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A PROCEDURE FOR ESTIMATING STABILITY AND
CONTROL PARAMETERS FROM FLIGHT TEST DATA BY USING
MAXIMUM LIKELIHOOD METHODS EMPLOYING A
REAL-TIME DIGITAL SYSTEM

By Randall D. Grove, Roland L. Bowles,
and Stanley C. Mayhew ™
Langley Research Center

SUMMARY

A maximum likelihood parameter estimation procedure and program were developed
for the extraction of the stability and control derivatives of aircraft from flight test data.
Nonlinear six-degree-of-freedom equations describe the aircraft dynamics and are used
to derive the sensitivity equations for the method of quasilinearization. The maximum
likelihood function with quasilinearization was used to derive the parameter change equa-
tions, the covariance matrices for the parameters and measurement noise, and the per-
formance index function.

The maximum likelihood estimator was mechanized into an iterative estimation
procedure utilizing a real-time digital computer and graphic display system. This pro-
gram was developed for 8 measured state variables and 40 parameters. Test cases were
conducted with pseudo or simulated data for validation of the estimation procedure and
program. This program has been applied to a V/STOL tilt-wing aircraft, a military
fighter airplane, and a light single-engine airplane.

The appendixes describe in detail the particular nonlinear equations of motion,
derivation of the sensitivity equations, addition of accelerations into the algorithm, opera-
tional features of the real-time digital system, and test cases.

INTRODUCTION

The problem of estimating stability and control parameters of an aircraft from
flight test data dates from the early days of flight. The results of early investigations
were frequently limited, however, due primarily to insufficient estimation technology and
restricted computational resources. Since 1960 there has been significant progress in
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correcting these deficiencies; therefore, it seems appropriate to reevaluate, in a more
general setting, the problem of estimating aerodynamic coefficients from flight data.

Parameter estimation is the process of determining the parameters in a mathemat-
ical model after having been supplied measured values for the variables of state and the
input to the dynamic system, The accuracy of the resulting estimate is degraded by a
combination of measurement, modeling, and numerical errors. Obtaining this estimate
is a problem in inverse computation and the matter of existence and uniqueness of solu-
tion must be resolved at least to some relative degree. The fact that in the defining of
the discipline it is necessary to refer to modeling errors and the existence and unique-
ness of solution suggests that the expression "parameter estimation" is not adequate to
describe the task, the task being a study undertaken by an analyst using the parameter
estimation program. A meaningful consideration must include studies of the model
definition in relation to the engineering application, the accuracy and precision to which
the parameters are computed, and some indication of the uniqueness of solution. I is
suggested that the expression '"system identification' better represents the task being
considered and more accurately implies the interrelated disciplines the study requires.
A survey of the general problem of identifying a dynamic system from input-output mea-

surements is given in reference 1.

The objectives of this paper are twofold:

(1) To present the development of an estimation procedure, based on maximum
likelihood statistics, suitable for extracting stability and control param-
eters of an aircraft from flight test data for realistic aircraft models

(2) To develop a computer program and provide operational features of the estima-
tion procedure when implemented on the Langley real-time simulation system

The general approach adopted in this paper was based on a maximum likelihood output
error method. The case where process noise is present is not considered. The assumed
mathematical model for the aircraft was based on a standard six-degree-of-freedom rigid
body description with linearized aerodynamic forces and moments, The interactive role
of the analyst is discussed as well as various program options which are available, Also
included in the paper is a demonstration of the performance of the estimation procedure
and the computer program using pseudo flight data. The program developed has been
successfully applied to the analysis of flight data for generically different aircraft

(refs. 2 and 3).




SYMBOLS
A sensitivity coefficient matrix (n X p')

aX, c g’a'Y, cg’aZ, cg longitudinal, lateral, and vertical accelerations at center of gravity

aX,I’a’Y,I’aZ,I longitudinal, lateral, and vertical accelerations at instrument
location

B sensitivity coefficient matrix for N data points (nN X p')

b wing span

C;,Cm,Cn rolling -, pitching-, and yawing-moment coefficients

G ,O,Cn,O rolling-moment and yawing-moment coefficients at g =04 = 6, =0

Cm,o pitching-moment coefficient at aa = 6g = 0

Cx,Cy.Cx longitudinal-, lateral-, and normal-force coefficients

CX,O’CZ,O longitudinal-force and normal-force coefficients at agq = 65 = 0

Cy,o lateral-force coefficient at 8= 05 = 6,y =0

c mean aerodynamic chord

E mathematical expectation

F vector function defined in equations of motion (n X 1)

Fj components of f, where j=1,2,...,n

G sensitivity equation matrix (n X n)

g gravity

H measurement noise vector for N data points (nN X 1)



Ig Iysly moment of inertia about X-, Y-, and Z-axis, respectively
Ixy, product of inertia

iw " wing tilt angle

IN performance index function

L maximum likelihood function

Mx,My,Mgy rolling, pitching, and yawing moments

m mass

m' dimension of control deflection vector

N number of data points

n dimension of system

p' number of parameters

p,a,r roll, pitch, and yaw angular velocities

Rq measurement noise covariance matrix (n X n)

S wing area

T flight test time period

Ty, Ty,Ty thrust along X-, Y-, and Z-axis, respectively
t time

171 data point time, where i=1,2,. . ., N

u,v,w longitudinal, lateral, and vertical velocity components



v velocity

Vgg slipstream velocity

W1 weighting matrix (nN X nN)

X state vector (n X 1)

Xy components of X, where k=1,2,...,n
o parameter vector (p' X 1)

Qagy,B angles of attack and sideslip

a, components of &, where i=1,2,...,p'
Aa parameter change vector (p' X 1)

Aaj components of K&, where i=1,2,...,p
5 control deflection vector (m' x 1)

84,00,0p aileron, elevator, and rudder control deflections
5ij Kronecker delta

7l measurement noise vector (n X 1)

e components of 7

p atmospheric density

p a; O‘j correlation coefficient of «@; and o

0. standard deviation of a4

o,0,¢ roll, pitch, and yaw angles






Matrix exponents:
T indicates transpose matrix operation
-1 indicates inverse matrix operation

The superscript M denotes measured value.
The superscript o indicates nominal evaluation.
Dot over a symbol denotes time derivative.

Arrow over symbol indicates vector.
BACKGROUND DISCUSSION

Early methods for identifying aircraft stability and control parameters are typically
characterized as equation error methods. They were basically least-squares estimators
which minimize the equation error and are known to give biased estimates in the presence
of measurement noise. Details of these various methods can be found in references 4
to 7. Since the unknown parameters enter the equations of motion in a linear fashion,
equation error methods are characterized computationally as single step processes and,
therefore, are simple to deal with.

More recent parameter identification methods are generally classified as output
error techniques. These methods minimized the output error (measurement noise)
between the measurements and the true states of the dynamic system and are often used
to modify the initial estimates obtained by equation error methods. Unlike equation
error methods, the identification problem using output error methods is nonlinear and
this requires an iterative solution. Standard output error methods include the Newton-
Raphson iteration method (ref. 8), modified Newton-Raphson method (ref. 9), quasilineari-
zation method (refs. 10 to 14), and various forms of gradient-dependent methods (ref. 15).
The quasilinearization and modified Newton-Raphson methods can be shown to be identi-
cal. The Kalman filter, a sequential estimation method, can be shown for certain restric-
tive cases to be equivalent to the two techniques just mentioned and, therefore, can be
considered an output error method. Oufput error methods are known to produce unbiased
parameter estimates under realistic conditions on the measurement noise. However, if
a significant amount of process noise exists, that is, gusts and modeling errors, then the
validity of estimates obtained by using output error methods is subject to serious
question.



PROBLEM STATEMENT AND ASSUMPTIONS

Assume that the equations of motion of an aircraft are in the form
£ = FE,8,50) + 0
with a measurement model defined as
My = F&Z @) + 76
50 = 50 + 70

The variables are defined as follows:

X aircraft state vector

3 (t) aircraft control vector

a unknown parameter vector
-M

X state measurement vector
-M

o (t) control measurement vector
LL(t) process noise vector

7(t) measurement noise vector
Y(t) measurement noise on input

H(f (Ei,t)) measurement output vector

The essential problem is to estimate the parameter vector o when given the equa-
tions of motion of the dynamic system and the measurements X (t) and 5 (t).

The solution of the problem as posed in the preceding paragraph is probably not
practical at the present time. Various approaches to the general problem have been
attempted (for example, refs. 16 to 18). The results of these studies indicate that for
dynamic systems as complicated as aircraft, a solution of the estimation problem
requires substantial computational effort. In order to proceed with & solution of the
estimation problem which is computationally feasible and for which theoretical techni-
ques have been developed, the following assumptions are made:

8



(1) Rigid body aircraft (six degrees of freedom)
(2) Only measurement noise (E(t) = ¥ (t) = 0)

(3) The measurement noise 7 (ti) is a sequence of independent Gaussian random
variables with

E [ﬁ'(ti)] =0
E[ﬁ’ (ti)ﬁ’T(tjﬂ = Ry 05

where the matrix Ry is unknown,

The foregoing assumptions imply the following conditions:

(1) The aircraft maneuvers do not exceed a dynamic range consistent with lineariza-
tion of the aerodynamic forces and moments.

(2) Wind gusts, modeling errors, and inaccuracies of measuring physical movement
of a control surface are considered sufficiently small to warrant the use of an output
error method.

(3) Alinement and location of rate gyros and angle of attack and sideslip instrumen-
tation are of sufficient quality to preclude their inclusion in the measurement model.
Anomalies introduced by accelerometer location are included in the measurement model.

PARAMETER ESTIMATION PROCEDURE

The parameter estimation procedure, using the method of maximum likelihood with
quasilinearization, is diagramed in figure 1. The basic components are the (1) equations
of motion, (2) sensitivity equations, (3) maximum likelihood estimation equations, (4) per-
formance index, and (5) flight test data. These components are described next and the
procedure in figure 1 is explained in a subsequent section.

Equaticns of Motion

The equations of motion are for a six-degree-of-freedom rigid body aircraft and
are stated in detail in appendix A. The equations of motion are written in a general vec-
tor form for simplicity in formulating the parameter estimation algorithm.

The nonlinear equations of motion in vector form are
> e - T
X = F(X,50 )= [F1, Fap e - o Fn] 1)

where n is the dimension of the system (n = 12).



The state vector is defined as
- — f — T
X =x(a’t)=[x1’ X27 RS Xrﬂ (2)

where X (@i,t) is the solution of the equations of motion and X (Eo,t) = X°(t) is the

nominal solution.

The parameter vector, the components of which are the system parameters, is

a = I:al, Aoy v o oy ap.]T (3)

where p' is the total number of system parameters and a° is the nominal parameter
vector. These parameters are the aerodynamic coefficients (stability and control deriva-
tives) and the initial conditions of the state. These parameters must be initialized for
the first iteration of the algorithm. The coefficients are initialized by a prior estimate
(wind-tunnel data or analysis) and the state is initialized from the flight test data.

The input to the system is
— — T
5 =0o(t) = [51, Ogs e » 5m'] 4)

where 0 is the control deflection vector with dimension m'. The control vector 5
is set equal to the measured control input to the aircraft

B(ty) = 6’M(ti) (i=1,2,...,N) (5)

with linear interpolation between points.

Sensitivity Equations

The sensitivity equations form a basis for the method of quasilinearization and are
derived by formally differentiating the equations of motion with respect to the parameters.
The sensitivity equations are integrated in parallel with the equations of motion to yield
the sensitivity coefficients, which reflect the sensitivity of the nominal solution with
respect to each parameter. The method of quasilinearization uses these coefficients to
linearize the change in the solution of the nonlinear equations of motion due to a change in
the system parameters. Reference 19 describes the use of these parameter sensitivity
coefficients in dynamic systems.

Sensitivity coefficients.- Used in the method of quasilinearization is a linear approx-

imation expressing the change in the state vector as a linear function of the changes in the
parameters. The expansion of the nominal solution about the nominal parameter vector,

neglecting second and higher order terms, is

10



P’ . o
F(@83,0) - 2(@0)+ ) (F0) aq Q
=1t

where each partial derivative (sensitivity coefficient vector) is evaluated along the
nominal solution.

The equation in matrix form is

Z(a%+aa,t) - £(3°%t) = At) Aa )
where
5% X x|
A(t) = [3—(1!1-’ Wz-, o o ey po—']
oxy %y 1]°
8(11 3&2 aap'
x2 X2 2
8(11 8a2 tt e Bap,
OXp Xn 2.9
—_— —_— . .. 5
and
ZE: Aa,, Ao, . A, .1 T
1° 2° AR ] ap]

This matrix equation expresses the change in the nominal solution as a linear function of
the parameter changes and the sensitivity coefficients. This equation is used in the
expansion of the maximum likelihood function about the nominal parameter vector.

Derivation.- The sensitivity equations are derived froim the equations of motion by
taking the partial derivative of each equation with respect to each parameter. The sensi-
tivity equations corresponding to the equations of motion in appendix A are derived in
detail in appendix B.

By assuming that the derivatives are continuous in @ and t (ref. 20),
dfex\_ a8 [ax
at (801.) T ba, (dt) (8)
i i
that is, the order of differentiation can be interchanged. This result is used to derive
the sensitivity equation

11



gfx_=zaF k) , oF (i=1,2,...
dt\ éaj =1 Xy \9i doey

This equation in matrix form is

df ex oX oF )
— —— = Gt — — = 1 2 . o
)= 00(m) * e (=12,
where
[(oF oF oF
G(t) = :ﬁ’ _ax_z’ . ’EX_nJ
FaFl 3F1 3F1
7, oy ... o
BFZ 3F2 8F2
8Fn BFn 8Fn
8% %X oxp |
and
5 [OF; oF, oF 1T
- ) ’ o ey T
aai oo aal Bai

This system of equations represents p' sets of n simultaneous first-order

- p")

(9)

(10)

linear differential equations with time varying coefficients. The solutions of this sys-

tem are the sensitivity coefficients 9x; /8ai where i=1,2,. . .,p' and
k=1,2,...n These coefficients are the elements of the matrix A(t) used in the

linear approximation of the change in the nominal solution.

The initial conditions of the sensitivity coefficients corresponding to the aerody-

namic parameters are
X
o

@i |t=0

and the initial conditions of the sensitivity coefficients corresponding to the initial con-

ditions of the state (parameters) are

12




t=0 3Xi(0)

251

0.
8(11 ik

t=0

where 51k is the Kronecker delta.

Maximum Likelihood Estimation

The maximum likelihood method is used to estimate the stability and control param-
eters of the aircraft from flight test data. This method has the asymptotic properties of
unbiased and minimum variance estimates (ref. 18). Maximum likelihood estimation
requires initial parameter values to start the algorithm, but it assumes that the covari-
ance matrix of the measurement noise is unknown.

Maximization of the likelihood function yields the parameter change equations and
the covariance matrix for the parameters. These equations yield the changes in the
nominal parameters to improve the fit between the measured and calculated variables of
state. The covariance matrix gives the variances (or standard deviations) of the param-
eters, or in an inverse sense the sensitivity of the parameters in the equations of motion.
This matrix also indicates the dependency or correlation among the parameters.

Maximization of the likelihood function also yields the covariance matrix for the
measurement noise based on the current nominal solution. This matrix gives the vari-
ances (or standard deviations) of the difference of the measured state and the nominal
solution. The inverse of this matrix is used in the parameter change equations as a
weighting matrix., The performance index function is derived by substituting the covari-
ance matrix of the measurement noise into the likelihood function (ref, 21). The per-
formance index function derived is the determinant of the covariance matrix of the mea-
surement noise which is defined as the criterion for the maximum likelihood method.

Measurement noise.- Let the measurement noise be

2(t) = M) - (@ 4)

P ~ T .
= Erll’ 7727 ) ﬂrﬂ (1 =1,2,. .. N) (11)

where N is the number of data points, X M(ti) is the measured data, X (E,ti) is the
calculated solution for the true & values, and ﬁ(ti) are independent Gaussian vari-
ables with zero mean. The noise is assumed to have the statistical properties of

E[ﬁ(ti)] =0 (12)

= =T
E[’7(ti)17 (ti)] = Ry (13)
where E denotes the mathematical expectation and Rj is the unknown covariance

matrix of the measurement noise.

13



Maximum likelihood function,- The maximum likelihood estimation of Aa and

R; is obtained by maximizing the likelihood function L(&’°+ZE, Rl) with respect to Aax
and Ry, respectively. Although the term Aa is not explicit in the function L(&',Rl),
its use is evident in the maximization procedure.

The likelihood function for the state is (ref. 18)

N 2
L(@Ry)= - % ZIH;{M(ti) - i’(a’,ti)”Ril - N in Ry (14)
i=

where iRll denotes the determinant, Ril denotes the inverse of the symmetric

2 - -
covariance matrix Ry, and “ )'{ﬂR_l L 1x .
1

1

Parameter change estimation.- The maximum likelihood function for the nominal

solution is

TR () - 5 1o (R 19)

]2

L(3°Ry) = -%-

i=1

where

i) =X (t) - % (4)
and Rq is estimated from the nominal solution. The likelihood function is expressed
for a change in the nominal solution by using equation (7) as

TMty) - £(3%Aa, ) = M(t;) - £O(ts) - A(ty) A
= 7(t;) - A(ty)Aa (16)
Hence,

N
L(3%3a,Ry) = - 2 -Z{[ﬁ(ti) - A)Aa)" Ry (k) - A(ti)?&&']} - N in |Ry] (17)

To maximize this equation, the partial derivatives of L (57°+K'07,R1> with respect to each

parameter change Acaj are set to zero; that is,

I

2L (&’O+ZE, Rl)

N
L 1 Z[—ZAT(ti)Rilﬁ (t;) + 2AT(ti)Ri1A(ti)Exj

_ o (18)

14




This operation implies that

i[AT( ti)RilA(ti:]ZE = i[AT(ti)Rilﬁ(tiﬂ (19)
i=1 i=1

In matrix form the equations are

[BTWIB:] Aa = BTw H (20)
where
- - _ 1
A(tr)] () Ry J
A(tg) |7 (ty) Ry
B = H= Wl =
A (tN)] (uN ) |7 (t) | (o, 1) 0 R1) (N0

For p' > n, there exists more unknowns than equations; the system is overdeter-
mined by calculating the nominal solution and sensitivity coefficients at N data points.
The solution of Aa is given by

et —1 —
Ao = [BTWIB:] BTw,H (21)

where the new nominal parameter vector is incremented by Aa. A necessary condition
for this to be the estimate to maximize the likelihood function is that the matrix BTW1B
must be positive definite.

Maximum likelihood methods (ref. 18) give asymptotically unbiased estimates and

the inverse of [BTW1B] is the error covariance matrix for the following estimated
parameters:

E[ro;] =0 (22)
for

E[H]=0
and

ElAa 227 - [BTWIBJ-l (23)
for

E[ﬁﬁﬂ = w;!

15



The error covariance matrix for the estimated parameters is (ref. 22)

B 2
g p Y e P Ko
al alaz al a2 alap al apv,
2
-1 pazal%lzoal Gaz e pazapvoazoapy
EE’TWIBZ] = : : 24)
2
papyalcapvcal papvazoapvoag T oapv |

where 02_ is the variance of the estimate, o, is the standard deviation, and p .o
17

i i
is the correlation coefficient for @; and aj.

Estimation rof measurement noise statistics.- The likelihood function of equa-

tion (17) for the change in the nominal solution is

L(&’OHSBZ ,Rl) = - % i {E‘y’(ti) - At) ;ﬁ]T Ril E;(ti) - A(ti)roi]} - ZEIn [Rll (25)
i=1

where R1 denotes the unknown covariance matrix. The estimated value of the covari-
ance matrix Ry is denoted by R'l(N).

In a similar maximization procedure as for A , the likelihood function is maxi-
mized with respect to Rj. The derivative with respect to a matrix is defined as follows:

8L _| oL _
Ry [arij:l (Rl ) [riﬂ)
The derivative of L(&'O+K&,R1) with respect to Ry 1is set to zero. But (ref. 21)
oL (=0, 7= _
ﬁl(a +Aa,Ry) =0 (26)

is equivalent to

3L1(50+E,R1) =0 (27)

BRl

16




and, hence,

N

N
FCRy - L i) - AgiRa (i) - A(ti)A‘E]T} -0 (28)
i=1

or

Ry = X il[ﬁ(ti) - Af)aa] [t - A(ti)Z&’]T (29)

where R'l(N) is the predicted estimate of the covariance matrix for N data points due
to the change in the nominal solution.

The equation for calculating the estimate of the covariance matrix used in this
algorithm is

RI(N) 2 Estimate of R,

N
%), @7 30
i=

The schemes for calculating the estimate of Ry are discussed later.

The matrix RJ(N) is written as

-, -
(o) o) . . g
™ YY) UM
2
. .. g
O‘772771 0772 2"y
RIN) = | . . ... . (31)
2
g o, . .. g
Lnnnl LN |
where 02 is the variance of Mes and o is the covariance of Me and 7.

Performance index.- The performance index or index function evaluation gives a
measure of performance for the iterative estimation procedure. Selection of the index
function for the maximum likelihood estimator is an important condition as to whether the
estimation procedure converges to the true parameter values. (See ref. 21.)

17



The index function is derived from the likelihood function (ref. 21). Substituting
the covariance matrix estimate Rcl’(N) (eq. (30)) into the likelihood function L(EO,RI)

(eq. (15)) gives

("° R°(N)) = - —(nN) -2 1n

R‘l’(N)] (32)
Thus maximization of the likelihood function is equivalent to the minimization of

7y (@°) = IRg(m]

= det z 77 (t (33)

which is defined as the index function for the maximum likelihood estimation procedure,
The minimization of R'l(N) with respect to Aa yields equivalent parameter change
equations as in equation (19).

Flight Test Data

The flight test data are composed of the onboard instrument measurements of the
aircraft behavior and are assumed to be the output of the aircraft mathematical model
superimposed with instrument noise. These data contain many individual aircraft maneu-
vers stored on one magnetic tape, with each maneuver easily accessible to the central
memory of the computer. These data are used for comparison with the mathematical
model output and for initialization of and control input to the equations of motion. The
measurements, }_{M(ti) and gM(ti) for i=1,2,. . ., N, are known for all states and
control deflections corresponding to the equations of motion,

Steps in Procedure

The steps in the maximum likelihood estimation procedure, corresponding to fig-
ure 1, are as follows:

(1) Initialize the system parameters, where a° denotes the nominal or current
values of the parameters.

(2) Integrate the equations of motion and the sensitivity equations to obtain the
nominal solution and the sensitivity coefficient matrix, respectively.

(3) Form the comparisons of the flight test data and nominal solution for each data
point time t;, where i=1,2,...,N and t; =0 and tNy=T.

18




(4) Form the maximum likelihood estimation equations from the comparisons in
step (3) and the sensitivity coefficient matrix in step (2) (dash lines indicate accumula-
tion of information over the flight test time period T).

(5) Calculate the performance index JN(&'O).

(6) Calculate the parameter changes Aa and the statistical information matrix
RO(N).
1

(7) Update the nominal parameter values in step (1) to start the next iteration pro-
cedure and repeat steps until convergence,

Each iteration of the procedure extends over the flight test time period T and
results in the update of the parameters. Evaluations within the period are at specified
data point times tj, where the intervals t; 1 - t; are integer multiples of the integra-
tion step size. The integration step size is made compatible with the flight data intervals

and the problem dynamics.

Acceleration measurements and equations were added later to improve the estima-
tion procedure and the addition is presented in appendix C.

COMPUTATIONAL CONSIDERATIONS

The flight tests do not always necessitate the use of all the state variables and
parameters in the estimation algorithm (n state variables and p' parameters) for
specific cases. These cases involve only a specific portion of the program, as with an
excitation of only the longitudinal motion of the aircraft. The total number of differen-
tial equations in the algorithm for evaluation and integration is n + np'; in appendixes A
and B, n=8 and p'=40.

The parameter estimation algorithm was programed with a variable dimensioning
capability with respect to the number of state variables and parameters necessary for
any specific case, The analyst through the operational control features (appendix D)
could select any subsets of the state variables and parameters to be active in the param-
eter estimation algorithm, Computer program parameters were activated for each state
variable and each parameter desired. This operation generated two sequences of num-
bers specifying the state variables and parameters which were active in the algorithm
and neglected the remaining ones.

This variable dimensioning of the algorithm allowed flexibility in the parameter
identification study in that the analyst could alter the program easily for each specific
aircraft maneuver or computer run., In addition, the number of integrations was reduced.

19



In the calculation of Aa the matrix equations (eq. (20)) were
E3TW1BZI Aa = BTw,H

If the matrix B and the vector H were calculated for N data points, this would
result in the storage of an nN X p' matrix and an nN vector. The storage would
increase as the number of data points N increased. To eliminate the storage being
dependent on N, equation (19), which is restated, was used:

N N
-21 [}\T(ti)RilA(tiﬂ Ao = —21 AT(ti)Rilﬁ'(tﬂ

where
N
BTw;B = z AT(ti)RilA(ti) (34)
i=1
and
1~
BTw,H = z AT(t)R] 7 () (35)
i=1

In these equations the matrix products are formed as a function of time and the dimen-
sions of the matrix products were not a function of the number of data points N. In
fact, the dimensions depended only on p' and n, the number of parameters and state

variables.

In the calculation of the measurement noise covariance matrix, three computational
schemes can be used. The matrix can be updated (1) on the same iteration as ZE,
(2) one iteration behind Ax , and (3) with a two step procedure.

Scheme (1) uses equation (29):
N
. T
Ry = & ) [ii(ty) - A(ti)Aa][ﬁ(ti) - A(ti)AaJ
i=1

In this equation the matrix A(ti) and the vector 7 (tj) must be stored for each incre-
ment of time until A« is calculated.

Scheme (2) is easy to incorporate into the program by using equation (30):

R(I)(N) A Estimate of Ry

=I%Z oK
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In this equation the covariance matrix is calculated from the nominal solution and not
with the predicted change in the nominal solution, The matrix is one iteration behind in
the algorithm but the effect is negligible when the change in the solution is small, that is,
when convergence is achieved.

Scheme (3) uses a two step process for each parameter update, The first step is
to calculate Aca in the usual manner, The second step is to update the parameters and
integrate only the equations of motion. Thus, the covariance matrix is

N
R, =& ) |#Mty) - £ (@%aq, ti>] {::?M(ti) - % (a%aa ,ti):lT (36)
i=1

Scheme (3) is similar to scheme (1) in that scheme (1) uses the predicted change, whereas
scheme (3) uses the calculated change in the nominal solution. Scheme (3) approaches
scheme (2) when Aq¢ approaches zero.

Scheme (2) was used in the parameter estimation program with the option of using
scheme (3). In test cases using schemes (2) and (3), the indication was that the differ-
ence is not significant.

TEST PROCEDURE

The testing procedure used pseudo flight data in checking the maximum likelihood
estimation algorithm. The data were generated by integrating the equations of motion
and then adding measurement noise, all states assumed being measured. The measure-
ment noise was sequences of pseudorandom numbers (random within the capability of a
digital computer) having the normal (Gaussian) distribution with zero mean and known
standard deviation. These data were assumed to be the flight test data or measured data
for specified parameter values. The parameter values were then offset to become the
nominal parameter values for the parameter estimation algorithm.,

Test cases using the pseudo flight data were conducted for the longitudinal motion
of the aircraft and are presented in appendix E. The maximum likelihood algorithm com -
puted the standard deviation of the measurement noise and the parameter values and
their standard deviations; no statistical information was assumed concerning the noise.
Results obtained from the test cases indicated that the calculated parameter values and
standard deviations of the noise were converging to the true values.

CONCLUDING REMARKS

A maximum likelihood parameter estimation procedure and program have been
developed and validated for the extraction of the stability and control derivatives of
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aircraft from flight test data. A nonlinear six-degree-of-freedom aircraft mathematical
model was used in the derivation of the sensitivity equations. Instrument measurement
noise was accounted for by the maximum likelihood estimator. The program was devel-
oped for 8 measured state variables and 40 parameters, from which subsets could be
selected for program operation. Real-time digital simulation and graphic display pro-
vided the analyst with interactive control and display capabilities during the study. The
program has been applied to a V/STOL tilt-wing aircraft, a military fighter airplane, and
a light single-engine airplane.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., April 6, 1972,

22




APPENDIX A
EQUATIONS OF MOTION

The equations of motion are stated for reference and in particular for the deriva-
tion of the sensitivity equations in appendix B. The following equations of motion are for
a V/STOL tilt -wing aircraft:

T
u_—qw+rv—gsm9+%—V2S(CXO+CX O‘a"‘CXq >+mX (A1)
V= -Tu + pW + g cos 0 sin ¢ +—-—V2S(CY o +CYBB +CYB SF‘;+CYp g}‘o’

rb Ty
+ CYI‘ Ev + CY5r5r> + o (AZ)
. 1 p 2
= -pv +qu + g cos 6 cos ¢ +’2'EV S CZ,o+ Czaaaa
Ty
+ Czq 2V+025 e) * o (A3)
. Iy - 17\  xz 2 b b
=qr (pq + T +———VSbC o+ Ci.B+Cy. §—+C PO ¢ DB
1 Mx
+ clﬁ rl+ = 5 I (VSS + V Sb(CZG cos lW - Cn6 sin 1“7)63 + ?[;(— (A4)
q =pr z X IXZ(rz p?) + 3 _p_ v2se (Cm 0+Cm_ % +Cm, %at
Iy Iy ag Qg 2V
= M
9£+ C _Y.
Iy - I I 3
L XY X7 (e 1 _g 2 Bb. pb.
r pq( iz ) T, p -qr) +3 v Sb<Cn o+ CnBB + Cnﬁ 5V + Cnp 5V
rb oy _Q_ MZ
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APPENDIX A — Continued
§=qcos ¢ -r sin ¢ (AT)

é =p + (q sin ¢ + r cos P)tan 8 (AB)

and

ll/=qsin¢+rgos_ ¢>\
cos 6

} (49)

®
Il
mt
5

<<

B3 J
Trim conditions of the aircraft are added by substituting, respectively, for agy, B,
82, Oe,and o&p in equations (A1) to (A6) the following terms:
ag - o
B - Bt
Oq - Ga,t

a,t

be = Be t
oy - Oy t
where the subscript t denotes the trim conditions (values) of the aircraft.

The equations of motion are altered in two ways: (1) solve for v (eq. (A2))
explicitly, and (2) decouple the p (eq. (A4)) and r (eq. (A6)) equations. The equations
of motion are then written in simplified notation for use in the derivation of the sensitivity

equations.
The equations of motion are

X =¥(¥,3,3,V,0,@,8,8)

=[F1, Fa - - - Fg|" (A10)
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APPENDIX A — Continued

The state vector is

= T

X = [xl, Koy + o x8:|

= [u,V,W,p,q,r, o, ¢]T
The parameter vector is
- T
a =[a1, Qgy + + a4(—ﬂ
T

= E(O), Cx o -+ = Cnﬁal-]

The control deflection vector is

re T
5 = [53,59,513
Equations (A1) through (A8) are written as

u=Fq(¥,3,5,V,a,)

) X
=-qw + rv - g sin 6 + ale(Cxl + CXZ)"‘F

<-
I

F2 (}—{’ as g’ V, B)

T

-Tu 4+ pW + g cos 6 sin ¢ + alvz(ch + CYZ) + TnX

gm0y ()

T

1 - aqCxs.
3YB

1- a3CYB

w = Fo(%,%,3,V,0p)

-pv + qu + g cos f cos ¢ + ale(CZ1 + sz) + r_nZ_

- i 2 Y
ru + pw + g cos 0 sin ¢ + a1V (CY,o + CYBB + CY6r61> +agV (CYpp + CYrr)"'E'

T

=-pvV + qu + g COS 0 COS ¢ + a1V2 (CZ,o + Czaaaa + CZaeée) + a2V<Cqu) +

(A11)

(A12)

(A13)

(A14)

T

(A15)

—H

Z

m

(A16)
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APPENDIX A - Continued
b = F4(¥,%,5,V,8,8)
= a,F(%,5,5,V,8,8)+ b;F(%,3,5,V,6,6)
= aGl:qur + Ixzpq + a4V2(Cll + sz) + a4VSZ(CZ3) + MX]
+ b1[03pq - Ixgar + a, V2 (Cn1 + an) -a 4V52(cn3) + MZ:]
= aGE)qu + Ixzbq + a4V2<Cl,o + Crgh + Cl5r5r) + asV(CZBB + Cpp + Czrr)
+a,vg? (Cz'ﬁa"’a) + MX] + bl[b3pq - Ixzar +2,V2(Cp o + Cngh + Cng Or)
+ a5V (Cgh + Cnpp + Cn,) - a4Vg? (Chayta) + Mz:j (A17)
q = F5(X,3,5,V,00,0,)
M
= a,pr + b4(r2 - p2) + aSVZ(le + sz) + I—;{
= appr + b4(r2 - pz) + a8V2 (Cm,o + Cmaaaa + Cm6e6e>

Cppy - O My
+ agV( mg, da * Cmqq> iy (A18)

= ble'l(}?, a’g:V:B9B.) + b5Fé(_>)asg’V’B;B) (A19)
=q cos ¢ - r sin ¢ (A20)
=p + (q sin ¢ + r cos ¢)tan ¢ (A21)
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APPENDIX A - Concluded

where
_1p _ ¢
1"3m*S 22 ‘a1<§)
_ b
I, - I
Z X 1p o=
ar = 8q == -— S¢
I
by = X2 by = Iy - I,
Ixly - %z
I I
by = X2 bg = — X
and
VS =VSS+V

©x1= %x,0 * Cx4 %
CY1=Cy,0+ Cygh + Cyg Or
Cyy= Cz,0+ Czaaaa + CZ(se‘se
Cu1 = Cpyo + Cypf + Cyp 0

Cl’ba = Clﬁa cos iy, - Cnéa sin iy,
Cmi = Cm,o + Cmaaaa + Cméeée
Cn1 = Ch,o+ CnBB + Cnarbr

t s s :
Cn() = Cl5a SIn iy, + Cnaa COS iy,

a

- ac
Cz2 Czqzv
Cro = 2-(C, .6 + C c
12 = 3y 157+ P + G 1
]
C;3=C, 68,

b .
Cn2 = EV <Cnﬁ'ﬂ + Cnpp + Cnrr>

Chs = Cn5a5a
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APPENDIX B
DETAILS OF DERIVATION OF SENSITIVITY EQUATIONS

The sensitivity equations for the method of quasilinearization are derived in detail
for the equations of motion in appendix A,

The sensitivity equations are

afag) _ (e
dt\éa;, ~ _55;[

I
oo
@
EE
TN
[
HE
~——
+
Qalco
|
OTee
Dl
fo]
= [<
TN
| @
2|
~
Dl
Q
© i
L0V
gg @
= SDQ
N
| @
R |
~—

k: k=1

- 3
8F 20af0x1)  oF| ap (0%Xp +_8@Z BV (2%
day 'c)xl 5011 3B |9x9 aai oV ] 9x day

- 3 .
5 8x 16 8X = oas [ 0% =
+ 81.7‘ of v k} |:8F “~a 3 + oF 3@ < 2> + oF

8p v = 8Xk ddrg 8X3 3a1 98 9% BT darg
NS oF 00,0 oF 98 ( 9% oF
=G (t) + - + - + (B1)
2aj) |90y o%3 aC“i of 0%z \P%i/| By
where
G(t)—[gk(fo] (G, k=1,2,.. .8

The functions Fg9 and Fg do not contain @, or B. Thus,

. 8
d[o% oF 9Qg E o [ 8%k) | oF o8 v [9XK
—|l=—1 = t : —_—
dt<3ai> G' ( )<8a1> ody 9X3 ] g3k<8ai aB sz & 82k 9y

= 8a oF T o5 OF
N <8F + oF 3 9F 98 2>

9y 8aa 8X3 aOl]_ B 9%9 9aj

= G(t) <;’—§1> + F(o) (i=1,2, ... 40) (B2)
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APPENDIX B — Continued

where

Bai

G(t) =[gjk(t):| G,k=1,2,...,8)

a'i[auavawapiq_ar 0 89T

9’ day’ Bay’ dayy’ day’ day’ daj’ day

= ~ ~ ~ T
F(al) = [Fl(ozl) s Fz(al), . e ey Fs(aiﬂ
The following equations are used in the derivation of the sensitivity equations:

gjk X 9V 9Xkg da, 9Xkg  8dj 9Xg 88 09Xk 9B 8V oxk

(4,6) (5 (4,6)
oF; a3 oV oF; ada aF aé
+——l—§——— + —.'Lfggk'*'——.l . B9k
88 oV 9%k 3é, 9%3 88 %3
oF; 94 oF; o3
='.+__J__._a_ +__.l_& i, k=1,2,. . .,8 B3
g]k a&a 8X3 g3k BB 8}.(2 ng (], ’ &> ’ ) ( )

and
j=1,2,...,8;

~
- : . B, O . .5 OF
“Fi(as) = b} + oy 2ea X3 + Tiog 2 : (B4)
]( 1) 3 : . : =1.2 '
90y dd, 9X3 dar4 g 9% o i=1,2,.. .,p

The numbers in the parentheses above each term indicate the derivations in which they
are used; this is in reference to the equations of moticn used in the derivation of sensitiv-

ity equations.

(1) Sensitivity equations derived from U equation (eq. (A14)):

8
d (o) N g (oxk), 2L -
a(_a?{) = 2 g1k<3ai> + 5, (i=1,2,...,40) (BY)
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APPENDIX B -- Continued

where
g11 = 219(2Cx1 + Cx2) - alVZCXaa ﬁ
g =T+ 31V(2CX1 + CXZ)
g13= -4 +2yW(2Cxgq + Cxa) + alvzcxaa uz:l_—7 ’
g14=0 |
815 = -W + aZVCXq
816 =V
g7 = -8 €08 0
g18 =0
and
oF oF oF
acxl,o e\l 3CX:xa "V aCqu "2

(2) Sensitivity equations derived from v equation (eq. (A15)):

8
d/ov\_ oxg\ g -
a_t_<5.&_i>_ Z g2k<ga> * (i=1,2,...40) (B6)
k=1
where

-1/3
-r + alu[ZCYl + Cyg - Cygv (uz + WZ) J

€217 '
1- a3CYB
-1/9 -1/2
ayv [ZCYI + Cysg - CYBV (u2 + wz) /] + 31V2CYB<U2 + w2> /
€22 1 - a3CYB )
-1/2
p+ alw[ZCYl + Cyg - CYBV (uz + wz) 1/]
823 =
1- a.3CY-B
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APPENDIX B — Continued

895 =10
-u + a3VCYr
gZG - 1 - a3CY[3

. _ -g sin 0 sin ¢
277 4
1-23Cy,

_gcos fcos ¢

S28 = 1
1 -2,Cy,
3 YB
and
2 2 .
8F 9 a1V 8F 9 a1V B 8Fq agv
8Cv o 1 -aqCy. 8Cy, 1 -aqCxy. 8Cy. 1 -a,Cx.
Y,0 3Y, Yg 3-Y 5 Y 3°Y 5
8F 9 a3Vp 9F g a3Vr oF 9 a1V26r
BCYp 1 - agCy. BCYr 1 - agCy; EBCY5 1 - agCy.
B B8 r B
(3) Sensitivity equations derived from w equation (eq. (A16)):
8 90X oF
2_@.=z e 3 Bt -
dt<8ai> g3k<8ai> + 5, i=1,2,.. . 40)
k=1
where
8oy =Q +2,u(2Cq + C -a,V2C -
‘ 31 1%(2Cz1 + Cz) - 2 Zog 2, w2

g32 = ~p + aIV(ZCZl + sz)

= 2 S
g33 = 2y W(2Cz + Cgg)+ 2V CZq, 5,3

€34 = 7V

835 = U + a,:ZVCZq

(B7)
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APPENDIX B — Continued
g36 =0
gg7 = € sin 6 cos ¢

g3g = -& COS 8 sin ¢

and

(4) Sensitivity equations derived from p equation (eq. (A17)):

I.) = F4(}_{;&’g:v;371§)

o
=
>
™.

N—

- agFy(X,3,5,V,8,6) + b, (7,3,
Equation (B3) for g4y becomes

oF' o

' ' ' .
4 Faov F4 g Faog v Fiof v

g4k=3~6<axk+ oV axk"' ap axk+ 83 8V 0xXy aB’ v axk>

A 1 ] A 1 .
exy = oV oxg 88 dXg = 8B OV dxg a3 OV Xk

aF:l 8@ aFé Sé
+ an| —— + by |—— =

|

OFy a5 oF g 86
_ 1" 1
= 84k + P18gy + <a6 o kg T Ol 55 oy B2k

OF ) .2 oFp o3
4 3 9
=g:1k+ 36_____&+b __.6___.E_g2k
83 09Xx9 98 9X9

and equation (B4) for F 4(ozi) becomes

oF, oF) .. oF oF, OF, oF
= 4 4 9B 2 6 6 98 2
F4(‘11)—"16<3(,li * o8 okg 0 T 11 +

o0{ 38' 9%g 90

~1 ~1
= 26F4(%1) + P1Fg(%)
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APPENDIX B — Continued

Then,
8 [ . 1 1
4(2) a5 (vhr b )(Ei‘k_>+<aF4+aF4§§3F2>
dt \9a; Zy k' o8 By “2k/\Ba; | T \Bay o ov 9y
: oFp o5 \(?xc) . [*Fb . %F6 o3 *F2
+blzggk+—.—%g2k — |+l 55 * .—-.éa
=1 9B s 1] o4 ] av 0ay
8 1 '
oF : oF ;
_ t 4 _a'é 6 _E_)é 90Xy
= gay, + Ap — === 8oy + by —— = —=
PO N L
~ 1 ~t
+ a6F4(ozi) +b1F6(ai)
8
= _a_x_k_ +f‘ o .
= €4k \Bar 4(91) i=1,2,...,40) (B10)
k=1 1
where

"o VS —1/2 .b
841 = a‘lu[zcl1 + Cl2 + ZCZ3 S Clﬁv(u2 +w2) - CZB g‘%

v :

1" S '1/2 b
=a,v|2C C 2C,, —= - 2 2 .. B
849 = 34 [: 11 + Cpo +2C,3 57 CZBV(u + W ) CZB _ZVJ

+ a4VZClB (u2 + Wz)-l/z

g43 = a4w[zcu + Cpg + 2C;3 VVS- - CZBv(uz + wz)'l/2 -, é‘%
g24 =Ixzd + 215VCZp

845 = Po¥ +Ix7P

g4g = P24 +25VCy

847 =848 =0
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and
v ~1/2 b |
" S 2 b
861 = a4u[2cn1 + Ch2 - 2Cy3 v Cnﬂv(u + wz) - Cn- ;LV_
_1
" VS 92 —1/2 .b-
-1/2
* a4V2CnB (u2 + wz) /
g3 = a4w[20n1 + Cpha - 2Cp3 v CnBV(u + w2) - CnB o
85 = bgp - IxzT
g'6'6 = —IXZq -+ a5VCnr
8g7 = 8gg = 0
and
oFy  oFg 9 o0F _ OFg 9
= = a4V o = a4V B
1 [ 1] 1
oF oF . oF JF
———4—=—§-=a5VB 1.6 =agVp
SCZB 8Cnl;3 BCZp BCnp
t 1 t 4
) oF oF oF
——Fi= 6 agVr ¢ 6 _ a4V26r
BClr 3Cnr 8Cl6r BCnér
9F oF¢g 9 .
= - =aVS 0 cos iy
oF" 9F,
-6 - a,vg?, sin i,
8Cng, aclﬁa
and
1
aF, .2 oF
—.4—8.§=35CZ —-76 9 =a5Cn.
88 v B 8g v B
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(5) Sensitivity equations derived from § equation (eq. (A18)):

8 . . :

oF: o 9%: oF 9Fs o, OF
d (&g =Zg'5k+ 5 ag3k k N 5+ .5 2 3
dt \day ] a&a oW oay day 00y OW Doy

%k\ | % .
= Z g5k<a—af> + F5(Oti) i=1,2,...,40) (B11)
k=1 1
where
LI _ 2 4 _V'V_
g51 = 2g1(2Cy1 + Crya) - 2gV Cmg, 3, oz~ 2%0VC0m; 3
gea = agW(2C, 11 + C 2)+aVC 4
53 8 m m 8 Mo, w2 + w2
854 = aqT - 24P
1
855 = 39VCmg
€56 = anP + 2byr
\i 1
€57 = 858 = 0
and
oF or oF
5 2 5 2 5 .
= asV = agVea =aqVa
Cm o 8 8Crmy . 8 a Cm . g¥%a
oF aF
5 _ 5 2
: 8Cmg 29V 8Cmg, 2gV*=0%e
and
. agvce
3F5 30la 9 mC.!a
8, OW u
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APPENDIX B — Continued

(6) Sensitivity equations derived from I equation (eq. (A19)):

8 t 1 1
1" oF 3 ox oF oF 5 OF
E_ _ﬂ‘_ =b g + _.4 _a.é g kK + 4 + .4 _3.§ 2
9 1 4k 2k - EY R
dt \oo; o] o8 ov oy i ap ov day

8 ' '
8F6 _E 8%y 8F6 8F6 _8§. oFq
+hog )86kt = 5o 8l 5a ) T \Ba T TR B 8
1 8B i i 98 9V day

8
oF, ox
4o, _é k
= ar, + b +b
z< 6k " "1 of ov 82k ¥ P5 8 ov €2k (8011)

k=1

+b1F4( )+b F6(oz)

8 8Xk )
= Z 86k\ . +F6(a1) i=1,2,...,40) (B12)
k=1

where all the terms have been defined in the derivation of the sensitivity equations for
p equation,

(7) Sensitivity equations derived from ] equation (eq. (A20)):

8
9 X .
;( 9)_ ) g7k<aali{> i=1,2,...40 (B13)
k=1

where

871 = 8ng =873 =874 =0

8rng = COS 0]
gng = -sin ¢
8 =0

gng = —12/ cos 6

(8) Sensitivity equations derived from ¢ equation (eq. (A21)):

8
d/o i .
-cE<8_a¢:) = Z g8k<8a1> i=1,2,...40) (B14)
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where

81 = 8g2 = 8g3 = O
8gq = 1

gg5 = sin ¢ tan 6
ggg = €OS ¢ tan 6

- L
87 = Cos 0

g88=étan9

APPENDIX B ~ Concluded
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APPENDIX C
ADDITION OF ACCELERATIONS INTO ALGORITHM

The acceleration measurements and equations were included in the parameter esti-
mation algorithm to improve the extraction process. They are used with or can replace
the linear velocities u, v,and w. The acceleration equations were transformed to the
instrument location from the center of gravity.

The equations for the center of gravity are

raX,cg— (1:1+qw-rv+gsin9

1]: .
BY cg =§v+ru-pw—gcos951n¢> (C1)
_aZ,cg_] 1v + PV -qu - g cos § cos qi]

The equations are transformed to the instrument location (ref. 238), that is,

rax,ln ra’X,cg— (2412 @q-1) (or+ 51)— an_
X I PR IR g [
aZ,I_j aZ,cg_J Pr -4 (ar +p) -(pz +q L | Za

where Xx,,y,,z, are the center-of-gravity offsets of the accelerometer measurements.

The acceleration sensitivity equations were derived in terms of the sensitivity
equations and coefficients stated in appendix B and need only to be evaluated and not
integrated.

(1) Sensitivity equations derived from ax 1 equation:
b

bax 1 _1 [av aw o oq
—-gi’— = E[—r (—a-a—l') + q<3a—1> + (yaq + Zar) (—aa—l) + (-2Xaq + yap + W) -BE].)

+ (—Zxar +ZaP - v) <%) + g cos 9(%)

i i

ou G ot )
+ <§a—i> + za<a—{§;> - ya<—5&1;i->:; (i=1,2,...,40) (C3)

38



APPENDIX C — Continued

(2) Sensitivity equations derived from ayv 1 equation:
>
%y 1 1] (o ow 8q
— — ) - —— - - —
L He () - o)+ (v o ma - v ) (s +

+(u - 2yar+zaq)< )+gsm9sm ¢(£> - g cos § cos d)(%)
@

1 1

av : 5 .
+ (Eﬂ) - za<§%> + xa(ﬁ:ﬂ i=1,2,...,40) (C4)

(3) Sensitivity equations derived from ay 1 equation:
>

S A

a0ty g oy oy i

r : o0
+(xap+yaq><aai>+gsmecos ¢< 0£>+gcos 6 sin ¢>( )

i day
+ (ggi) + Ya<§%> B Xa<aﬁ‘;;>:] i=1,2,...,40) (C5)

The maximum likelihood function was modified to include the accelerations in the
algorithm. The likelihood function is

L(3°Ry) "‘%Z 7RG (4) - 5 In |Ry| (C86)

where

() =

B(ts) = |ay 1(t1) - a3 1(ta)
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APPENDIX C — Concluded
and Rg is measurement noise covariance matrix with accelerations included; that is,

R‘Z’(N) A Estimate of Ry

N

1\ = \+'T
-5 ), 17 ()
i=1

The maximization procedure is similar to the previous developments and similar esti-
mation equations can be derived.
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APPENDIX D
OPERATIONAL FEATURES

The computer program was written in FORTRAN IV language (75 000 octal loca-
tions) and run on the Control Data series 6000 digital computer complex, a major applica-
tion being real-time simulation (RTS) (ref. 24). Incorporated in the RTS system are the
cathode ray tube (CRT) graphic display units.

The computer program was mechanized into an iterative estimation procedure with
manual interactive control through the utilization of the RTS system. The operational
diagram of the RTS system is shown in figure 2, the main components being the computer
complex, control console, and CRT. The remaining equipment is for output of informa-
tion and monitoring the program. Figure 3(a) shows a photograph of the program control
station and figure 3(b) shows a closeup of the control console.

The maximum likelihood estimation program resides in the central memory of the
computer. The analyst investigating the stability and control derivatives of the aircraft
has direct control of the computer program through the control console. The control
console has mode control switches for program operation, a data entry keyboard for
inputing program parameters and logic controls, logical switches for program options,
and indicator lights for program status. The digital decimal display was used to monitor
continuously any selected parameter or variable in the program, particularly the perfor-
mance index function.

The CRT displayed the flight test maneuver at the start of each iteration. The
response of the equations of motion was plotted simultaneously as it was computed in the
digital program and was plotted with the flight test maneuver for direct comparison.

This display permitted quick analysis of each flight test case on an iteration to iteration
basis. Figure 4 shows three CRT displays; they are a portion of the dynamic check.
(Note that symbols on CRT display in figure 4 are not the standard symbols defined in the
Symbols section.) Permanent pictures of the CRT displays were obtained directly from
the hard copy unit in the facility or from postprocessing of the plotting routine in the com-
puter program. The plotting routine generated figure 4 by plotting the CRT display and
adding the additional labeling on the right.

The information output consisted mainly of calculated data preselected by the analyst
and routed to the high-speed printer. The information could be printed for any iteration
by activating a logical control switch. The printer is located in the proximity of the pro-
gram control station and easily accessible to the computer operator., The output con-
sisted of the following information:
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APPENDIX D — Concluded

(1) run and iteration numbers

(2) covariance matrix of the measurement noise (R‘I)(N)), its determinant, and its

inverse
(3) variables of state and parameters active in algorithm

(4) nominal parameter values a(i) i=1,2,...,p")

(5) calculated changes in the nominal values Aaj (i=1,2,. . .,p")

(6) covariance matrix for the parameters in a modified form more readable to the

analyst
0011 palaz palap'
pazal oag pazap'
P P Y
_ap'al apvaz a '_J

in that the standard derivations and correlation coefficients are expressed
explicitly.

The integration scheme that was used for the parameter estimation procedure was
second-order Adams-Bashforth, a 1-pass integration scheme, The real-time system
provides the option of four integration schemes: (1) second-order Runge-Kutta (2 pass),
(2) fourth-order Runge-Kutta (4 pass), (3) second-order Adams-Moulton (2 pass), and
(4) fourth-order Adams-Moulton (2 pass). The Adams-Bashforth scheme was obtained
by program logic limiting scheme (3) to a 1-pass operation; this thus reduced the com-
putation time for the integration of the equations of motion and sensitivity equations. The
dynamic check was run by using the Adams-Bashforth scheme and scheme (2); the indica-
tion was that the Adams-Bashforth scheme was adequate for the parameter estimation

procedure,

42



e
i gath

APPENDIX E

TEST CASES

The test cases were for the longitudinal motion of the aircraft and included the
effects of measurement noise on the pseudo data.

The equations of motion are

. . 1 2
U= -qw -gs1n9+§-r%V S(CX,O) (E1)
. 1 2
W= qu + g cos 9+—2--I%V S(CZ,o“‘CZaaaa*'CZseée) (E2)
« _ 10 24z gqc
1=y Vo (Cm,o + Cmg,% + Cmg 5y * Cm6e5e> (£3)
6=q (E4)
where
C).l sin 2.5t (0 =t = 1/1.25)

5. =

© 0 (t 2 7/1.25)
V = Vu2 + w2
oy = tan"1 uE

The test cases were for different noise levels of 1, 2, 5, and 10 percent on the
variables u, w, g,and 6. TableI shows the known and calculated standard deviations
of the noise for each percent level. The calculated standard deviations agreed closely
with the known input, with an error of less than 1 percent. Table II shows the true and
calculated parameter values and their standard deviations at each noise level. The cal-
culated parameter values indicate convergence to within one standard deviation of the true
values based on a fixed number of iterations. Figure 5 shows the CRT display of the con-
verged solution and the pseudo flight data. (Note that symbols on CRT display in figure 5
are not the standard symbols defined in the Symbols section.)
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MAXIMUM LIKELIHOOD ESTIMATION

éiandard deviation of —

TABLE I.- MEASUREMENT NOISE STATISTICS USING

Percent

noise u w a 6

level - -

Known | Calculated | Known | Calculated | Known | Calculated | Known | Calculated

1 0.05 | 0.049511 0.3 0.29877 | 0.002 | 0.0019988 | 0.002 | 0.0019973
2 .10 .099036 .6 .59736 .004 .0039965 .004 .0039946
5 25 .24763 1.5 1.4930 .010 .0099891 .010 .0099855
10 .50 49529 3.0 2.9854 .020 .019977 .020 .019971
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TABLE II.- PARAMETER VALUES AND STANDARD DEVIATIONS USING MAXIMUM LIKELIHOOD ESTIMATION

1-Percent 2-Percent ‘ 5-Percent 10-Percent
True ! noise level noise level ' noise level ' noise level
Parameter value j \ :
a  Calculated ' Standard Calculated: Standard Calculated Standard 'Calculated Standard
value | deviation value . deviation . value deviation value deviation
CXo 0.112 0.11181 0.0001748 0.11162 ' 0.0003494 0.11105 0.0008720 0.11010 0.001739
2
CZ,o -1.29 -1.2899 .0007873 -1.2898 001574 -1.2895 .003925 -1.2892 007820
CZa -4.59 -4.5763 02246 -4.5616 .04488 -4.5159 1120 -4.4353 2231
a
CZG -4.93 = -4.9332 .04083 -4.9331  .08167 = -4.9313 = .2043 -4.9286  .4090
e | i
Cm,o .0199 .019855 .00008130 019830 .0001624 019747 .0004048 .019600 .0008054
‘ ! :
Cma -.836 -.83457 = .001664 -.83316 .003326 -.82889 .008300  -.82162 .01655
a ; . ,
Cmq -32.0 -32.102 i.1222 -32.176 .2446 i -32.401 .6130 | -32.798 ‘ 1.231 _
|
Cm6 -3.1 -3.1018 .005563 -3.1001 01113 -3.0948 .02785 -3.0863 .05584 J
e
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(a) Typical program control station.

Figure 3.- Operational control features.
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(b) Closeup of control panel on the program control console. ‘

Figure 3.- Concluded.
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Figure 4.- Graphic display of pseudo and calculated variables.
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