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I. INTRODUCTIONAND OVERVIEW

!
System identificationtechnologyhas been usedsuccessfully

for many vehicles. Because of their large number of degrees of
freedom and complex aerodynamicinteractions,the rotorcrafthave

I always presented a special challengeto system identification

methods. A completelyintegratedmethodologyhas been developed

under this NASA contract to solve this difficultproblem. This
methodologyhas also been translatedinto a user oriented series of

i computerprograms. This volume provides basic guidelinesfor effi-cient and effectiveuse of one of these computerprograms.

i Figure i.i shows a schematicflowchartof the overall data pro-cessing techniquefor rotorcraft. The first step in this procedure

is state estimationand instrumentcalibration. This is implemented
I by the computerprogram DEKFIS (forDiscrete Extended Kalman Filter

and Smoother) which implementsan extendedKalman filter/smoother

I using the Friedland-Duffyformulation. Instrumentbiases and scale

factors are estimatedat this stage togetherwith any state which

I is not measured directly. The second step involves estimationof
the mathematicalmodel of various forces, moments and interchanges.

This is implementedin OSR (O__ptimalSubset Regression)computerpro-
gram which uses a regressiontechnique. Accurate estimatesof

parametersare obtained in the final step. One of tWO computer pro-
grams is used for this purpose. SCIDNT implementsthe maximum like-

lihoodmethod for linear systems and NLSCIDNT extends the method to
nonlinearrotorcraftmodels.

Accuracy of parameterestimatesmay be improved by using flight
test inputs based on the input design program, INDES.

This user's manual describes the INDES computer program. The

details of the theory and the particularimplementationused are

given in the final report.*

Hall, W.S., Gupta, N.K., Hansen, R. and Bohn, J., "State Estimation

i and Parameter Identification for Rotorcraft," final report on con-tract NASI-14549, May 1978.
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II. PROGRAM DESCRIPTION

1
2.1 PROGRAM STRUCTURE!

The overall logic of the INDES program is presented in

2.1. It is intendedto give the user a overview ofFig. general

the program and, therefore,it shows only the major routines with

i a brief descriptionof their purpose.
Thesubroutine calling structureis given in Fig. 2.2. The

I user may find this figure useful in further understandingthe pro-
gram's flow and in constructingan overlay structureif one is

needed. The program was developedon a CDC 7600.

The functionsof the various subprogramsare sketched below:

I _IN is the main routine. It performs no claculationsitself,
but rather callsthree routines--INPUT,INDES, and @UTPUT-iwhich

I accomplishthe computationaland input/outputtasks. MAIN's most
importantfunction is the dimensioningof the major arrays and set-

ting up most of the labeled commons in the program.

BLKDAT is a block data routine. Its major funczi0n is to

initializearrays which contain labels for the measurement,control,

and expansionvariables for input/outputpurposes.

INPUT handles all of the program's input, Checks for errors in

the inputs,and initializesvarious £1ags within the program. It

also prints this informationas a record for the user.

FLAGIT is called by SubroutineINPUT to set a pointer arrays

to the state,measurement,and expansionvariableswhich are to be
. used in the run.

SYMVVl is called by INDES to compute the eigenvaluesand

eigenvectorsof the (symmetric)informationmatrix. It is optimized
for use on symmetricmatrices. The eigensystemis calculatedby

the QR algorithmafter the matrix has been put in tridiagonalform

by a Householdertransformation.

/ " 3
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UTILITYROUTINES:

EQUATE HULT SIJDT
INV TOCE

--.HEAS INV2 TRANP
LENT ADD

-- FLAGIT STATE ZERO ASPERR
RDTITL PflINT

STATIC'

INPUT__ STAICIi

C{_NTRL

MAIN -- EIGZF -- XDJ_Ti C{_EF

XTIID{_TI. DC{_EF
-- INDES---- UPDATE --

u-, BLKDAT I IICflMP2

SYMVVI YAIIAT "--I

L_
HTtlCMP2E

C_NTrL

-- OUTPUT- PLTLCM DXDTNL"-I XDOTi CI_EF
L XTIID(_Tk DC_EF

XD_ITl __ C_EFF-'--

INTGR8-- STEP DXDTNL ---_ XTIID(_T_ DC(_EF

INTRP .L.__ C(_NIRL

JEntry point in STATE
_'Entry point Jl| HLAS

Figure 2.2 Subroutine Calling Structure
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UPDATE:• (1) propagates the state estimates (_) and state sen-

sitivities (_/_0) with respect to the parameter estimates and com-putes the measurement estimates CY) and their sensitivities C3y/_e)
by calls to appropriate subroutines; and C2) stores the measurement

estimate time historiesfor use by _UTPUT.

INTGR8 is called by UPDATE to oversee the integrationof the

I first-orderdifferentialequationsfor x and _/_8 forward one

sample time increment. This is accomplishedby a variable-order,

l variable-stepsize,predictor-correctoralgorithm(Adams-KroghHetho4).
rhealgorithmchooses its own order and stepsfze to most efficiently

^

1 satisfy relative and absolute error bounds on x and _x/_% set by
the user. The resultingstepsizemay be more as well as less than the

l ' sample time increment.
STEP is called by INTGR8 to perform the actual integrationof

•[ the equations. In general, the integrationstepsize is not a
i

rational fractionof the sample time interval.

I INTRP is called by INTGR8to interpolatethe values of x,
}• _x/_8 and their time derivativesat the data sampling times.

I DXDTNL is called usually by STEP but initiallyby INTGR8 to
obtainthe time derivativesof x and also _x/_i' where _i

is an identifiedparameter.I
-. YAHATis called by UPDATE to evaluate y and _y/_8 at the

[ data sample times given x and 8x/_8 at those times.
I

STATE has five ENTRY points. A call to STATE initializesvar-
iablesused elsewherein the subroutine. STATIC sets the state

initial conditionestimates, x(0). STAICI sets the state sensi-

tivityinitial conditionestimates, _x{0)/_8. A call to XD@T com-
putes the time derivate o£ the state estimates, dx/dt. A call to

XTHD@T computes the time derivativeof the state sensitivitieswith

respect to a specifiedparameter, d(_x/_Si)/dt. Therefore,the
vehicle equationsof motion appear in this subroutine.

l 7
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MEAS has three ENTRY points. A call to MEAS evaluates the

measurementnoise covariancematrix, R. HC_MP computes the meas- I " "
urement estimates, 9. HTHCMP computes the measurement sensitivi-

ties with'respect to a specifiedparameter, _Y/_ei" Therefore, I "the measurementinstrumentequationsappear in this routine.

C_EF evaluates the aerodynamiccoefficientsrequired by the ]vehicleequations of motion in subroutineSTATE.

DC_EF.evaluates the partial derivativesof the aerodynamic I
coefficientswith respect to each of the identifiedparameters.

C_NTRL finds the values of the control inputs at any specified I
time by linear interpolationbetween 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 resultingsimu-

lation I
In addition to these major subroutines,there are 13 utility

routinesof which use is made by severa! of the above routines. I
ADD finds the sum of two matrices.

EQUATEsets one'matrixequal to another.

INV finds the inverse and determinantof a matrix.

IINV2 finds the inverse and determinantof a matrix.

MULT finds the product of two matrices, i
PRNT writes a matrix on the printer;

TRCE computes the trace of a matrix. I
RDTITL reads a card containingthe run title.

TRANP tranposesa matrix. [

SUBT finds the differenceof two matrices.

ZER@ sets a matrix equal to the zero matrix.

ASPERR produces a subroutinetrace-backin the OUtDUt when an [error in computationis detected.

8
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1
LNCNT prints the run'stitle at the top of each page
PLTLCM produces plots on the printer.

2.2 INPUT DESIGN ALGORITHM

I The followingsteps detail the computationalprocedures indi-

cated in the various boxes of Fig. 2.1.1
2.2.1 The nominal input hn(i)" i = I,N*NU is given (input)

I N*NU 2
En = .r. h (£)£=i nI
hnew= /yr_ h_n • k is input quantity

I • hnew, is a (N*NU)*I vector
h_s= /£ hn

N*NU
Ene w = Z h 2 (9,)Z=I new

N*NU

Es = E h£=I S

I where hnew is a perturbationof hn scaled by /k typically,i -
k=.01.

.I 2.2.2 hnew is composed of NU vectors of length N stacked
together. This can be consideredas NU separatevectors

I of length N with i'=l,NU indicatingthe vector and

ilocal=l,N indicatingthe component.1
2.2.3y£ for each £=I,NM and __6Yzfor each z=I,NM and

_k
I k=I,NP are simulated by the UPDATE routine in NLS.
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In NLSC
ID

Y__A(t)= Z(t) Output response I

__7_(t)
ael I
: Output sensitivites

• to e1 eNp . !aZ(t)
aeNp

!
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 I
time history I

!
2.2.5 The nominal output response and sensitivityfunction time I
histories are stored in the d array.

2.2.6 To peturb hnew at the ith position by 6p {which is an I
input quantity)

_NLOCAL = 0 I

-_-DO i'= I,NU

DO iLOCAL= I,N

Iip (i'-l)*N+iLOCAL

hnew(ip) = h (ip) (for ip _ i)
pert new [

hnew(ip) = hnew(ip)+ _p
pert [

_m--CONTINUE

---_CONTINUE [

i0
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N NM

2.2.? Q'(il,i 2) TM z E P(il, j ,I,£) ._P(i2, j ,I,£)-QI(Z)
j=l £--1

. Qz (((Ll-i)/N+I)+ _il,i2
Note: (i) the "I" index in p is for the output time history

which is assumedto be stored before the sensitiv-

.I ity function time histories.

(2) _ili2= 10 if il _ i2l
if iI = i2

i
Z.Z.8 To calculateMs

I N*NU
(I) Rs(J,k,£) = r hs(m ) p(m,j,k,£) for all k>l

m=l

I N NM
(Z) Ms(kl-l,k2-1) = Z E (Rs(J,k I £) • Rs(J,k 2 £)/1[(£))

. j--i_=i ' '

2.2.9 To calculate_[(requiresinvertingMs)

= i)Tw i
(W is input)

For Case 1 Js = rr{W Msi} .I
For Case 2 W'= Ms 1

Js = IMsII
2.2.10 Calculate V.'

NP_i NP_i _Cki_i,,2_i). " N
v'(il,iz) = kl=2 k2=2 j=l £=I

P(il,J,k l,£)p(i?.,j,k2,£)

I _(£)

2.2.11 Want to solve the generalizedeigenvalueproblem:

V'h = XQ'h

for the largest eigenvalue X and the correspondingeigenvector h.

V' and Q' are both symmetric.{
[ 11
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I
The IMSL routine EIGZF is used which obtains all the eigen-

values for the general problem. For a thorough explanation, see I

the IMSL documentation, then sort through these for the largest

eigenvalueand the correspondingeigenvector. 1

2.2.12 To calculate Xstop I

IFor Case i Istop= Tr {W Ms i} + £_

For Case 2 _stop= NP + _l I
2.2.13 /B = - _y + _ey2-_+l

(where a_ is input) [
h" = _ hs + /_ h

2.2.14 Y = hsTQ'h I

2.2.15 To calculateM IN*NU
(I) R (j,k,£) = E h(m)p(m,j,k,£) for all k>l

m=l I
N NM

(2) N (kl-l,k2-i) = j=IZ £=I_(R(j'kl' £) " R(j'k2'£)/_(£)) I

Note that M is a NP*NP matrix.

2.2.16 To calculateJ (mustinvertM)

I
For Case i: J = Tr {W M'I}

For Case 2: J = IM'I I

2.2.17 To calculate /8 [

Solve _ + 8+2 €'_B¥=I for 0 <8¢_ i [

I
12
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i.e. €'_= €_ y + /a_Z-a+l

2.2.18 h' = ¢q hs + €_ h

I 2.2.19 To calculateM'

N*NU(i) Rs(J,k,£) = Z hs(m) p(m,j,k,£) for all k>l
m = I

I (this should be available from 2.2.8)
N NM

(2) M*(kl-l,k2-1 ) = r r R (j,kI £) • R(j,k 2 £)/I_(£)
j=l £=I s ,

(3) M' = a Ms + 8M €_ M* + a¢_ (M*)T

2.2..20To calculateJ' see 2.2.16above-- invert M' and use it

I instead.

i 2.2.21 G = a" a° i
_ O

2a a 1

Invert G

' --
2.2.22 a ....

= G-I t_°
mm _;

!

J1

aNEW = - b/2a

[ Other comments: LIMITJ I are input on card types 6 and 4[

£. ) respectively (see Table 3.1)

I
13
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III. PROGRAM INPUT

1 3.1 CARD INPUT

Table 3.1 gives the details of how to set up the input data

I cards. Tables 3.2 through 3.4 give additional information needed

to generate the input data and are referred to in Table 3.I when

I the information is needed. The parentheses in Table 3.4 indicate
parameters of secondary importance which are usually left unused.

I A listing of input data is shown in Figure 3.1.

l

I
I
I
I
I
I
l
t

15



Table 3.1

INDES •Input Card Setup

Card Numberof
Type Type Cards Cols. Format Name Description

1 1 1-80 15A4 TITLE Alphanumerictitle for problem

2 I I-5 IS N Number of time steps In the designedcontrol
input sequence

6-10 15 NU Number of simultaneouscontrol inputsto be
designed

11-15

NS Number of states in the assumedmodel (see
16-20 I5 card type 15)

21-25 15 NM Number of measurementsin the assumedmodel
(see card type 15)

NP Number of parametersin the assumedmodel
that are to be identified(i.e. the input is to
maximize the identifiabilityof this many
parameters;see card type 16)

3 I 1-20 415 NC(1), Vector indicatingwhich of the eight control
I=I,NU inputs in the model are to be used. The

value of NC(i) is the appropriateindex (see
Table 3.2-ControlVariables)for the ith
control in the simultaneousdesign.

4 I I-I0 FIO.O T Total time in maneuver - should be compatible
with NN and DELTA in card type 5. I.e.
T=(NN-I)*DELTA

21-30 FIO.O DELTAP Magnitudeof perturbationfrom nominal input
to be used in calculatingsensitivitiesto
control step changes.



Table 3.1 (Continued)

Card Numberof Cols. Format Name •Description
Type Type Cards

4 31-40 FIO.O _ A11owableerror for computingconvergence
Contd. criteriaon largesteigenvalue(see Figure 2.1)

41-50 FIO.O ._j. A11owableerror for computingconvergence•' criteriafor J loop (see Figure 2.1)

51-60 FIO.O EE Use 0.05 (otheroptions not implemented)

5 1 I-5 I5 " NN Number of time points in continuoustime
historysimulation

6-15 FiO.O " DELTA .Step size in continuoustime history
•. simulation

6 I 1-5 IS NCASE Case type NCASE = I J = TR {WM-I}
.: NCASE = 2 J = IM-II

6-10 15 LIMiTI Max. numberof I loop iterations(see Fig. 2.1)

II-15 15 LIMITJ .- Pax. numberof J loop iterations(see Fig. 2.1)

16-20 15 LIMiTO .. Use 1 (otheroptionsnot implemented)

21-25 15 KITLIM Use 3 (otheroptionsnot implemented)

•7 NU- •I-80 8FIO.O HN(i), .This is the nominalnonlinearcontrol input

Alternately . ii=l,_l .aboutwhich an optimal perturbationinput is
spacedwith to be designed This is typicallya constant
an equal " or zero input setting,but can also be a
number.of maneuveringsequence..Theoptimalcontrol
cards of • input is the sum of this nominaland the
type 8, i.e. • optimumperturbationcontrolinput that is
7-8-7-8.... designed.

8 NU-see note 1-80 8FIO.O HS(!), This is the initialguess for the perturba-
on card i=l,N tion (from nominal)control input that is to
type 7 be optimized



Table 5.I (Continued)

Card Numberof cols. Format Name DescriptionType Type Cards

9 (k*NP), 1-80 8F]O.O W(i,j), W weightingmatrix for the identificationpara.

i=I,NP meters, l row per card (used for Case l).
k=[NP/8].truncated+l

10 .I(or 2 as 1-80 8F]O.O R(i), DiagonaleIBaentsof the noise covariance
necessary) i=I,NM matrix

II I 1-80 8FIO.O Q1(i), parameterweightingterms on outputs in
(or 2 as eneray constraintexpression(see Figure 2.2.7)
necessary) i=l,NM -

12 I 1-20 8FIO.O Q2(i), Weightingterms on controlinputs in energy
i=I,NU constraintexpression.

13 1 1-5 15 IOPRT Use 4 (otheroptions not implemented)

6-10 15 IOPLT .Use0 (otheroptionsnot implemented)

II-15- 15 IOPRTI i 'Use0 (otheroptionsnot implemented)

16-20 15 IOPLTI Use 0 (otheroptionsnot implemented)

21-25 15 • IRW = I Writes the controlperturbationarray
(P array) to file.IR_JUNTafter
calculating

=2 Reads the control•perturbationarray
• (P array) from file IRWUNT. This avoids

recalculation

= 0 CalculatesP array but does not write
to file

26-30 15 IRWUNT Output file for storageof controlperturba-
tion array (P array). If blank, defaults to
Unit 2.



Table 3.1 (Continued)

Card Numberof Cols. Format Name Description
Type .TypeCards

14 5 II .IPLBT = 3 if both printerplots and a tape storing
the time historydata are to be made

= 2 if only the tape is to be made

= l if only the printerplots are to be made

= 0 if neither

I0 II IPRNT Sets level of detail of the diagnosticprint-
out

A

12-15 14 INCPR2 = k if R, 3RIBS,y, B_/BO, and y are to be
printedevery kth samplepoint

17-20 14 INCPR3 Defaultvalue is 50. INCPR3 is ignoredif
IPRNT< 3.

22-25 14 INCPLT = k every kth data point is plotted in the
printerplots (default= I)

15 l-lO A2,8X LTYPE = STATES,if the card lists the input names
of stateswhich are to be integrated

= READ, if the card lists the input names of
the stateswhich will be looked-upfrom
input time histories

= MEASURE, if the card lists the input names
of the measurementvariables

= EXP VARS, if the card lists the input names
of the.expansionvariables

= *b, if no morecards of this type are to be
read ("b" indicatesa blank).

Note that only the first two charactersare
actually read; these words must be left
justified.



Table 3.1 (Continued)

Card Numberof Cols. Format Name DescriptionType Type Cards

15 11-80 14(A3, (LL(J), Input names of state,measurement,or expan-
Contd. 2X) d=l,14) sion variablesas listed in Table 3.2. Note

that only the first three charactersare
actuallyread; these words must be left
justified.Blank words may appear between
input names.

16 I AI ECHK = blank, if this card containsparameter
information

= *, if no more cards of this type are to be
read

2-4 13 dl Parameterindex (seeTable 3.3)

5 AI J2 = *, if this parameteris to be identified

=blank, if not

6-11 A6 PLABJI Label for the parameterfor printoutpurposes
0

12-30 El9.0 PJI, Initialvalue of the parameter

31-32 12 II(l) = k, this parameterappearsin the polynomial
expansionof the kth aero coefficient
(see Table 3.4),

Ignoredif Jl > 400.

34-50 17Ll ll(d), Exponentsof the expansionvariablesin the
J=2,..,18 aero coefficientpolynomialterm containing

this parameter

17 1 A1 JA = T, the label which followson this card is
for time (the independentvariable)

= Y, the label is for a measurementvariable

= U, the label is for a controlvariable

= X, the label is for a state variable (only
look-upstates are affected)



! ! •

Table 3.1 (Concluded)

Card Numberof Cols. Format Name• Description
Type Type Cards

17 3-4 12 J The index number of the variable. If JA = T,
Contd. then J is ignored.

7-54 8A6 NAME A label of eight 6-characterwords.

t,.}



Table 32

State, Control, and _leasurement Variables

m

STATE VARIABLES

INDEX SYMBOL DEFINITION UNITS

1 u longitudinalcomponentof velocity ft/sec

2 v lateralcomponentof velocity ft/sec

3 w vertical componentof velocity ft/sec

4 p bodyroll rate_ rad/sec I5 q body pitch rate rad/sec

6 r body yaw rate rad/sec

7 @ Euler roll angle rad

8 e Euler pitch angle rad

9 _. _ " Euler yaw angle rad

--10 80. coning angularrate rad/sec

11 lc longitudinalflap angular rate rad/sec

12 81s lateralflap.angularrate rad/sec

13 8° coningangle rad I14 , 81c longitudinalflap angle rad

15 _ls lateralflap angle rad

16 _o collective lag angularrate rad/sec

17 _Ic longitudinal!ag angularrate rad/sec

18 _ls lateral lag angular rate rad/sec i

19 _R rotor speed variation rad/sec

20 _o collectivelag angle rad I
21 _1c longitudinallag angle rad

22 _ls lateral lag angle rad I23 _R rotor angular positionvariation rad

I
q

22
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I
Table 3.2 (Continued)

i

-I CONTROL.VARIABLES
i II

i INDEX SYMBOL DEFINITION UNITS
1 eo collective pitch of blades rad

i 2 .elc. lateralcyclic pitch of blades rad
3 81s longitudinalcyclic pitch of blades, rad

• 4 aTR pitch of tail rotor blades rad

5 .6e . " elevatorangle .. .- rad
6 _ aileronangle rada

7 _ rudder angle rad
} r.

8 .6f- flaperon angle rad

I • "
.MEASUREMENTVARIABLES. . •

i f

I INDEX SYMBOL_ DEFINITION ,. UNITS

1 ax longitudinalaccelerometer ,ftisec2

I 2 ay lateralaccelerometer ft/sec2

3 " az vertical accelerometer ft/sec2

I 4 Pm roll angularaccelerometer rad/sec2

5 qm pitch angularaccelerometer rad/sec2

I 6 rm yaw angularaccelerometer radisec2
7 Pm roll rate gyro rad/sec

I 8 qm pitch rate gyro rad/sec
9 rm yaw rate gyro rad/sec

10 Cm roll positiongyro rad

Ii em pitch positiongyro rad

12 _m yaw posi:tiongyro rad

I 13 _m angle-of-attackvane rad
14 Bm sideslipvane rad

I 15 Vm pitot tube ft/sec

i .23
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Table 3.2 (Concluded) I i,

1
MEASUREMENTVARIABLES(Cont'd)

INDEX SYMBOL DEFINITION UNITS I

16 um longitudinalvelocity ft/sec I
17 vm lateralvelocity ft/sec

18 wm vertical velocity• ft/sec

Ig XRm rotor longitudinal force Ibs . _I

20 YRm rotor lateral force Ibs

21 ZRm rotor vertical force Ibs

22 LRm rotor,roll moment ft/Ibs

23 MRm rotor pitch moment ft/Ibs • •

24 NRm rotor yaw moment ft/Ibs

25 Blm flap angle of blade I rad

26 82m flap angle of blade 2 • rad "

.27. B3m flapangle of blade 3 .. .. rad i

28 B4m flaP •angleof blade 4 rad I '

29 BSm flap angle of blade 5 rad

.30 B6m flap angle of blade 6 rad ..

31 ' BTm flap angle of blade 7 rad

32 _im lag angle of blade i rad. " _

33 _2m lag angle of blade 2 rad

34 _3m lag angle of blade 3 rad

35 _4m lag angle of blade 4 . rad I.

36 _Sm lag angle of blade 5 rad

37 _6m lag angle of blade 6 rad

38 C7m lag angle of blade 7 • rad

39 (cos CR)m cosine of rotor azimuth N.D.

40 (sin _R)m sine of rotor azimuth N.D.

24



Table 3.3
Parameters

INDEX SYMBOL DESCRIPTION
i

1-400 These parametersare availablefor defining
the polynomialexpansionsof the aerodynamic
coefficients

401 u(O)

402 v(O)
403 w(O)

404 p(O)

4o5 q(O)
406 r(O)

407 €(0) ... "

408 B(O)

409 _(0)..
;

(o)-410 o

411 Blc(O) d. Initial conditionsfor the State •

412 Bls(O) .I variables . "

413 .Bo(O)

414 ,Blc(O)

415 fls(O) '

416 _o(OJ

417' :.
418 _ls(O) ..
419 . 6_R(0)-

420 €0(0) . .

421 _1c(0)

422 _ls(O)

423 6eR(O) '
423-425 Not used.

426 g Gravitationalacceleration(default-

9.80665 m/sec2)

427 p Air density

428 eR Rotor shaft tilt in X-Z plane, (+) forward

2S
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Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION )

429 _ Rotor speed i
430 R Rotor radius

431 o NC/ R I

432 y Lock number = pacR4/Ib

433 a 2-D lift curve slope I434 m. Mass of vehicle

435 xHUB Longitudinaldistance of rotor hub from

• vehicle C.G. r

436 ., zHuB Verticaldistance of rotor hub from vehicle
C.G.

437 Ix _ I

438 ly

439 Iz ' }

440 .. Ixy

441 Ixz 'i
442 lyz .

443 ,Io
" I

444 IB

445 I_

446 SB I I

447 ';_ > Inertiaterms "

448 E_ (
449 I_

4so i_, f
451 I_:_.

452 I_ ,_
453 I • I

454 I

455 I_ ,.

456 I_

457 r_ ) ( .
458 Nb Number of blades

26
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I
l Table 3.3 {Continued}

-I INDEX SYMBOL DESCRIPTION
i

459 _B 1
I 460 v_ Inertiaterms

461 gs I462-469

, LongitudinalAccelerometer

I .. 470 Rx. Noise covariance
471 bx Bias

472 kx Scale factor error

473 Xcgx . X location "

474 Ycgx Y location .

I 475 Zcgx Z location

,I ' " " " ." , "

., .. -. . .

I Lateral Accelerometer ..

479 ,Ry Noise covariance _ .

480. by . Bias . ...
481 k Scale factor error

y .,.

i 482 Xcgy X location
483.. YcgY Y.location.

484 Zcgy Z location "

( "

VerticalAccelerometer

488 . Rz Noise covariance

489 bz Bias

i 490 kz Scale factor error
491 Xcgz X location

492 Ycgz Y location

i 493 Z locationZcgz
i

I 27



l
Table 3.3 (Continued) I

•

INDEX SYMBOl. DESCRIPTION

l
Roll Angular Accelerometer

497 R_ Noise covariance I
498 b_ Bias

499 k_ Scale factor error • I

.PitchAnqularAcclerometer

503 R_ Noise covariance I
504 b. Bias

q

505 k6 Scale factor error I

Yaw Angular Accelerometer {509 R_ Noise covariance

510 b_. Bias

511 k_ Scale factor erro I

Roll Rate Gyro I
515 Rp Noise cavariance

516 bp Bias I
517 kp Scale factor error

Pitch Rate Gxro 1 "

521 Rq Noise covariance

522 bq Bias . 1

523 kq Scale factor error

)
Yaw Rate Gyro

527 Rr Noise covariance I "
528 br Bias

529 kr Scale factor error



I
l

Table 3.3 (Continued)

I
INDEX SYMBOL DESCRIPTION

i
Roll PositionGyro

I 533 Rr Noise covariance

534 br Bias

I 535 kr Scale facotr error. ,
.:.

" Pitch PositionG_ro

I 539 Rs Noisecovariance

I 540 bs Bias "541 k@ " •Scalefactor error .

Yaw PositionGyro •..

545 R_ •Noisecovariance

546 b_ Bias •

547 k_ •. Scale factor'error "
. ..

Angle'of-Attack Vane

551 R Noise covariance .. .

.552 .b Bias "

553 k : Scale factor.error

I 554 Xcg= X location ..

555 Ycg_ Y location

557

I. SideslipVane

558 RB Noise covariance

I 559 bB Bias

560 kB Scale factor error

I 561 Xcg_ X location

562 YcgB Y location

563 ZcgB Z location

29
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Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION

Pitot Tube ' I

565 RVT Noise covariance

566 bVT Bias I
567 kVT Scale factor error

568 xVT X location I

569 YVT Y location I

570 zVT Z location

571 Po Peference air density I

572 vs velocity of sound

573 I
LongitudinalVelocityMeasurement

574 Ru Noise covariance

575 bu Bias

576 ku Scale factor error
577

LateralVelocityMeasurement

578 Rv Noise covariance

579 bv Bias

580 kv Scale factor error

581 I
Vertical Velocity _.!easurement

582 Rw Noise covariance 1
583 bw Bias

584 kw Scale factor error

585 I

586 Xref Horizontal reference distance
587

588 Zref Vertical. reference distance
589

Rotor LongitudinalForce Measurement

590 RXR Noise covariance

591 bxR Bias

592 kxR Scale factor error
593

30 I



Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION
| i

Rotor LateralForce Measurement
594 RyR Noise covariance

595 byR Bias

596 kyR Scale factor error
597

Rotor Vertical Force Measurement

598 RZR Noise covariance

599 bzR Bias

600 kzR Scalefactor error
6Ol

Rotor Roll Moment Measurement

602 RLR Noise covariance

603 bLR Bias

604 kLR Scale factor error
605

• Rotor Pitch Moment Measurement

606 RMR Noise covariance

607 bMR Bias

608 kMR Scale factor error
609

Rotor Yaw Moment Measurement

610 RNR Noise covariance

611 bNR Bias

612 kNR Scale factor error

613

614 _1 Euler angle
615 A@ •Increment

616 O1 Euler angle
617 AS Increment

31
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Table 5.3 (Continued)

m

INDEX SYMBOL DESCRIPTION

}
618 Bo ref

619 Blc ref Blade flapping

620 Bls ref I
621

Blade 1F,lappin_Measurement I
622 RB1 Noise covariance

623 bBl Bias I
624 kB1 Scale factor error
625

Blade 2 FlappingMeasurement }

626 RB2 Noise covariance

627 bB2 Bias I

628 kB2 Scale factor error
629

Blade 3 Flappin9 Measurement

630 ,RB3 Noise covariance I
631 bB3 Bias

633632 kB3 -Scalefactor error I

Blade 4 Flappin9 Measurement

634 R_4 Noise covariance I

635 bB4 Bias

636 kB4 Scale factor error I
637

Blade 5 FlappingMeasurement I
638 RB5 Noise covariance

639 bB5. Bias

640 kB5 Scale factor error I
641

f

32 I
/
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Table 3.3 {Continued}

I INDEX SYMBOL DESCRIPTION

.I Blade 6 FlappingMeasurement

642 RB6 Noise covariance

I 643 bB6 Bias
644 kB6 Scale factor error

I 645 Blade 7 FlappingMeasurement

646 RB7 Noise covariance

I. .647 bB7 Bias

648 kB7 Scale factor error

I 649 :

650. _o ref

I 651 _1c ref Lag references

652 :lsref

653
Blade I Lag Measurement

654 R_I Noise covariance
•. 655 b{1 Bias

656 k_l Scale factor error
.. 657 "

Blade 2 Lag Measurement

658 R_2 Noise covariance

659 b{2 Bias

I 660 k_2 Scale factor error
661

i Blade 3 La9 Measurement
662 R_3 Noise covariance

i 663 b_3 Bias664 k_3 Scale factor error
665

I
33
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Table 3.3 (Continued)

INDEX SYMBOL DESCRIPTION

Blade 4 Lag Measurement I

666 R_4 Noise covariance

667 b_4 Bias I
668 k_4 Scale factor error

669 ]
Blade 5 Lag Measurement

670 R_5 Noise covariance

671 b_5 Bias I

672 k_5 Scale factor error

673 I

Blade 6 Lag Measurement

674 R_6 Noise covariance I
675 b_6 Bias

676 k_6 Scale factor error I677

• Blade 7 La9 Measurement 1678 R_7 Noise covariance

679 b_7 Bias

680 k_7 Scale factor error i
681

682. RS_R Noise covariance

683 ks_R Scale factor error 1

684 bs_R Bias
685

I
)



I Table 3.5 {Concluded)

I •INDEX SYMBOL DESCRIPTION
i

"{ 686 RS_R Scale factor error

i 687 ks_R •.Bias

• 688 . .bs_R Noise covariance

I 689

I 701 •Referencevalue for expansionvariab]e•z1Zlo

702 -..Z2o Referencevaluefor expansionvariable z2

i , . .

703. "Z3o' ReferenceValue for expansionvariable_,z3...

704 _ Referencevalue for•expansionvariable z4
I z40 ._.

705 ZSo.. Referencevalue..for.expansionvariable z5

(

.

l
(

I

{
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Table 3.4

Indices of the Aerodynamic Coefficients

PI_IIl,_RY SUfiSl:ltI PI
i

SYHtlOL o u v w p q " bo I_lc l'_is _o _lc LSh l'o _lc _ls _:R z o Z'lc -:'is _'R "u °1c Uls _Ig 6e 'Sa '_ SP_LS,' _t

rt_ ..... I Z (,i) 4 (51 6 (11 (81 191 (101 (111 {IZ t3-15

Iiy ..... Ib (11) 18 (19) 20 (21) 22 Z3 (24J (25) (26) I(ZI 28-30

Lt ..... Jl JZ (JJ 34 (351 36 (]1) (J81 1391 (40) (411 (4Z} 43-4S

(_L ..... 46 (4/) 48 (49) 50 (51) 5? 51 (54) (5S (561 (hi) 58-60

':H..... {,l 6Z (6J) 64 165 66 (61) (68) (69) (IU) (71)'(72 13-15

lit .... lfi (11 /8 (19) 80 (81) 82 83 (tl4 (85) (66) (Ui} UB-90

II ..... 91 92 93 94 95 96 91 9B 99 tOO 101 102 10.1 (!04) (105_ 106 107 108 109-110

l ...... Itl 112 113 114 115 116 II1 118 119 IZO 121 122 23 (124) (125) 126 121 i28 129-1_0

C,,_ Y • .... JI 13Z 133 134 1,15 136 I J1 1,18 1,19 140 141 142 141: 144) |145) 146 141 141:1 149-1511Ch

t ...... i ILt 152 15] 154 155 156 151 IS8 159 160 161 16Z: 163 (Ib4J' (Ib5) 166 161 168 I&'J-IiO

M ...... ti IlL' 113 114 115 176 Ill 118 119 II:lO 181 18l 183 (184 (llJSI Iub 187 1118 189-190

'1 ...... I*Jl 197- 193 194 195 196 191 198 199 ?00 ZOl 202 203 (ZU4 12051' 20b gO1 Z08 209-ZiO
i

Ho ..... Zll 21L' Zl] 214 215 216 217 Zlsl Z19 L'ZO 221 222 22:1 22¢ 225, 226 Z?7 220 229 (2301 (Z31) 232 231 Z34 Z15

Hh: .... Lib LIi Z3B 239 Z40 241 "24Z 24] Z44 245 246 241 24tIZ49 250 :'Sl 25Z Zb3 2.54(ZS5)(256) 251 258 259 260

Ills Zbl ..'bz Zb:l Z64 265 266 261 268 269 ?IO:211 212 213'd14 215 21b 211 ZI8 219 (280)(ZUl) 282 283 284 ZB5

{1" ..... /lift Jill ?B8 Z89 290 291 Z92 Z91 244 295 Z96 291 Z98 Z99 100 381 3ot ]0J 304 305) (JOb 101 308 309 310

I)1' ..-. itl ;I;! JlJ 114 115 ,116 Jli 118 319 }Z8 JZI `172 321 124 325 3;'6 .J21 ]Ztl J29 (`1,10) 1131) 332 ],13 3.14 335

I._l_ .... IJi, 131 Jill J,19 ]40 341 ,14Z J43 _.14 ,145 J4b ,141 J48 ,149 t50 `151 .152 JSi 354 ;(355) [,156) 151 351:1 159 3bO

il ... lot :b? Ibl J64 Jb5 ]6b tb] Jb8 ]b9 J111 J/I 112 1/1 334 `115 Ji6 ill JI8 `1/9 (,111O)'(Jdl) 38Z "183 .1_J4 JSb-4OO

j J •
• . , -.

• .. •. ,. • .



CFt-SJA NONLINEAR [NPUT DESIGN RUN 100 KNOTS
5 L Lt* LO 5
2

_.0 .01 O. O. o05
500 .OL 0

I. 5 S i 3
O,
°L
L,

!.,
i.,

Lo
L°

.26ZZt, • .Zt.O4fl .3t.OZ9 .00031556 .,0003063t. .00007t.58 .O000767957.St.33E-O_
3 ° 33L, QE-O6t.. 1,698E-05
O.
O.
lO0.

l, 0 0 0 0 2

1 l 50. 500 .
"_ STATES U V W P Q R PIll " THET BO BOO BC BCD BS BSD

MEASURE AX AY k.Z QZ) RD P O R Pill THET
EXP VAR OTR
0

t,_6 G 3Z.11 t,
_?7 RltO . oog 37b')
6Z8 TilETAR O.
t,gq OMEGA L9°33

• t.30 R 36.
_31 SIGMA O,LLSL
_32 GAMrtA [O.B (,
z_33 CLA b'O'_ l
t.3t. nASS iO_l.
zo35 XHUB O.
(,36 ZilU8 O.
t, 37 IX *tLifO0-
t,38 1¥ Z06500. ..

Figure 3.1 Listing of Input Data



_39 II 192500,
_2 IYZ O.
_] I0 ',d65.

_58 NB 6.
_89 AZBIAS 32.X7_
_10 RAX ,2622_
etl9 RAY .Z_O_8
_88 RA/ , 3/_029
503 ROODT ,0003155_
509 RRDOT .0003063_
5[5 RP ,00007_80
521 RQ ,000076795
527 RR ,000015_33
533 RPHI .00000333_6
53q RTHETA ,00000_4698

I CXO I
2 CXU -.O001_Z 2
) CXV ..00035_9 3 /

CXN *,01_6
5 CXP -,0005_1 5

u_ 6 CXO - 0_8 6O0 •

7 CXR *,00)71 7
8 CxDrR -.O00197 . 8

CYO i..O t6
lO CYU *,O0?_L 17
It CYV -.00_ 7_ L8
L2 CYW *.000]]_ 19
13 CYP *.OZd5 ZO
l_ CYO -.OOZSJ Z[
15 CYR -O.7tl 2Z
16 CYDTR *.001_ " 23
ll CZO *.0 it
18 CLU -.Old? 32
19 CZV -.OOl[ .33
20 CZW -.115 ]_
21 C/P -.O02b] J5

Figure 3.1 (Continued)
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o e • I

2Z CIO _-0,829 36
23 C/R ,,0189 3!
Zk CZDI';_ .O00LL) 38
2_#CLO o0 k6

7.6 CLU -.O00l_ _7
Z7 CLV -.0027 _8
28 CLW -.OOLb) _()
Z94,CLP -, O008Lb 50

30 CLO ,0000806 St.
31 CLR ,0021 5Z
32 CLDTR .OO0:)z* 5 53
33 CH0 ,O0 61
3_ CHU -,O0O_Zb 6Z
35 CHV .OOLgb 63
36 CHW ,00135 6z*
37 CHP -,OOO13 65
38 CHQ -.1183 66

39 CHR .OOOlOb 67
ztO CHOIR .O000O')b 68
41 CNO ,0 76 ..
k?. CNLJ -,00121 77

z_3 CNV • OObZtJ 78
"_ ztzt CNW -. 0OO15:) 79

zi5 CNP • OOZZ*5 80.
46 CNQ ,00131. t) L

47 CNR -..OlU l _2-
_8 CNDT_ -, 0059 tJ3
_9 ItO .0 gI

50 HBO -. O05bti 95
5L HBOD -,OOot/) 92
52 HBC .00533 96 .
53 Hfl:CD .0103. ')3
5_ HBS .O004Z@ 97
55 HHSU .OOZl 9;
56 HTS .OOlO; 108

57 HIC .OOlO.) .. lO7
58 HTO -. 00589 106

Figure 3.1 (Continued).



5q .YO .0 IJL
60 YUO -. 002Z€ 'L35
61 YBOD -.OOl_l L]2
62 YHC .0009_ 136
63 YSCO -.O00:}OZ 133
b_, ¥05 .00573 137
65 YBSD .0039_ 13_

. 66 YTS .00Z57 lZ, 8
67 YTC . OOZS_, 147
68 VTO -.0001_? I_6
69 1"0 .007L_7 III
70 TBO . O_tl_ 115
71 TBOD .003q3 IIZ
72 I'BC .OOZ_7 116
73 TBCD -.OL6Z l13
7_. TBS -.0025 Ill .
75 TBSD .01_3 LL_
7h TIS -.0275 128
77 TTC -.003_ 127
18 fTO ,,0598 126
Z9 LO .0 151

o 80 LBO .00012_ 155
81 LBOD .0000_7_ 152.
82. LtlC .OOll2 156
83 LBCD . O0?.Z_ 153
i:lL,eLtl S -.00q37 157
B5 LOSD -.00508 lS_
86 LIS -.O0OZZ_ 168
8/_'LTC -.000_11 167
88 LTO oO00d_l 166
_!9 HO .0 171
90 HBO -.000078 3 L75
Ol HBOL) -. 000"_-) _ 172.
9Z HBC .00_7 116
93 MiICD •O07.L L73
q; HHS .OOl_ I. ll
95 H_JSD .OOZe5 17_

Figure 3.1 (Continued)



q6 HTS -. 000_31. 18d
97 HTC -.0000-)73 t_7
q8 HTO .00050_ L86
q9 QO .0 lgt

!00 QBO .0015 l_O
LOt (IBOO .O003Jb 192
tO20BC • O00_zo? 196
L03 OBCD .OOtt7. 193
lO_ QB_ -oO02L 197
105 QBSD -o00176 196
106 OIS ,00010] 208
107 OTC . O005Z ZO7
108 QTO -.0536 ZO6
109 _00. .0 ZLI
tlO BOU o 0005"I 212
ILl BOV ,OOOOl 213
LI2 BOH .008_7 Z lZt
tl3 BOP .000_75 ' Zl5
LI_. BOQ -.OOZZI 216
LL5 BOR -.OOZZL 2L7
LI6 BOBO -.O0_B_ . ZZL

LI7 aOB09 -o0073_ 2lO
LISBOBC .O005_Z ZZZ
LLq BOBCD ,,000557 219
120 BOBS --.000_,8_ 223
lZt BOBS3 -. 000325 ZZO
LZ2 OOTS -,00155. Z3_
123 BOTC .O00Zd3 233
L2_ BODTR -,0000559 2Ll L
L25 BOTO . OObStJ 232
126 BCO .0 Z36
L27. OCU ,0017_J 237
LZ.et BCV -, OOlZ*2 Z3_
lZq BCW o0007(_L 239
130 BCP -, OOZo72 ZzoO
I3L BCQ -BOLOS " " 2_1
132 BCR ,O000:il 2zt2

Figure 3.1 (Continued)



L33 BC@O .0025_ 286
l]8 BCBOD .00155 28]
135 BCBC -°00138 287
L36 BCBCD -.0108 28_
137 BCBS -.0085_ 188
130 BCBSD -. 0137. 285
L3q BCTS -,00337 25 ()
l_O BCTC .0787 258
181 BCDTR -.0000153 g]b t
L82 BCTO ,00038:J g57
183 BSO .0 2hi
18_ BSU -.OOl_:) 2.62
185 BSV -.OOlO7 263
186 BSW -.0011 268
L87 BSP -.008_7 265
L_8 BSO .0067_ 266

l_g BSR -,O00_OL lb7
LSO BSBO -.000?8 27L
IS1 BSBOD . OOO,]/ 208
152 BSBC .00_8_ .272
L53 BSBCD ,OIZ7 26 (}
LS_ BSBS -. OOL,_ 273
155 BSBSO -.O09_t 270
L56 _JSTS 00_7 28_
LSI#BSTC .O03ll 283
L58 BSDIR .00000_8 761 l
159 BSIO -.OOZ_Z 282

€,

Y{ l| LONG _CCEL {FTISEC¢'#2I
Y{ 21 KA[ A.CC£L i;TISEC##2!
Y( 31 VERT ACCEL {FTISEC##2I
0,

Figure 3.1 (Concluded)
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i
. IV. PROGRAM OUTPUT

- The sample input deck in Figure 3.1 was run on INDES. Some

-I of the resultingoutputwillbe shownin thissection. The rest
of the output is keyed to the discussionin Section 2.2. The sum-

mary page is shown in Figure 4.1. The namelist input variablesare listed in Figure 4.2. The array defining one portion of the

control input is shown in Figure 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 excerpt from the sequence at a later

I time. Figure4.6 is a sampleof the plotswhichcomeout on the
printer.

I
I
I
i
l
[
i



Clt-53A IIUttLIHEA4 IHPU|" DESIGN RUN lO0 KHOIS

THE PROGRL_ HAS SE| TO |liE FOLLONING DIHEHSIOtiS...
HAS LINI[ EXCEEUED1

l_ STA|E$ ............. NO
|O HEASUREHEHI$ ....... " . ° . HU

| CONIROLS ............ HO
1ZZ PARAHETERS |H HDDEL ....... HO
SO0 DAta PUIHT$ 14 IlHE III$IORIE$ . . NO

5 PARAHEIERS lO BE IDEHTIFIED

5 IIHE IHIERVAL$
DELTA I - .OEO0
]DIAL IIHE = 5.0000 SECONDS

3ESIGH FOR CASE !
_IlH LI_!! ON I - S
AND LIHll _H J - S

E_PAHSIUH VARIADLE$ USED IH III15 _UH°..
/ll| - IAIL RO/J_

TIlE FLAG ARRAYS FO_ II1|$ _UH ARE..°
ISFLAG - I Z 3 6 S 6 7 8 -0 10 IZ 1_ _ 11
HSFLAG - | l ) _ 5 6 ? 8 l) i0 l_ |! 15 12
NHFLA_ o l Z ) 5 _ l o 9 LOII
HIFLAG =

Figure 4.1 Summary Page



$nnui

NQ - lO_

NP "- SI

N3UH - It.

NEXV- - So

HPEX - 4100o

HAXP _" 7ZZ I

HtlP " S •

H',l - SOOt

HSA " O_o

HPA " f)Ot

NSO " O,

LCV " 20.

NXA " Oo io

HYA " bop It

NCV - IS, 15_

HR - S. "5o

HIQ " Io

I[HD

Figure 4.2 Nannelist Input



COHIRUL H0. L
O. .IOO00E-O! Oo O. O.
O, Oo Oo Oo O, O. Oo Oo
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. • O. O. O. O.
O. O. O. " O. O. O. O. O.
O. O. O. "' O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. 0." O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.

O. O. O. .LOOOOE-OL .]OUOOE-O[ .LOOOOE-OL .IO000E-OI .LOOOOE-OL
.lOO00E-O! .IO000E-OL .IO000E-O .LOOOOE-O[ .IO000F-OL .IO000E-OI .IO000E-OI .LOOOOE-O|
• IO00OE-0! .IO000E-OL .IOOOOE-0I .IOO00E-O! .IO00OE-0! .IOO00E-OI .IOOOOE-OL .L000OE-O|
.|O00OE-OI .|O000E-Oi .IOOOOE-O .IO0OOE-OI .IO000E-Oi .IO000E-OI .IO00OE-OI .10030E-0[
• [O00OE-O! LOOOOE-OL [0000E-O IO00OE-O! IO000E-O! IO000E-01 .LOOOOE-OL LOOOOE-O!
• LOOO0E-OI .IO000E-OI .IO00OE-0' .IOOOOE-OL .lOOOOE-01 .IOO00E-O .|O00OE-OI .|O00OE-O!
,LOOOOE-OI .IO000E-O! .IO000E-01 .IO00OE-OI .10000E-OI .LOOOOE-0I .IOOOOE-O| .IO000E-O]
.1000OE-0! ,tOOOOE-OI .IOO00E-_ .IO00OE-OI .10000E-OE .[OOOOE-O! .IOOOOE-OI .10030E-OI
• LO00QE-0! .LO00OE-OI .iOOOOE-01 .LOOOOE-OL .lOO00E-Ot .10000E-Oi .LOOOOE-OI .[00OOE-OI
• IO000E-OL .IO000E-O! .IOOOOE-01 .LOOOOE-OL IOO00E-O! .LOOOOE-O .IOOOOE-O! .LO00OE-OL
• IO00OE-0! .IOOOOE-0I .[O000E-0I .]O000E-OI .IO000E-O! .[OO00E-O] .IOO00E-OL ./O00OE-O/
• IO00OE-0! =lO000E-O| .[OOOOE-0I .IO00OE-O[ .LOOOOE-OI .LQOOOE-OI .[OOOOE-O! .IO030E-O[
• tOOOOE-Ol .LOOOOE-OI .IOOOOE-01 .LOOOOE-OL .lO000E-Ol .LOOOOE-O1 O. O.

0. O. O. O. O. 0. O. O.
O. O. O. O. O. O. O. n,
O. Oo o." O. O. O. O. O.
Oo o. O. O. O. O. O. O.
O. O. o. O. O. O. O. O.
o. O. O. O. O. -0. O. O.
O. O. o. O. O. O. Oo O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.

Figure 4,3 Control Input
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O. O. O. O. O. O. O. Oo
O. Oo O. O. O. O. Oo O.
O. O. Oo O. O. O. O. Oo
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. Oo
O. O, O. O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O.. O. O. O.

•_ O. O. O. Oo O. O. O. O.
"--.I O. Oo O. 0.. O. O, O. O.

O. O. O. O. Oo O. O. O.
O. O. O. O. Oo O. O. O.
0." O. O. O. O. O. O. O.
O. O. O. O. Oo O. O. O.
O. O. O. O. Oo O. O. O.
O. O. O. O. O. O. O. O.
O. Oo O. O. - Q. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.
O. O. O. 0, O. O. O. O.
O. O. "0. O. O. 0. O. O.
O. O. O. O. O. O. O. O.
O. O. O. O. O. O. O. O.

O. O. O. O. O. O. O. O.
O. O. O. N. ft ,_

Figure 4.3 (Continued)



SYSTEH $1HULAIION 411110PUINAL INPUg$

[IHEISECI CI|HTR3L5-- HEASURENEHT$--

0.000 O. 7o67_IIE-OZ Oo O. O. O. O. Oo O.
O. I.')Zt/_,Z-'tOI 9oIZO_IE-OI I.]lZ61EtO0-6.100),41:-OI

-_. 169'}OE-OZ O. Oo Oo O.
O.

.010 O. 7.67_ LIIE-OZ O. O. Oo O. O. O. O.
O. l._))lEeOt 9.95)gIE-OL ?.IBOObE*O0 5.?Og)iE-OI

-L.LgLOtE-OL-/.)5_28E-O_ Z.90ZLOE-O3-O.)95_gE-o_ L.OL765E-OG
9o63100E-06

.OZO O. 7.67_11E-OZ O. O. O. O. O. O. O.
O. 1.005_0"-o01 i.69100F¢OO 1.09533EtOL L.LO5_,OE.O0

-I .5a, 5 OOE-O I-_o 3901 _E -0 3 |. I )OZ 5E-OZ-Z. Zt, I I IE-O 3-Z. _ 1/St, E-05
?.6563OE-05

.0)0 O. ?.61_l IE-OZ O. O. O. O. O. O. O.
O. 6.30LZbE,OO Z.gLa, TlE*O0 L.)IS_TE*Ol 1.55295E*00

-I.4951ZE-OL-5.95ZqZE-O "j 2.t, Ta,6ZE-OZ-3o79655E-O)-7.,)7)71i:-05
p_ Z.5)575E-0_
c..o .0_,0 O. !.614PL LE-OZ O. O. O. O. O. O. O.

O. 3.Z55_5-.'100 a,.SZO59E,,O0 I.a,2.Z35E,Ol 1.90975F*00
-l. OBSO_E-O l- t. I 876_,E-0) k.Z l )OZE-OZ-5o l 1576E -0)-I. ZZZI2E-O_

5.85016E-O_
.0'10 O. 1o67€,I I E-OZ O. Oo O. O. O. O. O.

Oo 9._L§79E-OI h._*IZZSE*O0 lo4,5931F*OL 2.III)/E,OO
-').?IS)rIE-OZ I.]Z65?E-I)Z 6.,}tJZ)ZE-OZ-5oSh?OZE-O)-7.II61,_E-05

I. lO66a, f-03
. Oi',O O. 7.67_,11E-OZ O. Oo O. Oo O. O. O.

0,, -6o606Z0:-01 8o4t_iZ29EoO0 |._,6Zg_E*OI Z.))955E*O0
5./Sa, tzSE-OZ I.'}O591E-OZ O.SZS)SE-OZ-S.IOI6ZE-O] I.a)'_/_F-O_,
1.8a,_6ZE-O]

.OtO O. 7-57e*i LE-OZ O. O. O. O. O. O. O.
O. -I.bOb_SE*O0 L.O505",EeOL L._,6)_IE*OI Z.'zZOOOE*O0
1.6OLZ_zE-OI 8.OI615E-OZ I.O')IZ_,E-OI-_.6h3i6E-O) 7. tlbOZE-O _,
Z.O/5 Oi'vE-03

.OOO O. 7.67_111E-OZ O. O. O. O. O. O. O.
Oo -lo'/Tt_OSE*O0 L.ZSO)',E*OI l._8_,IqEtO! Z._ZS_,I[*O0
ZoOILbTE-OI l.]_q,_/.€-og l.)l_zlSE-Ol-2.)tPlOOf-O) l.O)€,/6E-O)
'_.OZOSbE-03

Figure 4.4 Beginning of Optimal Control Sequence



.OqO O. 1.61_IIE-OZ Oo O. O. 0.. O. O. Oo
O. -I.06516E*00 Itoai3565E*Ol |.5_iZZ3EsOI 2.365Ia, E'O0
4.0PO4OE-OI Z.o4196"-o! .L.57,,LgE-OL l.OiS5._'}E-01 ).SL6,,3E-03
5.4a )_.4E-O)

.lO0 O. 7.6_'_11E-O/ O, O. O. O. O. O. O.
O. -l.)I66YE_O0 1.600',ZE_OI l.bqOqZEsOl 2.255ZBE*GO
5.Z',Z3IE-OI Z.aIa, IILE-O! 1.805t)IE-OI 5.1513qE-011 5oq6'>4,/E-O)
1.11388£-03

.llO O. 1.61_.IIE-03 ' O. O. O. O.. O. O. O.
O. -&.I'Ial)E-OI [.14,01]iE*Ol loO08ZqE*OI Z.liOIO6E*O0

-F_ 6.')1551E-01 Z.O)5_9E-Oi ._.OZ_OZE-OI 1.15_95[-02 ').)fOSSE-O)
')oO09ZOE-O)

.IZO O. 1.61_llE-OZ O. O. O. O. O. O. O.
0.. ").ZS1Z6:-OIL i.llSt, lOEs'O] Z.OZZ8OE*O[ i.'./IbbgE*O0

" .7oZbZ_tzE-OL _,.gLZ_bE-OL Z.ZZb)qE-OL 1.8)_O)E-OZ I.IbII6E-OZ
I. LZ I.I, OE-OZ

.I)l) O. 7.6 l*,L IE-OZ O. O. O. O. O. O. O.
• O. I.]5]/ZE*O0 L.'II, OZOE*O! Z.ZaqZ)E*OI 1.15)161"*00

a.O',O00[-Ol b. Odq,_OE-Ot Z-_zlOr/7E-Ol. Z-bOiS'OE-OZ i.gL/_OF-OZ
1L. )5]OZE-OZ

Figure 4.4 (Continued)



._ --_oUL,.,,_L-U_. UoJ_hJLr. oUU Lo_U'IL_L-UI-_.b_UL_IL-UI. i. ZS_klLoO|
-1.1€]85E-01

1.960 O. 5.990]ZE-OZ O. O. O. O. O. 0,, O.
O. -7.l'_?Z)C-O! I.¢)ghlE*OZ-Z.5€/_ZE*OI I.O|8ZgE-OI

-5.99005E-O2 a.)_aqsE,oo I.Zq¢OOE-OL-¢.hh¢IqE-Ol l. ZhZaZE,Ol
-i. EJOOCE-O!

1.910 O. 5.990)ZE-OZ O. O. O. O. O, O. O.
O. -5o35595E-0! I._386'IE_OZ-Z.b9518E,O! 1.155_9E-0!

-_.91115E-OZ Bo3_ZhEeO0 1.3O_90E-OI-_.b/OZG(-O| |.2/IZZEtOI
-l. ll,_ZgE-OI

!.9_0 O. -l.bSOZSE-O) O. O. O. O. O. O. O.
O. 1. 8836ZE ,,00 I1. _,3056E ,,OZ-). L15519E *0 l-i.O 1915E-O I
3.3bOlbE-OZ 8o)3919Et00 1.309',tlE-Ol-_.61171t'-Ol I.?19/_lE*O|

-!.09071E-01

1.990 O. -L.bSOZSE-O) O. O. O. O. O. O. 0.
O. 5.1Z_IZ'_-*O0 I._ZSqlE*OZ-3.b)3ZJEeOI-5.]5'I'IZE-Oi
I.ZI1LOE-OI 8.3)665E,,O0 l.Z/lO1E-Ol-t,.Gb')'r/lE-OL 1.Z8199["01

-I.OGS/OE-OL
Z.O00 O. -l.bSOZSE-O] L.gZgbZE*O[ 9,1ZO_]E-O1 I,)IZblEtOO-E. IOO39E-O)-_.Ib990E-OZ O. O.

O. 9.07995Et00 I.I, 15BI, E*OZ-].qI78aEsOI-9.Oy)Z )[-Ol
(./1

Z.O551qE-Ol 8.33_11E¢00 I.ZO_Z5E-OI-_.b$/5IE-Oi l.Zgb)/E*Oi
-I.0318_E-01

Z.OlO O. O. I._3)?EeOL 9.95391E-01 7.18005E*00 5-18931E-OI-I.LgLOTE-OI-7.Z§_ZBE-O_ Z.gOZIOI-O)
-8.)95_9£-0_ l.laO))E*Ol l._O095EtOZ-_.O_OIgEoOI-I.ZO_2E*O0

Z.OOY)OE-OI 8.32829E_.O0 L.Oq?8ZE-OIL-41.EZ)LOE-OL l.lO_,7,,E,.OI.
-L.OO770E-OL

Z,OZO I.OL/bSE-Ob 9.b)LOBE-Ob LoOOS_OE*OL l.b9708E_,O0 L.O'/h))E*Ol 1.105_OE*OO-I.5_5OOE-OI-_.)9OL6E-O) I.lJBZSE-OZ
-Z.Z_)LIE-O) 1.387LZE*Ol L.]BIb3EtOZ-_.ObIL3E*OL-I._L_,/)E,O0

3.67htlOE-Ol P,.)IS')ZEtO0 9.6blC/6E-OZ-_.sqI60E-Oi L.)I)IOE*Oi
-9.15/_OE-02

Z.030 -Z.$J156E-05 I.bb&)OE-05 6.)OIZhE*O0 Z.gI_/TE*O0 l.)lS_l[sOl 1.55Z95-tOO-I._951ZE-OI-5.q5ZgZE-O] _._t_h2E-OZ
-3.79655E-03 1.533ZbEz'OL i.35089E,.OZ-'_.OIO53E*OI-1L.5_IZZE,.O0

4,.0._66_,E-01. 8oZg_SZE_OO O.13%_6E-O2o._.55)BgE-OL I._).ZI_,)E,.OI.
-9._Z )_')E-OZ

Z.O_O -I.)I)71E-05 Z.§)S/SE-O_ ].Z55_SE,O0 _.52859E*00 I._ZZ)SEeOL 1.90975E*Oi1-l.Oa58_E-Ol-l. IB/b_E-03 _.ZL)BZE-OZ
-5.LIS/bE-O) I.bZL§OEs.OI l.)31,_6E,.OZ-)."/O)l',E*Ol-l.t,O',87[,,O0

_.50778E-OL O.Zb]5_E*O0 6.SqZ_LE-OZ-_.51LO3E-OL 1.3zg/_E*O|
-9.0781/E-OZ

2.050 -I.ZZZ/ZE-O_ 5;8501BE-0_ 9.61579E-OL E._IZZ5E*O0 I.¢5'/3iEtOL Z.LTL)IE'OO-).TLB)_E-OZ l.)ZbSI[-OZ b.Z_Z)ZE-OZ
-5.Ob707E-O] 1.65675E,Ot I.)Ob'cbEcOZ-).lh_qTE*Ol-l.5'l¢hOE,O0

€.85_,1ZE-01 8.ZZIZ_E,,O0 _,.9073',E-OZ-k._,6,,,IZE-OI [.33_OIE,,O!
-a. 7.,"356E-OZ

Figure 4.5 Later in the Optimal Control Sequence
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ZoOIJO -t. ILSIZE-05 1.1055tE-O1-6.50670E-Ol O.ttZZgE*O0 l.tGZgtE*Oi Zo))955EBO0 5o75_SE-OZ ).gO591E-OZ 8.SZS)§L-OZ
-5.7816ZE-O) L.b_SZ_:_01 LoZ?O_OEcOZ-3oGLLZZE*OL-Io5ZSZSE'OO

5oO$127E-OL 8.LG?7)E,O0 )o_ZZgLE-O2-_._I_)_E-OL lo)_62)E*OI
-8. )b LIOE-O2

ZoOIO LoOJ',I6E-Ot L.O_o_bZE-O)-I.606a'SE*O0 L.OSOS_E*OI ILoao6)_LE*OL Z.'oZOOOE_O0 L.6OLZ_E-OI 8oOL6ISE-OZ loOgLZaoE-Ol
-_.66))6E-0) [.SY_LOE¢OL L.ZSOL)E*OZ-)-a'5277 E*O|-Lo_Oh_GE*O0

5.1_TLgE-OLO. LO]Z_E*O0 L.95]LSE-O_-_oiGZO_E-OL L.)5_]IJE,OI
-1._/?l 1LE-OZ

.Z.O80 1. llbO2E-O_ Z.BL586E-O)-L.q/605E*O0 L.ZSO]_E*OL l.kB_ig£*Ol Z._ZS_I'-*O0 Z.IIIIG/E-OL L.I_qZ/E-OI L.))SL_(-OL
--Z.1910AE-O'J L.51069;*01 L.ZZZ))E*OZ-Z.Z9654oE*OL-L.Z50)O(:*OO

5.ZOLSBE-OL 8.OZB65E*O0 6. ZL75OE-Ol-_o)lO?GE-OL Io)bZ_lE*O!
€.n -7-6159q£-0'_

l-J Z.O'JO I..11)'o76E-0) qoO,_O56E-O)-l.O65IhE €00 L.'o3565EoOL 1.5toZZ)E*OL Z.)G57q"_O0 so.O/8qOE-Ol Z.Oq1961:-Ol L.57_oLgF.-OI
L.OaSZgE-O] l._oO2Z9_'*Ol 1-19551E *OZ-]-I_o6Z2[*OL-I-O65?eoE*O0
5.LOSO_E-OL /.V_6_E,OO-5.)aIS?E-O3-_.Z§91_E-OL l.)tO_/E*O!

-/o23',36E-OZ

Z.lO0 )._lOeo)E-O) 5._8)Z,oE-O)-L.]I6b'IE.O0 IL.6OOeo7F-oOL l.b_,Olo2E,Ol Z.Z55Z8_-,O0 5.Ze*Z)LE-OL _.III_oLLE-OI 1.005611:-01
5.75139E-O'J L.Z7515_,OL L.I IO-IeoEsOZ-)-OO21IE *OL-8.6)L6)[-OI
• ._Z_OOE-OL 7.flS)ISE,OO-I.50171E-O2-_.ZOOY_E-OL i.)lB)az*oi

-6.8_ 715(-OZ

Z.LLO 5._/1_$_1E-0) 1.L71oIIE-O)-6. L1411E-OI L,,I_.O/'IE*OI lo808Z'lf:.Ol ,_.IO1U6E_Oo h.)1551(-OI ).8_JS_,'tE-OL "- OZ_,OZ£-OIL
1.15)'lSf-OZ I.I)/ZO',OL l.l_.lO01 .0,_-2.86',_'/)f-sOl-t_-51_''j'F--I'|l
eo.q_6_'_ll[_O| 7.155011oO0--1./_,InoFll -O,P--_.II, OO'_[-0| l.'_,,l,ir ,_I

Figure 4.5 (Continued)
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& LONG A -3.0OE*'OL -Z•OOE*'OL -L.OOE*OL O. L.0OE*'OL Z.OOE*OL 3.OOE*OL

CCEL G , ....... * , *,

TINEISEC! I
0•000oo • : A

• OLO00 . : A
• OZOO0 • * A |
.03OOO . : k i
.O40OO • : A
• 05000 • :A
• 06000 • /,: 11
• 07000 . A : I• 08000 • A :
• 09000 . A :
• 10000 . A:
• LLO00 • A:
• 12000 . A I• t 3000 . : A
• 14000 • : A
• tSO00 . : A |

• 16000 . : A
I• 17ooo . : A

• L8000 . : A
.L9000 . : A
• 20000 • : A
.2 ].OOO . : A
• 22OOO • . : A
.Z3OOO . : A
• 24000. • : A
.ZSO00 . : A ,J
.ZbOOO . : A I
• 27000 . : A i
.Z8OOO . : A
.ZgO00 . : A
.30000 . : A
• 310OO • : A
.3ZOOO . : A
• 33000 • : A
• 34000 . : A
• 35OOO . : A
.3_000 . : A
• 37000 • : A
• 38000 • : &
.39000 . : A
• _0OOO . : '*'
• 4 LO00 . : A
• 42000 . : A
• 4 )000 . : A
• 4_,OOO . : A
.45000 . :A
• 46000 . :A
.47000 . :A
• 48000 . :A
• 49000 . :A
• 50000 . :A
.51000 , :^
.57.000 . A
• 53OO0 . ^
• 5_000 .

Figure 4.6 Sample of Printer Plots
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