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SUMMARY

This report traces the evolution in the use of state estimation for the analy-
sis of aircraft flight data. A “nifying mathematical framework for state estimation
is reviewed, and several examples are presented that illustrate a general approach
for checking instrument accuracy and data consistency, and for estimating variables
that are difficult to measure. Recent applications associated with research-
aircraft flight tests and airline turbulence upsets are described. A computer
program for aircraft state estimation is discussed in some detail. This document is
intended to serve as a user's manual for the program, called SMACK (SMoothing for
AirCraft Kinematics). The diversity of the applications described in the report
emphasizes the potential advantages in using SMACK for flight-data analysis.



1. INTRODUCTION

Accurate determination of aircraft motions from noisy or incomplete measure-
ments is an important problem in the analysis of flight-test experiments. The
measurements often may contain significant errors which must be identified before
the data are used in any performance or stability-and-control calculations. Fur-
thermore, direct measurements of certain important dynamic variables may be unreli-
able or impractical to perform. A similar problem occurs in the analysis of air-
craft accidents, where the actual motions may have to be determined from a very
limited data set. These problems are being solved by the analytical method known as
state estimation. This report presents an algorithmic approach for aircraft state
estimation, demonstrates its application for solving several examp.e problems, and
describes the computer program used to obtain the solutions.

The first application of state estimation to postflight data analysis can
probably be attributed to the pioneering work of Otto Gerlach in the 1960s at the
Delft Technological University, The Netherlands. This early contribution (refs. 1
and 2), called "flightpath reconstruction," was primarily concerned with the accu-
rate determination of angle of attack, pitch angle, and vehicle velocity during
dynamic maneuvers. These nstates" were obtained by integrating functions of mea-
surements from the pitch-rate gyroscope and normal and longitudinal accelero-
meters. Initial conditions and bias terms were determined from airspeed and alti-
tude measurements at steady-state end points of the maneuver. The resulting
"smoothed" time-histories were then used as a basis for subsequent parameter identi-
fication studies.

Application of the state-estimation method to aircraft problems is possible
because the forces and resulting motions of an aircraft along a flightpath are
related by well-known equations of motion. The equations may be used to produce
estimates of force and motion variables that are compared with corresponding mea-
surement time-histories in an iterative procedure until a suitable "match" is
obtained. As Gerlach has pointed out, the technique of state estimation provides a
check on instrument accuracy and data consistency as well as estimates of unmeasured
or poorly measured variables.

These items have been the primary objectives in most of the studies that fol-
lowed the initial work of Gerlach. His students later improved and formalized the
techniques that Gerlach had developed (refs. 3 and 4). In this country, early
advocates of the use of state estimation for flightpath reconstruction were Wingrove
(refs. 5 and 6) at NASA Ames, Eulrich and Weingarten (ref. 7) at Calspan, and
Molusis (ref. 8) at Sikorsky Aircraft. Over the past few years, the work in this
field has been evolving consistentuy toward the development of more sophisticated
algorithms, the use of more complete kinematic models, and the treatment of more
difficult applications.



Most recently-developed algorithms (refs. 9-18) utilize a version of an
extended Kalman filter. Although good results have been reported in offline flight-
data-processing applications, such algorithms are not optimum in their us= of future
as well as past data in the measurement record. The algorithm advocated here for
aircraft state-estimation is based on a variational solution of a nonlinear, fixed-
interval smoothing problem. It is iterative in nature, providing improved state
estimates until a minimum squared-error measure is achieved. Linearization is about
a nominal trajectory and convergence is quadratic. It is based on the "successive
sweep" algorithm of McReynolds and Bryson (ref. 19), originally devised to solve an
optimal control problem. This algorithm, however, had not been applied to determine
aireraft motions along a flight trajectory until the development of the state esti-
mation program described in this report. This program, SMoothing for AirCraft

The main purpose of this report is to provide the information necessary for
effective use of the SMACK program. The text portion, indicated by chapter head-
ings, includes discussions of the underlying mathematics, typ :al applications, and
coding rules for problem setup. A set of appendices supplies the detailed informa-
tion needed for installation and testing of the program. The main text jis organized
as follows. Chapter 2 outlines two mathematically equivalent aigorithms for solu-
tion of the smoothing problem, which have been published previously (ref. 20). The
first algorithm, which consists of a forward covariance filter and backward
smoother, facilitates comparison of the variational and extended Kalman filter
methods. The second algorithm, which consists of a backward information filter and
forward smoother, is shown to have certain computational advantages. It is this
second algorithm that forms the basis of SMACK. Chapter 3 then describes the six-
degree-of-freedom aircraft State and measurement models used in the program. The
application examples presented in chapter 4 should help the analyst recognize the
potential advantages in using state estimation. Chapter 5 covers the preparation of
a coding list for problem solution by SMACK. Sample lists are given for the appli-
cation examples presented in chapter 4. The use of SMACK as part of an overall
flight-test methodology is illustrated 1n chapter 6 and its application in the
analysis of windshear accidents is the subject of chapter 7.

For installation and testing of the SMACK program, the user should refer to the
appendices: appendix A discusses subrout ine hierarchy and shows key block diagrams,
which should help the user to understand program concept and flow. Appendix B
covers some important aspects of program implementation, such as COMMON structure
and memory requirements. Two test problems, using simulated flight data (internally
generated) are presented in Appendices C and D: the first represents a typical
flight-test analysis; the Ssecond, a typical accident analysis. These problems
illustrate the essential features of a solution by SMACK, and provide reference
output listings for testing a new installation of the program. A final appendix,
appendix E, describes the preparation of a user subroutine for processing a set of

flight data with SMACK for analysis in the manner discussed in this report.
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2. STATE-ESTIMATION ALGORITHMS

In this report, the term "state estimation" refers to offline processing of a
set of independent measurements from a given physical system. Each record in the
set consists of a time history that covers the same fixed interval, but does not
necessarily share a common sampling rate with other records in the set. If the
relationships among the dynamic variables of the System are well understood mathe-
matically, all the measurement records may be processed together in an "optimal"
way. In this case, the objective is to determine a set of initial conditions and
forcing functions that will cause the output of a mathematical model to "match" the
measurement time histories, usually in a least squared-error sense. The task of
postflight state estimation is known as a fixed-interval smoothing problem. With
its solution, the analyst can determine that the measurements are consistent, and in
addition, can obtain estimates of unmeasured variables, as well as instrument bias
errors and scale factors.

The state-estimation process solves a state model

(i + 1) = Flx(i),w(i)] ; x(0) = x (2.1)

0

such that y(i + 1) in the measurement model
z(i + 1) = yli + 1) + v(i + 1) ; y(i + 1) = h[x(i + ] (2.2)

acceptably matches the data record over a time interval (i - 0,1,--,N - 1), usually
in a least-squared error or minimum variance sense. In equation (2.1), x(i) is an
NX-element state vector and w(i) is an NW-element forcing-function vector. In equa-
tion (2.2), z(i + 1) and v(i + 1) are NV-element vectors representing the measure-
ments and corresponding (random) measurement errors; y(i + 1) is the sSystem output
vector. Note that the output vector is generally a nonlinear function of the state
variables.

For aireraft applications, the state and measurement models together represent
a finite-difference approximation for the six-degree-of-freedom dynamics of a rigid
body. As described in the next chapter, the models are used to generate time his-
tories which are likely to be found in a flight-test measurement set. These include
onboard variables such as Euler angles, angular rates, and linear accelerations, as
well as tracking variables such as slant range, bearing, and elevation. Any bias
errors or scale factors associated with the state or measurement models are appended
to the state vector and treated as constant but unknown parameters.

The solution of the fixed-interval smoothing problem consists of determining
the initial condition X, and forcing function {w(i)} that, subject to the dynamic
constraint of equation (2.1), minimize the following squared-error performance
measure:
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In equation (2.3), io is an a priori estimate of xg, and Por Q and R are
weighting matrices. Sage and Melsa (ref. 21) discuss a maximum-likelihood interpre-
tation of the performance measure in which PO is the error-covariance matrix for
the a priori estimate, and Q and R are error-covariance matrices for the input and
output sequences, respectively (assumed to be stationary). Note that the first term
of equation (2.3) serves as a "penalty" function and tends to bias the estimate of

Xq toward its a priori value.

The fixed-interval smoothing problem is solved using a method of successive
approximations based on expansion of the performance measure (eq. (2.3)) to the
second order and of the dynamic constraint (eq. (2.1)) to the first order. Suppose
we choose X, {w(i)} and obtain a nominal trajectory by solving equation (2.1). It
is unlikely that our solution minimizes J, but we shall try to determine a neigh-
boring solution that yields a smaller value. To do this, we first express a varia-
tion in the performance measure in terms of variations éx, and {sw(i)}:

N-1

- - -1 N . N A

8§J = (xO - xo)tPO16xo + (1/2)6x0PO 6xo + E {Wt(L)Q 1Gw(l) + (1/2)6wt(1)Q 1
i=0

(i) - [z(i+ 1) -y + DI ex(i o+ 1)+ (172)6x5(i + 1)h§R"hxax

x (1 +1)} (2.4)
Next, we assume that deviation from the nominal trajectory will be governed by
sx(i + 1) = fxsx(i) + fwdw(i) , 6x(0) = 8% (2.5)

In equations (2.U4) and (2.5), the Jacobian matrices (partial derivatives) are
defined as

fe = af [x(i),w(i)]/ax(i) ; £ = af [x(i),w(i)]/auw(i) ; hy = ah[x(i + 1) 1/3x(i + 1)
(2.6)

and are to be evaluated along the nominal trajectory.

Our objective now is to specify &8x, and {sw(i)} such that &J has the most
negative value possible, subject to the dynamic constraint of equation (2.5). We
solve this "accessory minimization" problem in the usual way (ref. 22) by adjoining

the constraint to equation (2.4) using a Lagrange multiplier. Hence,



N-1
§J = &J +:§E: xt(i + 1)[fX6x(i) + fwdw(i) - 8x(i + 1)] (2.7)

i=0

The necessary conditions for minimizing J 1lead to a linear, two-point boundary-
value problem (LTPBVP) given by equation (2.5) and

A1) = £EOE + 1) hiR-1hX6x(i # 1) - hR 21+ 1) - y(i + D]
A(0) = —P;1[xo S ) v ex 15 A(N) =0 (2.8)
sw(i) = -w(i) - Qfoez“a(i) (2.9)

This LTPBVP has an exact solution (ref. 22). Hence, it is possible to determine
6xy and {sw(i)}, recompute the nominal trajectory with

Ky« X+ Gxo ;o wW(i) « w(i) + &w(i)

and evaluate the performance measure, iterating until J 1is minimized. The change
in J that should be realized at any iteration is found by substituting equa-
tions (2.8) and (2.9) into equation (2.7).

N-1

- tp-1 E | AR . t,. t.-

8J = -GXOPO 6xo/2 - [6w (1)Q™ "6w(i) + &x°(i + 1)hXR
i=0

1hX6x(i « 1)1/2 (2.10)

Two equivalent sweep solutions of the LTPBVP are given here. The first is
derived by introducing a vector &%(i) and matrix P(i) and letting

§x(i) = 6x(i) - P(i)a(i) (2.11)
Notice that the boundary conditions of equation (2.8) require that
§%(0) = X - %o ; P(0) = Py ; §x(N) = 8x(N)
Straightforward algebraic manipulation yields the algorithm outlined in
table 2.1(a), which is essentially the procedure proposed by Cox in 1965
(ref. 23). It consists of a forward covariance filter and a backward smoother, a
form that invites comparison with the extended Kalman filter often employed for

nonlinear state and parameter estimation (ref. 24). We observe that, for a class of
systems with a state model that is linear in its foreing function, as

FIx(i),w(i)] = glx(i)] + Gw(i)



TABLE 2.1.- EQUIVALENT ALGORITHMS FOR SOLUTION OF A NONLINEAR SMOOTHING PROBLEM

With x, and {w(i)} obtained from the preceding iteration (or an initial guess),
compute a nominal trajectory using equations (2.1) and (2.2) and evaluate the
performance measure using equation (2.3). Now perform (a) or (b) as follows:

(a) Forward filter/backward smoother (b) Backward filter/forward smoother
Forward filter with a time update Backward filter with a measurement
update
Sx(i) = £6x(i - 1) = fu(i - 1) 8(1) = ali) - hiR™'(2(1) - y(1)]
M(1) = £ P(i - 1)EY + £ af" S(i) = M(1) + KR 'n
X X WooW X X

§x(0) = X5 = %, ; P(0) = Po a(N) = 0 ; M(N) = O
and a measurement update and a time update

sx(1) = 8%(1) + K(i)e(i) a(i - 1) = £o08(1) - S(1)f,d(1)]

P(i) = (I - K(i)h, IM(i) M(i - 1) = fi[l - wa(i)]tS(i)fX
where where

e(i) = [z(i) - y(i)] - h_sx(i) d(i) = QUEs(1) +  w(i - 1]

K(i) = M(DhR] L(1) = Qris(i)

R=R+ hXM(i)hi a=0 " f&S(i)fw]—1
Backward smoother Forward smoother

8(1) = (I - K(Dh 1% [A(1) - heR™ le(1) ] sx(i+ 1) = £ ox(1) + £ 6u(i)

Al - 1) = fis(i) ; A(N) =0 §x(0) = Gxo
and where

su(i - 1) = -w(i - 1) - Qfo8(i) sx = -(22" + M(0)) 7!

sx_ = %, - PA(0) < [a(0) + 2N (x - X))

sw(i)

-d(i + 1) - L(i + l)fxéx(i)

Update x_. and {w(i)}. Loop and iterate until &x, and {6w(i)} are "sufficiently"
small and the performance measure is minimized.



the forward covariance filter of table 2.1(a) is identical to an extended Kalman
filter linearized about a (prior) nominal solution. The usual linearization, how-
ever, is about a current solution. In at least one case (ref. 25), the extended
Kalman filter has been coupled with a backward smoother. Such a procedure requires
no starting solution but does not iterate to minimize a performance measure, and so
provides only an approximate solution of the nonlinear smoothing problem.

A second, more useful sweep solution of the LTPBVP is obtained by introducing a
vector a(i) and matrix M(i) and letting

A1) = a(i) + M(i)ex(i) (2.12)

In this case the boundary conditions of equation (2.8) require that a(N) = 0,
M(N) = 0, and

s, = ~[P2! + M) 1R (x - K ) + a(0)] (2.13)

The resulting algorithm is outlined in table 2.1(b) and consists of a backward
information filter and a forward smoother (for offline application). It can be
shown that this algorithm is equivalent to the "modified" Newton-Raphson method if
there are no unknown forcing functions (ref. 26). Notice that the sequences {d(i)},
{L(i)}, computed during the filter pass, are utilized during the smoothing pass.
Here the (temporary) storage requirement depends on the dimensions of w(i) and x(i)
and, of course, on the length of the data record. This formulation, which has been
implemented with SMACK, has the following advantages over the algorithm of

table 2.1(a):

1. The a priori covariance is easily specified by setting P-1 = 0 in equa-
tion (2.13), which is often a good choice in practice. This is equivalent to '"no
confidence” in an a priori estimate.

2. Constant elements (bias-error and scale-factor parameters) of the state
vector are naturally decoupled from the dynamic states. This feature reduces the
computational burden,

In applying either algorithm of table 2.1, the analyst must be careful in
choosing starting values for X, and {w(i)}, and in selecting the weighting
matrices Po, Q, and R. The convergence properties of the algorithm are influenced
directly by the nominal solution generated by the initial choice of Xy and any
unmeasured forcing functions. Suitable starting values can be obtained by solving
the finite-difference approximation of the state model for the foreing-function
sequences by using filtered versions of the measurement records to construct the
state estimates. On the other hand, the nature of the solution, once convergence is
obtained, depends to a considerable degree on the choice of the weighting matrices
Py» Q, and R. The effect of P, 1is to bias the estimate X, toward the a priori
value  x_; it can usually be ignored when applying the algorithm of table 2.1(b).
Reasonable values for the elements of Q and R may be determined as follows:
filter each measurement record until the residual sequence appears sufficiently



"white," and use its variance as the appropriate diagonal element of R; then con-
struct an estimate of each forcing function, and use the mean-square value of the
starting sequence {w(i)} as the appropriate diagonal element of Q.

It should be observed in passing that, heuristically, smoothing is a process of
zero phase-shift filtering in which bandwidth increases as the scale of Q
increases and the scale of R decreases. One expects that forcing-function and
residual variances will agree with the corresponding elements of Q and R used in
obtaining the solution. That solution, however, is not unique. Scaling the
elements of Q up and the elements of R down by the same factor (bandwidth
increase) will result in a solution having closer fits to the data, but with
"noisier" forcing-function estimates. This situation emphasizes the need for the
analyst to carefully consider the engineering aspects of the problem.

Lest the potential SMACK user despair over possible pitfalls to be encountered
in choosing starting values and selecting weighting matrices, he or she should be
assured that the program has been designed to require little user intervention. A
subroutine included with SMACK provides the set of initial conditions and forcing
functions needed to generate a starting trajectory. This routine also calculates
sets of diagonal element values for the Q and R weighting matrices, using the
procedure suggested earlier. An outline and block diagram for the starting
subroutine are given in appendix A.

The Linear Case

Finally, for the sake of completeness, a formulation of the algorithms of
table 2.1 for a linear system is considered that is useful in offline digital fil-
tering applications. For the linear case, the state and measurement models of
equations (2.1) and (2.2) become

x(i) = Fx(i - 1) + Gw(i - 1) , x(0) = xg z(i) = Hx(i) + v(i) (2.14)

where F is an NX*NX matrix, G an NX*NW matrix, and H is an NV*NX matrix. Using
the notation expressed in equation (2.6), we obtain for the Jacobians

£ =F ; f,=G ; h,=*H (2.15)
Now consider a simple change of variable
sx(i) = x(i) - x, (1) (2.16)

where x (1) is any (nominal) solution of equation (2.14) and x(i) is to be the
solution of the linear fixed-interval smoothing problem. If equations (2.15)
and (2.16) are used in the forward-filter, backward- smoother algorithm of table 2.1,

along with

§%(1) = ®(i) - xp(i) ;3 8%x(i) = x(i) - xp(i)



the algorithm of table 2.2(a) results. In similar fashion, if equations (2.15)
and (2.16) are used in the backward-filter, forward-smoother algorithm of table 2.1,

along with
a(i) « a(i) + M(1)x (1) 5 B(i) « 8(i) + S(i)x (1)
the algorithm of table 2.2(b) results.

TABLE 2.2.- EQUIVALENT ALGORITHMS FOR SOLUTION OF A LINEAR SMOOTHING PROBLEM

(a) Forward filter/backward smoother (b) Backward filter/forward smoother
Forward filter with a time update Backward filter with a measurement
update
x(i) = Fx(i - 1) B(i) = a(i) - HP'RT2(1)
M(i) = FP(i - 1)F% + cqet S(i) = M(i) + HER™TH
x(0) = x_; P(0) = P, a(N) =0 ; M(N) =0
and a measurement update and a time update
x(1) = X(1) + K(i)e(i) a(i - 1) = F¥[8(i) - S(1)Gd(i)]
P(i) = [I - K(i)H]M(i) M(1 - 1) = FY[I - GL(1)]ES(i)F
where where
e(i) = 2(i) - HE(i) d(i) = Qta(i)
K(i) = M(i)H'R™ L(i) = QG¥S(i)
R =R+ HM(i)H Q="+ 6ts(i)e)”
Backward smoother Forward smoother
8(1) = [1 - K(DHI® [a(1) - HER Te(1)] x(1 + 1) = Fx(i) + Gw(i)
AMi - 1) = F'8(i) ;  a(N) = 0 x(0) = x,
and where
w(i - 1) = qcba(i) % = =21« M(0)]7" [a(0) - Po'x )

X = §5 - P_2(0) W(i) = -d(i + 1) - L(i + 1)Fx(i)

1



Each of these algorithms converges in one step: no starting solution is
needed. However, the considerations concerning the choice of weighting matrices Q
and R, and the a priori estimate ¥, P, are the same as for the nonlinear case.
Hence, the backward-filter, forward-smoother algorithm also has an advantage in
solving any linear fixed-interval smoothing problem. That algorithm has been used
in the realization of a low-pass filter employed in the SMACK starting procedure.

The filter is described in appendix E.

12



3. STATE AND MEASUREMENT MODELS

In this chapter the mathematical models utilized by SMACK to obtain flight
trajectories are defined and discussed. Aircraft motions are assumed to be governed
by a six-degree-of-freedom kinematic model, referred to a flat, nonrotating Earth.
The usual choice of state variables leads to a formulation in which both state and
measurement models are nonlinear (ref. 25). The solution algorithm outlined in the
previous chapter must then evaluate both the state and measurement model Jacobian
matrices (fx, f,» and h, in eq. (2.6)) along the trajectory. However, if the state
variables are properly chosen it is possible to obtain a state model that is lin-
ear. All nonlinearities then appear in the measurement model. The advantage of
using such a formulation with SMACK is computational: the Jacobian matrix for the
state model is constant along any trajectory, a feature that significantly improves
the efficiency of the solution algorithm (ref. 27).

For realization of a linear state model, we start with the vehicle attitude,
defined by the Euler angles (¢, 68, ¥), and the vehicle position, defined by the
Earth-surface coordinates (x, y, h) as state variables. Other state variables
consist of time derivatives (¢, 8, b)), (¢, 8, ¥), and (x, v, h), (x, y, h). When
motion of the air mass must be considered, the state model is augmented with wind-
velocity states (Wyy Wy, Wp). The simplicity of this linear state model is clearly
evident in the block diagram shown in figure 3.1. There We see that the state model
consists of integrator "bundles," a structure known as a Brunovsky canonical form
(ref. 28). Note that the forcing functions for this system are (d,, d,, dy), (d,,

y L
dp, d,) and (gx, 8y» B,)- In some situations it may be preferable to use a simpler
model with forcing” functions (x, y, h) instead of (dx, dy, d,), and/or (¢, @8, )
instead of (dg, dp, - dn)°

The measurements available in an aircraft state-estimation problem often
include tracking data, vehicle attitude, velocities, and accelerations. All non-
linearities associated with aircraft kinematics appear in the measurement model
shown on the right side of figure 3.1. For example, the blocks labeled with an L[
represent the transformation from Earth-surface axes to vehicle-fixed body axes.
Here the body velocities with respect to the air mass (u, v, w) and the body accel-
erations (ax, ay, az) are calculated from

ru- [ - w; rax- [ % ]
v] =L y-wy ; a [ =L y (3.1)
W h - w a h+g

_— L n |2 L i

respectively, where the transformation is defined by the direction-cosine matrix

13
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Figure 3.1.- State and measurement models used by SMACK.



[ cosH cosy cosh  siny sing
sin¢ sin® cosy sineé sine siny -sined cose
L = - cos¢ siny + COS¢ cosy (3.2)
cos¢ sin® cosy cos¢ sin® siny ~-Ccos¢ cosh
+ sin¢ siny - sin¢ cosy 1

Radar measurement variables R (slant range), B (bearing angle), and E (eleva-
tion angle), which are given by

R=[(x-x)%+«(y-y)2+ (h-n)2"2

B =tan '[(y - y)/(x - x,)] ; E = sin"'[(h - h,)/R] (3.3)

where (Xr’ Ypo hr) is the tracking antenna location, are calculated in the block
labeled with a P in figure 3.1. Other inertial data might be supplied by an
onboard inertial navigation system (INS). Although not shown in figure 3.1, the
measurement model does include the INS velocity variables Vg (groundspeed) and ¢

(groundtrack), which are &

.2 .2,1/2 =1, .
Vo= (37 +y7) / ; ¢ = tan (y/%) (3.4)
g g
In order to fit air-data records of true airspeed and the flow angles, the
measurement model can provide estimates of the aerodynamic variables V (airspeed),
a (angle of attack), and 8 (sideslip angle), from the relations (ref. 29)

V = (u2 + v2 + w2

)1/2 ;o oa = tan'1(w/u) ;B = tan'1(v/u) (3.5)
These are calculated in the block labeled A. Notice that the variable B models
the vane flow angle, which is not quite the same as the usual sideslip angle

(ref. 30). When air-data measurements are included in the SMACK estimation proce-
dure, the winds along the flightpath can also be estimated. The wind variables in
the measurement model, W, and W.4 (horizontal magnitude and heading), and Vid
(vertical magnitude) are calculated in the block labelled W from the relations

2 2,1/2
+ W

. - -1 .
= (w ) ; th = tan (-wy/-wx) L

wxy X y wd wh (3.6)

Blocks labelled R and @ represent the nonlinear relations that express the
body angular velocities (p, q, r) and angular accelerations (az, ap, a,) in terms of
the state variables. The angular velocities are calculated from (ref. 30)

p =6 -V sing , Q=6 cos¢ + ¥ sine cose , r = -0 Sing + § cosé cose (3.7)

and the angular accelerations are calculated from

15



& - & sing - é& coso

a, =
ap = & sin¢ cose + 9 cos¢ - 89 sing sine + or
a, = o cosé cosd - 9 sine - 6y cos¢ sing - 0q (3.8)

If required, position corrections for location of air-data or accelerometer
instruments can be made in the SMACK measurement model. Body-velocity corrections
for the air-data system are given by (ref. 31)

du = gz; - ry; , Av =rx; -pz;, Aw = py; - Q%5 (3.9)

where (Xi’ Yi» Zi) are the body coordinates of the instrument position with respect
to the aircraft center of gravity. Airspeed (pitot-static) and aerodynamic angle
(vane) corrections are treated separately. Corrections to the body accelerations
are (ref. 31)

2)

Aa, (pg - an)yi + (pr + am)zi - (q2 + ro)x;

Aa (pq + ay)x; + (gr - aglz; - (p2 + r2)yi

Y

pa, = (pr - aplx; + (qr + agly; - (p° + q°)z; (3.10)

Note that equations (3.9) and (3.10) refer the corrected variables to the instrument
location. Furthermore, equation (3.10) utilizes angular acceleration estimates (az,
ap» a,), which from equation (3.8) are seen to be functions of (¢, 9, v). The
algorithm of chapter 2 as implemented in SMACK requires all estimates formed in the
measurement model to be functions of state variables. In this case, then, the user

must specify the forcing functions to be (dg, dp, d,).

A general rule in the application of SMACK is that if there are any elements of
sets (ay, ay, a,) or (ag, ap: a,) to be estimated, then (d,, d, dy) or (dgs dps d,)
must be specified as forcing functions,. Otherwise, the forcing functions may be
chosen from the sets (¢, 6, ¥) or (x, y, h). Care should be taken not to mix
elements of (dz, dps d ) with elements of (¢, 8, ¥) as forcing functions, or,
similarly, elements of (dX, d, , dh) with elements of (x, y, h). It is true, of
course, that the more integra%ors there are between input and output of the state
model, the more "smooth" the output will be.

In certain situations, such as performing a preliminary data-consistency check,
a user may wish to employ measurements of (ay, 3y, a,) and/or (p, q, r) to generate
forcing functions. For example, accelerometer measurements can be used to produce
the earth-frame accelerations required for the SMACK state model by solving equa-
tion (3.1) to obtain
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vl =t |a - Jo (3.11)

h a g
z

L.-J . J b J

In similar fashion, it can be seen that rate-gyro measurements will provide the

required Euler-angle derivatives by solving equation (3.7) to obtain
b= (q sin¢ + r cose)/coss , 9 = q cos¢ - r sing , 6 = p + ¥ sine (3.12)

Clearly, if either equation (3.11) or (3.12) is employed, the state model will no
longer be linear. The tradeoff is, of course, that time-histories for (x, y, h)
and/or (¢, 8, ¥) need not be estimated. A separate consideration here is that the
use of noise-contaminated measurements to generate forcing functions is likely to
bias the solution in an unpredictable way.
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4. APPLICATION EXAMPLES

State estimation as a means of checking instrument accuracy and data consis-
tency is now used by many flight-test groups (refs. 9-18). Once a consistent,
smoothed set of time histories is obtained Irom the data, other analyses, such as
identification of stability and control derivatives, are readily performed. In
fact, relatively simple routines may be used for identification tasks, allowing the
analyst freedom to develop a proper aerodynamic model. Since the data-consistency
application is extensively treated in chapter 6, and a flight-test example of a
complete SMACK solution is given in appendix C, it will not be discussed here.
Instead, some of the more recent applications of aircraft state estimation in
obtaining estimates of unmeasured or poorly measured variables will be addressed.

In this chapter four examples, based on recently-reported applications of
aircraft state estimation, and one example of an application not previously
reported, are discussed (ref. 32). The applications, quite diverse in terms of the
available measurements and desired estimates, illustrate the wide range of problems
that can be treated in a unified way by using SMACK. Data for each example were
taken from a simulated trajectory consisting of a rising, coordinated, 180° turn in
the presence of wind. The trajectory is generated by a SMACK subroutine for user
testing of a problem coding list. Small amounts of random noise, usually 1% or
less, were added to each measured variable, and all measurements were recorded once
per second. A summary of the available measurements and variables to be estimated
for each example is given in table 4.1.

Example 1

For aircraft accident analysis, state estimation can be effectively used to
combine data from several sources (e.g., radar site and flight recorder) to deter-
mine motions along a trajectory (refs. 33 and 34). In addition, the winds along a
flight trajectory can often be estimated. Wind estimation has been used in the
analysis of recent airline turbulence upsets, and is the subject of the first
example. This application is covered in some detail in chapter 7. Parks et al.
(ref. 35) describe the estimation of winds by using data from a DC-10 encounter with
severe high-altitude turbulence. The wind estimates from that analysis led Parks to
hypothesize the presence of a classical "cat's-eyes" vortex phenomenon in the jet-
stream shear layer at the time of the encounter,

Data from a digital flight recorder like the one carried by a DC-10 includes
accelerations, Euler angles, altitude, and airspeed, sampled at intervals of
0.25-4.0 sec. Sufficient additional information is available to approximate the
records of angles of attack and sideslip. The addition of ground-based air traffic
control (ATC) radar provides a number of measurements approaching that available
from flight test. To obtain the desired wind estimates, Parks first transformed the
accelerations into an Earth frame, then integrated them to obtain aircraft velocity
with respect to the Earth. A consistent set of initial conditions and accelerometer
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TABLE 4.1.- LIST OF VARIABLES FOR STATE-ESTIMATION EXAMPLES

Example
Variable 1 2 3 y 5
Linear Acc.
(ax, a ,az) Measured Measured Measured Measured
Angula¥ Vel.
(p, q, r) Measured Measured
Position
(R, B, h) Measured Measured Measured Measured
Winds
(wX v Wogo Vi) Estimated Measured Measured Measured Measured
AngXes
(¢, 6, ¥) Measured Estimated Measured Measured Estimated
Air Data
(V, a, B8) Measured Measured Estimated Estimated Estimated

bias corrections was obtained by matching calculated-position time histories with
radar and barometric altitude records. The wind components were then found as the
difference between the aircraft velocities with respect to Earth and air mass, in
the Earth frame.

The first example illustrates a wind-estimation application and uses the mea-
surement set available to Parks et al. in their analysis of the DC-10 turbulence
upset (see table 4.1). 1In the analysis of this problem by SMACK, all elements of
the forcing-function vector (6, 8, v), (gx, 8y gn), and (dX, d,, dy) are
estimated. All of the measurement time histories (ay, a,, a,), (V, a, 8), and (R,
B, h) are fitted in the least-squared-error procedure. ¥he resulting wind estimates
are shown in figure 4.1, along with the "true" winds for comparison. The close
agreement of the horizontal wind records indicated there and in table 4.2 is prob-
ably better than could be expected in practice, since ATC enroute radar data are
recorded only about once every 10 sec.

Example 2

Other applications of state estimation that are becoming increasingly important
are associated with the testing of high-performance aircraft. In large angle-of-
attack maneuvers and spin tests, for example, measurements of Euler angles, air-
speed, and aerodynamic angles (e.g., angles of attack and sideslip) may contain
significant errors. 1In a recent paper, Taylor (ref. 36) discussed the estimation of
Euler-angle time histories and air-data instrument bias errors and scale factors for
a spinning airplane. The measurement set for this application consisted of accel-
erometer, rate-gyro, and air-data measurements. The winds were assumed to be
known. With the measured accelerations and angular velocities as forcing functions,
Taylor "fitted" the air-variable measurement records, using a squared-error
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Figure 4.1.- Winds for example i. (a) Horiz. magnitude, (b) horiz. heading,

(¢) vertical wind,

criterion and a Newton-Raphson algorithm to determine the desired estimates of
pbiases, scale factors, and Euler-angle time histories. To avoid possible singu-
larities in angle calculations, Taylor utilized the differential equations relating
the angular velocities and direction cosines.
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TABLE 4.2.- RESULTS FOR STATE-ESTIMATION EXAMPLES

Variable 1 2 3 4 5

Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Winds
wxy, kt 0.03 0.12
Wog» deg -0.84 1.45
de, m/s -0.01 0.03
Angles
¢, deg -0.05 0.10 0.00 0.07
8, deg 0.03 0.04 -0.04 0.09
b, deg -0.75 0.88 0.24 0.29
Air Data
V, kt 0.08 0.44 0.02 0.05 -0.05 0.16
a, deg 0.02 0.1 0.01 0.05 0.00 0.07
8, deg 0.04 0.16 -0.02 0.06 -0.22 0.28

Note: Mean and S.D. (standard deviation) refer to error between true and
estimated time histories.

Example 2 illustrates the application of state estimation for determining Euler
angles using the measurement set of Taylor as summarized in table 4.1. In the
analysis by SMACK, the inertial wind components (wx, Wy, Wp) were obtained from the
measured winds and used in equation (3.1). Estimated elements of the forcing func-
tion were (¢, 6, V) and (dy, d, d,). The measurements (ay, a,, a,', (p, q, r), and
(V, a, B) were fitted, with bias-error and scale-factor estimates obtained for the
air-data records. The Euler-angle estimates are shown in figure 4.2, plotted with
the corresponding true values. Estimation errors are given in table 4.2. It should
be noted that the pitch-angle excursion is not large along the simulated trajec-
tory. For extreme maneuvers, in which the pitch angle may approach 90°, it is not
possible to avoid singularities using the linear (coordinate-transformed) state
model used in the SMACK program.

Examples 3 and 4

For some large angle-of-attack maneuvers, merely estimating bias errors and
scale factors for the air data may not be sufficient. 1In a paper describing the
identification of indicial functions, Gupta and Iliff (ref. 37) found it necessary
to obtain estimates for air-variable time histories for the high angle-of-attack
flight-test regime. The data used in the solution of this problem consisted of
onboard measurements of Euler angles, as well as radar tracking data (slant range,
bearing, and elevation angles). Winds were estimated during low angle-of-attack
portions of the test when air data were usable. The winds were assumed to remain
constant during those test segments when the air variables were to be estimated.
The estimates were obtained by "smoothing" the radar data for the Earth-frame
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ESTIMATION OF EULER ANGLES

cocoo TRUE SOLUTION
ESTIMATE

ROLL ANGLE, deg

| [
.§i | ‘ \ //'\“.
L b
g | e
e
- ' '
= j/ i
24 A -
b
o - )

YAW ANGLE, deg

- N e
125 250 375 600 625 750 875 1000

TIME, sec

Figure 4.2.- Angles for example 2. (a) Roll angle, (b) pitch angle,
(e) yaw angle.

components of aircraft velocity, subtracting the winds, and then transforming to the
aircraft body-frame system to calculate the desired estimates of airspeed, angle of
attack, and angle of sideslip.

The measurement set employed by Gupta and Iliff for the estimation of air-data
variables, shown in table 4.1, is the basis for example 3. In the solution of this
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example, the wind components are again assumed to be known. Here the estimated part
of the forcing-function vector consisted of elements (¢, 6, ¢) and (x, y, h), and
the measurements fitted were (¢, 8, ¢) and (R, B, h). The results of the solution
for the air variables (V, a, 8) are shown in figure 4.3 and table 4.2. 1In an appli-
cation such as this, the radar data-sample rate may not be high enough to provide
sufficient air-variable estimates (in the Gupta application, the sample rate was

1 Hz). It may be both necessary and convenient to augment the measurement set with
onboard accelerometer data. Example 4 illustrates this case by including (ax, ay,
a,) in the measurement set to be fitted. The results are shown in figure 4.4 and

" table 4.2, where a comparison can be made with the results of the preceding example.

Example 5

The Taylor application requires air-data measurements, whereas the Gupta-Iliff
application requires Euler-angle measurements. It would be useful in some extreme
flight-test situations to be able to estimate both sets of variables. That this can
be accomplished by state estimation is illustrated by a final example (example 5).
As indicated in table 4.1, this procedure utilizes radar position data (including
altitude), and measurements of the "strap-down" variables (linear accelerations and
angular velocities). Results of a simulation experiment as obtained by SMACK are
shown in figure 4.5, where good correspondence between estimated and true time-
histories can be observed. A comparison of the estimation accuracy obtained here
with the results of the three previous experiments can be seen in table 4.2.
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5. CODING A PROBLEM FOR SMACK

The algorithm and rigid-body model utilized by SMACK, and several state estima-
tion applications have been discussed in previous chapters. In this chapter, the
coding procedure for analyzing flight-test and accident data Wwill be presented. All
coding is prepared in 80-column statement lines. The FORTRAN 77 conventions for
integer constants (I5 format), decimal constants (F10.0 format), and Hollerith
characters (A3 format) are used. With the exception of the first, all statement
lines in the coding list are similarly formatted in columns (col.), as follows:

Col. 1 - 3 Variable name or function descriptor
Col. 6 - 10 I, a right-justified integer constant
Col. 11 - 15 J, a right-justified integer constant

Col. 16 - 20 K, a right-justified integer constant
Col. 21 - 25 L, a right-justified integer constant
Col. 31 - 40 VAL1, a decimal constant
Col. 41 - 50 VAL2, a decimal constant
Col. 51 - 60 VAL3, a decimal constant
Col. 61 - 70 VALY, a decimal constant
Col. 71 - 80, VAL5, a decimal constant

The first statement line of the SMACK coding 1list must be a problem
description, such as

CODING LIST FOR AN A/C STATE ESTIMATION PROBLEM

a message that may contain 48 characters. The next line in the list must be a
solution description, which should be coded as

123 10 15 20 25
MKS I J K L
or

ENG I J K L

where MKS and ENG define the system of units used to display problem variables.
Integers I, J, K, and L are interpreted as follows:

I number of iterations to obtain a final solution
J number of iterations of a starting solution
K=1 output format for accident analysis

L=1 aircraft simulation (rising, 180° turn in wind)
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Convergence of the SMACK algorithm is usually accomplished within ten iterations
(1<10). The starting set of initial conditions and forcing functions determined by
the program directly influences convergence properties. Occasionally it may be
helpful to iterate the starting solution, which is done by using state measurements
(when available) to evaluate the Jacobian matrices. The number of iterations
desired is specified by the value of J. A special output format for displaying the
results of an accident analysis is chosen by setting K=1. A test problem included
in appendix D illustrates this option. The last parameter (L=1) is used to initiate
an analysis of a simulated maneuver, which is useful for testing a given coding
list. All of the examples shown in the previous chapter were prepared by using the
simulated maneuver.

Other statements in the coding list may be placed in any order, except for the
END statement, which must be last. It appears as

123 10 15
END I J
where, for
I1=-1 page plot of starting solution
=1 page plot of final solution

--2,-3 x-y plot of starting solution
=2, 3 x-y plot of final solution
J=1 analysis of coding list printed

Plots include all output variables mentioned in the coding list. In the page plot,
the time variable runs lengthwise on a printer page, and may continue for several
pages. The page-plot routine exists as a SMACK subroutine; the x-y plot routines
require IMSL and DISSPLA libraries. The IMSL plots (I=-2,2) are produced on the
system line printer, whereas DISSPLA plots (I=-3,3) are produced on a plotting
device. Specification of a coding list analysis (J=1) is useful for detecting
coding errors and as an aid in learning how the program works.

The coding list must have one entry for each quantity considered as an "output"
variable in the solution. Outputs include measured variables as well as variables
to be estimated. Specification of an output variable appears as

123 10 15 20 25 31-40 41-50 51-60 61-70 71-80

VAR I J K L VAL VAL2 VAL3 VALY  VALS

where

28



VAR variable name, chosen from list of table 5.1

I=1 variable has been measured
J=1 estimate variable time history
K=1 estimate instrument bias error
L=1 estimate instrument scale factor
TABLE 5.1.- LIST OF OUTPUT VARIABLES
Row Symbol Description Internal External
units? units
MKS ENG
1 PHI Roll angle r d d
2 THT Pitch angle r d d
3 PSI Yaw angle r d d
4 X Position (north) m nm nm
5 Y Position (east) m nm nm
6 H Altitude (ASL) m m f
7 RNG Slant range m nm nm
8 BRG Bearing angle r d d
9 ELV Elevation angle r d d
10 WXY Horizontal wind speed m/s kt kt
11 WHD Horizontal wind heading r d d
12 VWD Vertical wind speed m/s m/s f/s
13 VT True airspeed m/s Kt kt
14 Av Angle of attack r d d
15 BV Sideslip angle r d d
16 AX Body specific force m/s g g
17 AY Body specific force m/s2 g g
18 AZ Body specific force m/s° g g
19 P Roll rate r/s d/s d/s
20 Q Pitch rate r/s d/s d/s
21 R Yaw rate r/s d/s d/s
22 AL Roll acceleration r/se d/s2 d/s?
23 AM Pitch acceleration r/se d/s2 d/s
24 AN Yaw acceleration r/s® d/s? d/s?
25 RNA Slant range (aux) m nm nm
26 BRA Bearing angle (aux) r d d
27 ELA Elevation angle (aux) r d d
28 HDG Heading angle r d d
29 VGR Groundspeed m/s kt kt
30 TRK Groundtrack r d d

aFlight data must be converted to internal units in subroutine DATA (see
Appendix E).
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VAL one-sigma value of measurement noise

VALZ a priori estimate of instrument bias error

VAL3 one-sigma value for a priori bias estimate

VALY a priori estimate of instrument scale factor

VALS one-sigma value for an a priori scale-factor estimate

The units for VAL1, VAL2, and VAL3 are designated by the choice of MKS or ENG (see
table 5.1). The default value for either VAL3 or VAL5 is infinity (indicating no
confidence in the a priori estimate). Note that for external data records, setting
VAL1>0 takes precedence over a program-determined noise RMS value. For simulated
(internally generated) data, setting VAL1>0 specifies the amount of noise to be
added to the record, as well as the weight to be used in the solution. For VAL1=0,
no noise is added and a weight of unity is used in the solution.

Note that the preceding statement-line format should also be used when it is
desired to use measured linear accelerations and/or angular velocities as forcing
functions. This may be useful when performing an initial data-consistency check.
Each measured forcing function should be specified by setting 1I=1, J=0 in the
coding list. Bias errors and scale factors may also be specified. However, it is
usually desirable to estimate all forcing-function time histories. An entry in the
coding list for each forcing function to be estimated should appear as

123 10 15 20 31-40 U41-50 51-60
VAR 2 J K VAL1  VAL2  VAL3
where
VAR variable name, chosen from list of table 5.2
J=1 estimate forcing-function time history
K=1 estimate forecing-function mean value
VAL RMS value of forcing function
VALZ2 a priori estimate of forcing-function mean value
VAL3 one-sigma value for a priori mean value estimate

The units for VAL1, VAL2, and VAL3 are designated by the choice of MKS or ENG. The
default value for VAL3 is infinity. Note that if VAL1>0, that value takes prece-
dence over a program-determined RMS value for either external or simulated data
records. When all the elements of either (AL, AM, AN) or (AX, AY, AZ) are specified
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TABLE 5.2.- LIST OF FORCING-FUNCTION VARIABLES

Row Symbol Description Internal External
units units

MKS ENG
1 DL PH2 time-derivative r/s3 d/s3 d/s3
2 DM TH2 time-derivative r/s3 d/s3 d/s3
3 DN PS2 time-derivative r/s3 d/s3 d/s3
4 DX X2 time-derivative m/s3 m/s3 f‘/s3
5 DY Y2 time-derivative m/s3 m/s3 £/s3
6 DH H2 time-derivative m/s3 m/s3 £/s3
7 X WX time-derivative m/s2 m/s2 £/s°
8 GY WY time-derivative m/s2 m/s2 f/s2
9 GH WH time-derivative m/s2 m/s2 £/s2
10 PH2 PH1 time-derivative r/se d/s° d/s?
1 TH2 TH1 time-derivative r/se d/s? d/s°
12 PS2 PS1 time-derivative r/se d/s? d/s
13 X2 X1 time-derivative m/s m/s £/s°
14 Y2 Y1 time-derivative m/s2 m/s2 f‘/s2
15 H2 H1 time-derivative m/s2 m/s2 f‘/s2

with I=1, J=1 in the coding list, forcing functions (DL, DM, DN) or (DX, DY, DH) are
selected by the program. Hence, those forcing functions should be included in the
list only to override a program-determined RMS weight, or to specify estimation of a
mean value. Their inclusion in the coding list, however, is a useful reminder of
the excitations chosen for the state model shown in figure 3.1. Care should be
taken not to mix elements of (DL, DM, DN) with elements of (PH2, TH2, PS2), or
elements of (DX, DY, DH) with elements of (X2, Y2, H2).

Inclusion of a particular state variable in the coding list is necessary only
to specify an a priori initial condition of that state. The statement line should
appear as

123 10 41-50 51-60
VAR 3 VAL2  VAL3

where
VAR variable name, chosen from list of table 5.3
VAL2 an a priori estimate of the initial condition
VAL3 one-sigma value for the a priori state estimate
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TABLE 5.3.- LIST OF STATE VARIABLES

Row Symbol Description Internal External
units units
MKS ENG
1 PH2 PH1 time-derivative r/s? d/s2 d/s°
2 TH2 TH1 time-derivative r/s2 d/s° d4/s°
3 PS2 PS1 time-derivative r/s2 d4/s° d/s2
y X2 X1 time-derivative m/s2 m/s2 f/52
5 Y2 Y1 time-derivative m/s2 m/s2 f/32
6 H2 H1 time-derivative m/s2 m/s° £/s°
7 WX Wind speed (north) m/s m/s f/s
8 WY Wind speed (east) m/s m/s £/s
9 WH Wind speed (up) m/s m/s f/s
10 PH1 PHI time derivative r/s d/s d/s
11 TH1 THT time-derivative r/s d/s d/s
12 PS1 PSI time-derivative r/s d/s d/s
13 X1 X time-derivative m/s m/s f/s
14 Y1 Y time-derivative m/s m/s f/s
15 H1 H time-derivative m/s m/s f/s
16 PHI Roll angle r d d
17 THT Pitch angle r d d
18 PSI Yaw angle r d d
19 X Position (north) m nm nm
20 Y Position (east) m nm nm
21 H Altitude (ASL) m m f

It should be emphasized that specifying an a priori estimate with its corresponding
one-sigma value for any variable will bias the solution towards that estimate.
A priori estimates will seldom be necessary for convergence of the algorithm.
Again, the units for VAL2 and VAL3 are designated by the choice of MKS or ENG.

Each coding list must contain a description of the data record and the way in
which it is to be processed. This description includes the number of data points,
the sampling interval, and the integration time step. The code should appear as

123 10 15 20 25 31-40 U1-50

REC I J K L VAL VALZ2
where

I starting point of record

J ending point of record
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K number of integration steps per sampling interval

L integration steps per output point (plotting only)
VAL data sampling interval in seconds
VALZ2 filter cutoff frequency in Hertz

For measurement sets with multiple-rate data, the starting and ending points should
correspond to the record with the highest data rate. The time step used for inte-
gration is chosen to be an integral submultiple of each of the sampling intervals
(see appendix E). The sampling interval VAL1 should be that of the record with the
highest data rate. Note that each measurement record is low-pass filtered in the
starting routine in order to obtain a measure of the residual covariance. The
cutoff frequency is VAL2, which should be adjusted so that residuals of the records
with the highest data rate are as "white" as possible. The cutoff frequencies for
other records in the measurement set are program-scaled by sample-rate ratios. The
default value for VAL2 is 0.1/VAL1 Hz.

It may sometimes be useful to independently specify xy-plot scales or a filter
cutoff frequency for a record. This can be done by including in the coding list the
statement line

123 10 31-40 41-50 51-60 61-70 71-80

VAR 4 VAL VAL2  VAL3 VALY  VAL5
where

VAR variable name, chosen from list of table 5.1

VAL filter cutoff frequency in Hertz

VAL2 X-axis minimum value

VAL3 X-axis maximum value

VALY y-axis minimum value

VALS y-axis maximum value

The units for VAL2 through VAL5 are designated by the choice of MKS or ENG. If all
four values are zero, no changes in program-determined plot scales will be made. If
VAL1 is zero, the filter cutoff frequency for the record will be that specified by
the REC statement line. Note that the filter residuals may be examined for white-
ness by obtaining plots of the starting solution (I=-1 in the END statement).



The SMACK program can compensate for instrument offset from the aircraft c.g.
One correction can be made for each of three instrument sets: accelerometer, pres-
sur: ports, and alpha-beta vanes. These statement lines should appear as

123 41-50 51-60 61-70

ACC VAL2  VAL3 VALY
for the accelerometer package,

P-S VAL2  VAL3 VALY
for the pitot-static system, and

VNE VAL2  VAL3 VALY

for the vane measurement system. In each statement, VALZ2, VAL3, and VALHW represent
the (x, y, z) location of the instrument set with respect to the c.g., in meters
(MKS) or in feet (ENG).

For a problem that includes radar tracking data, it is possible to specify the site
location with respect to a desired origin using the statement line

123 41-50 51-60 61-70
RAD VAL2  VAL3 VALY

where VAL2, VAL3, and VALY represent the (x, y, h) location of the tracking
antenna. Here VAL2 and VAL3 are in nautical miles, and VALY is in meters (MKS) or
feet (ENG). When an auxiliary site has provided tracking data, its location can
similarly be represented with

RDA VALZ VAL3 VALY

For accident analysis, when the only data available are the radar track (including
altitude), winds, air temperature and aircraft performance data, none of the air-
craft trajectory variables (e.g., attitude or velocity) need be specified in the
coding list. The trajectory variables will be determined following the radar solu-
tion by specifying K=1 in the solution description. The first problem included in
appendix D illustrates this application.

Preparation of the coding list will here be illustrated by returning to the
application examples of the previous chapter. A list for each example is found in
figures 5.1 through 5.5. In each case, the solution description specifies MKS
units, eight iterations and the SMACK aircraft simulation to provide the data
records. The REC statement specifies that each record will have 90 points, the
integration step will be the same as the sampling interval, every point will be
plotted, and the sampling interval is one second. To help interpret the VAR
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RXAMPLE 1: ESTIMATION OF WINDS

MES 8 1

REC 1 90 1 1 1.0
AX 1 1 1 0.001
AY 1 1 1 0.001
AZ 1 1 1 0.001
RNG 1 1 0.001
BRG 1 1 0.05
H 1 1 0.5
VXY 1

WHD 1

VWD 1

GX 2 l

GY 2 1

GH 2 1

PHI 1 1 0.05
THT 1 1 0.05
PSI 1 1 0.05
PH2 2 1

TH2 2 1

PS2 2 1

VT 1 1 0.1
AV 1 1 0.05
BV 1 1 0.05
END 2 1

Figure 5,1.- Coding list for application example 1.

EXAMPLE 2: ESTIMATION OF EULER ANGLES

MKS
REC
AX
AY
AZ
P
Q
R
¥WXY
WHD
VWD
PHI 1
PHI 3
THT
THT 3
PSIT
PSI 3
PH2 2
TH2 2
2
1
1
1
]

1
1 1

RPHHHHERO
OO0000O0
o
()

[

HER B HERHES®
(S

PS2
VT
AV
BV
END

R
-
[
o
(@)
15,

Figure 5.2.- Coding list for application example 2.
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EXAMPLE 3: ESTIMATION OF AIR VARIABLES

MKS 8 1

REC 1 90 1 1 1.0
RNG 1 1 0.001
BRG 1 1 0.05
H 1 1 0.5
X2 2 1 1

Y2 2 1 1

H2 2 1 1

VXY 1 0.1
WHD 1 0.05
VWD 1 0.1
PHI 1 1 0.05
THT 1 1 0.05
PSI 1 1 0.05
PH2 2 1

TH2 2 1

PS2 2 1

VT 1

AV 1

BV 1

END 2 1

Figure 5.3.- Coding list for application example 3.

EXAMPLE 4: ESTIMATION OF AIR VARIABLES

MKS 8 1

REC 1 90 1 1 1.0
AX 1 1 0.001
AY 1 1 0.001
AZ 1 1 0.001
RNG 1 1 0.001
BRG 1 1 0.05
H 1 1 0.5
VXY 1 0.1
WHD 1 0.05
VWD 1 0.1
PHI 1 1 0.05
THT 1 1 0.05
PSI 1 1 0.05
PH2 2 1

TH2 r* 1

PS2 2 1

vT 1

AV 1

BY 1

END 2 1

Figure 5.4.- Coding list for application example 4.
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EXAMPLE 5: ESTIMATION OF ANGLES, AIR VARIABLES

MKS
REC
AX
AY
AZ
P

Q

R
RNG
BRG

1
1 1

©

HE PR R RRRBReQ

.001
.001
.001
.05
.05

.001
.05

e
O0CO0O0O0OO0DOODOO

WXY
WHD
VWD
PHI 1
PHI
THT
THT
PSI
PSI
PH2
TH2
PS2
VT

BV

AV

END ]

HoH e e e e e D

VDLW (V] [}

Ry ey

Figure 5.5.- Coding list for application example 5.

statement lines, refer again to table 4.1, which lists the measured and/or estimated
variables for each example. Notice that in examples 2 and 5, a priori estimates of
the Euler angles were specified. For example 3, forcing functions (X2, Y2, H2) were
specified, but in example 4, accelerometer measurements (AX, AY, AZ) were available,
and corresponding foreing functions (DX, DY, DH) were used by the program. In
example 4, the user does not need to specify the forcing-function set. For

examples 2 through 5, the winds (WXY, WHD, VWD) were specified as measured, but not
estimated. In these examples, states (WX, WY, WH) are computed from the measure-
ments and used with (X1, Y1, H1) in the estimation of air velocities. Finally, note
that the coding list for each example concludes with an END statement specifying
that x-y plots of the output variables and a diagnostic analysis of the problem
are to be printed.
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6. A FLIGHT-TEST METHODOLOGY

This chapter describes a flight-test methodology for acquiring a data base to
identify a full-envelope aerodynamic model of a V/STOL Research Aircraft (VSRA).
The model will serve to update and improve an existing VSRA simulation, in order to
aid the design of guidance, control, and display systems for the aircraft. A key
element in the methodology is the application of SMACK for the processing of each
test maneuver before its entry to the data base. 1t should be helpful to the reader
to see how the state-estimation method may be used in a flight-test setting. For a
more complete discussion see references 38 and 39.

The NASA VSRA is a YAV-8B aircraft, a prototype of the subsonic, vectored-
thrust "Harrier" fighter aircraft; its engine nozzles can be rotated from zero
degrees for forward flight to somewhat greater than 90° for hover and vertical
flight. A reaction-control system (RCS), in which compressor air is piped to the
extremities of the aircraft, provides attitude control in hover and low-speed
flight. The VSRA aerodynamic model must represent the three body forces and three
moments over a flight envelope that includes hover, transition to forward flight and
back to hover, and STOL operation and normal cruise.

The resulting model, strongly nonlinear with respect to aircraft variables such
as angles of attack and sideslip, Mach number, nozzle angle, and power setting, can
be conveniently expressed with functions that are linear in the parameters to be
identified (refs. 40-U42). A linear least-squares (regression) method (refs. 43-45)
is well-suited to identify a highly nonlinear model that is linearly parame-
terized. Because regression methods are computationally simple, careful attention
can be given to the structuring of an accurate and physically meaningful model.
Good results with regression methods, however, are highly dependent on the quality
of the flight data. Therefore, state-estimation methods are often used before
modelling to correct the data records for bias and scale-factor errors and to pro-
vide estimates of unmeasured or poorly measured variables.

The methodology for acquiring a data base matched to a least-squares (regres-
sion) identification task is outlined in the flow diagram shown in figure 6.1. The
important aspects of the preflight planning, flight testing, and postflight process-
ing phases necessary to acquire the data base are covered in this chapter. The role
of state estimation in the processing is emphasized. The actual modelling of VSRA
aerodynamics is beyond the scope of this discussion.

Maneuver Design

The data base required for least-squares aerodynamic model identification can
be obtained quite efficiently. Because the model is nonlinear, it is not necessary
(or useful) to maintain trim during a maneuver. In addition, because a regression
procedure will be used to identify the model, large amounts of data may be batch-
processed. Accordingly, sach flight-test maneuver has been designed to yield large
changes in aircraft variables while covering a (nearly) closed course within five
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Figure 6.1.- Flow diagram for VSRA flight-test methodology.
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minutes under continuous radar tracking. The raw data base consists of as many
longitudinal, lateral, and transitional (to and from hover) maneuvers as are neces-
sary to cover the flight envelope. After processing, model sections may be iden-
tified using long (15-30 min) records, each consisting of concatenated segments from
several maneuvers.

One set of maneuvers was designed to excite large changes in longitudinal-model
variables from several nominal trim points. In each of these maneuvers, the nozzle
angle, flap deflection, and power are held constant while the stabilator is varied
to obtain changes in angle of attack and pitch rate. The maneuver includes "stick
pulses,” sinusoidal "stick pumping," an "alpha ladder," and a "wind-up" turn
(ref. 39). Near the end of the maneuver, power is added to return to the nominal
trim point. Note that a considerable variation in Mach number may be experienced
during the maneuver. Another set of maneuvers was designed to excite large changes
in lateral-model variables (angle of sideslip, yaw rate, and roll rate). Most of
the maneuvers were performed without "stability augmentation" to ensure a full range
of aircraft response activity. All V/STOL procedures were performed in and out of
ground effect.

One characteristic that sets the VSRA apart from conventional aircraft is that
it exhibits significant thrust-induced aerodynamic effects when the nozzles are not
in the full-aft position. These are largest during transition from hover to forward
flight (and back to hover) and during periods of low-speed flight. Standard V/STOL
procedures were used to provide data for identification of thrust-induced aerody-
namics. One of these procedures, a short-takeoff and slow-landing maneuver, is out-
lined on the flight-test card shown in figure 6.2. In this maneuver, the ground
roll begins with nozzles at 10°. At Vr (indicated air speed) the nozzles are
rotated to an angle 6, (in the example for this chapter, Vr = 50 kt and
8, = 55°). Shortly after liftoff, the nozzles are rotated to the full-aft posi-
tion. For the slow-landing portion, nozzles are rotated to 40° just before the
final turn, and during the final approach are further rotated to 60°.

Data Acquisition

The VSRA measurement system is equipped with a 10-bit digital data acquisition
and telemetry (TM) system. A pulse-code modulation format is used to encode 156
mainframe channels sampled at 120 Hz and 160 subframe channels sampled at 30 Hz.
Before encoding, each analog channel is passed through a third-order Butterworth
anti-aliasing filter with its cutoff frequency set at one-fifth of the channel
sampling rate. After encoding, all flight data are transmitted to a ground station
where they are recorded. A partial list of onboard measurements, those necessary
for aerodynamic model identification, is given in table 6.1.

Flight tests of the VSRA were performed at the NASA test facility located at
Crows Landing, California. The facility control room, which has a clear view of the
runway and hover pad, is equipped with five eight-channel strip-chart recorders and
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FLIGHT TEST CARD
SHORT-TAKEOFF SLOW-LANDING

Aircraft: VSRA (NASA 704) Flight: 744
Experimenters: McNally/Bach Date: 11/12/87

Pilot: Gerdes

LIFT OFF
NOZZLES o,
@V=V,
TRANSITION ————» FLAPS f(s,)
NOZZLES TO AFT
REDUCE RPM
~—» | DOWNWIND —| lcrRouND ROLL
FLAPS 5° NOZZLES 10°
FLAPS 25°
RPM 100%

—+ JUST PRIOR TO

—» L ANDING CHECK TOUCH DOWN o
GEAR DOWN QF%\ 1705-01/ 2
NOZZLES 40° ~ 75%

TURN BASE
AOA 10°

—» | FINAL APPROACH
NOZZLES 60°
FLAPS 60°
RPM DESCENT
AOA 10-12°

Figure 6.2.- Plan view of example VSRA flight-test maneuver (exact reproduction
of flight-test card used by pilot).
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TABLE 6.1.- VARIABLE LIST FOR AERODYNAMIC MODEL DATA BASE

Channel Measured Estimated
Euler angles Onboard SMACK
Angular rates Onboard SMACK
Angular accelerations SMACK
Linear accelerations Onboard SMACK
Inertial positions Radar SMACK
Inertial velocities SMACK
Air-flow angles Onboard SMACK
Static pressure Onboard
Total pressure Onboard
Total temperature Onboard
True airspeed SMACK?
Flightpath winds SMACK
Flap setting Onboard
Aileron deflections Onboard
Stabilator deflection Onboard
Rudder deflection Onboard
Engine nozzle angle Onboard
Engine fan speed Onboard
Compressor pressu-re Onboard
Fuel and water weights Onboard
RCS roll-valve positions Onboard
RCS pitch-valve positions Onboard
RCS yaw-valve position Onboard
Engine and RCS body forces ENCAL
Engine and RCS moments ENCAL
Gross weight and inertias ENCAL

AgMACK utilizes a "measurement'" of true airspeed, which
is computed from the ratio of totai and static pressures,
and the total temperature (see chapter 3 and ref. 29).

three color monitors for real-time display of the TM data. Two on-site radar
systems are available to provide continuous tracking of the test aircraft posi-
tion. (A laser tracking system is used for all hover maneuvers.) During flight
test, TM data from the VSRA onboard system are downlinked, merged at the facility
with range, bearing, and elevation data from the tracking systems, and then

recorded.
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Preliminary Processing

Following real-time acquisition of data during flight test, the records from
each maneuver are converted to engineering units and made available to researchers
in a raw flight-data file. The first program in the postflight processing system
reads the raw file and creates a "processed" file of selected channels. The pro-
cessing begins by removing wild points from the records. Several options are avail-
able, but one effective (but time-consuming) method is to pass each record through a
"moving window". Points that fall outside the window are considered wild, and are
tagged but not removed. When all wild points in a record have been tagged, the
record is passed through a low-pass digital filter (see appendix E) to obtain an
interpolated time history free of wild points. After interpolation, the data rate
can be reduced to a submultiple of the mainframe sampling frequency. The filter
cutoff frequency is set at one-half the final data rate desired. The final rate was
chosen to be 20 Hz for all VSRA maneuvers.

Each channel processed from a maneuver raw-data file is stored in a processed
flight-data file set up for that maneuver. The analyst now may use a program to
interactively select processed data channels for plotting in either X-y or strip-
chart format. An x-y cross plot, for example, might display Mach number plotted
against angle of attack. Such plots offer a convenient way to evaluate how well the
flight envelope has been covered during a maneuver. It is unlikely that a single
maneuver will provide enough variation in aircraft variables to identify all model
terms: the analyst may also use this program to create a "map" file, which will
contain addresses of time segments selected from several processed maneuvers. This
file can later be used to concatenate the selected segments to create a long record
suitable for model identification.

State Estimation

The next step in the processing of each maneuver is to apply SMACK to check
data consistency and derive unmeasured variables from the measurement set given in
table 6.1. The relatively long (3-5 min) maneuvers with large dynamic variations
are well-suited to state-estimation analysis. The closed course yields good track-
ing accuracy and facilitates estimation of winds along the flightpath. The aircraft
dynamic response to the control inputs is analyzed (along with the radar track) by
the SMACK procedure, which determines integrator initial conditions, selected
instrument bias errors and scale factors, and forcing-function time histories that
provide the "best fits" to the measurement records. The body angular accelerations,
true airspeed, and flightpath winds are also estimated as part of the solution.

The user must write and link subroutine DATA with the SMACK program. This
subroutine accesses the data records and performs the chores required to prepare the
problem for solution. In addition to setting up the arrays according to the list in
table 5.1, for example, there may be intervals during which some instruments are
known to be "saturated" or else sections of data may be unusable for some other
reason. The data in such intervals must be "blanked" so that they will not
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influence the estimates. These chores are relatively easy to accomplish; the
procedures are described in appendix E.

A coding list for the analysis of a typical VSRA flight-test maneuver is shown
in figure 6.3. The REC statement indicates a data record of 6000 points and a
sampling interval of 0.05 sec (these may be changed by the user in subroutine
DATA). A filter cutoff frequency of 6 Hz has been specified for determination of
performance-index weights. Notice that data from both tracking systems are being
used; the RAD and RDA statements specify their positions with respect to a runway
origin. Notice also that position corrections for accelerometer and air-data
instrument locations on the aircraft are specified by the ACC, P-S, and VNE
statements.

Force and Moment Calculations

The aerodynamic forces and moments acting on the VSRA during flight are deter-
mined as the difference between the total forces and moments and the engine forces
and moments. Here the term "engine" includes the reaction control system as well as
the main nozzles. The engine forces and moments are calculated (offline) by a
program called ENCAL (ENgine CALculations). This program uses a nominal propulsion
model of the VSRA Pegasus engine (YF402-RR-U4OU4) (ref. 46). Fan dynamics are not
included in this version, since fan speed is measured in flight. It should be noted
that the propulsion model provides only thrust forces and moments. Any thrust-
induced aerodynamic effects are to be included in the VSRA aerodynamic model.

Inputs to the ENCAL routine include all the air-data, reaction-control, engine,
and weight measurements listed in table 6.1. Outputs to the processed flight-data
file are the three body-axis components of engine force and moment. The ENCAL
routine also calculates aircraft weight and inertias, and the variation in center-
of-gravity location. These variables are added to the processed-data file. Note
that the aerodynamic model to be identified from flight data can only be as accurate
as the engine model. A fully-instrumented Pegasus engine has recently been
installed on the VSRA, and the engine model will be validated after the next set of
flight tests.

Total VSRA force and moment time-histories are obtained from the SMACK-derived
estimates of accelerations and angular rates, and from ENCAL-derived estimates of
weight and inertias. The body-axis forces are given by

F, = may ; Fy = may F, = ma, (6.1)

where m is vehicle mass. The moments are calculated from
2 xx%9 Ix(ap + Pq) - (Iyy - Iyz)ar
T o=l a -1 (r?-p?) - (I, - I,)pr

m yy m ZX XX

T, = Izan - I4(ag - ar) - (I, - Iyy)pq (6.2)
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(a) VSRA FLIGHT-TEST ANALYSIS (INPUTS ESTIMATED)
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Figure 6.3.- Coding list for VSRA data-consistency analysis. (a) Inertial solution
only, (b) additional statements for full solution,
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1 I are vehicle moments of inertia.

where I 221 Llzx

XX Iyy’

Example Maneuver

The short-takeoff and slow-landing maneuver described earlier illustrates the
type of information that is stored in the VSRA data base. The maneuver contains
abrupt changes in nozzle and flap angles. The aircraft transitions to normal flight
after takeoff, performs a "go-around," and then transitions back to a STOL configu-
ration for a slow landing. The raw data file includes all the onboard inertial and
air data, and radar tracking measurements as indicated in table 6.1. The variations
in nozzle angle, flap setting, power, and control-surface positions required to
perform the maneuver are shown in figure 6.4. Only the left aileron is shown: both
ailerons are set to 15° down (drooped) during takeoff and landing. Note how these
time histories correlate with the activity requested of the pilot on the flight-test
card of figure 6.2.

Results of the SMACK analysis required for calculating forces and moments are
shown in figure 6.5. During a preliminary solution, a large error was noticed in
the fit of longitudinal acceleration (AX) during the takeoff portion of the maneu-
ver. The accelerometer had saturated at 0.6 g's, and its output in that interval
had to be "blanked". Fortunately, the good tracking data provided the redundancy
necessary to yield the estimate during the blanked interval. The other fits to the
measurement time histories were quite good. Although there are no measurements of
angular accelerations in the processed data file, the measurements of angular rates
are of sufficient quality to ensure confidence in the acceleration estimates.

It should be noted that the large activity in the angular accelerations of
figure 6.5(b) is related to the reduced damping of the aircraft without stability
augmentation. In effect, the pilot must provide the control inputs to stabilize the
aireraft. The control-surface motions in these test data are well-correlated with
the angular accelerations. A similar maneuver flown with stability augmentation
shows significantly smaller excursions. The larger aircraft response activity
obtained without augmentation will, of course, enhance the "identifiability" of the
aerodynamic model.

As a final step in maneuver processing, the aerodynamic forces and moments are
calculated as the difference of total and engine forces and moments as outlined in
the previous section. These are the time histories that must be adequately repre-
sented by the VSRA aerodynamic model. Results of the ENCAL calculations for the
maneuver are shown in figure 6.6, with the corresponding aerodynamic variables shown
in figure 6.7. Notice the tradeoff between engine and aerodynamic vertical forces
during the STOL portions of the maneuver.
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7. THE ANALYSIS OF WINDSHEAR

This chapter expands on the application of state estimation for the analysis of
windshear, which was the subject of the first example of chapter 4. Encounters with
severe turbulence represent a continuing safety problem that must be better
understood. Atmospheric disturbances that affect airline operations can be studied
by analyzing flight data recorded during typical encounters. In the past, such
investigations were usually hampered by the lack of good data, but more recent
turbulence incidents have involved airliners equipped with digital flight-data
recorders (DFDRs). DFDR records, together with ground-based air-traffic control
(ATC) radar records, comprise a number of measurements approaching that available
from flight test. Hence, it is feasible to determine aircraft performance in turbu-
lence, and to characterize the turbulence environment.

In assisting the National Transportation Safety Board (NTSB) in its investiga-
tions of accidents involving aircraft not equipped with digital flight recorders,
Ames Research Center developed methods to determine aircraft motions along a flight-
path from the limited data available following an accident (refs. 33, 34, and 47).
The aircraft motions can now be determined with the SMACK state-estimation method
(see appendix D). 1In studies of turbulence encounters involving DFDR~equipped
airliners, SMACK has been applied to determine winds along the flightpath. a par-
tial list of airline turbulence incidents that Ames has analyzed with the NTSB is
given in table 7.1. The first seven were encounters with severe clear-air turbu-
lence (CAT) at cruise altitudes. The analyses of the data from these incidents
indicate that the aireraft encountered vortex arrays, caused by the breakdown of
windshear layers over thunderstorms or mountain ranges (refs. 35, 48, and bg). a
typical CAT encounter is illustrated in figure 7.1(a).

A more hazardous type of atmospheric disturbance is a "downburst," which is a
strong, concentrated downflow that induces a high-velocity outflow, with imbedded
vortices, near the ground. A typical downburst encounter is shown in
figure 7.1(b). The last incident listed in table 7.1 resulted in the loss of Delta
Airlines Flight 191 at Dallas/Ft. Worth Airport (DFW) on August 2, 1985. 1In that
case, an L-1011 on final approach flew into a downburst and first contacted the
ground about one mile short of the runway. Members of the NTSB Performance Group
from Ames Research Center investigating the accident analyzed the available flight
records in an effort to characterize the downburst phenomenon. Some of the results
presented in the NTSB Accident Report (ref. 50) are included in this chapter (see
also refs. 51 and 52).

This chapter describes the analysis of airline flight data to determine per-
formance and winds, and illustrates the methodology with the Flight 191 downburst
encounter. It is organized as follows: the next section describes the process of
merging and synchronizing the flight data; Subsequent sections outline the lift-drag
performance calculations and wind estimation procedures used in analyzing flightpath
turbulence. The results of the DFW downburst accident investigation are presented
in the last section.
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TABLE 7.1.- AIRLINE TURBULENCE ENCOUNTERS REPORTED TO THE NTSB
AND INVESTIGATED AT AMES RESEARCH CENTER

Case Aircraft Location Date
1 DC-10 Hannibal, MO 4/81
2 DC-10 Morton, WY 7/82
3 DC-10 Near Bermuda 10/83
y L-1011 Of fshore SC 11/83
5 DC-10 Calgary, AL 11/75
6 B-T47 Over Greenland 1/85
7 B-747 Qver Greenland 2/85
8 B-7U7SP  Offshore CA 2/85
9 L-1011 Dallas/Ft.Worth 8/85

HIGH-ALTITUDE
VORTEX

LOW-LEVEL
DOWNBURST

- \
~Q
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Figure 7.1.- Windshear disturbances. (a) High-altitude vortex, (b) low-level
downburst.
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Flight Data Processing

The procedure used to determine winds along the flightpath is the same whether
the turbulence encountered is associated with vortices at cruise altitude or with a
downburst near the ground. In this procedure, which is outlined in figure 7.2, data
from the DFDR and ATC radar records are Synchronized and merged and the air data are
corrected. Performance calculations necessary to synthesize unmeasured time his-
tories of angles of attack and sideslip are made. When a complete data set is in
place, the SMACK state-estimation algorithm is employed to estimate the Wwinds. This
section describes the processing required to prepare the data set for performance
calculations and wind estimation.

Data from a DFDR usually include measurements of accelerations, Euler angles,
pressure altitude, airspeed, and other variables, typically sampled at intervals of
0.25-4.0 sec. The important recorder parameters for an L-1011 DFDR data system are
shown in table 7.2. The "frame" duration for the system is four seconds; there are

DFDR ATC
RECORDS RECORDS

4 ¥

SYNCHRONIZE
AND MERGE

STATE WINDS

ESTIMATION

4
AIRCRAFT
DATA

PERFORMANCE
CALCULATIONS

Figure 7.2.- Estimation of flightpath winds from flight records.
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TABLE 7.2.- PARAMETERS IN THE L-1011 DFDR SYSTEM

Record Rate, Skew Subframe
Hz

Vertical acceleration y 12 1-4
Lateral acceleration 4 14 1-4
Longitudinal acceleration 4 1 1-4
Roll angle 1 16 1-4
Pitch angle 1 50 1-4
Heading angle 1 2 1-4
Indicated airspeed 1 18 1-4
Angle of attack (1 vane) 2 10 1-4
Angle of attack (r vane) 2 24 1-4
Pressure altitude 1 by 1-4
Air temperature 1/2 54 2,4
Stabilator deflection 1 39 1-4
Rudder deflection 2 26 1-4
Thrust (engine 1) 1/4 32 1

Thrust (engine 2) 174 32 2

Thrust (engine 3) 1/4 32 3

four "subframes" in each frame, and each subframe has 64 sampling "slots." The

column headed by "Rate" defines the basic sampling rate for each parameter; the one
headed by "Skew" defines the delay (in 6Uths of a second) from the start of a sub-
frame until the parameter is first sampled. The last column specifies the sub-
frame(s) in which the sample appears. For example, a parameter sampled at a rate of
4 Hz with a skew of 14 would occupy slots 14, 30, 46, and 62 in each subframe. How-
ever, a parameter sampled at a rate of 0.25 Hz with a skew of 32 would occupy slot
32 in only one subframe of each frame.

The first step in processing the DFDR data is to interpolate each measured
para:.eter at the highest sampling rate (usually 4 Hz) before performing air-data
corrections and other calculations. The interpolation is accomplished with a digi-
tal filtering algorithm (see appendix E) operating at a rate of 64 Hz, in order to
properly accommodate parameter skews. The filter also provides Euler-angle time-
derivative estimates for use in computing body angular rates needed for estimating
angles of attack and sideslip (or for correcting vane angles). After filtering,
each parameter is down-sampled from 64 Hz to the appropriate rate (4 Hz) and the
aforementioned calculations are performed.

The second step is to correctly merge the DFDR data with the ATC radar data.
Although each data source is time-tagged, there may be an absolute timing error of
several seconds on either (or both) of the sources. However, there is usually
included with the radar track an independent (transponded) record of the aircraft
pressure altitude which can be compared with the DFDR altitude record for time-
synchronization of the sources. Since the encoding altimeter for the transponder
registers in increments of 100 ft, a fairly large change in altitude is necessary
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for synchronizing the sparsely-sampled radar track with the one-Hz DFDR altimeter
measurement record.

The last step in data processing prior to performance calculations or wind
estimation is to make the usual air-data computations (ref. 29). These include
calculation of Mach number, dynamic pressure, true airspeed, and correction of the
vane angle measurement for upwash and pitch rate to obtain the angle of attack (when
the vane angle is included with the DFDR records). It should be noted that the
angle-of-attack time history is essential in determining vertical wind in an inves-
tigation of a severe turbulence encounter.

Performance Calculations

The time histories of force coefficients derived from flight data can be quite
useful in accident investigations. The lift coefficient can be employed to estimate
angle of attack (a) when that record is not among DFDR measurements (ref. 53); a
similar procedure is generally used to reconstruct the sideslip angle (8) from a
time history of the side-force coefficient. Both lift and drag are used in studies
of possible performance degradation which might be caused by heavy rain or ice.

This section reviews the use of performance calculations in analyzing turbulence
encounters.

Aircraft force coefficients can be expressed in two ways. In the first set,
the lift, drag, and side-force coefficients are given in terms of measurements of
body-axis accelerations (ay, ay, a,) and thrust components (Tx' Ty, T,) by

Cp = [(maX - Ty)sina - (maZ - TZ)COSa]/QS (7.1)
CD = -{F cosB + (may - Ty)sine]/QS (7.2)
Co = [F sing - (may - Ty)cosB]/QS (7.3)

where
F = (may - TX)COSQ + (maZ - Tz)sinu

where m 1is aircraft mass, Q is dynamic pressure, and S is wing area. The
thrust is determined from tabular data that relate actual thrust to the particular
engine parameter recorded. A second set of expressions for the force coefficients
is obtained by specifying the corresponding aerodynamic models of the form

(@]
"

L CL(a, M)-+%;zi (7.4)

@]
1

b = Cpla, M) ﬂi,_jdi (7.5)
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Co = cc(s, M) +Zi c, (7.6)

where M is the Mach number. Terms forming the sums in equations (7.4) through
(7.6) represent the contributions of angular rates, flaps, spoilers, control sur-
faces, landing gear, and ground effects. It should be emphasized that, in general,
the coefficient models represent all that is known about the aerodynamic properties
of the aircraft from theoretical predictions, wind-tunnel experiments, and flight
testing.

To estimate an angle-of-attack time history, the lift-coefficient expressions
of equations (7.1) and (7.4) are equated, giving a nonlinear algebraic equation to
be solved for angle of attack at each time point. An iterative procedure like the
Newton-Raphson method works very well for this problem. A similar technique is used
with side-force coefficient expressions for estimating the sideslip angle. The
coefficient method yields good, "wide-band" estimates of both angles of attack and
sideslip (ref. 53). In the analysis of the Flight 191 data described later in the
chapter, however, measured flow angles (left and right alpha vanes) were used to
derive angle of attack, whereas the coefficient method was used to estimate the
angle of sideslip (beta-vane measurements are not included with DFDR records).

Wind Estimation

As illustrated in chapter 4, the SMACK procedure can be used with data from
several sources (e.g., flight recorder and ATC radar) to determine the wind pattern
along the flightpath of an aircraft. This technique has been useful in the analysis
of recent airliner encounters with severe turbulence. To solve the aircraft flight-
path wind problem discussed in the next section, one procedure would use SMACK to
determine the integrator initial conditions, accelerometer biases, and forcing-
function time histories (dg, dy’ dy), (s, 8, ¥), and (8y, &y, g,) that provide the
"best fits" to the measurement records (x, y, h), (e, 8, ¥), 1V, «, 8), and (agy ay,
a,) (i.e., those that minimize eq. (2.3)). The wind estimates (wxy, Wodo V,q) along
the flightpath are obtained as part of the SMACK solution.

A second procedure would fit only the inertial data using SMACK and then calcu-
late the wind components separately from

We = X - y cose cosy (7.7)
Wy =Y - V cose  sinp, (7.8)
Wy = h -V sing,, (7.9)

where the wind-axis Euler angles (ew, bw) are given by

8, = sin’1(c05u cosB sing - C cos8) (7.10)
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b, T b+ tan‘1[(sin8 cos$ - sina cos8 sing)/D] (7.11)

where
C = sina cosB cos¢ + sing sing ; D = cosa cosB cosd + C sine

Because the air-data variables (V, a, B) derived from the Flight 191 DFDR were
relatively "smooth," the second procedure was used to obtain the wind estimates
presented in the next section. The coding list for this application is shown in
figure 7.3.

The Flight 191 Accident

The Delta Airlines Flight 191 windshear accident occurred during an attempted
landing at the Dallas/Ft. Worth Airport. A 14-min portion of the approach path of
the L-1011 aircraft as measured by ATC radar is shown in figure 7.4(a). The figure
shows the aircraft approaching from the northeast and turning south onto the final
glidepath to the runway. The point of initial contact with the ground (shown as a
solid circle in fig. 7.4) is at a location 36( ft to the east and 6343 ft to the
north of the runway origin. Figure 7.4(b) shows for the same time intervail, two
curves of pressure altitude that represent the "best fi1" of the DFDR record to the
transponded record. The time shift required to synchronize the two data sources was
one second.

FLIGHT 191 (DFW) INERTIAL SOLUTION

ENG 6 0] 0 0

REC 1 1200 1 1 0.25 1.5
X 1 1 0 0 0.1

Y 1 1 o) 0 0.1

H 1 1 0 0 10.
AX 1 1 1 0] 0.005
AY 1 1 1 0] 0.005
AZ 1 1 1 0] 0.009
DX 2 1 0 0] 0.9
DY 2 1 0] 0 l.4
DH 2 1 0 0 3.4
PHI 1 1 o 0 0.25
THT 1 1 0 0 0.25
PSI 1 1 1 0 0.25
PH2 2 1 0 0] l.4
TH2 2 1 o) o 0.7
PS2 2 1 0 0 0.25
END 3 0 0 0]

Figure 7.3.- Coding i.st for the SMACK state-estimation procedure.

57



ZST”* T N
20 - A I i P
= 15 +——1 — .
¢
T 10— e -
o
o
2
5 —_ : -
I/lMPACT |
0 . *
- RUNWAY |
(a) \ i
RS VRS (U T R S
-5 0 5 10 15 20 25 30 35
EAST, n. mi.
12000 :
10000 \ !
& A oso 00 TRANSPONDED
w \ —— DFDR
2 gooo 1
2 |
2 N
[
I 6000 ™
Iﬁu: \\‘W%M
2 N
@ 4000
w 100 \
c > sec |
™
2000 <]
IMPACT ~_
(b) (23:05:52 GMT) :\o
0 t t
22:52:00 22:57.00 23:02:00 23:07:00

TIME

Figure 7.4.- Flight 191 approach. (a) ATC radar groundtrack, (b) transponded and
DFDR altitude records compared for time synchronization.

Following data synchronization, and calculation of true airspeed, angle of
attack (from the vanes), and sideslip angle (from the performance equations), the
state-estimation program SMACK was applied to determine the winds. The kinematic
equations were integrated over a five-minute period that starts before the turn onto
final approach and ends with the initial ground contact. The fits to the position
data for this period are shown in figures 7.5(a) and (b). In these figures the
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small circles represent the measured values and the dashed lines represent the time
histories generated by SMACK. When the fact that the least count of the ATC
tracking data is on the order of 1/8 nautical mile is taken into consideration,
there is good agreement between the estimated path and the radar groundtrack in
figure 7.5(a). The inertial altitude estimate is compared with the DFDR barometric
altitude record in figure 7.5(b). During most of this five-minute interval, there
is good agreement between the estimated inertial altitude and the measured
barometric altitude. However, during the final portion (in the downburst) there is
some discrepancy, apparently due to local pressure variations caused by the
atmospheric disturbance.

Because the aircraft was in the downburst for less than a minute before its
initial contact with the ground, the rest of the analysis described in this section
Wwill cover only the final 60 seconds of flight. Figure 7.6 shows time histories of
the three body-axis accelerations, while figure 7.7 shows time histories of the
three body-axis Euler angles. Note that the plots of figures 7.6 and 7.7 include
the SMACK-derived "best fits" to the DFDR data records. Figure 7.8 shows time
histories of the aerodynamic variablss (true airspeed, angles of attack and side-
slip). The angle of attack was computed from the average value of right and left
vanes after correction for upwash and piteh rate. Since vane-rate limiting (at
about 19°/sec) occurred during the last 20 sec, the rapid excursions in angle of
attack shown in figure 7.8(b) are probably attenuated. As mentioned earlier, the
angle of sideslip was computed from the measured side force using predicted aerody-
namies and including terms for rudder deflection and yaw rate.

Figure 7.9(a) presents a time history of the aircraft heading angle shown with
the groundtrack angle. The value observed for the groundtrack angle at the final
time is 174° from true north. This estimate of groundtrack angle at the final time
is in agreement with the orientation of the landing gear marks found in the field
where the aircraft first contacted the ground. Figure 7.9(b) presents a time his-
tory of the true airspeed together with the estimated groundspeed. The groundspeed
is seen to be increasing beyond 210 knots at the point of initial contact. Fig-
ure 7.9 shows that during the final few seconds there appears to be a tailwind of
about 60 ft/sec (35 knots).

The general pattern of the winds can be deduced from figure 7.10, which shows
the three components of the wind vector. The horizontal components are shown in
figure 7.10(a); the vertical component is shown in figure 7.10(b). Because the
vertical wind estimate depends on the angle of attack, the vane rate-limiting men-
tioned earlier will also attenuate the vertical wind excursions. The results shown
in figure 7.10 indicate that the aircraft encountered a strong downflow for a time
period of 20 sec followed by a rapid change in vertical wind direction, followed by
further changes about 5 sec apart. During the period of ma jor downflow, the air-
craft experienced vertical winds on the order of -10 to -U0 ft/sec. When the air-
craft entered the downflow, the headwind increased from about 20 ft/sec to more than
50 ft/sec. Then, during a period of 26 sec, there was a change to a tailwind of
more than 50 ft/sec.
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Figure 7.5.- Position solutions (5 min). (a) Groundtrack, (b) pressure altitude.

Figure 7.11 shows winds along the flightpath from different perspectives that
clearly indicate the pattern of winds in the downburst. The diagram in fig-
ure 7.11(a) shows the flightpath viewed from above with the wind arrows computed
from the horizontal components W, and w.. These results show the changes in the
magnitude and direction of the horizontaX wind as the aircraft proceeds through the
downburst. As shown by the rotation of the horizontal wind vector, the source of
the downflow appears to be located west of the flightpath. The diagram in
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figure 7.11(b) shows the flightpath viewed from the west with the wind arrows
computed from the w, and wy components. Following the downflow portion, the
outflow near the ground is evident along with changes in the vertical wind. The
winds before an