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I. INTRODUCTION

System identification technology has been used successfully
for many vehicles. Because of their large number of degrees of
freedom and complex aerodynamic interaztions, rotorcraft have
always presented a special challenge to system identification
methods. A completely integrated 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 guidelines for
efficient and effective use of one of these computer programs.

Figure 1.1 shows a schematic flowchart of the overall data
processing technique for rotorcraft. The first step in this pro-
cedure is state estimation and instrument calibration. This is
implemented by the computer program DEKFIS (Discrete Extended
Kalman Filter and Smoother) which implements an ext2onded 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 seccnd step involves
estimation of the mathematical model of various forces, moments and
interchanges. This is implemented in OSR -(Optimal Subset Regres-
sion) 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 irplements
the maximum likelihood method for linear systems and NLSCIDNT ex-
tends the method to nonlinear rotorcraft models.

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

DEKFIS is a discrete extended Kalman filter/smoother program
formulated for aircraft and helicopter state estimation and data
consistency. DEKFIS is currently set ur iu pre-process raw test
data by removing biases, correcting scale factor errors and

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.
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Figure 1.1 Integrated Rotorcraft System
Identification Procedure

g




M R e

providing consistency with™ the aircraft inertial and kinematic
equations. Hence, in its present formulation, DEKFIS will tend to
suppress errors introduced by the measurement system and its dy-
namics, without affecting the overall system dynamics. Because of
this, it is possible to separate the program into three separate
estimators: the fuselage/gust estimator, the rotor state estimator
and the RSRA estimator. This not only reduces the overall dimen-
sionality and computational burden, but provides additional flexi-
bility as shown in Table 1.1.

Table 1.1
Options
FUSELAGE/GUST ROTOR STATE RSRA
ESTIMATOR ESTIMATOR ESTIMATOR
FIXED WING /
AIRCRAFT
SINGLE ROTOR / y
HELCIOPTER
MULTIROTOR / Repeat for
HELICOPTER each rotor
WING CONFIG. v
RSRA-COMPOUND
CONFIG. ’ / d
WHIRL STAND /
DATA

The overall estimator has the same basic estimation algorithm
for all the estimator blocks--only the subroutines containing the
state and measurement equations and their partial derivatives
change. The algorithm is a Friedland-Duffy extended Kalman filter
with a locally iterated smoother for the filter pass, and a
fixed interval smoother to provide gusts, process noise and
initial conditions when desired.




IT. PROGRAM DESCRIPTION

2.1 PROGRAM STRUCTURE

The overall logic of the DEKFIS program is presented in Fig-
ure 2.1. It is intended to give the user a general overview of
the program. The subroutine calling structure is given in Figure
2.2. The user will find this figure useful in further under-
standing the program flow and in constructing an overlay structure
should one be needed.

The functions of the more important subroutines are described
below.

DEKFIS is the main routine. It performs no calculations,
but calls four subroutines--INPUT, DIRCTR, FIS, and
OUTPUT--which accomplish the computational and input/
output tasks. DEKFIS sets up the maximum dimensions
of the major arrays, and passes the appropriate STATE
and MEAS subroutine addresses to DIRCTR and FIS, depend-
ing on whether the fuselaga/gust estimator, the rotor
state estimator, or the RSRA state estimator is being
executed.

BLOCKD is a block data routine. Its major function is to
initialize arrays which contain labels for the primary
states, seccndary states, measurements and noise sources
for irput/output purposes.

INPUT handles all the program's card and mass storage input,
checks for errors in the input, initializes various
flag arrays, and prints the title page and a summary
of this information.

INREAD is called by input to read the time histories of the
measurement and -ontvol variables.

PRTDAT prints out the measurement and control time histories.
SETDIM sets the dimensions and pointers for the component
matrices of the D and R arrays. The dimensions are for

the compressed matrices and vectors for the problem
currently being executed.

PRECEDING PARF BLANK NOT F v
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DIRCTR performs the main computational tasks for the discrete

extended Kalman filter and locally iteruted smoother
portion of the program. Its major features are a bias
free filter, a bias free local smoother, a bias filter,
a bias correction subroutine and a composite state local
smoother. DIRCTR performs the initialization of the
STATE, MEAS and other routines. It then sequences
through all the data points yielding the filter estimate
at each point.

BFFLTR performs the bias free filter calculaticns. It :s

called at each time point. The bias free filter is
simply an extended Kalman filter for the primary states
alone (i.e., the secondary or bias states are held
constant). Hence, it performs prediction and update
calculations for the primary states and the associated
covariance.

INOVAT is called by BFFLTR to calculate the innovations for

a given time point.

STATRN 1is called by BFFLTR to calculate the state transition

matrix for a given time point.

INTEGX is called by BFFLTR to integrate the state equation

to the next time point for the primary state prediction.

STATE contains the :tate equations for the appropriate esti-

MEAS

mator. It has entry points XDOTV, FMAT, GMAT, GAMAT
and BMAT. XDOTV contains the nonlinear state equations
of motion which are integrated to set the next time
point. FMAT calculates the partial derivatives of the
nonlinear state equations with respect to the primary
states, GMAT calculates partial derivatives with
respect to the control inputs, GAMAT calculates partial
derivatives with respect to the process noise variables,
and BMAT calculates partial derivatives with respect to
the secondary states (or biases!.

contains the measurement equations for the appropriate
estimator. It has entry points YHATV, HMAT, DMAT ana
CMAT. YHATV contains the nonlinear measurement equa-
tions. HMAT calculates the partial derivatives of the
nonlinear measurement equations with respect to the pri-
mary states, DMAT calculates the partial derivatives with
respect to the control inputs, and CMAT calculates the
partial derivatives with respect to the secondary state.

FILLXI is used following either a STATE or MEAS subroutine

entry point call to create a reduced order (i.e.,




m——— - - —

compressed) vector for use in the subsequent filter/
smoother calculations.

BFLOCS performs the bias-free local smoothing computations.
Local smoothing iterations are used in conjunction with
BFFLTR to improve the linearization of the primary states
in the bias-free extended Kalman filter calculations.

BFLTR performs the bias filter computations, where the second-
ary (or bias) state estimates and covariances are
calculated.

CONTRL finds the values of the control inputs at any specified
time by linear interpolation.

CORECT performs the correction to the bias free state estimate
and covariance to account for the secondary state esti-
mates and covariances. This results in the composite
state estimate and covariance.

CSLOCS performs the composit state local smoothing computa-
tions. Backward local smoothing iterations are used in
conjunction with BFFLTR, BFLTR and CORECT to improve the
composite state estimate.

DUMPIT is an output diagnostic routine that dumps the D matrix.

STORIT is the routine that stores the filter output for subse-
quent printing and plotting.

FIS performs the fixed interval smoothing computations. This
backward smoothing is uscd on the primary states to pro-
vide a smoothed state estimate given the entire data
record. An estimate of the process noise is also calcu-
lated.

OUTPUT is the subroutine that controls all program output -—
the printed time history tabulations, printer plots and
writing data to a tape or permanent disc. Calls subrou-
tines WRTDAT, PRTDAT and PLTDAT.

WRTDAT writes time history data to a permanent mass storage
file.

PRTDAT prints time history tabulations.

PLTDAT generates printer plots of the time histories.



2.2 KALMAN FILTER EQUATIONS

The DEKFIS program utilizes a Friedland-Duffy extended .lman
filter with locally iterated smoothing to provide filter est.mates

and a fixed interval smoothing algorithm to provide gusts and
smoothed estimates. The system equations can be written as:

ilct) = £(x;, Xp, U, t) + F(t)w(t) , x;(0) = xlo

xp(t) = 0 , x,(0) = by
y(t) = hix;, x5, u, t) + v(t)

E(w(t)} = w(t) E{[w(t)-w(t)][w(t)-W()] } = Q(t)6(t-1)
E{v(t)} = ¥(t) E{[V(t)-V(t)][V(T)-V(T)]T} = Rit)é(t-1)

(1)

(2)
(3)

(4)
(5)

vhere Xy is the primary state and X5 is the secondary state. The
nonlinear f and h equations are linearized at each time point (as
per the extended Kalman filter), defining the following matrixes.

F = é?% (n1 x nl) $ = exp{Fat} H = i&_ (m x nl)
B=LE (n, xn,) c~22  (mxn,)

MW 3%, 2
r = Fls-1y)r (m, x P)

D 1

Using the Friedland-Duffy approach, the filter equations can be
written as sets of bi.s-free and bias filter equations.

Bias-Free filter Equations:

S s ceb oT T
(1) M = (8P o + QTN

10
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(3) Wi (HMH® + R)i

PSR |
(4) K*i = (MH'W )i

(6) vi = yi - h(x‘i, 0” ui’ ti)

(7) x, = Ii + K

where x = X, and b a x,

. Vi
Xj'1

Bias Filter Equations:

(1) Ui = %51 Vi1 F;TI? i-1 1) By
(2) S, = HU, +C;

(3) V= Uy - K Sy

(4) W, o= W oes, Py, . s;

(5) K =Py, s; ;!

(6) Py = [T - Kp, S] Py

~ ~

(F) by = by g * Kpy (vy - S5 b5)

Note that the primary state estimate at the ith time point is
denoted by §i and the secondary state (or bfas) estimate is denoted
by b;. The bias filter also utilizes Kx;, Wj and v; which are
computed in the bias-free filter. These two sets are fullvy coupled
by the composite state update which corrects the bias-free state
estimate for the effects of the bias.

Composite State and Covariance Update:

Lovy) %
b

0 I

<
0

(N
i

11



c Px pxb
(2) Pi .
Pl p
xb b i
- B T
(4) pxbi ® vi pbi

For the local smoothing options, it is possible to iterate on either
the bias-free state estimates and/or the composite state filter
estimates.

Bias-Free Local Smoothing:

.
. ~ T

. T T LT -1
(1) X4 = X3y * Pyop % (T K A7)

i Hi R 7y

Composite State Lucal Smoothing:

, ac . ¢ c
() X fe1 R

T | K *TTHT
c | - -_-S_ ] 'l
i1 vi-1) ! (Kb}w:c]‘i’c'r]R

whert
-
B

s F-l{e-1}
(3) 3¢ = J

0 I

The fixed interval smoothing equations are used when the fiiter
estimates are not adequate. These equations are necessary when

s me states are driven by process noise (i.e., gust states) and it
is necessarv to estimate this process noise. A further benefit of
fixed interval smoothing is that smoothing estimates are computed
for all the primary states. These equations are shown on the

fol owing page.



Fixed Interval Smoothing:

; = x - P ¢ ‘
w = w. - '! l

1

3) Ay, = (I - P HIR I,y TpoT -
RO S iRy gy - HyR (z; - Hix)1,

b §

2.3 STATE AND MEASUREMENT EQUATIONS

The DEKXFIS program has the capability of handliag any non-
linear state and measurement equations that are programmed in the
STATE and MEAS subroutines. The rotorcraft version of DEKEIS har
the equations for three independent estimators: the fuselage/gust
estimator, the rotor state estimator and the RSRA estimator. These
equations are discussed below.

2.3.1 Fuselage/Gust Estimator Equations

The uncompressed state and measurement vectors for the
fuselage/gust estimator are shown in Table 2.1. The user has the
optioa of choosing which states (and hence which equations are to
be integrated), which measurements and which process noise sources
are to be used for a particular problem.

N

o -
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Table 2.1
Fuselage/Gust Estimator-Vector Definitions (Uncompressed)

cont'd _ -
I~ rad
- o [,
- [~ s X, ® Fa’ 1 Ky -1 b 4 s rad
5 % hy
3 1 % 2n | rad
25!1 ¥ 50: h' kv‘ ':n f‘ls.c
V: b'x :V’ V,. f2/5ec
. Bv, kvz - fUsec
't bvz ga O rad/sec
X b’ kq (Y rad/sac
g hq " "a rad/sec
r b, Kaxy y re/5ect
iy Saxt kay1 N In ft/secz
e b‘" kfzt '11: (49 sccz
a7t baz; k?! 5[. "w“cz
3 b2, ka1 i, | e /sec?
i "t oL 1 rad/sect
Qx be kXN ®
r 1 ) ny fe
vl Oxy Ye € |
»
v“ "l \ v. ft/sec
iv b' s s. rad
Y" bg kﬂ Y rad
zE % :n a: e
v ) eg
dussey Ny 3 rad
u—y 55,‘ hﬂ ;&' rad
¢ Sag dusmy R
) Ky duswmy L
°"'“J L J L A
- F‘l
nl | %
4
L
4
g
-
‘8
9
| S—
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The x; vector is of size 25xl and contains the primary states
for the fuselage/gust estimator. These are: the aircraft
attitudes - Euler ¢,0,¢y; the aircraft inertial velocities in
the aircraft body axis - v, Vys Vi the fuselage angular
rates—p, G, r; the linear accelerometer indicated acceleration -
ay "VI a‘I (this differs from the actual linear acceleration by
a tirst order lag); the angular acce' rometer indicated acceleration
"Px'qx'*x (likewise lagged); gust velocities in an inertial north,
east, vertical frame - vgN, ng,vgv; and the aircraft position in
an inertial north, east, vertical frame - xN'YE’zV'

The y vector is of size 24xl and contains the measurements
for the fuselage/gust estimator. These are: the aircraft
attitudes - om,em,wm; the aircraft airspeed in the aircraft body
axis - VX YYme VIm (or either alternately or redundantly as
Vm,B8p,am measurements); the aircraft angular rates P2y Ts
the linear accelerometer measurements — X1’ aYIm'aZIm; the
angular accelerometer measurements - Pr., 4I,, TIg; and radar
position measurements in an inertial north, east, vertical frame
- xxm, ng, :Vm (or alternately Rm, BRm* Rp° the radar range,
elevation and a:-imuth cocrdinates.). The associated units are
to the right of this vector. (The actual measureaent data input

to the program should have these units.)

The x, vector is of size 50xl and contains the biases
(ie b's) and scale factors (ie k's) for each of the measurements.

The w vector is a 9x1 process noise vector. This process
ncise drives the linear accelerations - WiaWaaWel the angular
accelerations - WarWe o Wgi and the gusts Mg Wg,Wg.

The u vector is a 4xl control vector that is dummied up
since there are no control inputs used in the fuselage/gust state
equations,

The nonlinear fuselage/gust equatiorns are presented below:

15
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Primary State Equations
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p * (rcosé¢ +qsin¢) tan @
qcos ¢ - r sin ¢
(r cos ¢ *+ q sin ¢)/cos @

vy r-v,Qqg sin ® + g sin 8(0)* wy - “Slzl + szyl

. (qz.rz)le-qply1 - rplz1

V,P - V. '8 sin ¢ cos & ~ g sin o(o)cose(o)w2 - Welx,

2.2
¢w4£zz - PqQix;* (p©+r®) zYZ - rqzzz

ve 4 - Vv,P *gcos scos® - g cos d(o) cosb(o) * wy - w4i

Y Y3

2
wSz‘xS * Pr ly3 ~qQ T iyg * (p"*qz)iz3

ag Vgg = 9g¥g
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Secondary

X s V + VvV
n xcc:sac:osw y

* v, sin 6 cos Y cos & + v
Y = v

e X

4+

[ ]
[}

State Equations

X, = 0

Measurement Eguations

8 =k, *o+b

m ) °+n1

3 = k

m g "9 *bgrny

W = kw P +b ¢n3

]

= kyy (Vg * Vxg) * by

X

= k v

vy Yy " Vyg)  Bvy

ve

im * kvy (v * vZg) * by, * Mg

pm = kp «p ¢+ bp + nT

17
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sin9sin¢cos » - vy

sin ¢ sin ¢

v. sin 8 cos ¢ sin ¥ - Vv: sin ¢ cos ¥

cos 8 sin y

cos 8 sin v + v, sin 8 sin % sin ¥ + v, COs ¢ cos ¥

- vx sin & + vy cos 6 sin ¢ + v cos 8 cos }
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g sin ¢ (0) cos 8(0O)) +bavI Y,

ted
[
4
bt
~
-]
~
-
'

L
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a .1 - -
a, * k, - tan ((vz*vzg*ply6 qzx6)/(vx*vxg*q136 Ty, )

+ +
ba noy

2 2,1/2

¢ZV)

2
Rp = kp (Xy" * Yg bp * 0y,

3, =k . -1 2., 2,172
Ry 3g tan (-zv/(xN *YE )

)+ bsR * Nys

. -1
“Rm = k - tan (-YE/XN) + baR * Ry,

%R
where,
Vv = (V_ +V cosfcosy+ (Vg +V cosfsiny-(V, +V sin @
xg ( gN WN) > ] ( gE wE) ( gv wv)
. - (Vv . . . T v .
VYg (VgN~\wN)sxn951n¢cosw (VgN’ WN)cosesm ¥
(Vv

gE’V“E) sin 6 sin ¢ sin ¥ + (VgE+VwE) COs & COs v

+ (ng¢vwv) cos 3 sin

<3
"
]

(\’gN + V"N) sin 9 cos ¢ cos ¥ +(V3N*VHN) sin ¢ sin v

+ (VgE + v"E) sin 9 cos $ sin ¢ - (VgE*VwE) sin 9 cos v

+ (V + zos & cos
( gV wv) -

The parameters used in these equations are defined in the
fuselage/gust estimator parameter list shown in Table 2.2. The
teras n., i = 1,24 represent random measurement noise. All locations
are defined in the aircraft body axis svstem-- positive forward,

right, down from the aircraft center of gravity.

19



Table 2.2
Fuselage/Gust Estimator-Parameter List

PARAMETER PA T p
INDEX RAMETER DESCRIPTION
1-25 x; ic's (use uncompressed vector)
26-75 X5 ic's (use uncompressed vec*or)
76 1xy
7 iy ) a, accelerometer location, ft.(relative to c.q.)
78 lzl ‘
79 fxo
80 Lys l 3 accelerometer location, ft
81 L2, ‘
82 ixy
83 iy3 I a, accelerometer location, ft
84 tz3 ‘
85 ixg
86 Lya l V probe location, ft
87 124 ‘
88 ixg
89 lys I 3 vane location, ft
91 Ly
6
92 iys { a vane location, ft
93 273
94 ay \
95 ay
% a3 \ accelerometer time constants
97 a,
98 05
99 36 )
100 o
7
101 g ) gust power spectral time constants
0 | o |
103 VNN
104 Vg { steady gust components (wind)

n
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2.3.2 Rotor State Estimator Equations

The uncompressed state and measurement vectors for the
rotor state estimator are shown in Table 2.3. As in the previous
estimator, the user has the option to flag which states, measure-
ments and process noise sources he wants to use.

The X, Vector is a 1l4xl vector of primary states used in
the rotor state estimator. These are: rotor coning angle -80;
rotor longitudinal flapping -8lc; rotor lateral flapping -8ls;
simular fixed system coordinates for the rotor lagging motion -
go, ¢lc, ¢ls; rotor azimuth angI? - ?R; and the time derivatives
of each of these - Bo, B8lc, B8ls, o0, §lc, Cls, wR.

The y vector is a 13~) vector of measurements and associated
units for the rotor state estimator. These are: the individual
blade flapping angles 8im? i =1, 6; the individual blade lagging
angles Sim? i=1, 6; and the cosine of rotor azimuth -cos VR -

The X, vector is a 26x]1 vector of biases and scale fac?ors
for each of the aforementioned measurements.

The w vector is a 7xl vector of process noise sources each
driving one of the seven rotor degrees of freedom modelled.

The state and measurement equations for the rotor state
estimator are presented below:

Primary State Equations

Kl'f.&l’z‘i
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Table 2.3
Rotor Stat~ Estimator-Vector Definition (Uncompressed)

3] 5+ o, Lo iy | rad
wxl | 1e a1 | %2 13x1 32m | v
515 b¢y 1im rad
;0 5“ igm rad
le o8¢ 85, | rad
s 3¢ Sn | rue
';g by lg | rd
Ta 32 ‘2 rad
elc bc: 5 rad
?1, 52 Wy | rae
EO Ll 35q rad
Elc s 6m rad
:'Is bCUWR €os R, N.D.
R kg, - =
. ks,
“3
ke‘
k3g
kas
k;l
k(z
k;J
k;‘
k;s
'!(:6
X CO!‘UQ
L b
~ -
21"
o™
"3
s
s
s
w.
| L7
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Secondary State Equations

X; =0

Measurement Equations

Blm = kBl (BO - BIC COS(WR*¢1) = sls SIn(WR*¢1))" bsl*nl

w
. pds »
L}

m kBi (Bo‘ﬂlc cos(Wp+é;) 'Bls Sin(uyR+¢i))+bBi+ n

o
A e e
[ ]

m k86 (85-B1, cos(¥pre6) - 81, Sin (vp+¢6))+bp +ng

1 " kg, (5g - G1_ cos(¥g+8y)-t1 sin(¥pe8y))+b. +n,

2= kg, (¢ - S1 Cos(vgr®3) a1y sin(URe8;))+beisng ¢

‘:.Gm = kC6 (Co - ‘:lc COS(WR*GO)-CIS S],n(wR¢66)) + b{;6 + nl:

coszm = k * cos(wR) + b + nyg

COSWR COSWR

The parameters used in these equations are defined in the
rotor state estimator parameter list shown in Table 2.4.

2.3.3 RSRA Estimator Equations

The uncompressed state and measurement vectors for the
RSRA estimator are shown in Table 2.5. As before, the user has
the option to flag the desired states, measurements and process
noise sources; but, in this case it is not advisable to do so.

12
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Table 2.4

Rotor State Estimator—Parameter List

e YER PARAMETER DESCRIPTION

1-14 x; ic's (uncomprecsed vector)
15-40 X9 ic's (uncompressed vector)
41-76 not used

77 %

78 b2

79 ) 8lade flapping measurement
80 5 phase angles, rad.

81 ’g

82 %

83 91

84 82

85 93 Blade lagging measurement
86 64 phase angles, rad.

87 95

88 8¢

N Nt i T ——

24
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RSRA Estimator-Vector Definitions (Uncompressed)

Table 2.5

L%} Xa LT FDA r*|A 'bs.
x| 'R 200 | x| 8 Ths.
ZR b ¢ 1bs.
L bo 0 1hs.-
"R bE 3 ibs.
% O LT,
atx blt! &tgm ‘.\:2
at, daty itym s
at, batg 113 )
OT DQT ng ft-ld
L L
Ky
3
ke
“
“
N
kl‘l
katy
k.tz
“Qr
L J
- r'-
weiw ) us|p rad/sccz
: 2
10xl "2 6x1 q nd/socz
"'3 r | rad/sec
Y, p | radn/sec
wg q | rad/sec
g Lr _J rad/sec
U7
“3
9
“10
25
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The integrity of the RSRA estimator requires that all measure-
ments be available.

The X, Vvector 1s a 10x1 vector of primary states for the
RSRA estimator. These states ire:. thr rotor forces at the hub
in the aircraft body axis system - Xj, YR, Zp; the rotor moments
at the hub - Lp, MR, Npi the inertial accelerations of the
transmission in the body axis system -atx, ap , atz; and the sum
of the engine and tail rotor drive shaft torques - 7 .

-

The y vector is a 10xl vector of measurements consisting
of: the transmission load cell reactive forces - A,E,C,D,E,F:

transmission accelerations -a, »at and total drive shaft
Xin

a
e,
torques - Q.

The x, vector is a 20xl vector of biases and scale factors

for each of the 10 measurements.

The u vector is a 6x1 contro! vector of body angular accel-
erations - ﬁ,q,f and body angular rates -p,q,r that are treated as
deterministic inputs. These six quantities shculd be :btained
from a prior fuseluge/gust estimator run.

The w vector is a 10xl vector of process nocise sources that
drives each of the states.

The state and measurement equations for the RSRA est.imator
are presented below:

Primary State Equations ’

L ¥

Secondary State Equations




Measurement Equations (bias § scale factors not shown)

A= by Xpthyo¥p ¢ Hyslp ¢ Byglp * hyg Mp * hygQp - BygMeae
T hpgede, 7 BisBede, t MpaTeg Pt By oL ) TP
* Prafemede, - hpaQe - hypsle a0 U e, ) ar

*BysEsMedr, - Rpsfemede, - Pigle,, T - Bre(Tey, ~1e ) Pa

- hlﬁfsmtaty + n1

= 2 \ -
B = hy X3 * Map¥p * Ras®p * Paalp * PasMp * hpeQp - hpyMpae

hagMede, - MasMedr, - Bagle (P - hpglle, ole DT p

. h24f6Mtaty T h2Q - Ppsle,yq - Pps(Ircle ) ar

-

" HasTsmedr,  Masfe™eley T Pasle;," T M2slley,Tle ) P O
S SR MO W M T S S N
[€35373] [€353 3] [§2532)] [€2531) X

1, .1

t -
+ fl 2.a,_* Yy q + ( txx tjz_z) ar - mfs .
(flé;_’i - (EI f" * *



where,

m
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v, Wl ey

1378 rur
h = -h = ]
- 4 —
14 2 Ye
"s s T ey

h16 = -h26 = !fd-fS)
Ye

The parameters used in these equations are defined in Table
2.6 (RSRA State Estimator - Parameter List) and in Figure 2.3.
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Table 2.6
RSRA State Estimatcr — Parameter List
PARAMETER PARAMETER
INDEX DESCRIPTION
1-10 x, ic's (uncompressed vector)
11-30 x, ic's (uncompressed vector)
31 Ye .
32 f]
33 f2
34 f3 Defined below
35 f4
36 fs
37 f6
38 m, Transmission mass, slugs
39 Lexx Transmission principle moments of inertia,
slug-ft:
4
0 Ityy
4 Itzz

where, X
.t Voese s
f1 7 cos i, ¢ (ZR +2,) sin i,

X
t ..
fz * > cos ‘t - (zR + zt) sin i,

14

X
. i t ..
f3 \Zg *+ zt) cos i, + = sin i,

X
. t ..
\ -
f4 ) (zR +2,) cos iy - > sin i,
f5 Tz sin it

f6 z ZR cos ‘t

- TR e W ey - e Y - od KCOARCP 5 gk AP Y, e W

- -

e
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Table 2.6 (Concluded)

and,

Xps Yy» 2y —are the rotor mounting geometry dimensions in the
transmission principal axis system, ft.

Zq — is the «.stance from the rotor hud to the trans-
' mission center of gravity 2lcnq the shaf+ ft,

-~ transmission incidence wit1 respect to the longi-
tudinal body axis.
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III. PROGRAM DESCRIPTION

Two forms of input are used by the DEKFIS program. Information
about the program options, parameter values, initial conditiens and
covariances are read from cards. The time histories of the measure-
ments and controls are read from a mass storage device such as
magnetic tape or disk.

3.1 CARD INPUT

All data cards are read by subroutine INPUT. The [EKFIS
input card deck setup is discussed in Table 3.1. This table lists
the input cards in order according to card type, indicating the
numbers of each type of card required. Format and variable
descriptions are discussed for each card type.

3.2 EXAMPLE INPUT DECK

An example input deck is shown in Figure 3.1. This deck is
setup to process CH-53A flight data through the fuselage/gust state
estimator. It is to be run in the (standard) combined primary
and secondary state filter mode without any locally iterated
smoothing. The output for this deck setup is discussed in Chapter IV.

3.3 TAPE AND DISK FILE REQUIREMENTS

The tape and disk file requirements are shown in Table 3.2.
There is one input file which is required for any filter run.
This input file contains the measurement (Zm) and control (u)
time histories. There are two output files which are optionczl.
These contain state, measurement and process noise estimates
from a filter or fixed interval smoother run. A define file is
required for any fixed interval smoother (FIS) run. This file is



UO|ISJ3A SLY3 ut pasn JON AJ0719W S1 | Ov-9¢t
(50T asn) yibuaf 40323A ud)3WeURq WYYV dW GI |se-1¢
SJUdWRANSEAW JO JIQUNYN AW 1 | og-92
(1 <) s®24nos 3sLou $$3204d JO 43NN dW 51 |sz-12
(1 <) $1043u02 JO 43quNN W s1 | oz-91
(1 %)
(y3b6ua| 40329A passasdwod) sajels AUepuolas yo S3IQUNN 2XW g1 Jst-1t1
(43buay 40329A passasdwod) sajels Aaewtad jo 4aquny W 61 |o01-9
juiod
0=1 Sapn|ouy - (sdas adwes) sjujod ejep jO 43QUNN dOW Si 5-1 1 £
S14 404 s3adjajew jo abeuoys 40y 3Ly Aulyap dn s3as - 114I0W Gl | 0£-92
uoLIeU3d}L J3YL L)
paeM40j © U} SYIOOWS |eI0| IS 3}ysodwod Jo J3quNN ST1SIW GI | 62-12
un1RUAYL
J31|}J paEMIOS B U} SYJoOWS (D0 3L Seiq JO JSIquny STIoW SI | 02-91
paIndaxa aq (M (SI4) J3YI0OOWS (LAAIJUL PAXL} Y O £ 3] H1OWSH SI jel-1l
(una g14 03 Aseujuwyauad)
431114 9944 selq AQ pamo(|0) 4371} PAULQWOd U404 €
(suoijendied seiq
YIIN) 493143 33eIS A4epuodas pue Aaewyad pautqwod 40j 2
Aluo 491114 (2944 seiq) aiels Aaewiad 4oy 1
pajIndaxa S| 43311) paemaoy Q £ 31 L JRBEL] Sl ot-9
Jdojewiys] 33e3S YySy 404 €
J03ew}3S3 303§ 4030y 404 2
Jojewy)s3 3jels Isng/abeqasny 404 | TIA0W SI 5-1 I 4
wa|qosd 104 3|313 dys3wnueyd|y ERINEE gvel | 8L-1 1 1
NO1141¥7S3a JWYN 1vWy04 1 "S10D m%%ﬁw mﬁd»zh Mmow

dniag pae) Indug SEANHG

1'g 21qel



J———

(8 st 3I(nhesaq) aayjoows ayjy Aq papaau sadtJjew
8403 03 pasn a4y duLdp jo Jpun Led1bo; $33s UYL ‘Q< $I

(%)wna1 G1 | sy-1p
(¢ st 3Lnesag)
UNILIM 3G ([IM SALuuISIY W) LS pAjewlysd 3yl
YoIym 03 3144 IndInc Jo Jpun fed1bo| SIS UAYY “Q< J] (€)wnat sI | ov-9¢
(€ st 31nejaQ) uaIIjum
¢ LLim S9je|3S9 Juawaanseanw pue sjudulusnseaw .mE:
YIrym 03 a1ty INdIN0 yo pun (edtbo| $3as uUAYY ‘0< I (2)Wnai 61 | se-1¢
(Z S} 3LnesaQ) SILJI0)SEY W] [OUJUOD pue JUALIANSEIW
bugujeiuod agys Indup jo Jpun (edbO SIS UYY ‘Q< S (1)Wnal 61 | og-92
*(3I%x33 33s -- uojjewaojuy
d13soube)p (euoj3jppe sujejuod Aeade g) -3Inojujad
J13soubep £ (3A3| Jo jued se Aeade g Jupad uayy ‘o< adwnar GI | 2-12
(anteA £Y4INI -
30 ssa(pJebaa *‘pajuiuad sAempe s} sjujod 3auyl Is4ij 3yl "
403 3nojupad dL3soubeip Y3 € (A3 3@ :3JON) € 39|
3@ Inojugad dy3soubeyp usamyaq sjujpod ejep JO saquny £¥dINI GI | 02-91
(2 < 1¥dIAT 31 BALIDY) 2 19A9)
30 Inojutad dy3soubeyp udamiaq sjujod ejep Jo saquny ZYdINI 61 | s1-11
|ewpupw ‘1=
n& ox& om am aN"
pa{LeIap AU3A - |9A3| IS3UDLY ‘€=
:3n0juad dp3soubeip ayy Jo (eI JO |BAI] SIS JEERTY! si | ot-9
pajuiad 3q 03 JOU 3ue AdY) Jt ‘'Q =
pajugad 3q (M Jutod 3jdwes Y3 A43Ad U3yl ‘%- =
pajuiad aq (LM
weaboad 3y3 OJU} PRI SILA0ISEY W] [04AJUOD pue
JuaWaUNSEIW Y3 Jo sjujod ajdwes Y ISAES Y UIYI A+ = HINI Si G-1 [ S
elep
A403S4y 2wy 3y) 40 sjujod 3|dwes UIIMIAQ |PAUIJUL dwi] 10 0°014 | O1-1 1 b
NO1Ld1¥2530 INVN twwiod | "s100 | STV 4 Nuowl_

(ponutauo)) 1°; 3lqel




L —

Ao Y I

r-
(ALluo 43yjoows 404 Pauols) 403I3A M jo 3beuols yo ajey MYO LS s1 | si-11
(49YJo0Ns |PAUSIIUY PAXES 405 P3U0]S 30U - Kjuo
433( 14 p4EMUOS 405 PIAOIS) JOFDIIA Nm Jo abesols jo ajey 940151 GI | 01-9
(P9319|dwod us2q Sey uoi3eIndwod (e 4a3je pajled
saujnoagns Indino Aq pasn) J03IJ3A ~m 40 abeao3s jo ajey X40LS1 Sl G- I 6
‘U0t SSa4dwod Juanbasqns 404 403I3A 9YT4dN SIS
pash ‘[ <
pasn jou ‘g =
(6°2 40 €°2 “1'2 sd1qel 335) :abesn 40y 403D9A 1dW't=r
asjou $s3204d (passaadwodun) (e3o03) 3ayj jo sjuawd)d sbely ‘(c)wnal 1108 | 08-1 I 8
*d03I~A JUBWIAN Se3W
Y3 JO UO1SSdudwod JuaNbasqns 404 J03IVA GYTIWN SI3S
pasn ‘1 <
pasn jou ‘g =
(5°2 40 £°2 (' s3lqey 3ag) :3besn 40y 40323A 1AW 1 =0
JUBWRINSEIW (passIadwooun) [vI0] Y] JO SJUAUB(D sbey 4 ‘(r)wnat 1108 { 08-1 1 L
‘ucjjeIndwod 40y S3dLAIeI pIje
-}J0SS® puR 40322A 2303S Y} SSIAAWOD 01 S403I3A 9y4S]
DUR 9YI4SN 19SS O3 PaAsn 3ue 043Z uey) J3jeaub sanjea ay)
A(U0O |043UO0D SB pasn ‘2=
pash ‘=
pasn jou ‘Q=
‘2 20 £°7 *L°2Z sa{quel 93§) :403I3A djels Auepuodas L2XWXW T=0
mmaw.-.gm muownugaeaueav _awo» Y3 jo sjuauwa|a sbey 4 *(0)wnal 1108 | 08-1 1 9
. SQYVYI 3IdAl 3dA
NO11d1¥7530 INVN wvwgod | "sw0a | D e _E&

(penuriuo)) 1°g 21qey

36

S Tt M B A '

-t



$}0|d 433Uty ‘¢
uLad ‘2
*(S p4ed U0 33s se J0) ¢ B4

adey 03 uUdItam dae £ My ‘3 jaEwm 21}y jO
pud ue Aq pajesedas si yoeg -(g paed uo 3as

Se J40) § AL}S ISP 03 UM M .N« .—« Iy

~

abeuols afyy 40 adey *1=y

:dnouY 3pold INdINQ
:yoed sbeyy 3nd3no aapy /m sdnoab apow Indino aauayy uj

*(ssed yoea woay ndino e

%00{ 01 3|qesisap 3q Iybiw 3} 3sed SpYI U] “T=H1OWSW
‘E=YLIIIW €°3°1) ssed J3yjoows |2AJIJUL PAXLY PALY)

e pue ssed 433114 334) seiq e AQ paMO( (04 3apow 33e3S
A4opuodas pue Asewiad paujqwod 3Y) Uyl SUNA A3} PJARMUO)
Y3 1eyy os weusboad sgy3 aIndaxa 03 aqissod st 3]

*(€=7) ssed 43yjoows (7A4a3uUp PaxX}y 3Y) J0) S| Paed paLy]
*(2=1) 2pow

9945 SPLQ Y} U} 4L PAEMUOS Y} 4O S| pJdeI pUuUOIIS
*(1=1) apow

PIULQWOD Iy U} JIF[}J PJIPMUOS 3Y] JOJ S| pJed IS4}

i
¥ M

(e°1=
‘(s*1=p
(ML) AXNGL))

SISt

SL-1

o1

*paua03s si 2ujcd Yu KuaAd ‘u=

.
.

paJa03s S} Jujod 43Yo AUdA3 ‘g=
pa.403s si juiod ejep AudAd “i-=

:s} abeaols jo ajed ayy y] - (ALUO 43|} pAemMIOy
405 P3403S) 403I9A UoijeUI|ITVE ‘¥ 30 abeuao3s jo0 ajey

3403034 £ pue ' jJo abeuoys jo 3ajey

vy01S!
A4O1SI

Si
Sl

Ge-1e
02-91

»
vy - -

N0 11d1¥I530

IWNVN

1VWI0 4

*$7100

Sa¥vd 3dAl
30 YIIWNN

3dAl
ayy)

(ponutiuo)lj 1°g¢ 2a1qey.




o 7 -

. AT v ot rom P

1‘ 1
JUARBI XLJjew JO 3njep v 07024 | OE-11
Xapui wun{o) A SI | O1-9 ‘JUBWA|D X1 a7ew
X3pul Moy c vl G-2 32UPLARADD
o« aje3s |etjpul
Feaa a3 03 3ue adAy spyy) 50 spaed mﬂne oU JI ‘4 = 0432U0U Yoea
(xpajewm DpajoumAs) uotjewaojuy  (0) %4 - xiajew J10) pJed 3uQ
327101 4RA0D d3LIS [P IUL SULRIUOD pUeD S|y} I ‘Jue|q = NHI3 v T [ T4+XHaXW wnuexey| 2
angeA Jajaweded d 0024 | sz-9
*Aluo , sey puaed
(9°2 40 p°2 *2°2 sa|lqey Iag) XIpui Jdjawedeq ¢ b! 5-¢ umc._ogwwmw”.._“.hwm
‘peas 3q 03 a4t adA} SIyy jo Spued JUow Ou S ¢, = 403 pJaed 3uo
uojjewuosul Jajaweaed SULRIUOD pJBD SLYl i ‘Hue|q = AHI3 v [ |2SN "9CT wnwixey It
i (N T)AXMET Pu® XYOLSI J0 3dnpoud
I Si sAjels Auewpad 3y3 404 Indino jo 3jes |enjoe
M) ‘SMyl ‘(6 pJaed 33s) PaL0IS UIIQ SBY JPYM 03 JALIR|3L
IndIN0 §0 Aouanbauay ayj) S3eILPUL AXMI] JO IN|PA 3y}l
*K{uo
(1 =x) abeaols a|yj 403 I|qRLLieAy .—m Suoty}
-e433%00 3e3s Auewpad ayy 3ndino 03 beyy s3as ‘g=r
*apow
Patj10ads ay3 uy £ sajew))sd JuawRInsedw Iy}
pue “x sjuawaunseaw ayy yndino o) beysy sias ‘p=r
‘apow Indino patjidads ayj up M
sIeW15d asiou ssadoud ay3 Indino 03 beyy S319§ ‘g=r
z ‘apow 3ndino pajjydads ayy uy
X sajeys Aaepuodas ay) Indino 03 beyy s335 ‘2=p
I "apow 3ndano pajjydads ayl uy
x sajeys Aaewiad ayy yndino 03 beyy s3ay ‘i=( (p,3u7)
sbery 3ndyng 01
. A A
NO114143530 NN wwieod | -s100 | Mg aiv

(panutiuo)) T°g o21qel




*Judw
-9Jnseaw pay) ayj 403 pasn si adey Indui ay3 uo (duueyd
YIGZ W3 SACILPUL G2 = (C)WNCI *°3°1L *(0JJUOD 4O FUBWRUN
-seaw ajeladoadde 3y3 404 pasn sy (auueyd adey jeym Buy
-3eJipuy 40303A bBupjuos e st Wnal -weuaboad ayy Aq papasu W l=C
SLOJJUOD 4+ SIUBURUNSLIW JO 43QUNU [RI0T BY) ‘N+AW=W ‘(C)wnal SIN -9
jujod awgy uaarb e uoy ST < W 31 oM}
(2 34un 3 neyap) ader Induj 3yl uo s|3uueyd ¥iep JO L3quny SW3LIN st | s-t ST > W Jt 3ug| 91
*JUBUR|D
3duUerARADD 3SLOU
v 0°023 | og-1t1 JUIURUNS eat
b | s1 | o1-9 043ZUoOU Yyded
*(Xpaj0w J1a39mEAS) Y “IJULLURAOD ISLOU JUBWRANSEIW ° y1 G-2 404§ p4aed duQ
Y} SIULJIP SpURD JO 7S Siyl 21 3dA3 paed 03 4339y AHI3 v 1 "T+HAWx AW WNWL XYW Sl
*Juau
-31d IdURLURAOD
] 0°023 | of-11 asjou ssadoud
N si | ot-9 043ZUOU Y33
‘(xpa3ew Dpajowmuds) D “xjJjew ddueLARAOD DSLOU S$SII0Ud e p1 G-2 J40jJ papd 3uQ
Y3 SIULJIP Spaed JO 33s Syl 21 adAy paed 03 4333y AHI3 1v I | T+dWedW wnuixey 12|
“JUBWD D Xtajew
3Jur|JaRA0D SeLq
. : -1 e3juL 0432
(x1a3ew 2pa33umAs) onmxa “ 0 oMﬂ wm,w -hoc yoea 40,
- XjAJOW IDURLARAOCD x s9je3s A4epuodas) serq etjru I\ #1 -2 p4ed 3uQ "1+
Y SAULIAP Spaed JO 13S Syl ‘21 3dA) paed 03 4343y AHI3 v { ZXHelXW UNWL X £l
. SQYvYI 3dAl IdAl
NOI1d1¥JS3G IWVN 1VW404 § "S10D 30 ¥IGHNN auv)

(papnidu0)) 1°¢ 914el

EN



Y N

N DDODN

ELLYR N

Jurisrt anduy »idweg

) | | 0 0 o

1 1 o 0 0

" It ] 1
v L

1]

VAVG fHUET4 vES-HD

o

I'¢ aandry

1
0 0 ) 1
1

15
11

12°0 114
LI 0%
00€ ° 0~ 9%
0°0 (13
e°0 (17
°*0 oy
$600°0- (11
£000°~ | 11
11°- €
L Y Sald (31
€2°0 111
0°0 1]
€100°0~ (41
0°0 2€
6080°¢- 2
1100 k4
0°0 L T4
o€ -0 (1]
€ ° 0~ "
o€ °0 (4}
262°Y 21
(1Y 4 B 11
590°1 [ ]
€000 °0 6
€900°0~ L]
0v10°0- [ ]
0b°C~ 9
ttee- [4
s°29 14
0$940°0 L 4
v5002°0 ]
(/] 0 1
0 0 1
o 1 [ ]
1y
L ARARSARE 1t

(AAARARRRARAANE |

€ 4 ] 000y 001 ¢ ot

01 o1 9 1
- g Y]
WOLIYNIASI 3Ihvis

$0°0
1) ' 0¢s
0 4 %
1509 39vT35N4 1

SOYY) viva

10



(ponuriuony)) 1°¢ aandry

1000°0
22
$2°2
s2°2
200000°0
200000°0

-NAeND

0°01-
0°01-
0°01-
0°01-~
0°01i-
0o’ot-
004"
€90°¢
t {10819
Tyd°i
€80°y
ToE°1¢
006°
(4 1 2
009°1¢
«T4°0~
0°0
¢1°0-
eTL°0-
0°0
s1°0-
s2L°0-~
0°0
$1°0-
0o°1
0o°t
0°1
0°1-
01
0ot
01~
0°1

[ Dl |
o1
0°3
o°t

3dAL Q¥vD

S 0°1

SQY¥v) viva

41



(Papniduo)) ¢ aandry

1} . ot €1 (] ] 4 0 ol 1 9 14 v 4

1000°0

tego‘o

$2°2

100°0

100°0

100°0

. 1°0

0— ., 1°0
' 10°0

: 100000°0

100000°9

100000°9

. 1000°0
1000°0

e

20°0

16°0

| A ]

L M

e°0

"

100°0
100°0
100°0
100°0
100°0
¢°o
10000°0
1000°0
1000°0

€l

£00°0
s 0°0
$u0°0

o1°e
$70°0
$20°0
1000°0
1000°0

1

3dA1l QYY) SO¥Y) viva

—_aymeone Lol B G R NN

- N OO

LR K B N X N X J L K BN - MmeSTI~00

VOO mmume
- et 0% we e

~



Table 3.2

Tape and Disk File Requirements

FILE DEFAULT
LOGICAL DESCRIPTION COMMENTS
TYPE
UNIT
INPUT 2 ® Necessary for any filter run e Usually flight data
o Contains measurement A and ) Hrittgn in binary
control u time histories ® Read in by INREAD
QUTPUT 3 e Optional output
(#1) e Contains time t, measurements
xm, and measurement estimates
¥
QUTPUT 4 e Optional output ® Written by WRTDAT
(#2) e Contains up to 4 vector time e WRTDAT is called
histories once for each vector
e Choice of primary state esti- t? be stored and an
mates Xy acce]erations (pre- EOF written after
diction cycle) il’ secondary each
state estimates iz and process
noise w.
DEFINE 8 o Used to store matrices from fil- | @ File read/write com-
FILE ter runs for use in the fixed patibility handled
interval smoother runs automatically
e Used as input to FIS run
L




used to store matrixes at every time point in the forward filter
pass for use in the subsequent backward FIS run.

Prior to the initial DEKFIS runs, an input file must be
set up on mass storage. This file must be compatible with the
FORTRAN code in the INREAD subroutine. This input file i> to be
written in binary with one record written for each time point.
Each record contains the measurement and control values at the
given time point. The FORTRAN code below illustrates this further:

DIMENSION RECORD (NITEMS)
po 10 J =1, MDP
WRITE(2) RECCRD

10 CONTINUE

where.

MDP = number of data (or time) points

NITEMS = number of measurement and control channels in
each record

RECORD = an array of length NITEMS containing the
measurement and control va..es needed by the
DEKFIS run

Note: NITEMS can be greater than actually needed fcr the run.
When running DEKFIS, card type 16 tells INREAD the value
of NITEMS and which of these NITEMS channels are actually
to be used. keartanziny is also possible with card type 16.

44




3.4 JOB SUBMJISSION ON CDC-7600 MACHINES

The DEKFIS program was developed on a CDC-7600 and requires
103777 (octal) small core memory (SCM) and 141520 (octal) large
core memory (LCM).

The JCL (job control language) for a typical DEKFIS run is
s:.own in Figure 3.2. This figure shows an update, compile, load
and go sequence. The output files are cataloged after a success-
ful execution.
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IV. PROGRAM OUTPUT

Most of the program's output is written by the printer,
including optional pointer plots. The program also has the option
of writing data on mass storage devices (see Figure 3.2), which
gives the user the information necessary to make off-line, pen-
and-ink plots (e.g., Calcomp plots).

4.1 PRINTED OUTPUT

Examples of program output are shown in Figures 4.1 to 4.7.
These are explained below:

Figure 4.1

Figure 4.2

Figure 4.3

Fiqure 4.4

Contains the program title block and a summary of the
major inputs specified via card input. These include:
the mode of operation, model type and size, sample
step size and number, diagnostic printout flags, and
variable selection flag vectors.

Contains listings of the primary states, secondary
states, process noises and measurements used in the

run. A summary table of the output increments is also
printed out. The remaining information is used primarily
for diagnostic purposes.

Shows the parameter vector as input on card type 11,
the initial covariance of the primary states (PS) as
input on card type 12, and the initial covariance of
the secondary states (PB) as input on card type B,

Shows the covariances of the process noise and measure-

. e

ment noise as input by card types 14 and 15. It also
contains printout generated by INREA!M as it reads the
input data file into local storage.

-
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Figure 4.5

figure 4.6

Figure 4.7

Contains printout from INREAD. The initial time
points of the measurements and controls used in the
run are printed out in order to allow verification
that the correct data is bz2in, used.

Contains the intermediate printout of the performing
rilter. This is level 2 printout containing the state
and bias estimates and the associated covariances at
the indicated iteration. The level 3 printout (not
shown) is extremely detailed giving all the inter-
mediate steps in each iteratiun. It is not vecommended
that level 3 printout be used except for diagnostic
purposes.

This figure shows a small portion of the printer plots
generated by this run. The variables are in groups

of four and are plotted at the rate of one line of
printout for each time point as dictated by the print
increment.

4.2 MASS STORAGE OUTPUT

The two types of mass storage output are shown in Figure 3.4,

It is important to be able to read these files in order to set up

runs for plotting, etc.

OQutput File #1 - This file contains time, the measurements,

and the measurement estimates. The program control logic for

writing this file is conveved to the DEKFIS run on card types 9
and 10. The file is written by subroutine OUTPUT, and the following
FORTRAN code is supplied for reading the file:



DIMENSION TITLE(18), YHAT(MY), YM(MY), UV (M)
READ(3) TITLE, MY, MU
DO 10 J=1, NDPF
READ(3) T, YHAT, YM, UU
16 CONTINUE

where, TITLE - is the title information
YHAT -~ is the y vector of length MY
YM — is the Yo Vector of length MY

uu - is the u vectar of length MU

MY - is the number of measurements

MU — is the number of controls

NDPF - is the number of data points on file
T — is time

Qutput File #2 - This file can contain up to four vector time

history £files, written sequentially and separated by end-of-°‘ile
marks. The user has the option of spaecifying which (if anyv) of the
following four vector time histories are to be stored. These are
(and in the order stored): the primary state estimates ;l’ the
primary state accelerations (after the predict cycle of the Kalman
filter iteration) §1, the secgndary {(or bias) state estimates
and the process noise estimate w. The vector time histories are
each written by WRTDAT as specified by the cptions of cara

type 10. An end-of-file mark is written by WRTDAT, so an EOF
separates each section. The following FORTRAN is suvpplied for
reading any one section:

DIMENSION TITLE(18), VECTOR(M)
READ(4) TITLE, M
DO 10 J = 1, NDPF
READ (4} K, VECTOR
10 CONTINUE
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where,

TITLE - is the title information

VECTOR
M

NDPF

K

is
is
is
is

-~ -

a vector of either il’ 31' X, or w
the length of the vector
the number of data points on each file section
a dummy integer variable



V. EFFECTIVE USE OF THE DEKFIS PROGRAM

The performance of the DEKFIS program is dependent on the
proper choice of the initial conditions for the primary and
secondary states (50 and gc), the initial covariances associated
with the primary and secondary state initial condition estimates
(gx and gbo), and the process and measurement noise covariance
matrixes (Q and R). The following systematic procedure has been
developed for determining these program inputs:

1. Compute measurement noise covariance matrix-R. Assume
R is diagonal and calculate for each measurement. This
can be done approximately by inspecting the measurement
time history and picking out the peak-to-peak value of
the zero mean gaussian measurement noise on that channel.
Assume this peak-to-peak value =60

2. Estimate values of biases and scale factors for each of
the measurements. Sometimes these are readily apparent.
If they are not known, set the biases equal to ¢.0 and
the scale factors equal to 1.0.

3. Estimate the initial covariance (Pp ) for each of the
biases and scale factors to be iden®Pified (i.e., treated
as secondary states). Assume PQ is diagonal and
calculate each variance term (o 3 , keeping in nind that
6 is the total peak-to-peak excursion allowable,

4, Estimate the initial conditions on the states. Using a
best estimate for the measurement at t=0 (us\ 1lly the
initial data point is as gocd as any) and the nias and
scale factor estimates determined in s*ep 2, back
calculate through the measurement equations to estimate
the states at t=0.

S. Estimate the initial covariance (Px,) for the initial
conditions on the state¢s. This 1s possible by taking
the measurement noise covariance from step 1 and covari-
ances for the biases and scale factors from step 3 and
using the measurement equations for back calculation.

6. Estimate the process noise covariance matrix - Q. Assume
Q is diagonal. The estimate for Q is the most difficult
to determine, and several runs may be required to give

el
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satisfactory results. A low value for a given diagonal
element of Q will result in a false convergence of the
states, andTthe measurement matches will show discrep-
ancies. A large value for a given element of Q will
lead to unconverged states, and the update corTection
in the predict/update cycle of the Kalman filter will
be large. In other words, the measurements will drive
the filter leading to deceivingly s0od measurement
matches. It is necessary to find a value for Q which
will give good measurement matches, but also will be
converged.

This procedure was used in the validation of the rotor state
estimator. One example case was run assuming only blade flapping

degrees of freedom. Lag degrees of freedom were omitted by simply

setting input flags. Thus, the state variables were:

T e . :
X [So’alc’sls’¢r’ao’31c'als’br]

The example was for a three-blade rotor, and the measurement
variables consisted of the flap angle of each blade and the

cosine of the rotor azimuth angle; 1i.e.,

Y;"B;"8,781cC0S (vp*0;) -8y sin(v ve,)

yy = cos (v.)

where the blade spacing angles, 4;, are known. The measurements
ware corrupted by relatively small amounts of white noise.

The inputs to the filter were the state initial conditions,
Xy the initial state covariance matrix, Py> the measurement
noise covariance, R, and the process noise covariance, Q.
When processing actual flight data, Xgo Po and R are reason-
ably well known. Because the performance of the filter largely

depends on the ratio of the norms of Po. R, and Q, 1t is the

2
— -




choice of the less-well-known Q which determines the performance.
The rotor estimator is simply:

X 0 I X, 0
1 - - + L{
X, 0 0 X, I

where

T
E [w(ti)] = 0, E[w(ti) w(tj) ] = Qéij
and (in this case)
x1 = (8, Byor Brgr ¥yl

[t can be seen that setting Q to zero tells the filter that

the states are constant and that letting Q approach infinity
(relative to R) tells the filter to weight the measuremeats very
heavily. When estimating trim tip-path-plane angles and instru-
mentation biases, Q may be set to zero. When the tip-patlk

plane is not constant due to a control input, an intermediate value
of Q 1is desirable. Too large a value for Q results in the state
estimates being heavily driven by the measurements.

The effect of Q on the rotor state estimator was investi-
gated for this example problem. Figure 5.1 shows a portion of
the measured and estimated time histories of the flapping angle
of the first blade from a run for which Q was set to zero. A
control input beginning at t=2.5 seconds causes a large change
in the blade's flapping response, but this change is not tracked
by the filter. Figure 5.2 is the same plot from a run for which
Q was set to 108. Here, as expected, the measurement was tracked

exactly (the svmbol "B' overwrote the symbol "A" everywhere).
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Figure 5.3 is the same plot from a run for which Q was set to
1.0, and it can be seen that the measurement is partially tracked.
A somewhat higher value of Q would be required for satisfactocry
results.
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