

¢UTPUT performs one major task: it uses PLTLCM to plot the
final control- input time histories and to plot the resultlng simu-
lation. '

“In addition to these major subroutlnes, there are 13 ut111ty
routlnes 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.
INV finds the inverse and determinént of a matriX,
INV2 finds the inverse and determinant of a matrix.
MULT finds the product of two matrite55
PRNT writes a matrix on thé printer.
TRCE computes the trace of a matrix.
VVRDTITL reads a card.containing the run title.
TRANP tranposes a matrix.
§g§1 finds the diffefénce of two matrices.
ZER@ sets a matrix equal to the zero matrix.

ASPERR produces a subroutine trace-back in the output when an
error in computation is detected.




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

PLTLCM produces plots on the printer.
2.2 INPUT DESIGN ALGORITHM

~ The following steps detail the computational procedures indi-
cated in the various boxes of Fig. 2.1.

'2.2;1< The nominal input hn(i)< i é.l,N*NU“is'given (input)

: N*NU '2
E_.= I h_"(2)
Bnew = vI-k h, Kl k is' input quantity |
gnew, is a (N*NU)*1 vector
By = K by |
'N*NU< ;2
Enew f 2:1' hnew}(l)
N*NU 5
E.= I h_"(1)
S 421 S o
~where .gnewj is a.pgrturbation of hj ;;scaled‘by:v{k; .;ypi;a11y,
k=.01..
2.2.2 h .o is compoéed of NU vectors of length N stacked

together. This can be considered as NU separate vectors
of length N with 1i'=1,NU indicating the vector and

llocal=l’N indicating the_component.

v . s
2.2.3y, for each ¢=1,NM and 2 for each *=1,NM and

~

- - Lk . .
k=1,NP are simulated by the UPDATE routine in NLS.



In NLSC

YA(t) = y(t) Output response
3y (t)
361 .
. Output sensitivites
' to 6 8
a__x.(t) 1 NP
BGNP .

2.2.4 The time histories are to be averaged over each interval so
that YA(t) can be expressed as N "discrete" values for each
time history

2.2.5 The nominal output response and sensitivity function time B
histories are stored in the d array. .

2.2.6 To peturb hnéw'vatvthe ith position by 6 (whichbis‘an

. P
- input quantity)

—-NLOCAL = 0

~=D0 i'=1,NU.

DO ij50ar = 15N

1, = G'-D*N+dpgean |
hpew(ip) = Bpg, (i)~ (for iy # i)
pert v

hnew(ip) - hnew(ip)+ Gp

pert

“»=CONTINUE

== _ONTINUE

10




, ~ N NM
2.2.7 -Q‘(il,iz) = jzl 251 p(i;,3,1,2)- p(i,,3,1,23-Q,(2)
¥ 511'iz Qz (((Ly-1)/N+1)

Note: (1) the "1" index in p 1is for the output time history
which is assumed to be stored before the sensitiv-
ity function time histories.

(2)

=

5i1i2 = {o if i) # i,

1 if i i2

2.2.8 To calculate Ms

N*NU ' ‘
(1) Rs(j,k,z) = I hs(m) p(m,j,k,2) for all k>1
m=1
: ' - N NM ) _
(@ MGl = IE Rk ) Ry 2)/R()

2.2.9 To calculate W (requireS'invertihg Ms)
= o INT -1
W = (Ms )" W Ms

For Case 1 (W is input)

. -1
J T W M7}

S
" For Case 2 W ='Ms'1
| ST = M
2.2.10 Calculate V'
“ NP+1 NP+1 N W
Vi(iy i) = I I W(ky-1,k,-1) - I L
’ k1=2 k2=2 o j=1 =1

P(i; 3,k 2)p(i, J,k, 2))
R(%)

2.2.11 Want to solve the generalized eigenvalue problem:

V'h = AQ'h

for the largest eigenvalue A -and the corresponding eigenvector h.
V' and Q' are both symmetric. '

11



The IMSL routine EIGZF is used which obtains all the eigen-
values for the general problem. For a thorough explanation, see
the IMSL documentation, then sort through these for the largest
eigenvalue and the corresponding eigenvector.

2.2.12 To calculate Astop

For Case 1 A Tr {W Ms‘l} + e

stop A
For Case 2 Astop = NP + g,
2.2.13 VB = - Yay + Yayl-a+l
(where €y is input)
h” =

Yo hS + vB h
2.2.14 v = b 'Q'h

2.2.15 To calculate M

N*NU v
(1) R (j,k,2) = h(m)p(m,j,k,2) , for all k>1
m=1
. N NM
(2) M (k;-1,k,-1) = I I (R(j,ky 2) * R(3,k, 2)/R(L))
. j=1 2=1 ’ ’ .

Note that M 1is a NP*NP matrix.
2.2.16 To calculate J (must invert M)

Tr (W M1}
ML

For Case 1: J

For Case 2: J

2.2.17 To calculate VB

Solve o + B+2 vaB Y=1 for 0 <vB< 1




i.e. | /B = - Yoy + /ayz—a+l
2.2f18 h' = fa'hs + vYB h

2.2.19 To calculate M'

: ' N*NU.
(1) Rs(j,k,z) = I hs(m) p(m,j,k,2) for all k»>1
. o m=1"
(this should be availabiglffom 2.2.8)
: N NM . '
(2) ‘M*(kl'lyykz‘l) = jzl 251 RS(J’kl,z) ,. R(j’kz,l)/ﬁ(z)

(3) M =aM_ +8M  /GB M* o+ /GE (M)T

2.2.20 To calculate J' see 2.2.16 above -- invert M' and use it
~instead. S I

2.2.21 G =|a

2.2.22 [a -

I

b e

Other comménts: LIMITJ :
} are input on card types 6 and 4

€. respectively (see Table 3.1)

J






ITI. PROGRAM INPUT

3.1 CARD INPUT

Table 3.1 gives the details of how to set up the input data
cards. Tables 3.2 through 3.4 give additional information needed
to generate the input data and are referred to in Table 3.1 when
the information is needed. The parentheses in Table 3.4 indicate
parameters of secondary importance which are usually left unused.

A listing of input data is shown in Figure 3.1.

15
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Table 3.1 .
INDES Input Card Setup

Card Number of - .
Type Type Cards Cols. Format Name Description
1 1 1-80 15A4 TITLE Alphanumeric title for problem
2 1 1-5 I5 N Number of time steps in the designed control
_ -input sequence _ o
6-10 I5 NU _ Number of simultaneous control: inputs to be
: : designed :
11-15
NS Number of states in the assumed model (see
16-20 I5 o card type 15)
21-25 I5 NM Number of measurements in the assumed model
(see card type 15)

NP Number of parameters in the assumed model
that are to be identified (i.e. the input is to
maximize the identifiability of this many
parameters; see card type 16)

3 1 1-20 415 NC(I), Vector indicating which of the eight control
I=1,NU inputs in the model are to be used. The
' value of NC(i) is the appropriate index (see
Table 3.2-Control Variables) for the ith
control in the simultaneous design.
4 1 1-10 F10.0 T Total time in maneuver - should be compatible
with NN and DELTA in card type 5. 1I.e.
T=(NN-1)*DELTA
21-30 F10.0 DELTAP Magnitude of perturbation from nominal input

" to be used in calculating sensitivities to

control step changes.
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_ Table 3.1 (Continued)

Card Number of _ .
Type Type Cards Cols. Format Name Description
4 ' ,31-40 F10.0 - €y ~Allowable error for computing convergence
Contd. o : criteria on largest eigenvalue (see Figure 2.1)
4]550: F10.0 »e.,” .| Allowable error for computing convergence
1 criteria for J loop (see Figure 2.1)
| si-60 | Fr0.0 EE Use 0.05 (other options not implemented)
5 1 1-5 15 NN - Number of time points in continuous time
' ' . history simulation
6-15 F10.0 DELTA _Step size in continuous time history
‘ - simulation
6 1 1-5 I5 NCASE Case type: NCASE =1 J = TR {WM-1}
o - © 7 NCASE = 2 J = |M-1]
6-10 | 15 LIMITI Max. number of I loop iterations (see Fig. 2.1)
n-15 | 15 LIMITJ . | Max. number of J loop iterations (see Fig. 2.1)
16-20 | .15 LIMITO. . | Use 1 (other options not implemented)
21-25 Is KITLIM ‘Use 3 (other options not implemented)

7 Nu- 1-80 “8F10.0 HN(i), _This is the nominal nonlinear control input
Alternately : Ci.=1,N about which an optimal perturbation input is
spaced with L to be designed. This is typically a constant
an equal -] or zero input setting, but can also be a
number of maneuvering sequence. The optimal control
cards of . input is the sum of this nominal and the
type 8, i.e. optimum perturbation control input that is
7-8-7-8.... A designed. : »

8 | Nu-see note 1-80 8F10.0 HS(1), This is the initial guess for the perturba-
on card : : i=1,N tion (from nominal) control input that is to
type 7 be optimized ' :
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Table 3.1 * (Continued)

Card

Number of

Cols.

Type Type Cards Format Name Desgrip§1on
9 (k*NP), 1-80 8F10.0 W(i,i), W weighting matrix for the identification para-
. i=1,NP meters, 1 row per card (used for Case 1).
: v . - - k=[NP/8] truncated +)
10 |1 (or 2 as 1-80 8F10.0 R(i), Diagonal elements of the noise covariance
necessary) i=1,NM matrix -
N 1 1-80 | 8F10.0 Q](i); Parameter weighting terms on outputs in
(or 2 as =1 .M energy constraint expression (see Figure 2.2.7)
necessary) 0 '
12 1 1-20 8F10.0 Qz(i), ; Weighting terms on control inputs in energy
o i=1.NU constraint expression. '
13 1 1-5 | 15 IOPRT = | Use 4 (other options not implemented)
' 6-10 I5 IOPLT -Use 0 (other options not implemented)
“11-15 - 15 I0PRT1 'Use 0 (other options not implemented)
16-20 15 I0PLT1 ‘Use 0 (other options not implemented)
21-25 I5 IRW ‘=1 MWrites the control perturbation array
(P array) to file.IRHUNT after
calculating ,
=2 Reads the contro]'perturbation array
- (P array) from file IRHUNT. This avoids
| recalculation , .
= 0 Calculates P array but does not write
to file v
26-30 I5 Output file for storage of control perturba-

TRWUNT

tion array (P array). If blank, defaults to
Unit 2.
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Table 3.1 (Continued)

LTYPE

Card Number of ' i
Type Type Cards Cols. Format Name Descrlptjon
14 5 11 TPLAT = 3 if both printer plots and a tape storing
o 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
10 n IPRNT Sets level of detail of the diagnostic print-
out _
12-15 | 14 INCPR2 = k if x, ax/38, y, 3y/38, and y are to be
_ ' printed every kth sample point
17- | | Default value is 50. INCPR3 is ignored if
»17 20 14 INCPR3 IPRNT < 3.
22-25 | 14 INCPLT = k every kth data point is plotted in the
| .o printer plots (default = 1)
15 1-10 | - A2,8X = 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
input time histories

MEASURE, if the card lists the input names
of the measurement variables

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

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

Note that only the first two characters are
actually read; these words must be left
Jjustified.
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Table 3.1 (Continued)

Card Number of : N
Type Type Cards Cols. Format Name Description
15 11-80 14(A3, (LL(J), Input names of state, measurement, or expan-
Contd. 2X) J=1,14) sion variables as listed in Table 3.2. Note
that only the first three characters are
actually read; these words must be left
Jjustified. Blank words may appear between
input names.
16 1 Al ECHK = blank, if this card contains parameter
' information
= *, if no more cards of this type are to be
read
2-4 13 J1 Parameter index (see Table 3.3)
5 Al J2 = *, if this parameter is to be identified
A . | = blank, if not
6-11 A6 PLABJ1 Label for the parameter for printout purposes
12-30 E19.0 | PJ1- Initial value of the parameter ‘
31-32 12’ I1(1) = k, this parameter appears in the polynomial
expansion of the kth aero coefficient
(see Table 3.4),
Ignored if J1 > 400.
34-50 1701 IT(J), . | Exponents of the expansion variables in the
J=2,..,18 aero coefficient polynomial term containing
this parameter
17 1 Al JA = T, the label which follows on this card is

for time (the independent variable)
=Y, the label is for a measurement variable
= U, the label is for a control variable

= X, the label is for a state variable (only
: look-up states are affected)
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" Table 3.1 (Concluded)’

Card Number of ‘ 4 e
Type Type Cards Cols. Format Name Des;r1pt1on
17 3-4 I2 3 The index number of the variable. If JA =T,
Contd. _ _ o then J is ignored. ’
7-54 | 8A6. NAME -

A label of eight 6-character words.




Table 3.2

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 ) Euler roll angle rad
8 8 Euler pitch angle rad
9 - Y Euler yaw angle rad

10 éd coning angular rate rad/sec

11_ élé longitudinal flap angu]ar rate rad/sec

12 éls lateral flap angular rate rad/sec

13 Bo coning angle rad

14 Bl Tongitudinal flap angle rad

15 By, lateral flap angle rad

16 &0 collective lag angular rate rad/sec

17 &lc ]ongitudina1‘]ag angular rate rad/;ec

18 &15 lateral lag angular rate rad/sec

19 éwR rotor speed variation rad/sec

20 % collective lag angle rad

21 %1e Tongitudinal lag angle rad

22 Cis lateral lag angle rad

23 Sup rotor angular position variation rad




Table 3.2 (Continued)

CONTROL. VARIABLES

INDEX SYMBOL " DEFINITION UNITS
1 8 ~collective pitch of blades rad
2 "'-61 lateral cyclic pitch of blades rad
3 8¢ Tongitudinal cyclic pitch of blades rad
4 5TR piteh of tail rptor'blades rad
5 8o .| elevator angle rad
.6 Ga - aileron angle radv
7 S, rudder angle rad
8 8¢ flaperon angle rad
MEASUREMENT VARIABLES .
INDEX . SYMBOL ,DEFINITION UNITS .
1 a, longitudinal accelerometer" ’eft/éecz
2 a,. 1atere1 accelerometer ft/secg'
3. a, vertical accelerometer _ ft/se_c2 ‘
4 Py roll angular accelerometer " rad/sec?
5 '-ém . -'p1tch angular accelerometer rad/sec2
6 Fm yaw" angu]ar accelerometer, ' rad/Sec2
.7 Py _ ro11vrate gyro . ‘rad/sec
| 8 G pitch rate gyro ' rad/sec
-9 T “yaw rate gyro rad/sec
10 O roll position gyro - rad
11 O pitch position gyro - rad
12 wm yaw position gyro rad
13 o angle-of-attack vane rad
14 B sideslip vane rad
15 Vo pitot tube ft/sec

23




Table 3.2 (Concluded)

MEASUREMENT VARIABLES (Cont'd)

SYMBOL

INDEX DEFINITION UNITS
16 U Tongitudinal velocity ft/sec
17 Vi lateral velocity ft/sec
18 L vertical velocity ft/sec

19 : X&n rotor longitudinal force 1bs
20 YRm rotor lateral force 1bs
21 ZRm rotor vertical force Tbs
22 LRm rotor.roll moment ft/1bs
23 MRm rotor pitch moment ft/1bs
24 NRm rotor yaw moment _ft/1bs
25 Blm' flap angle of blade 1 rad
26 BZm f1ap_ang}e of blade 2 rad
.27v_" B3m 'flag'angle of blade 3 rad
28 | Bdh flap angle of blade 4 rad -
29 85m flap angle of blade § rad
.30 Bsm flap angle of blade 6 rad
31 ' B?m flap angle of blade 7 rad
32 S ym ~ lag angle of blade 1 rad.

33 Zom lag angle of blade 2 raq
34 %3m ~ lag angle of blade 3 rad
35 % am lag angle of blade 4 rad
36 Cem lag angle of blade 5 rad
37 C6m lTag angle of blade 6 rad
38 S Im “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.

24
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Table 3.3
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 8(0)
209 | w(0) .
-410 8 (0)
411 3 (0) -\ In1t1a1 cond1t1ons for the state
o lc ~variables
412 815(0)
413 80(0)_
414 lc(0)
415 ls(0)
416 c (0)
417 clc(o)
418 CIS(O) .
419 80 (0)
420 CO(O) A
421 - (0)
4?2 Cls(o)
423 S (0) 7.
423-425 Not used.
426 q Gravitational accelerat1on (default -
9.80665 m/sec )
427 o Air density
428 P Rotor shaft tilt in X-Z plane, (+) forward




Table 3.3 (Continued)

DESCRIPTION

INDEX SYMBOL
429 Q Rotor speed
430 R Rotor radius
431 o NC/ R
432 Y Lock number = pacR4/Ib
433 a 2-D 1ift curve slope
434 m ‘Mass of vehicle
435 XHUB Long1tud1nal distance of rotor hub from
. vehicle C.G.
436 Z4uB gegt1ca1 distance of rotor hub from vehicle
437 Ix )
438 Iy
439 IZ
440 Ixy
441 Ixz
442 | Iyzf
443 ._Io
444 IB .
445 IC
446 SB '
- 447 SC : ,F Inertia terms .
448 IBé |
449 I&x
450 I&L ‘
451 Iéa-
452 Iéw
453 IC&
454 Ica
455 IC@
456 I&a
457 Ity }
458 Ny Number of blades

26




Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION
459 Vg
460 Ve Inertia terms
461 9

462-469

I Longitudinal Accelerometer
470 R, | Noise covariance
471 bx  Bias
- 472 kx ~ Scale factor error

‘473_ xng AX location

474__A Yegx Y location

475 zng Z Tocation

Lateral Accelerometer

479 | R, "_‘NoiSe'c0v§rjénce
480 by _ Bias

481 ky‘ .Scale factor error
48? xcgy> X 1ocatTon

483‘_ Yegy ~Y.locat30n_

._484 zcgy _Z lTocation

_ Vertical Accelerometer

488 Rz Noise covariance
489 bZ ' . Bias _

.490 kZ Scale fgctor error
491 xch X location

492 ycgz Y locatiqn

493 zcgz JA 1ocatiqn

27




Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION
Roll Angular Accelerometer
497 Rﬁ Noise covariance
498 bﬁ Bias
499 | kﬁ Scale factor error:
o Pitch Angular Acclerometer
503 Rﬁ "Noise covariance
504 bé Bias
505 ké Scale factor error
Yaw Angu]ér Accelerometer
509 R, Noise covariance
510 bi Bias
511 k; Scale factor erro
Roll Rate Gyro
515 Rp Hoise cavariance
516 bp Bias
517 kp : Scale factor error
Pitch Rate Gyro
521 Rq . Noisevcovariance
522 bq Bias
523 g Scale factor error
Yaw Rate Gyro
527 Rr Noise covariance
528 br Bias
529 K. Scale factor error

28




Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION
~Rol1 Position Gyro
533 R, Noise covariance
534 b, Bias L
835 | k. - Scale facotr error
Pitch Position Gyro
539 Ry ~ Noise covariance
540 . by - Bias
541 kg ‘Scale factor error
| | " Yaw Position Gyro - .
545 Rw"_ ‘Noise covariance
546 bw Bias
547 .| kw' Scale factor ‘error
' AngTe;of-Attack Vane
551 Ry . Noise covariance
552 ‘b, - Bias '
553 kg - Scale factor error
.554- e *cga X 1ocat10n )
555 ¥cga_ Y_locatTon
556 Zeqa Z location
557
Sideslip Vane
- 558 RB Noise covariance
559 b Bias |
560 kg Scale factor error
561 t xch }X locat?on _
562 Yeos . Y 1ocatTon
563 zCgB Z location

29




Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION
Pitot Tube

565 RVT Noise covariance

566 bVT Bias

567 kVT Scale factor error

568 XyT X Tocation

569 Yt Y Tocation

S70 2yt Z location

571 Po Peference air density

572 Ve Velocity of sound

73 Longitudinal Velocity Measurement

574 Ru Noise covariance

575 bu Bias ,

576 ku Scale factor error

77 Lateral Velocity Measurement

578 RV Noise covériance

579 bv Bias

580 kv Scale factor error

8! Vertical Velocity Measurement

582 Noise covariance

583 Bias

584 Scale factor error

585

586 iref Horizontal refgrence distance

587 o

588 Zref Vertical reference distance

o3 Rotor Longitudinal Force Measurement

590 Rxg Noise covariance

591 bXR Bias

592 Kxg Scale factor error

593

30




Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION

~ Rotor Lateral Force Measurement

594 Ryr Noise covariance

595 bYR Bias

596 kYR Scale factor error

597 ’
Rotor Vertical Force Measurement

598 Rzp Noise covaridnce

599 bzp Bias

600 sz Scale factor error

601 ,
Rotor Roll Moment Measurement

602 | Ryp Noise covariance

603 bug Bias

604 LT Scale factor error

605 A ; _
Rotor Pitch Moment Measurement

606 RMg Noise covariance

607 bMg "~ Bias

608 | kmp ~ Scale factor error

609
Rotor Yaw Moment Measurement

610 RNR Noise covariance

611 bNg Bias

612 KNg Scale factor error

613

614 91 ' Euler angle

615 A " Increment

616 8, Euler angle

617 A8 v Increment

31




Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION
618 Bo ref
619 Blc ref Blade flapping
620 Bls ref
621
 Blade 1 Flapping Measurement
622 R81 Noise covariance
623 bBl Bias
624 kBl Scale factor error
625
Blade 2 Flapping Measurement
626 R82 Noise covariance
627 | b82 Bias
628 sz Scale factor error
- 629
Blade 3 Flapping Measurement
630 ‘RB3 - Noise covariance
631 b83 Bias
632 k83 -Scale factor error
633 _
Blade 4 Flapping Measurement
634 R84 Noise covariance
635 b84 Bias
636 k84 Scale factor error
637

Blade 5 Flapping Measurement
Noise covariance

638 R

BS
639 bBS‘ Bias
640 kBS Scale factor error

641




Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION
Blade 6 Flapping Measurement
642 R86 Noise covariance
643 b66 : Bias
644 kBs Scale factor error
645
Blade 7 Flapping Measurement
646 RB7 - Noise covariance
647 b87 .| Bias
648 | k67 Scale fa;tor error
649
650, %0 ref , .
_651 %1c ref 'ng references
652 %1s ref
653 ]
Blade 1 Lag Measurement
654 ‘Rcl ' Noise covariance
655 a bcl Bias
656 kcl Scale factor error
657 o
| Blade 2 Lag Measurement
658 Rc2 Noise covariance
659 bC2 Bias
660 kz;2 Scale factor error
661
Blade 3 Lag Measurement
662 RC3 Noise covariance
663 % Bias _
664 r3 Scale factor error
665 -

33




Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION

Blade 4 Lag Measurement

666 RC4 Noise covariance
667 bC4 Bias
668 k?;4 Scale factor error
669

Blade 5 Lag Measurement
670 RCS Noise covariance
671 bCs Bias
672 k(:5 Scale factor error
673

Blade 6 Lag Measurement
674 RCG Noise covariance
675 bc6 | Bias -
676 k;s ' Scale factor error
677

lade 7 Lag Measurement
678 Rc7 Noise covariance
679 bC? Bias |
680 kC7 Scale factor error
681 ‘
682. - stR Noise covariance
683 kSWR Scale factor error
684 bsz Bias

685




~Table 3.3 (Concluded)

INDEX SYMBOL DESCRIPTION
686 R Scale factor error
S¥p :
687 kSwR | Bias |
688 b Noise covariance
Svp 2 |

- 689 '

{ 701 Zy Reference value for expansion variable<zlA
702 25 Reference value for expansion variable z,
703 Z, Reference value for expansion variable Z3

: 0o ’ s - o o g
704 z, . Reference value for expansion variable z,
705 Zg ~Reference value for expansion variable z
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Table 3.4
Indices of the Aerodynamic Coefficients
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CH-53A NONLINEAR INPUT DESIGN RUN 100 XNOTS

5 L 14 10 5
2 .
500 .01 0
1 5 5 1 3
0‘
.l-
l.
l. :
l.
«26224 «24048 «34029
3.3348E-064.4698E-05
0.
0.
100.
4 0 0 0 0
1 1§ 50 . 500
STATES u v H p

HEASURE AX
EXP VAR DTR

& .
426 G
427 RHO
428 THETAR
429 OHEGA
430 R
431 SIGHA
" 432 GAMHA
433 CLA
434 MASS
435 XHUB
436 ZHUB
437 14X
438 1Y

32.174
0023769
0.

19.33

36.
0.1151
10.84
6.09
1041.

0.

0.
41400.
206500.

0. 0. .05

l. 4
_ l. v . .
.00031554 00030634 .00007458 .0000767957.9433E-05

Q R PHI =~ THET 80 Bop B8C BCD BS BsSo
RD P Q R PHL THET

Figure 3.1 Listing of Input Data



12 192500,
1yz 0.

I0 T 44865,
IBETA 4465,
NB be
AIBIAS 32.174%
RAX 26224
RAY « 24048
RAZ «34029

RADAT .00031554

RROOT .00030634%
RP " «000074580
RQ - «000076795
RR «00007%433
RPHI .0000033346
RTHETA .0000044693
CX0

CXu ~.000742
Cxv +.0009%4649
CXH +.0146

Cxp -.000541
cxQ -.0423

CXK +.00371
CXDFR =-,000107
CYo +t.0

CYu +.00241
cYv -.00876
CYH . +.000313%
cve +.0245

cva -.09293
CYR -0e717
CYDTR  +.001644
czo .0

cu -.0132

czv -.0011

CiH -.115

ceLp ~.00263

Figure 3.1 (Continued)
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22 CI9° +0.829

23 CIR

24 CIDTR
256CLO -

26 CLU
27 CLV
28 CLW
29%CLP

.30 CLQ

31 CLR
32 CLDTR
33 CHO
34 CNU
35 CHvV
36 CMwW
37 CHP
38 CHOQ

39 CHR .
40 CHOTR

41 CNO
42 CNU
43 CNV
44 CNW
45 CNP
46 CNO.

47 CNR
48 CNDTR

49 HO

50 HBO -

51 HBOD .
52 HAC
53 HACD
54 HBS
55 HBSD
56 HTS
57 HIC
58 HTO

Figure 3.1 (Continued)

+.0189

«00011)
° 0 ’

~.0001348"

-.0027
-.000816 -

.0000806

.0021
000345

. <00
-.000425
400195

«00135

 -.00013

.000106

+0000076

«0

";.ooxzzf

«00643

T =.0001%9

.00245
.00131

-<0059

«0

-.00558
-.000L7)
«00533

.0103
.000424
.0021
.00109
.00107 .

e 0058‘)

36
37
38
‘46
.47
48
49
50

Y

52
53
6l
62
63
64
65
66
67
68
76
17
.18
79
- 80.
‘8l
82

- . 83 -

9
95
- 92

96 .

23
97
94
108
107

106



147

59
60
61
62
63
b4
65
66
67
68
69
70
71
72
73
74
75
76
17
78
79
80
81
82
83

85
86

Yo

Yu0
YBOD
Y8C

YBCD

Yes
Y8SD
YTS
YTC
Y10
To
T80
TBOD
T8C
TBCD
8
T8SD
IS
TiC
TT0
Lo
LBO

LBOD

LBC
LBCD

-84¢LBS

L8SD
LTS

87%LTC

88
89
90
(’1
92
93
94
()‘)

Figure 3.1 (Continued)

LTO
MO
MHBO
MBOO
M8C
H8CO
MBS
MY SD

.0
-«00224
-.00151

« 0009

- -«000902

«00573
«00394
00247
«00254
~«000157
007147
<0484
-.00343
«00247
”00162
-20025
.0193
~.0275
~-.0033
<0598
-0
»000128
«0000474

" 200112

«00224
‘.00‘037
-«005048
-+000224
~-000817

«000847
. «0
-.0000783
~«000795%

«N1047

;0071

«00122

« 00244

131

135

132

- 136

133
137
134
148
147
146

111

1195

112
116
113
117
114
128

127

126

151 -
155

152
156
153
157
154
168
167
166
171
175
172

176

173
177

174




Tt

. 96
97
98
99
100
101

102

103

104

105

- 106
- 107

108
109
110
111
112

113
114
“115
116

117

1148-

119

120.

121

122

123
124
125
126

127

124
129
130
131

132

Figure'S:l (Continu¢d)

NTS
MTC
MTO
Qo0
QB0
0800
asC -

QBCD

ass
QaBsoD
ars

arc

at0
800
Bou

Bov

BOH
sop
80Q
BOR

8080

3080)
BoBC

80BCD

BOBS
808SD
8OTS
BOTC
BOD TR
BOTO -
8CO:
BCU
BCV
BCH
BCP
BCa
BCR

~.000431
=.0000373

«000508
0
<0015
000335
«0009%47
.00L17

"00021
_000176‘
~ .00010%

S .00052
'.3'0

«00057
«00001 "
200867
«000275

-.00221
—+00221
-s00484 .
-.00734 -

« 000542
«000557

- =+ 000484
~+000325

-« 000243

-+0000559

) .0065!}
«0 ‘
‘.001’9

000761

,‘.00“78
_00105

000037

- 188

187
186

191
195 -

192
196
193

197 . -

194
208

207
206
211

212

213

214

215
‘216

217
221
218
222

- 219

223
220
234
233 -

211
232
. 236

2317
238
239
240
241
242



v

133
134

135

136
137
139

139

140
141

142

]

Y{ 1) LONG ACCEL
Y{ 2) KAT ACCEL
Y( 3) VERT ACCEL

¥

143
144
145

146

L47
148
149
150
151
152
153
154
155
156

BC30
BCBOD
8cscC
8CBCO
3C8S
BCBSD
8CTS
8CTC
3CDTR
8CTO
850
3s5u
BSv
8SH -
BsSp

8sQ

BSR
8530

BSBOD

-BSUC

8s8CD

Bs8S
BS8S0
4sTsS

.00253
.00155
-.00138
-.0108
-.00454
-.0132
-.00337
<0747

-.0000153

«0003485
«0
-.00127
-.00102
-.0019
-.00847
« 00674
-«000401
-.00024
00037
00444
«0127
-.00931
«+0047

157¢8STC

158 8SDTR.

159 8STO

Figufe 3.1'(Conc1uded)

«00317

.0000034
-.00242

(ET/SEC#®%2)
(FT/SEC$#2)
(FT/75EC@92)

246
243
247
244

248
245

259
258
236
257
261
262

263

264

265

266
267
271
268

272

269
273
270
284
2813
261
282




IV. PROGRAM OUTPUT

The sample input deck in Figure 3.1 was run on INDES. Some
of the resulting output will be shown in this section. The rest
of the output is keyed to the discussion in Section 2.2.‘ The sum-
mary page is shown in Figure 4.1. The namelist input variables |
are listed in Figure 4.2. The4array defining one portion of the
C6ntrol,input is shown in Eiguré 4.3. Figure'4.4 shows the begin-
ning of the output of the optimal control sequence computed by
INDES, while Figure 4.5 is an excérpt from the sequence at a later :
time. Figure 4.6 is a sample of the plots which come out on the

printer.
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- HITH LIHIT ON |

CH-5S3A HONLINEAR ENPUT DESIGN RUN 100 KNUYS

COOOIEOONNOOIOIONOINAOCONEREROEPOIRRROINOIIIORIIIRNEIEIEIIINIINS

INPUT DESIGN PROGRAN

L]
L] [
* *
L] [ 4
* .
. ' WRITIEN OV: : .
U ' SYSTENS CONTROLs INC. ¢
. PALO ALTO, CAL. J
* . . L4
00000000000000000000000{000000000.00000000000.000‘000000.000

THE PROGRAM WAS SET YO THE FOLLOWING DIHENSIOMS...
: : HAS LINIT EXCEEDED?

B4 STATES ¢ e ¢ o o o o o o o'a o o NO
10 HEASUREHMENTS o o o o o o ¢ o o o NO
‘ CON'RULS . - - - - - L] L - L] . . No
722 PARAHETERS IN HODEL o o o« o o' 0 o N
500 DATA PUINTS IV TIHE HISTORIES . . NO

5 PARAHETERS 10 BE IDENTIFIED

S TIHE INTERVALS
DELTA ¥. = - .0100
TOTAL TIHE = - 5.0000 SECONDS

JESIGN FOR CASE 1
-5
AND LIMIT ON § = 5

EXPANSIUN VARJIADBLES USED IN THIS RWN. ..
(L) = TAlL ROTIR

THE FLAG ARRAYS FOR THIS RUN ARE... .
ISFLAG - L 2 3 4 5 & 7 8 010 1214 911
NSFLAG = 1 2 3 4 5 6 7 813101411 15 12
NHFLAG = 1. 2 3 5 6 1 8 91011}

NIFLAG = 9 ' o :

Figure 4.1 Summary Page




St

$DOUT--

NS

NQ

NP

Noun

REXV:- .

NPEX
naxe
P

Ny

NSA

NPA
NSO
Lev
NXA
NYA
NCV
NR
NIQ.

SEND

14,
10,
Se

| %

400,

122,

Sy

500,

84,

60,

0,

20,

60y 1,

15, .15,

509,

Figure 4.2 'Namelist

Input
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CONTROL NO.
0.
0.
o.
0.
0.
0.
0.
0.

- 0.

o.

0.

0.

00

0.
-« 10000E-01
«10000€E-01
«10000€-01
.10000€-01
«1N000E-01
«10000E-01
- 10000€E-01
.10000E-01
- 10000€-01
.10000E-01
«10000E-01
«10000E -01

0.

0.

0.

0.

0.

0.

0.

0.

0.

0-

1

" «10000E-01

0.

00

0.

0.

0.

00

0.

0.

00

o.

0.

Qo

0. .
«10000E-01
«10000c-01
+«10000z-01

«10000E-01L -

«10000E~-01
«10000E-01
+10000E-01
«10000E~01
«10000:-01
«10000€E-01
«-10000€-01
«10000:-01

0. .

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

00

0.

0.
. 10000E-01
«10000€~01
«10000E-01
«10000€-01
«10000E~01
+10000E-01
-10000E-31
.10000€-01
«10000E-01
+10000E-01
.10000€-01

«10000E-01

0.
0.

0.’
o.
0.
0.
0.
0.
0.
0.

Figure 4.3 Contfol Input

0.

« 10000€E-01

- 10000E-01

«10000E-01
«10000E-01
«10000£-01
«10000E-01
«10000E-01
«10000E-01
«10000E-01
» 10000E-01
«10000E-01
« 10000E-01
«10000€-01

0.

0.

0.

0‘

o.

o‘
0.
0.
0.

«10000E-01
«10000F-01
«10000€-01
«10000E~-01L
«10000€~-01
«10000E-01
«10000E-01
«10000€E-01
«10000E-01
«10000E~01L
- 10000€-01
«10000E-01
«10000E-01
0.

- 0.

0.
0.
0.

- 0.
.0.

0.
0.
o‘

«10000E-01
+«10000E-01
«10000€E-01
«10000E-01
«10000E~-01L
«10000E-01
+«10000E-01
«10000E-01L
« 10000€-01
+«10000E-01
«10000E-01
«10000E-01
« l0000E-0O1

0.

o.

0.

0.

0.

0.
- Q.

0.
0.
0.

«10000E-01
«10000E-01}
«10000E-01
«10000€-01
+10000€E-01
«10000E-01
«10000€-01
+«10000E-01
«10000€-01
«10000E-0O}
«10000E-01
-« 10000E-01

o.

0.

0.

0.

o.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.
«10000E-01
«10000E£~-01
«10000E-01
«10000£-01
«10000€-01
-10000E-01
«10000E~-01
+«10030E-01
«10000E-01
- 10000€E-01
+«10000E-01
.10000€-01

0.

0.

o,

O.

0.

0.

0.

0.

0.

0.

0.




Ly

0. 0. 0.
0. ) Q- 0.
0. 0. 0.
O 0. 0.
0. 0. 0.
Oe 0. 0.
Oe o. 0.
0. O. 0.
0. 0. 0.
0. 0. 0.
0. Q.. O.
N, .. 0. 0.
o. 0. o,
0. 0. 0.
Oe O 0.
0. 0. 0.
0. 0. 0.
0. 0. 0. -
0. N 0. °
0. 0. D.
0. Ao. 0.
0. 0. 0.
0. 0. 0.
0. 0. 0.
0. 0. 0.
0. 0. 0.
0. 0n. n

Figure 4.3 (Continhed)
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SYSTEN SIHULATION HITH OPTINAL ENPUTS

TIHELSEC)

0.000

010

«020

<030

" . 040

«0%0

« 060

<070

«NBO

CONTRILS--

1.67411E-02

7.67411€-02

T.67411E-02 0.

‘7.67411E-02 0.

7.67411€E-02 O.

7.67411E-02 0.

T.67411E-02 O.

7.67411E-02 0,

7.67411€-02 0.

Figure 4.4

HEASUREHENTS——

0. 0.

Q. 1.72962:¢01
~4.,16990E-02 0.

o.

o. o.

0. l.44337z+01

-1.19187€-01~7.)5426E-04

9.63108€~06

o. 0.

0. 1.005402401
~1.545080€-01-4.39014E-0)

7.66638C-05

0. 0.

0. 6.301206E+00
~1.49672E~01-5.95292:-03

2.535756-04

n. 0.

0. 3.255452400
-1.08584€6~01-1.18764E-01

5.85018E-04

0. 0.

0. 9.41579E-01
-3.71839€-02 1.32657:-02

1.10664€-03

0. 0.

0. -6.60620:-01

5.75445E-02 3.78591€-02

1.84462E-01

0. o.

0. ~1.606455400

1.68124E-01 B.016155-02

2.81586E-0)

o. o‘

o. ~1.97605E¢00

2.87167E-01 1.349275-01

4.02856E-0)

0.
9.12043E-01
0.

0.

0.

1.31261E¢00-

0.

0.

0.
6.10039£-01
0.

0.

7.95391€E-01 7.18085E¢00 5.789376-01
2.90210E~-03-8.39549E-04 1.01765€-00

0. 0. 0.
1.69708F ¢00 1.09633E¢01 1.10540€¢00
Le13825E-02-2.24311E-03-2.43256E-05

o. 0. 00
2.90477€900 1.31547E%01 1.55295E+00
2.47462E-02-3.79655E-03-7.97371€E-05

0. 0. o.
4.52859E¢00 1.42235€¢01 1.90975€+00
4.21382E-02-5.11576E~01-1.22272E-04

0. 0. 0.
6.41225E¢00 1.45931€¢01 2.17137€+00
6.262)2E-02~5.86707E-03-7.01GL2E~-05

0. 0. 0.
B.54229E000 1.462945E401 2.334955E+00
8.525)5€-02-5.78162E-03 1.81476F-04

0. 0. 0.
L.0505%E¢01 1.46341E001 2.42088E¢00
1.09124E-01-4,66336E-0) 7.71602¢-04

a. 0. 0.
1.25034E¢001 1.48419E¢01 2.425570¢00
L.33415E-01-2.391006-03 1.83426E~0)

Beginning of Optimal Control Sequence




6t

«090

+100

.llo

«120

130

« 140

0.

0.

7.67411E-02

7.67411E-02

7.67411E-02

7.67411€-02
“T.67411E-02

T 26001 -0

0.

0.
0.

0.

0

0.

‘0

0.
0. .
A. 078605 0l

T 5.48324E-0);

0.

5.24231E~01
7.17388€E-0)
0. -

o.
6.31557€-01

" 9.08920€E-0)

O
0.

7.26264E-01

1.12140€-02
0.

0.
8.050000-01
1.151026-02

'Figure 4.4 (Cb@tinded)‘

0..
-1.86516:+00
2. 04[96--0[

0..

‘=1.37669E000

2. 8761[‘-0[
o. .
~be lJBl]‘-Ol
3. 81569--01
‘0.
‘Y 25726--01

4.91246E-01

Q.
1.35372z:00
6.08920€-01

0.
1.43565E¢01

1.57419E-01

0.
1. 60057£O01

1.80561E-01.

o.
1.74073E+01
Z.OZQOZE-OI

o.
1.556185001
2.22639t-01L

0. .
l. 924020€¢01
2.410276-01

0.
1.54223E+01
1.08529E-0)

0.
1.564842E001
5.75139€-0)

o.
1.80829€+01
1.15395€-02

0.
2.02280¢ 001
1.63403E-02

0.
2.208923E+01
2.-60148E-02

0.

2.36574£+00
3.51843€-0)

o.
2. 25528[000
5.9h5%47€-0)

0.
2.10786E¢00
7.31084E-0)

0.
1.93669tE¢00
1.36776€-02

o.
1.75376L ¢00
1.9L740F-92



0S.

1.960

1.970

1.980

1.990

2.000

2.010

2.020

2.0130

2.040

2.050

0. 5.99032€-02
0. 5.99032E-02
0. -1.65025E~-0)
g. ~-1.65025€-0)
0. | ~1.65025E-03
0. 0.

1.017656-06 9.63108E-06

~2.43756E-05 7.66638£-05

~T.I7ITLE-05 2.53575E-04

~1.22272€E-0% 5:85018E-04

0.

0.

O..
1.92962E+01
1.44337€E+01
1.00540£+¢01
6.30126E400
].ZSS&SE'OOI

9.415792€-01

9.12043E-01
9.95391€-01

1.692708E¢00

2.91477E4+00

4.52859E+00

6.41225E¢00

TleUic UL UC 0e32304E UV LoZUNLOL-UL=4.HSH2L~UL 1.294420L 401
-1.14385E-01 ' .

0. 0. 0. 0. 0.

0. =7.197235-01 1.43961E¢02-2.54742E+01 1.01829L-01
=5.99085€6-02 8.340955¢00 1.27400E-01-4.66479E-01 1.26282E401
-1.13004E-01 )

[/ 2% 0. 0. 0. 0.

0. -=54395995-01 1.43869€¢02-2.69518E¢01 1.15549€E-01
~4.9L715E~02 8.34426E000 1.30498E-01-4.6702066-01 1.27122E+01
-1.11229E-01 .

0. 0. 0. 0. 0.

0. 1.883625200 1.4305hE002-3.16539E¢01-1.0)927%E-01

3.36076E-02 8.339395+00 1.30948E~-01-4,671710E-01 1.27961E¢01
-1.09071€-01 .

0. Q. 0. 0. 0.

0. 5724122000 1.42591E002-3.63323E¢01-5.359926-01

1.2L710€E-01 B8.3)665¢¢00 1.277076-01-4.66392€-01 1.28799F+01
~1.06570€~01

1.31261E¢00~6.10039E~-03~4.16990E~-02 0. 0.

. 0. . 7.079955000 L.41584E+02-3,.91788E001-9,.09323€-01

2.05519E-01 B8.33417€¢00 1.20425E-01-4.6A751E~01 1.29637E+01
-1.03784E-01 :

7.18065E¢00 5.78937E-01-1.19187E~01-7.35428E-04 2.902106-03
~BeJ9549E-04 1.18033E¢01 1.40095E¢02-4,04019E201-1.20442E¢00

2.80930E-01 B8.312829:400 1,09782E-01-4.Hh2310E-01 1.30474E401

. =~1.00270E-01

1.07633€¢01 1.105402+00-1.545680E-01-4.39004E-03 1.13825F-02
=2.24310E-0) 1.38712E¢01 1.38163)E¢02-4.06713E+01~1.41493E¢00

3.47698E-01 A,315725¢00 9.66196E-02-4.59160E~01 1.31310£¢01
-9.,75740€E-02

LeILSATEYOL 14552952 ¢00-1e495T72E-01-5.95292C-0) 2.47462E-02
~3.79655E-03 1.533263001 1.35889E¢02-4.C01053E401—-1.54722E+00

4.04664C~01 0.27482E¢00 B8.17446E-02-4.55389E-01 1.32143E001
~9.42349€E-02

1o42235E¢0L 1.909755000-1.08584E6-08~1.18764E-0) 4.21382E-02
-5 11576E-03 1.621503¢08 1.33356E¢02-3.70314E¢01—-1.604870400

4.50778E~01 B.26354E¢00 6.59241E-02~4.51103E~01 1.32974E¢+01}
-9.07817€~02

Le45931F¢01 2.171372000-3.71839E-02 1.326576-02 6.26232(-02
=5.86707E-03 1.65675E001 1.)0646E¢02~3.76497E¢01-1.574G0F+00

4.894126-01 B.22128E¢00 4.98734E-02-4.46412E-01 1.33001E+01
-8.72356E-02 :

Figure_4;5 Later in the Optimal Control Sequence




1S

2.060

2.070

- 24080

2.090

2.100

2.110

~7.11512€E-05

1.63476E-0¢

7.71602€E~-04%

1.83476E-0)

3.51843E-0)

5.96547E~03

1.10664€E-0)-6.60620E-01
1.04462€-03-1.60645€¢00
2.81586E-01-1.97605€E¢00
4,02856E-03-1.865L0E+00
5.48]2\6-0]—[.]766?&000

7.173868E-03-6.13313E~-01

B8.44229€000

1.05054E¢01

1.25034E+01

1.43565€401

1.60047E¢01

1.74073E001

Figure 4.5

" 1e46294AE¢01
~5.78162€-0)
5.08327E-01
-8.36110€-02
Le46)4LE00L
-4.6063)6E-0)
5.19719€-01
=7.997171E-02
1.48419E¢01
~2.319100E~03
5.,2015BE-01
-7.61599€-02
1.54223E+01
1.08529€-0)
5.10584E~01
-T7.234306€E-02
l.64842E01L
5.75139€E~-0)
4.92200€-01
-6.847250-02
1.80829+01
1.15375€6-02
4.664300-01

(Continued)

2433955E¢00
le64524:s01
8.16773c+00

2.42088:000
1.59410E¢01

8.103292¢00

2.42547:000
1.51069c+01
8.02865E+00

2.365742+00
1.40229:+01

7.24484E¢00-

20255282400
1.27575c¢01

7.85315E¢00-

2.10786E+00
12372282001
1.1%9

S0LE 00—

5.754456-02 3.98591E-02 8.52515€-02
1.27840E ¢02-3.61122E¢01-1.52525E¢00
3.42291E-02-4.51434E-01 1.34623E«01

1.68124E-01 B8.016156-02 1.09124E~-01
1.25013C¢02-3.45277E¢01-1.40696£¢00
1.95315E-02-4.36284E-01 1.35438E¢001

2.8T16TE-0L 1.74927E-01 1.33515€-01
1.222336¢02-3.29654E¢01~1.25010£400
6.21758E-01-4.31076E-01 1.36247€¢01

4.07840E-01 2.04196E-01 1.57419E-01
1.195576¢02-1.14622E +01-1.06574E¢00
5.3B8157E-03-4.25214E-01 1.37047E+01

5.24231E-01 2.R7411E-01 1.080561€-01
1.17034£002-3.00271E¢01-8.63163E-01
1.50373E-02~4.20894t-01 1.37818E¢01L

6.315576-01 3.83549E-01 2.02402E-01
1.14700f ¢02-2.R6493E¢01-6.51434E-01
2.2610R1 ~02=4, 1600SF =0) 1.344100 o2



A LONG A -3.00€E+01 -2.005+01 -1.00E+01 O. 1.00E*01 2.00E+01 J.00E+01

CCEL R . . . o . .
TINE[SEC)

0.00000
-01000
«02000
«03000
« 04000
«05000
«06000
«07000
«08000
« 07000
«10000
«11000
«12000
13000
«14000
+15000
«16000
«17000
«18000
«172000
«20000
+21000
22000 -
«23000
«24000
«25000
«26000
«27000
+28000
«29000
+30000
«31000
«32000
«33000
«34000
«35000
«36000
«37000
«38000
«37000
+«40000
<41000
+ 42000
«43000
«44000
-45000
«46000
«47000
«48000
«49000
«50000
«51000
«52000
«53000
« 954000

» > >

>
S0 08 08 as 05 o0 20 & P 00 S8 00 30 e0 65 B0 S8 96 o8 30 e

€8 86 40 04 00 40 00 06 48 %0 s

L IR I O ]
e Do >

> bbb

® & 6 & 4 8 8 8 & 4 8 B 0 0 6 6 8 & & 0 % 5 P B O 8 0 8 6 6 0 6 6 0 0 & G 6 0 0 P G G O S O 0 s s s ¥ 2 e

T Ih Db et 46 46 S8 08 60 a8 65 06 50 45 40 S8 60 U6 40 et g0 98 e

Figure 4.6 Sample of Printer Plots










