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I~~~~~~IINATION OF THE STABILITY AND CONTP~ L DERIVATIVES FOR THE 3VARIABLE-RESPONSE RESEARCH AIRCRAFT USING A MODIFIED MAX IMUM
LIKELIHOOD ESTIMATOR

I BY: 2LT JEAN MICHEL FERNAND
Master of Science in Engineering from Princeton
University

I
A maximu m li kelihoo d estimation program was applied to

I flight data for Princeton ’s Variable—Response Research

Aircraft to determine its primary stability and control

I derivatives. The control derivatives , for the side-force

I surfaces and the rudder were of special interest. The

effects of measur ement noise and process noise on parame ter

1 identification also were studied.

This investigation shoved that the maxi mum li kelihocd

I estimation program used identifies derivatives which produce

I close fits of the measured time histories. Standard

deviations of the derivatives computed from several time

1 histories indicate the quality of the estimates. The

reduction in standaid deviations when estimates were

I separated by type  and  direction of control i n p u t  ti me

I histor y used indicates -that der iva t ive  est imates are

a f f e c t e d  ty the  assumpti ons inherent  in the analytical model

and the s ignal—to—noise  ratios of the  data. The method used

for identifying highly correlated derivatives also affected

the estimates obtained . The final set of derivatives

determined in this research produced a good fit of the

•easured data and severa l of the derivatives agreed well — ‘
,
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~~v i t h  analog match ing  derivative estimates. ~I
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ABSTRACT

A maximu m li kelihoo d estimation program was app lie d to

f l i g h t  data for  Pr inceton ’s Variable-Response Research

A i r c r a f t  to de te rmine  its p r i m a r y  s tabi l i ty  and cont ro l

derivatives. The control derivatives for the side-force

surfaces and the r u d d e r  were of special interest. The

effects of m e a s u r e m e n t  noise and process noise on parameter

iden t i f i ca t ion  also were s tud ied .

This inves t iga t ion  showed that  the m a x i m u m  l ikelihocd

estimation program used ident i f ies  der iva t ives  which  produce

close fits of the measured time histories. Standard

deviations of the derivatives computed from several time

histories indicate the quality of the estimates. The

reduction in standard deviations when estimates were

sep arated by t y p e  and direction of control inpu t  t i m e

history used indicates  -that deriva tive est imates  are

a f f e c t e d  ty  t he  assumptions inherent  in the  ana ly t ica l  model

and the signal—to—noise ratios of the data. The method used

for  i d e n t i f y i n g  h i g h l y  correlated de r iva t ives  also a f fec ted

the est imates o b t a i n e d .  The f ina l  set of derivatives

determined in this  research produced a good f i t  of the

measured data and severa l of the  der iva t ives  agreed veil
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1. INTRODUCTION

Ident i f icat ion of a i r c r a f t  pa rameters is becoiv in~~

increasingly important in applying electronics technology to

aircraft design for a number of reasons. Modern control

design techniques rely on accurate aircraft aerodynamic

models for best results. com puter analysis of aircraft

stability, handling qualities, and mission effectiveness

also depends on accurate aerodynamic models. Parameter

identification from flight test da ta offers the advantage

over analytical and wind tunnel results of determining

stability and control derivatives of the actual aircraft in

the flight regime of interest. The mechanization of

parameter identification and the application of this

proced ure to Princeton 1s Variable—Response Research Aircraft

(VRA) is the subject of this~ thesis.

The YRA is a specially modified Ryan Navion aircraft.

Several stud ies have been made to determiner its stability

and control derivatives with varying success, includ ing wind

tunnel tests of the full scale aircraft (Ref 1), application

of analytical methods, analog matching of test flight data

(Ref 2), and maximu n likelihood estimation from teat flight

1 — 1
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data (Ref 3 ) .  This s tudy  will make use of the Modi f ied

M a x i m u m  Likelihood Es t ima t ion  progr~ a developed by Maine and

lu ff (Ref 4) and similar in concept to the routine used in

Ref 3.

1.1 Th~~i~
_
~ !a~~~i1

The objectives of this thesis include the following:

Identification s of the primary longitudinal and

lateral-directional stability and control derivatives

for -the VRA in its current  conf igurat ion at a cruise

condition of 105 KIAS. -

Identification of control derivatives tor the

modified rudder and the - recently -added side—force

S U r ta-c es.

Estimation of the effects of measurement and

process noise on parameter identification.

In addi t ion , the results obtained viii  reflect the

efficiencr and accuracy of the compute r progra m used.

A total of 28 control input time histories from 2 test

flights were used. The twe nty lateral— directional time

histories included aileron pulses, rudder doublets, and

1 — 2
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side—force surface pulses and doublets. Estimation of

longitudinal derivatives was restricted by the availability

of only 8 sui table elevator doublet time histories. Dynamic

measurement errors in the angle of sideslip and velocity

instruments are documented; poor lateral accieration

measurements and possibly erroneous angle of attack

measurements also are noted.

The need for an improved analytical model is

demonstrated by the seemi ngly.~nonlinear responses in roll,

pitch, and yaw to control inputs. The large control inputs

required ~y signal—to-noise ratio considerations athi to this

nonlinear aircraft behavior .

Improved control input design is needed to take full

advantage ~ of the maximum likelihood estimation tecztnique.

Control inputs that failed to excite all modes of sotion

resulted in large variances in the estima tes of derivatives

related to these modes. This result is demonstrated by tb€

poor time history ma tches for aileron inputs. The YEA now

has the capability for precise control inputs through its

Microprocessor Digital Flight Control System . Tailored

inputs woul d make the best use of existing controls in

exciting all modes of interest.

1 — 3  
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1.2 O rg a n i z a t i o n  of Thesis

The r ema inde r  of this  thesis is made up of 5 chapters

and 3 appendices. Chapter 2 discusses the theory of maximum

l ikelihood es t imation . A l inear , t i m e — i n v a r i a n t  ana ly t i ca l

model is derived in detail. Next , the cost function used to

evaluate the estimation is discussed. Finally the Modified

Newton—Raphson minimization algorithm is described.

Chapter 3 discusses data acquistion and processing as

well as preliminary inputs .to. the estimation program. The

aircraft instrumentation --is described in detail, and -th e

steps in data processing are outlined. specifying aircraft —

dimensions allows nondiinensionalization of the - estimated

derivatives - for wore accurate - ~compari sons. initial

estimates of ~ the parameter-s to be identified are important

to the success of the minimization alqorithm .

Chapters 14 and 5 detail the . -results - of

lateral—directional and longitudinal derivatives

determination . initial estimates illustrate problems wit h

the data and the analytica l model. Steps are then taken to

improve the quality of the estimates. Additional runs ire

made to add insight into problems experienced.

Chapter 6 summarizes the results of this research and

1 — u
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the recommendations for further research.

A ppendices A and B tabulate the iesu]ts of runs

described in Chapter s 4 and 5 and l ist several important

averages. Appendix C lists the nomenclature used in this

thesis.

1 — 5  
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2. THEO R Y OF P A R A M E T E R  E S T I M A T I O N

Iden t i f y ing a i rc ra f t  parameters  f rom test f l ig h t s

begins with three determinations:

Selection of the  ana ly t ical model.

. Iden t i f i ca t ion  of the  cost f u n c t i o n .

Determination of an algorithm to minimize the cost

function .

Choosing the appropriate analytica l model, and thus, the

parameters to identify in the equations of motion , may

involve reducing the order of the model to a managable level

and making simplifying assumptions to reduce the complexity

of the model. A quantifiable index of performance , or cost

- function, permits optimization of the identification process

and evaluation of the success of the process. Maximum

likelihood estimation uses the log likelihood function of

the Darameters to be identified as the basis for its cost

function . ~ numerical algorithm which reduces the cost

function , allows digital computation of the parameter

estimates with limited and/or no need for operator

judgement. The Modified Nevton—Raphson al gorithm performs

these functions. Figure 1 shows the relationship of these

factors to the process of parameter estimation. Each of

2.- i
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these f ac to r s  is discussed below .

2 . 1  j~uations of Motion

Beginning with 12 state variables, a nonlinear ,

time-varying, 6-degree-of-freedom model describes the motion

of an aircraft in an inertial reference frame. The earth- rnis

assumed to be f ixed  in space , and ea r th  c u r v a t u r e  is

neglected. Variations in a tmospheric properties and gr a v i t y

with altitude ~nd position pertur bations of interest also

are assumed negligible. Aircraft mass, and mass

distribution are assumed constant, and the aircraft is

assumed to be a rigid body, leading to the nonlinear

differential equation:

x (t)  = f ( c , x ,u ,v) (1 )

where f is a vector of specific forces, moments ana

kinematic effects, c is a vector of a i r c r a f t  parameters to

be i d e n t i f i ed , z is t h e  s ta te  vector , U is the  control

vector , and .! is the disturbance vector.

Assuming , in addition , that the aircraft is in steady

equi l ib r ium a t  its nominal  f l igh t  condition implies tha t  the

2 — 3  
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e q u a t i o n s  of mot ion are time inva riant. The 6 dynan&ic

equations are converted from the inertial—axis system to the

bod y—axis system using inertial—to—body—axis transformation

matrices from Ref 5. Stochastic inputs • y , to the model

are assumed negligible.

• The equations are linearized by Taylor series

expansion , taking only the perturbation solutions. The ~

state variables representing “pure ” integrals of other

variables, ( x y z 
~ 

) are dropped next, since they add

l i t t l e  i n f o rm a t i o n  to the  model.  Products  and  squares  of

p e r t u r b a t i o n  q u a n t i t i e s  are ~assumed neg l i g ib l e .  Sines a n d

cosines of perturbation dangles are assumed to be

approxima tely the ang les  an d  one , respectively. The l i n e a r

differential equation model derived from Eq 1 then can be

expressed as

r al  a2 1 1 b i  1
= I I x + u (2)

L a3 aL 4 J I b2 J

where al and bi are longitudinal mode derivative matrices,

a4 and b2 are lateral-directional mode derivati ve matrices,..

and , a2 and a3 are mode coupling derivative matrices.

x = [ u w g e v p r ~~~] (3)

2 — 1 4
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Iner t ia l  cross—products between th e  longi tud ina l  and

lateral axes and the  latera l and normal axes are assumed to

be negligible ( I = I = 0 ) .  Straight and level,
xY yz

t r immed  f l i ght f u r t h e r  simplifies the equa tions , since

~~ = p g = r ~~~~~~— 0  (5)

The t r a n s l a t i o n a l  states a re  converted to more easily

measurable angles by the relationships:

2 2 2 1/2
w / (U + v + w )  = ~~~~~ a

2 2 1/2
U / (u 2 + v  + U )  = COS a (6)

2 2 2 l
~
2

v / (u + v + w ) = sin ~

F igure  2 defines  the  body—axis—measurab le  a i r c r a f t  states

and control  deflections in - their  posi ti ve sen se , used in the

equa t ions  of motion.  The fo l lowing  body—axis , l inear ,

time- invariant, perturbation differential equations are

uncoupled into a longitudina l motion set and a lateral—

2 — 5
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direc t ional  set:

( 7 )

• X I I sina —g/V cose
V a q

z Z Z +cos~ —g/V sine (8)
V a g

N N 0
V a q

0 1 0 -

T
X [ V a q e J (9)

x
6Q

z z (10)
B =  be o

N N
m e  o

• 0
0

2 — 7
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T
= C me 1 3 (11)

For the lateral—directional case: -

- V Y +SIf la  Y COSa g/V Cost
p r

L 1. 0 (12)
A p p r

N N N 0
p p r

0 1 cos4tane 0

IT

! C 8  p r •J  ( 1 3 )

- Y  V V y
ma or 6sf o

I. L L L (114)
ma mr msf o

N N - N  N

ma m r ~- 6sf o

0 0
0
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T
= C ma mr ~sf 1 J (15)

where A is the fundamental matrix , and B is the control

• 
effect matrix. Dividing the equations into two sets still

allows determination of parameters coupling the two sets as

suggested in Ref 6. The division reduces computation time ,

model complexity and order , simplifies input design , and is

common practice.

Inclusion of certain unsteady aerodynamic parameters ,

such as N , is accomplished using the acceleration

transformation matrix, B, in the dynamic equations:

B x = A x + B (16)

The iR ma t ri x is the  i d e n t i t y  m a t r i x  minus the matri-x of

u n s t e a d y  ae rodynamic  parameters .

The  a i r c r a f t  ana ly t i c al model  is made up of th ree  sets

of linear equations. The dynamic equations or equations of

irotion (17) were just derived. The output equations (18)

define the observation relationship of states and state

rates. The observation equations (19) incorporate outputs

and measurement noise. Modeling errors and instrument

2 — 9
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biases are assumed neglig ible.

A z + B U (17)

I = G x + H u  (18)

I + fl (19)

The G and H matrices incorporate the A and B matrices and

the identity matrix to produce s t a t e s- a nd  sta te rates in the

output vector. n is the measurement noise vector.

Measurement noise is assuned to be a stationary, Gaussian,

white noise process. Control measuremen t  noise is assumed

to be -negli gible.

In summary , the following assumptions are observed in

the aircraft analytical model:

. Turbulence , modeling errors, and instrument biases

- 

• are negligible.

• Airframe is a rigid bod y~ i.e., there are no

significant structural or aeroelastic modes.

• E a r t h  is fixed in space.

Mass and aass distribution of the aircraft are

Constant.

Products  and squares of perturbation quantities are

assumed negligible.

2 —10
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• Variations in atmospheric properties with altitude

perturbations of interest are negligible.

• Trim values are p = p = r = g = 0

• The inertia cross—products I and I are
XI YZ

negl ig ib le .

• Measurement  noise is a stationary, Gaussian, white

noise process.

• No stochastic inputs are allowed. Control

measurement noise is negligible.

2.2 Cost Function

The objective of maximum likelihood estimation is to

maximize the probability density function, p(2)Z ), of the
N

u n k n o w n  parameters, ~ , (stability and control derivatives,

state initial conditions, aerod ynamic biases) conditioned on

the state and control measurements, Z • In other words, the
N

estimator must maximize the likelihood that an estimate of

the i-unknown stability and control derivatives in the

equations of motion will prod uce the measured state time

histories. Bayes’s rule expresses this conditional

probability density function in terms of more readily

computed quantities:

2 — 11
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p(~ IZ ) = p(Z ~c) p(c) / p(Z )  (20)
N N N

where p(Z IC) is the probability density of the measurements
N

conditioned on the unknown parameters. p (ç) is the prior

probability density of the parameters , and p(Z )  is the
N

probab i l i t y  of the measu remen t s  and  equals  1.

A sequent ia l  computa t ion  of p (c~ Z )  can be derived fran
N

Bayes’s rule. p (s) is approximated by p(çIZ ), the
N—i

probability density - of the parameters conditioned on N— i

sample time measurements , and each prior conditional

probanility density function is defined in a like manner ,

back to the starting point of the data. - Then ,

N
p(cIZ ) = f l  p ( Z  ~ç)  p ( c I O )  (21 )

N i=1 N

where p (~~0) —is the probability density of the parameters

prior to any- measurements.

If measurement errors, - process errors, and state

initial conditions have stationary, Gaussian probability

distributions, then the probability distribution of the

parameters conditioned on the measurements will also be

Gaussian. In addition , the probability density of the

measurements conditioned on the parameters is the sane as

2 —12
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the probability density of the measurements conditioned on

the residual calculated using the parameters (Ref 7):

1 2~p (~ I~~ ) = 11/2 — 1 1/2 exp r —1 (~ 
—

~~~ 
) Dl (~ —! )

i i (2.) (Dl ( L 2 i i i i
- (22)

where Dl is the measurement error covariance matrix , and z

is the observation vector at sampling time i. Taking

advantage of the properties of logarithms, the log

likelihood function is:

N T
in p (çIZ )  = —1 ~ (z -! ) D1(z -I
• N 2 i=1 i i  i i

N N/2 —1 1/2.
—

~~~ ~~ ln (2.) • (Dl j
2 i= 1

—in p (ç~ O) (23)

For a constant error covariarice matrix and a constant

estimate of the probability density of the parameters prior

to any  measurements, the quadratic cost function , J, whic h

neglects the latter two terms is minimized when the log

likelihood function is maximized:

2 —1 3
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N T
J = _j.__ ~ (~~—.y ) D1(z -~~ )

N— i i—i i i i i
• (24)

where N is the number of sampling instants,i is the sampling

index , and Dl is the measurement error weighting matrix

(ideally it is the inverse of the error covariance matrix)

This mean—squared —error criterion serves many useful

ends. The cost function , 3, com pares predicted aircraft

motion with mea sured flight time histories. It reflects the

confidence in the measurement of those time histories. It

weighs large errors more hea vily than small errors,and it is

simple to use.

There are several ways of determining the Dl weightin g

matrix. One approach is to base the weighting on published

statistical properties of the instrument noise. Reference 7

employs a Kal.an Filter state estimator to estimate the

measurement  error covariance ma t r ix , then inverts  it to f o r m

the equivalent ~of Dl. Reference 3 and 8 suggest using the

smallest mean-squared—error obtainable from the~~test flight

data as a measure of the noise in a measured variable.

In this study, Dl ma trix elements were determined

following the reco..endations in Ref 8. The diagona l

elements of Dl first were estimated from published

2 — 14 
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i n s t r u m e n t  accuracy  and  resolution i n f o r m a t i o n .  Nex t , the

cost function was minimized with the initial Dl matrix.

El emen t s  of the Dl diagonal were replaced by one over the

mean—squared— er ro r  in a s ta te  v a r i a b l e  if the w e i g h t e d  mea n

squared—error was not approximately equa l to one:

2
d = 1 / ~ j  = 1 ,....l (25)
ii ii

wner e  1 is the number o f -  elements in the observation vector ,

z. This process was repeated with the updated Dl matri x

until all diagonal Dl elements resulted in wei ghted  mean

sq uared — errors near one. All off—diagonal Dl elements were

set to zero since correla tion in instrument  noise was

assumed  to be small .

The cost function was - modified to- -consider ~ priori

es t imates  of t he  parameters  in t he  Cost function:

N T
3 = 1 (~ -1 ) D1(z 

-
~~~h— i i — i  i i i i

T
+ (ç—~ ) ~ D2 (c—c ) (26)

0 0

where £ is a vector of all parameters to be identified, C
0

is the vector with ~ priori values of the parameters to be

2 —15
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i d e n t i f i e d, D2 is a symmetric weighting ma trix reflecting

the relative confidence in ~ priori estimates, and K is a

constant reflecting the importance of a departure from ~

prior i values over estimation from flight data.

A priori weig hting permits the use of additiona l

information in the estimation process. Reference 9 suggests

tha t  t h e  use of ~ priori weigh ting prevents estimates from

c h a n g i n g f r o m  ~ priori  va lues  unless  there is s u f f i c i e n t

information -in the flight -data to justify a change.

Refe rence  7~ discusses advantages in numerica l computations

t h r o u g h  the use of ~ priori weighting. The cost function , —

J, as defined in Eq 26 form s the basis of the Modified

l a x i m u m  Like l ihood  Est imat ion a lgor i thm which  is used here.

2 . 3  M o dj fj ~~d_ N ew t o n — R aE h s o n _ M in im i zat i o n  A l g o r i t h m

Reference 8 describes several parameter identification

methods and their associa ted cost functions. The advantages

of using digital computation to reduce the cost function are

also ddescr ibed. Digi tal  computat ion more rE~adi 1y ana ly ses

large amounts of data with little or no operator jud gemen t

required. The Modified Newton—Raphson minimization

algorithm approxima tes the first and second gradients of the

2 —16
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cost function with respect to the unknow n parameters, a n d

f rom these, it estimates the increments in the parameters

w h i c h  d r ive  the  cost f u n c t i o n  to a minimum .

The N e w t o n — R a phson i t e r a t i o n  t e c h n i q u e  f i n d s  a zero  of

a n o n l i n e ar f u n c t i o n  of several p a r am e t e r s  (Ref  U) . Se t t i n g

t h e  g r a d i e n t  of the  cost- f u n c t i o n  to zero de f ine s  t h e

m inimum cost set of para meters. Therefore,the

Newton—Raphson technique can be used to derive a

minimization algorithm.

The gradient of tt~e Cost function can be expanded in

Taylor ’s series about the kth iteration value of C:

2
(V 3) • = (V 3) + (V 3) (C —c ) ( 2 7 )

c k + 1  c k c k k ’l  k

+ H i g h e r  Order  Terms

w h e r e  (V 3) is the  f i r s t  g r a d i e n t  of the  cost func t ion
c k

w i t h  respect to the  pa rame te r s  at  t he  k t h  ~i i t e rat i on ,  and

(V 3) - is the  second g r a d i e n t  of the  -cost f u n c t i o n .
c k

N e g l e c t i n g  h i g h e r  o rder  t e rms, - t he  i nc r e m e n t  of t h e

paramete r s  t h a t  makes  (V 3) approxima tely equal  to zero
c k + 1

is:

2 —1 7 
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(C —c ) = —( (V J) (V J) (28)
k + 1  k L c kJ c k

This is the familiar form of the Newton-Raphson algorithm .

The f i r s t  a n d  second g r a d i e n t s  of the cost f u n c t i o n  a r e

d e f i n e d  in t e r m s  of the  g r a d i e n t s  of t h e  r e s idua l :

N T
( V 3 ) = _L ~ ( z — ~~~) D 1 V ( z — 1 )

c k N — i  i 1  i i k c i i k
( 2 9 )

2 N T
(V .3) _L ~ V (~~ — j )  D i V  (z -.1 )

c k N — i  1=1 c I i k  c i i k

N T 2 

(30)

+ 2 -  ~ (z -y ) D l  V (~~ -x
N — i  i= 1 I I k c i i k

w i t h

(z — 1) = (z--— .1) + V (~ — I) (~ — £ ) (31)
k -

- k—i c k k+1

where V (~ —
~ ) is the first gradient ot the residual for

c i i k
the kth iteration and the ith sampling instant , and

.7

V (
~ 

-
~ ) is the second gradient of the resid ual for the

c i i k
kth iteration and the ith sampling instant. -

Calculation of the first gradient of the residual is

straightforward (Ref 8) and is analogous to the calculation

of the “sensitivity, equations ” in Ref 10:

2 — 18 
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V (2 — x) = —(V G)x — G ( V  x)  — (V H ) u  — H (V U )
c c c c c

(3 2)

B a l a k r i s h n an  shows  in Ref 11 th a t  t he  second g r ad i e n t

of t he  res idua l goes to zero as the parameter estimates

a p p r o a c h  t h e i r  t rue  values. Neglec ting this term reduces

t h e  a m o u n t  of c o m p u t a t i o n  r e q u i r e d , a n d  still resul ts  in

a s y m p t o t i c a l l y  unbiased estima tes. The a l g o r i t h m  is now

referred to as the Modified Newton—Raphson algorithm.

R e f e r e n c e  8 discusses the  use of an a p p r o x i m a t i o n  to

t h e  C r am ~ r -R a o  bound  in con junc t ion  w i t h  ithe Mod i f i ed

N e w t o n - R a p h s o n  mini miza t ion  a l g o r i t h m  used here to indica te

c o nf i d e n c e  levels f o r  the parameter estimates. If th€

a c t u a l  parameter  covaria nce m a t r i x  were known, it would-

in d i c a te  w h i c h  pa rameters  bad been -most rel iably estimated.

Reference 11 shows that this covariance matrix is bounded

f r o m  be low by t h e  m a t r i x  Cra m è r — R a o  bound .  By a s s u m i n g  t h a t

t h e  estima tes obta ined  using the  M o d i f i e d  N e w t o n — R a p h s o n

a l g o r i t hm  are asympto t i ca l ly  unbia sed and tha t  the

m easu rem en t  noise , n , is a s t a t i ona ry ,  Gaussian , w h i t e  noise

process, the matrix Cram~ r—Rao bound is the inverse to the

second gradient of the cost function ma trix with respect to

the parameters. Similar assumptions are used in Ref 10 to

2 — 1 9  
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obtain an approximation to the paramete r covariance matrix.

The Cram~r—Rao lower bounds to the standard deviations in

the parameter estimates are used in this thesis to indicate

the confidence in estima tes from different sets of time

histories.

Reference 4 is a listing of a program written in

FORTRAN IV using the equations of motion, cost function, and

minimization algorithm here described. Authored by Maine

and lu f f , it has been used to analyze thousands of

maneuvers on several aircraft.

This  program genera tes s ta te  time history estimates

us iny  t ne  s t a t e  tra nsi t ion mat r i x d efi n e d  in Ref 12:

x(t ) = ~ x ( t ) + f + ( t , r)  B ~ftr) dT ( 33)

where  • is the state t r ans i t ion  m a t r i x  and u is the measure d

control vector.

Normal and lateral acceleration time history esti•ates

are made using Eq 18. The specific equations are restated

here:

a = - ! Z a - ! Z ôe - ! Z + cosØ CoS~ (34)
n g a g 6” g 0

2 — 2C
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a V Y P + ! Y  ~a + ! Y  ~r + Y Y  O s f + !Y  (35)
y g p g oa g or g ~sf g 0

Control  measurement  noise is assumed to be negligib le.

The v a l id i t y  of this assumption is eviden t in the quality of

t h e  pa ramete r  est imates.

This program was used wi th  only m i n o r  m o d i f i c a t i o n  on

VRA flight data collected from two test flights. The next

chapter describes the collection and processing of that data

and the preliminary inputs to the computer program.
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3. DATA ACQUISITION AND PRELIMINARY INPUTS FOR ~~~ 1~~ T~~R

E S T I M A T I O N

Pr inceton ’s VRA has a full complement of instruments

a n d  necessary telemetry to measure all states and some state

rates of interest. Upon calibrating this instrument

pa ckage , f l ight da ta were collected and recorded for

processing . Analog-to-digita l conversion , application of

calibrations, and correction of time shifts prepared the raw

data for use in the estimation program. In addition, true

airspeed and dynamic pressure were calculated , and t ime

histories were selected.

Specifying aircraft dimensions allowed nondimensional-

ization of derivatives for comparison with published values.

~Ihe measuremen t error weighting - ‘~ matrix was approximated

usin.~ several  time histories. Pre l iminary  estimates of the

unknown parameters were taken from unpublishe .i analog

matchinq results and published estimates.

3.1 Instrumentation

In the aircraft, instrument readings and control

surface positions are~ sampled at twenty and forty samples

3 — 1
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per second (SPS) with a fixed time delay between

mea s u r e m e n t s .  The da ta  are t e lemete red  to a g round  s ta t ion

as a frequency—modulated , single channel , pulse duration

signal where it was recorded on tape. The pulse duration

contains the information . Table 1 lists the states and

controls  measured on Fli gh t s  1 and 2.

TABLE 1. M E A S U R E D  STATES A N D  CONTROLS OF FLIGHTS 1 Mi D 2.

- Fl igh t  1 F l ight  2 
-

a X X

q I I

V X I

0 I I

a - x
ii

oe I I -.

p I I

p I

r X X

• x x

a I I
y

oa I I

or I I

6sf X x

3 — 2
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The VRA has two angle—of—attack vanes, one mounted on a

boom extending from each wing, at, the quarter chord. This

position does not require an angular rate correction , but

previous test flights indicate tha t an aerodynami c scale

factor of 1.6 must be used to correct for upwash effects.

The si gna l s  of the  two vane s are  a v e r a g e d  prior to

t r a n s m i s s i o n  via t e l e m e t r y .

P e r t u r b a t i o n s  in the  -wing  vor tex  f l o w  wi th  chang ing

a n g l e — o f — a t t a c k  a n d  ai leron deflect ion ca used a dynamic

error in the single sideslip angle vane mounted on the

right wing -boom . I n - F i gure  3, the . posi ti ve sideslip au q le

perturbation (N) of approxima tely 1.deg at 1-sec is - nearly

in phase  wi th  t he  ai leron pulse i n p u t .  The sideslip ang le

estimate (E) based on present stud y ‘stability ‘and control

de ri vat i ves does not - - predict -the :measured perturbation.

Examination of the lateral acceleration - measurement shows

some acceleration due to aileron deflection but it is

questionable whether the magnitudes of the perturbations are

in-agreement. Since the aileron pulse time histories came

from the first test flight, side—force deri vative estimates

using those tu e  histories are suspect. After the first

flight an additional vane was added to the left wing boom ,

and both signals then were averaged prior to telemetry

3 — 3
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FIGUR E 3. COMPARISON OF SIDESLIP ANGLE AND LATERAL
ACCELERATION MEASUR EMENT S (N) FOR A FLIGHT 1 AILERON INPUT
TIME HISTOR Y (5- STATE ESTIMATES BASED ON PRESENT STUDY
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-transmission. This correction must be evaluated . An

a n g u l a r  ra te  correction fo r  the  vanes ’ 1.3 ft displacement

above c.g. is employed.

The attitude gyros, pitch rate gyros, and normal and

lateral accelerometers are clustered about the main wing

spar , on or near the c.g. This location reduces the

sens i t iv i ty  of the pitch rate gyro to structural vibration .

On Flight 1, a single accelerometer was avai lable  and it

measured lateral accelerations. A second accelerometer was

installed prior to Flight 2. Figure 4 ~shows a typical

lateral acceleration time history from Flight 2. The .25 g

noise band in the  mea surement  (N ) is not apparent  fo r  t h e

Flight 1 lateral accelera tion time history in Figure 3.

Since tne lateral accelera tion measurement was not -useful,

tne quality in the:lflutch roll related stability and -coJEtrol

derivatives was degraded . Further investigation into , the

ca uses of this noise are required .

The roll and yaw rate gyros are mounted in the

equipment bay behind the c.g. The poor lateral acceleration

signal and the failure of the roll rate gyro degraded the

estimation of side— force and rolling moment der ivat ives  f r om

Flight 2 data. Estimation of lateral derivatives still was

a t tempted  since sideslip angle  and bank angle time histories

3 — 5
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B A S E D  ON P R E S E N T  STUDY STABILITY AND CONTROL DERIVATIVES).
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were availa ble.

Th~ aircraft pitot boom Is mounted below and forward of

t he  r i g h t  w i n g .  The two  sta tic ports are on either side of

the fuselage. Large pitch rates accompanying elevator

doublets produced a noticeable instrument response in the

velocity measurement as- . seen in Figure 5. The large

velocity perturbation starting at 2-sec corresponds to a .2

g deceleration that was, not confirmed by the pilot. This

dynamic velocity error is prod uced by the changing pressure
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measured by the static port with r a p id changes  in f l o w  ove r

t h e  w i n g .  A l t h o u g h  th i s  problem is not  a serious concern to

production n-odels of the Navion , the d ynamic error prevented

use of the velocity time history in estimating long itudina l

derivatives from elevator doublets.

3.2 Calibration

A i r c r a f t  instruments and t e l emet ry  signals were

calibrated prior to each flight. Deflecting the instruments

and con trol surfaces to measured positions or rates, tàe

telemetry siqnals were recorded in units of percent

telemetry . These units correspond to the percentage of the

m ax im um pulse duration transmitted via - telemetry. Scale .and

bias factors were calculated for each instrument and control

surface using linea r regression. Table 2 lists signal scale

and bias factors for Flights 1 and 2. The angle—of—attack

factors reflect corrections for upwash effects.

Ov erall, there is little change in scale factors and

biases between the two flights, a surprising result

considering that the instruments were - replaced during the

3—month period between flights, that there was normal wear

and tear of the data acquisition system with usage, and that

3 — 8  
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a number of people were involved in making the calibrations.

The bias differences for the angle—of—attack and

sideslip vanes were expected due to differences ib alignment

procedure. The vanes were faired with the wing for the zero

r e f e r ence  va lues  p r io r  to F l igh t  1, a n d  they ali gned to

produce  17 II units TI on t h e  a n g l e — o f— a t t a c k  m e t e r  and zero

“units” on t he  sideslip meter  as zero r e f e rence  va lues  prior

to F l igh t  2.

The scale factor and bia s dif ferences  for  the bank

a n g le a t t i t u d e  gyro  are of concern.  O n l y  4 data  points were

used to calculate the-scale factor and bias for the first

test flight , and it is possible t h a t  2 data points were

beyon d the l inear  range  of the  g r o u n d  s ta t ion.  Since the

response of the  a t t i t u d e  g y r o  f o r  F l i g h t  2 was not s imilar

to - the  da ta  fo r  F l igh t  1, it was not felt - that using t1~e

scale f a c t o r  and  bias f r o m  F l i g h t  2 was superior to us ing

qu e s t i o n a b le  v a l u e s  frofil  F l i g h t  1. Compa rison of roll rate

and roll angle time histories for Flight 1 did not point to

any gross discrepancies.

The lateral accelerometer values represent two

different accelerometers, telemetered on two different

channels. In light of the tact that the lateral

acceleration time histories for Flight 2 are very noisy,

-~~ - 
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T A B L E  2. C A L I B R A T i O N  SCAL E FACTORS A N D  BIASE S FO R
F L I G H T S  1 A N D  2 .

Scale Factor Bias

Percent Percent
Flt. 1 fit. 2 Change Fit. 1 Fit. 2 Change

a — .13b2 — . 1315 2 8.30 5.88 17

q — .4725 — .4892 2 20.77 22.19 3

V - — . 7C31 — 129.79 —

e — .3 877 — .3917 1 19.30 20.43 3

a .0153 — .7970 —
n

~.14385 — .14301 1 20.85 17.49 9

p 5318 _ .51473 1 214.34 24.34 2

r .4290 .4399 1 —19.38 —20.45 3

.7577~ .8934 8 —37 .36 —40.87 14

a .0170 .0176 2 — .7273 — . 8196 6
y

~e — 1 . 0 2 2 D  — .9150 5 38.11 31. 99 9

~ a — .f ~295 — .4 862 Li 23.29 21.24 5

6r .3750  .4396 8 — 1 9 . 1 9  — 2 5 . 76 ‘IS

6sf — .8101 — .7991 1 43 .50  4 4 . 1 42  1

p o i n t in g  to some installa tion error or h a r d w a r e  problem , it

is surprising that these terms are as close as they are.

The relatively la rge difference in control surface

3 —1 0



scale fac t o r s  and biases be twee n f l i g h t s  was not expected .

No n e w  ç o t ent i ome t e r s  and no e x te n s i v e  r e w i r i n g  occurred

b e t w e e n  f l ig hts .  Since the s ta te  and s ta te  r a t e  f ac to r s

c h a n g e d  l i t t l e, it is u n l i k e l y  t h a t  the t e l eme t ry  p a c ka g e  or

the  q r o u n d  s t a t i on  produced  t h e  d i f f e r e n c e s.  T h e  s i d e — f o r c e

s u r t a c e  c a l i b r a t i o n s  used pro t rac tor  mark ings  p e r m a n e n t l y

e tched  on the  w i n g  w hi c h  w o u l d  t end  to reduce h u m a n  e r ror  in

me a s u r e m e n t .  The e l e v a t o r  and a i leron def lect ion ang les

w e r e  measu red  using h a n d — h e l d  b u b b l e  p ro t r ac to r s, and t h e

r u d d e r  m e a s u r e m ents  for  F l i g h t  1 were m a d e  using a damaged

p r o t r a c t o r .  Fl u mn an error  in m e a s u r i n g  s u r f a c e  de flec tions

m i g h t  be reduced  by us ing p ro t rac tors  special ly cons t ruc ted

f o r  each sur face  and bolted in place dur ing  cal ibrat ions.

Such  a p ro t r ac to r  has  alrea d y been constructed and is now

used f o r  -the r u d d e r  def lec t ion  m e a s u r e m e n t s .  The ease of

us ing  this  p ro t r ac to r  sugges ts  t h a t  h u m a n  e r ror  is be ing

r e d u c e d .

3 .3  Data  Co l l ec t i on

Th e  data used in th i s  s t u d y  were  obtained from-two test

flights of the VEA at 105 KIAS. Outside air temperature and

pressure  a l t i t u d e  were  noted f o r  la ter  use in ca lcu la t ing
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t r u e  airspeed and d y n a m i c  pressure. The a p p l i e d  control

inputs included elevator doublets and pulses, aileron

pulses, r u d d e r  doublets , a n d  s ide - fo rce  su r face  pulses and

doublets.

D u r i n g  Flight  2 , a i r c r a f t  pi tch angle  and

a n g l e — o f — a t t a c k  were  measu red  us ing a bubble  p ro t r ac to r  and

a n g l e — o f — a t t a c k  m e t e r . Both ind ica ted  a zero pi tch ang le

and a n g l e - o f — a t t a c k  ( w i th i n  1/2 deg) with respect to the

f u s e l a g e  re fe rence  line f o r  stra i g h t — a n d — l e v e l  f l igh t  at 105

K I A S .  
-

The a i r c r a f t  nomina l  a l t i t u d e  was selected dur ing

f l i g h t  to m i n i m i z e  t u r b u l e n c e .  105 KIAS was the flight

airspeed used for two other research programs conducted

concurren tly with this study. It guarantees low trim

angle—of—attack to remain within the -linear - r ange  of the

l i f t  curve  slope d u r i n g  control  inputs .  In a d d i t i on , the

control surfaces are more effective than at slower speeds,

t h u s  p roduc ing  s ta te  per turba t ions  w i t h  good s i gna l—to—noi se

ra tios (Ref 13) . The q u a l i t y  of the control inputs reflects

the  exper ience  of the test pilot wi th analog m a t c h i n g

parameter estimation.

The V R A  is now equipped wi th  a flicroprocessor Digi ta l

Flight Control System that has demonstrated its ability to

3 — 1 2
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produce  precise s q u a r e  e l e v a t o r  pulses. For f u t u r e

pa rameter estimation studies, this system could be used to

i n p u t  precise cont rol d e f l e c t i o n s  b e t te r  sui te d to exc i t e

se vera l  a i r c r a f t  modes of m o t i o n  s imu l t aneous ly  or

s e q u e n t i a l l y  (Ref  14) . I n  a d d i t i o n  o p t i m a l  i n p u t  design

s tud ies  cou ld  be d emon s t r a t e d  using t h e  Y R A  (Ref  3, 16) .

3•~ ~~~~~~~~~~~~~~~~~~~~

F l i g h t  test data  were recorded d u r i n g  f l i g h t  on a

H o n e y w e l l  76 ’) C 1—inch  tape recorder .  Due to e q u i p m e n t

c o m p a t i b i l i t y  requ i rements  the  da t a  were re—recorded  on

1/ 4 — i n c h  ta pe . The tape was t r a n s f e r r e d  to a n o t h e r  f a c i l i t y

to be d i g i ’t i z e d .  The discrete ana log  signa l s  on the t a p e

were conver ted  to “boxcar ” a n a l o g  s i gna l s  u s i ng  i n t e g r a t o r

c i r c u i t s  in the  g r o u n d  s t a t i o n  (Ref  16) . The signals were

sampled  s i m u l t a n e o u s l y  a t  IIC SPS per s ignal  and digitized by

a SEL 600 A n a l o g — t o — D i g i t a l Con ve r t e r .  The dig i t i zes

samples  were recorded in 6-bi t  BCD on 7 t r ack , 1600 b i t -

pe r—inch  m a g n e t i c  t ape  us ing  an~~A M P E X  Digi ta l  Recorder .

The r e su l t ing  ta pe cannot be processed d i rec t ly  by a

F O R T R A N  p r o g r a m  because F O R T R A N  does not recognize the

manner in which signs of samples are stored on the tape.

3 — 1 3
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The “Seve n to N i n e  Track Tape Convers ion  P r o g r a m ” , w r i t t e n

by Richard B. Gilbert , Technical Staff Member in the

D e p a r t m e n t of Mechanica l and Aerospace Eng ineering, reads  t h e

tape , scales the  data to percent te lemetry  and  records it in

an acceptable FORT}~AN format.

This analog-to-digita l conversion procedure is time

consuming and it adds several sources of errors in the raw

data . Bach step in the process was delayed by failures in

a g i n g  e q u i p m e n t .  Plans are be ing  made  to replace  th i s

equi pment . The  replacement  system should di g i t ize  the

discr e~te ana log  sa mples di rec t ly  f r o m  the .~ori g inãl data

tape .  This wou ld  prevent,  t he  a d d i t i o n  of noise to the  da t a

by the additionaLtape recorders and tha ground station. It

also would elimina te the ground station as a source of bias

errors .

3.5 D a t a  Scaling

A f t e r  p roduc ing  a magnetic  tape conta in ing  digi t ized

fl i g ht ~ time histories in an acceptable FORTRAN format the

data must be converted into engineering units, interpolated

to - reduce the errors produced by time shifts, and corrected

f o r co m pressibility  a n d density eftects. This final dat a

3 _ 1t~
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processing was performed using a F O R T R A N  p rog ram en t i t l ed

‘Scal ing ’, w r i t t e n  as pa r t of t h i s  -
- research. The program

f i rst applies the calibra tion scale fa ctors and biases to

conve r t  t he  d ig i t i zed  da ta  f r o m  percent  t e l e m e t r y  to

e n g i n e e r i n g  u n i t s .

Scaling calculates t r u e  airspeed and d y n a m i c  pressure

f r o m  m e a s u r e d  ind ica ted  airspeed a n d  pilot j u d g e d  nominal

pressure a l t i t u d e  and  outside a i r  t emp e r a t u r e .  The

e q u a t i o n s  used in these c a l c u l a t i o n s-w e r e  der ived  f r o m  the

p e r f e c t  gas law and de f in i t ions  -of the  s tandard  a tmosphere.

T h e y  a re  t a k e n  directly f r o m  Ref 17:

/ r —7 2~~7/2 2/7
V = 114 7 / (Ta+273.16) ~1 + 1.6x1 0 xV ~ —1 — 1

t rue  / I cJ
/ — b -  5.2561

(1 - — 6.88x ~ 
~~~

(36)

q l p V (37)
2 t r u e

where Ta is absolute air teapera ture(deg  K) , V is
C

calibrated airspeed , H is calibrated pressure a l t i t ude,
C

a n d , p is a i r  density and eguals  a tmospher ic  pressure

di v ided b y Ta and  3090.

3 — 1 5
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Reference  18 discusses the  e f fec t s  of t ime de lays

be tween  sampl ing i n s t an t s  of states a n d  controls  on t h e

p e r f o r m a n c e  of a m a x i m um  l i k e l i h o o d  estimator .  Steers a n d

lu f f  conclud ed tha t  de l ays  of control measurements  caused

the  grea tes t  d e g r a d a t i o n  in the accuracy  of es t imates .

Si nce no measured  q u a n t i t i e s  we re sampled s imul taneousl y

p r io r  to t r a n s m i s s i o n  to the g r o u n d , and  con t ro l

meas u rem en t s  l agged  s ta te  measurem ents  by  as much as 30

percen t of t he  s a m p l i n g  period , it was  deemed important  to

i n t e r p o l a t e  be tween  s amp l ing  i n s t a n t s  to produce d a t a  w i t h

n e g l i g i b l e  t ime shi±ts.  Scaliflg also performs this

int e r p o l a t i on on a m e a s u r e me n t , s, -us ing  the fo l lowing

eq ua t ion:

-

~~ s + k ( s  —s ) (38)
i i i-~1 i

where k = 1 — t ime de lay/ sampl ing  period (39)

The a na log— to—dig i t a l  conver ter  samples a l l  quan t i t i es

simultaneousl y and the re fo re  does not add a d d i t i o n a l  delays .

Since sideslip angle  is the f i r s t  sample d signal ,all da t a

were in te rpo la ted  to the  t ime  corresponding to the  sideslip

angle  s a m p l i n g  i n s t a n t .

3 — 1 6
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Fin al ly ,  Scaling calcula tes means and s t a nd a r d

dev iat i ons of a l l  sta tes , state  ra tes , and controls measured

as an a id  in d e t e r m i n i n g  biases. The se biases reflect  f i x e d

biases used b y t he  g round  s tat ion and a n a l o g — t o — d i g i t a l

converter in manipulating the data, fixed instrument biases

in f l i g h t  ( f o r  example , the trim angle—of—atta ck vane

pos i t ion  is f i x e d  by flow over the wing in trimmed flight)

and i n s t r u m e n t  d r i f t  bet ween ca l ibra t ion  of t he  i n s t r u m e n t s

and  recording of t h e  da t a . F i x e d  biases in states, s ta te

rates, and controls  a r e  inpu t s  to the M odi f i ed  M ax i m u m

Likel ihood Esti mat ion  p r o g r a m .

3 .6  in~~ut s  To The Estimation_ Prograrn

Time histories to be used- - in - -the  - - e s t imat ion ~-progra-a

we re sel ected p r i m a r i l y  by two cr i ter ia .  First , t h e  t i m e

h i s t o r y  had to be f ree  of dropouts and other equipment

produced anomalies as discussed in Ref 9. Second , control

inputs were chosen that appeared to be greater than 5 times

the noise band (pea k to peak) of the control measurement to

insure a good signal—to—noise ratio (ratio of largest signal

perturbation to noise band).

Table 3 lists aircraft dimensions and flight conditions

3 —17
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TABLE 3. A I R C R A F T  DI~~ENS 1ON S A N D  FLIGHT C O N D I T I O N S .

W i ng :
A rea 180.0 F
Span 33.38 FT
C h o r d  5.67 FT
L e a d i n g  Edge  Sweep 3.0 DEC
D i h e d r a l  7 .5  DEG
Root I ncidence 2 . 0  DEG
Tip  Inc idence  - 1.0 DEG
A i r f o i l :

Tip  N A C A  6410R
Root  N A C A  4415R

A i l e r o n :  2A rea 5. 11 FT
- D e f l e c t i o n  ± 20 .0  DE C

Flap:  2A rea 83.6 FT
Def lec tion ± 30.0 DEG

klorizontal Tail: 2Area 43.0 FT
Incidence —3.0 DE G
A i r f o i l  N A C A  00 12

Elevator:  2A rea 114.1 - FT
Def lec t ion  UP 30 ,DOVN 20 DEG

Ver t i ca l  Tai l :  2
- Area  18. -i - TFT

Airfoil MODIFIED NACA 0013,~.2
Fin O f f s e t  2.~ V .  DEG
R u d d e r :  2Area  11.6 FT

Def lec t ion  LEFT 23 ,R I G H T  17 DEG
Side Fo rce Surface :  2Area 16.0 FT

A i r f o i l  N A C A  0012
Deflection ± 30.0 DEG

Gross W e i g h t  2 6 0 9 . 0  LB 21573. 7 S L U G — F T
I 22736.0 SLUG-FT
V

r 3673. 8 SLUG—FT
z

3 — 1 8



T A B L E  3. ( C O N T I N U E D ) .

Flig h t  1 Fli g h t  2
Pressure  A l t i t u d e  - 3500 FT 650u FT
Nom ina l  I n d i c a t e d  Airspeed 105 KT 105 KT
O uts ide Air  T e m p e r a t u r e  0 degC 10 degC
F lap  Set t i n g  10 DEG 10 DEG

fo r  F l i g h t s  1 and 2 .  m i s  i n f o r m a ti on is used to

n o n d i m en s i o n al i z e  s t a b i l i t y  and control  d e r i v a t i v e s .

S i d e — f o rce surfaces  capable  of producing  1/2 g l a t era l

accel era t ion f o r f u ll deflec t ion  a t~~1~- 5 K I A S  were  added  in

recen t years . I n  con junc t ion  wi th  this mod i f i ca t i on , the

rudder  area was increased-. An i m p o r t a n t  goal of -t h i s

resea rch was to i d e n t i f y  the s ide—force  s u r f a c e  con t ro l

d e r i v a t i v e s. M oments  of iner t ia  we re modi f ied  to r e f l ec t

t h e  w e i g h t  and position of these surfaces.

No actual measurements were made to determine t h e

aircraft gross wei g ht  a n d  -m o m e n t s  of i n e r t i a .  Such  a n

E x p e r i m e n t  w o u l d  be of g rea t  b e n e f i t  in light of the

structural modi fications made to the aircratt. In addition ,

no e s t ima te  of the cross moment of iner t ia  about  t h e  -

l ong i tud ina l  and latera l ax e s,I , is avai lable  f r o m
IZ

previous research. I appears in severa l elements of tk& e
xz

fundamenta l matrix , A , and although an 1 of zero
xz

3 — 19
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simplifies the equations , this assumption may be too

restrictive and add to the variance in estimating these

derivatives.

Although theoretically, the minimization algorithm

s h o u l d  c o n v e r g e  on a set of paramete r es t imates  g i v e n  zero

val u es of the in i t i a l  est imates , conve rg en ce on t h e  t r u e

v a l u e s  of t h e  pa rameters  is dependent  on i n i t i a l i z i n g  the

e s t i m a t i o n  progra m w i t h  a r e a s o na b l y  good set of ~ p r i o r i

p a r a m e t e r  v a l u e s  (Ref  3.7 , 8 ) .

U n p u b l i s hed s t a b i l i t y  and control  d e r i v a t i v e s  w h i c h

were e s t ima t ed  using a n a l o g  m a t c h i n g  ~ t echniques  a re

available for the V RA in its current configuration .

R e f e rence 1, 2, a nd 19 (quo ted  ~in Ref 3) also provide

es t ima tes  for  the  N a v i on  ai r c r a f t  in various conf igura t ions .

The analog matching - results proved to -be -adequate as

sta r t i n g  es t imates .

The measurement error weighting matrix was established

f o r  each set of control  i n p u t  t i n e  histories us ing t h e

method  descr ibed in Chapter 2.

3.7 Conclus ions

Data acquisition is a crucial aspect in a parameter

3 — 2 0  
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e s t i m a t i o n  process. The q u a l i t y  of the f l i g h t  data  d i r e c t l y

e f f e c t s  t h e  qu a l i t y  of the  pa r a m e t e r  estima tes. Dynami c

er rors  in the  sideslip angle  and ve loci ty  measurement

i n s t r um e n t s  sugges t  t h a t  these i n s t r u m e n t s  s h o u l d  be

r epos i t i oned .  L o w  sig n a l — t o — n o i s e  ra t i os f o r  acce le rometers

suggest  t h a t  some f o r m  of f i l t e r i n g  pr ior  to t r ansmiss ion  of

these  measurements  is desirable .  In  c a l i b r a t i n g  ins t rumen t s

and control surfaces, specially constructed protractors and

care in a v o i d i n g  t h e  l i n e a r  l imi t s  of the telemetry and

g r o u n d  station will reduce-scale factor and bias errors.

Use of ex i s t ing  equipme nt on board the  V R A  can improve t h e

quality of control inputs for use in  p a r a m e t e r  e s t i m a t i o n .

The discrete analog sampled data transmitted to the ground

should be digitized directly to avoid the addition of noise

and biases f r o m  processing data  th rou gh  several steps. Tine

delays introduced by the telemetry system can -be corrected

by interpolation- as part of the data processing .

Time histories selected for use in estimating

derivatives should have good signal—to—noise ratios and be

free of equipment related anomalies. Accurate measurements

of -aircraft mass and inertia properties should be made prior

to (or as part of) further research in parameter estimation .

Published estimates and pre vious analog matching results

3 — 2 1



make good initia l estimates for the estimation program.

C h a p t e r s  4 a n d  5 discuss  tne :1ate 1 ir~~
tj0

~~ 1 and

longitudinal starility and con trol derivatives estimated

using the Modified Maxiltum Likelihood Estimation program .
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4 . L A T E R A L — D I R E C T I O N A L  D E R I V A T I V E _D E T E R M I N A T I O N

The VRA lateral—directional derivatives were estimated

us ing  t w e n t y  t ime h i s tor ies  r ep resen t ing  four basic control —

inputs: aileron pulses, rudder doublets, side—force surface

pulses , and side—force surface doublets. The measured

quantities were sideslip angle, roll rate , yaw rate, bank

angle, latera l acceleration , aileron deflection , rudder

deflection , and side—force surface deflection. The results

of parameter estima tion runs using these time histories were

used to generate statistics describing the quality of the

estimates. Initia lly, - the variances of all estimates were

high so a number of procedures were use to determine the

quality of -the data and to reduce the variance. Results

were separated by type of input and initial direction of the

pri~mary control surface. Because the variances in certain

derivatives were reduced by separating runs , the effects of

poor signal-to—noise ratios and nonlinear aircraft responses

were documented. -

Four initial runs indicated deficiencies in the data.

Next , aile ron i npu t  -t ime his tor ies  were used to gene ra t e  a

set of starting values for the rudder time history estimates

and to es t imate  ai leron control de r iva t ives.  Rudder  i n p u t

14 — i
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t ime  histories were  used ho ld ing  a i l e r o n  cont ro l  d e r i v a t i v e s

f i xed since the  s i g n a l - t o — n o i s e  r a ti o  of a i le ron  deflec t ions

in these  t i m e  h i s tor ies  was sm a l l .  U s i n g  t h e  a i le ron  and

r u d d e r  c o n t r o l  d e r i v a t i v e s  a l r e a d y  e s t i m a t e d  f r o m  p r e v i o u s

F 
r u n s , e s t i m a t e s  w e r e  m a d e  u s i n g  t h e  s ide f o r ce  s u r f a c e  i n p u t

t ime  h i s t o r i e s .  H e r e  b o t h  a i l e r o n  and  r u d d e r  control

d e r i v a t i v e s  were  held f i x e d .  F rom these runs , an o v e r a l l

set of e s t i m a t e s  e m e r g e d , a n d  t h e  set was  c o m p a r e d  w i t h

resu l t s  f r o m  o t h e r  s tud ies .

4 . 1  I n i t i a l  B u n s

L a t e r a l— d i r e c t i o n al .  pa r ame te r  e s t ima t i on  began w i t h

d a t a  fr o m  F l i g h t  1. Con trol i n p u t s  used inc luded  a i leron

pulses , - r u d d e r  doub l e t s , a n d  s i d e — f o r c e  doub le t s .

D e f l e c t i o n  of t he  s ide—force  sur faces  produced r u d d e r  and

a i l e r o n  d e t l e c t i o n s  as veil , d u e  to a s i d e- f o r c e- s u r f a c e — t o—

r u d d e r  i n t e r c o n n e c t, a n d  a s i d e - f o r c e - s u r f a c e— t o — a i l er o n

i n t e r c o n n e c t .  Parame ter e s t ima t i on  us ing  each type  of inpu t

poin ted  to certai n deficiencies in the  d a t a .  Using a 5— sec

t i m e  h i s t o r y  of a 14-deg a i l e ron  pulse , the min imiza t ion

a l g o r i t h m  d iverged .  The m i n i m i z a t i o n  for a 6—sec t i m e

history of a +2.5—deg rudder doublet also diverged . The

_ _ _ _ _ _ _
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s i g n a l— t o — n o i s e  r a t i o s  fo r  these  con t ro l  i n p u t s  w e r e

a p p r o x i m a t e l y  8 and  5 f o r  a noise band of 1/2 deg f o r  b o t h .

Larger  a m p l i t u d e  i n p u t s  r e s u l t e d  in t h e  m i n im i z a t i o n

a l g o r i t h m  c o n v e r g i n g  upon  a set of e s t i m a t e s .  The e s t ima t e s

f r o m  t o u r  t ime h i s to r i e s, two  a i l e ron  pulses  ( + 7-deg  and

— 1 0.7—deg, r e s p e c t i v e l y ), a s i d e — f o r c e  s u r f a c e  pulse of

— 8.5—deg, and a series of side—force surface d o u b l e t s

(+2.5-deg e a c h ) ,  are presented  in  Table 14 a long  w i t h  t h e

s t a n d a r d  devia t i on as a percen tage  of t he  e s t ima te .

TABLE L4.LA TERAL DIRECTIONAL DERIVATIVE ESTIMATES AND PERCINT
STANDA RD DEVIATIONS FOR SEPARATE CONTROL SURFACE iNPUTS

I n i t i a l  A i l e ron  Ru d d e r  S ide  Force S u r f a c e
Runs Pulses Doublets Flt .1 Flt.2

C — .7878 — .7795 — .8758’  — 1 . O ~~2 — 1 . 1 5 5
38.3 25.1  10.7  33.9 30.9

C — . 0812  . 0 2 3 0  .1667
2u6.8 96.9 267.2

C 1 . 2 04 3  :~~.0790 .3634  . 2 3 0 6
5r 2 f ~0. 7 293 .5  8 .6  127 .7

C . 0 8 ( 1  — .3252 — .1888 . 4 4 9 9  .5837
305.8 49.0 229.3 16.0 14.7

1 4 — 3
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T A B L E  £4~ (CON TI N U E D) .-

Initia l Aileron Rudder Side Force Surface
Runs Pulses Doublets Flt.1 Flt.2

C — .0823 — .0892 — . 1106 — .1232 .0877
19.0 16.0 19.7 14.5 4 2 . 2

C - . 5012 — .5609 — .6376 -.6858 — .5562
20.8 8.8 22.3 21.14 33.0

C .0700 .1103 .1088 .0201 .11424
199.6  61.3 15.8 1468.0 96 .2

C — .0 709 — .1818 — .1272
87.7 13.1 17.6

C — .0472 — .0379 .0246 .02Li 6
43.1  60 .5  5 .2  - 4.1

C .0117 . 01457 . 1152 .0069 .0040
1osf 270.5 93.9 36.2 121.2 441.2

C .0875 .0745 .0751 .0751 .0900
2 1 4 . 6  18.4 20 .7  15.3 25.0

C . 105 1 .0865 — .0935 — .1327 — .1755n~ 268 . 14 23 .0  53.0 9 .2  76 .2  -

C — .1310 — .1211 — .1556 — .2168 — .0951
~r 14.5 21 .0  14 .6  51.1 101.8

C — .0109  — .0196 — — .0281
~~6a 62 .3  30.1 60.6

L C — .0019 ~ — .0111 — .097 14 — .0710
2112 362 .9  1 4 . 3  1C2.3

C — .0020 .0150 — .0029  .0 1430 .04 30
5sf 768. 125.7  980.. 0 11.4 17.1

4 — 4
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The sca t te r  in t h e  d er i v a t i v e s  is excessive. Because

of the variance in all derivati ves, especially the

angle-of-attack derivatives , the angle—of—attack derivatives

were not estimated in subsequent runs. These derivatives

are normally neglected when decoupling the modes of motion

into a long itudina l set and a lateral—directional set. The

side—force—surface—to—rudder interconnect prevented

estimation of the side—force surface and rudder control

derivatives independently. A second test flight was

proposed using ~no interconnect between the surfaces. In tne

absence of new data , the rudder control derivatives wer e

e s t i m a t e d  f r o m  r u d d e r  a l o n e  i n p u t  t im e  his tor ies  and  these

derivatives were then fixed at estimated values . The

side—force surface derivatives were then estimated from the

Flight 1 side—force surface ti-m e histories.

The two aileron input time histories produce d

r e a s o n a b l y  consis tent  s t ab i l i t y  d e r i v a t i v e  es t imates. T h i s

suggested that  sep a r a t i n g  estimates by sets according to t h e

t y p e  of control w o u l d  reduce t h e  v a r i a n c e  in so me estimates.

The inf orma tion gained from each set was incor porated into -

the initial estimates for the next set. Table 5 lists the

sequence of time histories used and the derivatives which

were held fixed.

Z4~~~~~5
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TABLE ~5. SEQUENCE 0? TIME HISTORIES USED IN ESTIMATING THE
L A T E R A L — D 1 R E C T I O t J f l . .  D E R I V A T I V E S .

C O N T R O L  N U M B E R  OF D E R I V A T I V E S
TI M E HI STOR I E S H E L D  FIXED

A I L E R O N  7

R U D D E R  ‘4 C ,C
1 1oa sa ~a

F L T . 1  SIDE 3 C ,C 7 ,C ,C1FORC E SU R FAC E T sa br 1oa ~ r
C -,C

~ sa ~ 6r

F L T .2  SIDE 6
FORCE SURFACE

The side—force coefficients, C1 and C were not
p

calcula ted because the contribution of angle—of—attack to

the dimensional quantities, Y and Y , could not be
p r

accurately removed.
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4.2 Estimates Using~~~i le ron_ In2~t Tim e _His to r ies

Seven aileron pulse time histories with deflections of

7-deg or more were used to estimate the VRA stability and

control derivatives. Table 14 summarizes the average

estimates and associated standard deviations expressed as

precentages of the mean values. The variances of all

stability derivatives except C~ were reduced.  Only  .C 1 had
r p

a standard deviation less than 10 percent however.

The Dutch roll mode was not excited sufficiently to

produce perturbations in yaw rate and sideslip angle time

histories that had high signa l—-to—noise ratios. Maximum

sideslip perturbations were less than 3.5 deg and  m a x i m u m

yaw rate perturbations were less than 6.6 deg/sec. In

addition , a dynamic instrument error-in the sideslip vane,

discussed in Chapter 3, makes side— force derivative

estimates questionable. ~Although the estimated lower bounds

of the  standa rd deviat ions . (Crarn ~ r —R ao  bounds)  of these

t radi t ional  Dutch  roll pa rameters are lower than  the

s t a n d a r d  dev ia t ions  obta ined , it must  be remembered  t h a t  the

actual  tim e his tories  and the ana ly t i ca l  m odel are subject

to measuremen t errors, turb ulence inputs, and modelin g

errors. The presence —of modeling errors is recognized

‘ 4 — 7



im~rediately when the estimates are grouped by d i r ect ion of

aileron pulse. The variances i n C  , C , C a n d  C
Tp ‘r

are reduced wh en estimates are se parated irito - g r o u p s  b y

direc tion of aileron pulse . These estimates are separated

b y m ore th a n t wo sta n d ard  d e v i a t i o n s  ( A p p e n d ix A ) . A

5-percent aileron scale factor correction that represents a

wore li near response of the ailerons did not significantly

reduc e the separation of the estimates. iOre research is

need ed to investgate thi s seem i n g l y  nonli near resp onse to

aileron inputs. A nonlinear model would be needed to

identify an asymmetric aircraft response.

Figure s 6 and 7 illustrate some of the difficulties in

using aileron tizre histories. Time history watches of roll

ra te a n d  ba nk ang le  gene ral l y are aood. Sideslip angle

ma tches a r e  poo r, teflecting the dynamic error in t h e

m~ asurements and the low signal—to—noise ratio, an d poss ib ly

a poor m a t c h  fo r  t h e  D u t c h  ro l l  d a m p i n g  d e r i v a t i v e , CD r
Th e lateral acceleration matches are fair , usually followin.

gross trends well , but the noise in the control

measurements , especially for the side—force position , is

noticeable in these time histories. A heading angle

measurement night be used in place of the sideslip

m€asure m ent.
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I t  w a s  e x p e c t e d  t h a t  r u d d e r  i n p u t s  w o u l d  b e t t e r  ex c i t e

t h e  D u t c h  r o l l  m o d e  ar i d t h u s  r e du c e  t h e  v a r i a n c e  in s e v e r a l

stability derivatives.

• 3 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Four rudder doublet (+2.8—deq to .s-6.3—dey) input time

histories produced stability and control derivatives with

reduced variances in most cases. TaDle 14 summarizes th€

estimates using these time histories. The major reductions

in variarlces were in derivatives whose associated state

p e r t u r b a t i o n s  were  m u c h  l a rg e r  t ha~i those  a s s o c i a t e d  with

t h e  a i l e r o n  i n p u t  tiLe histories (C
1 , C 1 , C
fi t

In o r d e r  to d e ter m i n e  t h e  best  use of the estimatEs

o b t a i n e d  f r o m  t h e  a i l e r o n  i n p u t  t ime  h i s t o r i e s, t h r e e  r u n s

were made evaluating the benefit of weighting char.ges in

estimates froro a priori values. The first run used as

s t a r t i n g  v a l u e s  t he  e s t i m a t e s  o b t a i n e d  f r o m  t h e a iler o n

input time histories. lre second r u n  a lso used t he se

s t a t t i nq  v a l u e s  a n d , in addition , veighted eicursions from

these values using the following equation to calculate the

weigntin g term for the D2 matrix (Eq 26):

14 — 1 5  
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i j 2 (140)
1~ a

1]

2
where ~ is the vdriance in the ith ro w/jth coluItirk

1)
derivative of the A or B matrix , and n is the number of

aileron input time histories used in estim ati rl g that

derivative. A third run used the same starting values aPId ~

p r i o r i  weig h t i n g ,  hold ing the aileron control derivatives

fixed at the pievious estimates (i.e., the average oi the

estimates for both directions) . Since these estimates were

obtained using aileron inputs with much superior

signal—to-noise ratios by co~rparison to ttl e deflections

obtained during the rudder input time histories , these

estimates were the best obtainable set. This conclusion was

c o n f i r m e d  b y  t h e  l a r g e  d e p a r t u r e  of t h e  a i l e r o n  c o n t r o l

d e r i v a t i v r ~s f r om  t h e i r  p r e v i o u s l y  e s t i m a t e d  v a l u e s  fo r  t h e

f i r s t  t w o  r u n s , a n d  also t h e  f o u r —  to f i v e — t o l d  i nc rease  i n

t h e  e s t i m a t e d  l o w e r  bound s of t h e  standard deviations of

t i iese d e r i v a t i v e s  (Crar r ~~r — E a o  b o u n d s ) .

S i d e — f o r c e  d e r i v a t i v e s  f o r  1~un s  2 and  3 c h a n g e d  less

t h a n  ten p e r c e n t  f r o m  e s t ima t e s  o b t a i n e d  fr o g  R u n  1.

£4 — 1 6
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Rolling moment derivativ es chdnged from 30 to  50 p e r c e n t  f o r

Run 2 and from 50 to 25 C p e r cen t  f o r  R u n  3. All  c h a n g e s

were towards the previous estimates , and the larg~ st changes

were for L as eipected . CrauI~~r—Rao bounds increased
oa

somewhat for these derivatives , but it must be re:rIeInL~-re d

that tnese bounds represent the lower bound of the standard

deviations obtainable from the time history used. The

previous estimates case from time histories witn lower

Cram~~r—R ao bounds than those for Run 1 , so these estimates

h a v e  h i gher confidence levels.

The yawing moment derivatives for Bun 2 were within ten

per ce nt of those f o r  R un  1. N F o r  Run 3, decreased 70
p

percent towards its initial estimate. N increased 51

percent and N decreased 3-1 peicent. N increased only 5
r

percent. For all four derivatives , however the Crarn~~r— hao

1— oun d s decreased from Run 1 to Run 3 (11 percen t decrease

f o r  ~ ) ,  i n d ic a t i n g  t ha t t h e  conf i d enc e in the d e r i v ati ves
at

increased by fix ing the aileron control derivatives.

Estimates were sepa rated into groups having the same

initial r~ dder deflection . Reductions in variance ari d

estimates separated ~ y two standard deviations were obtained

f o r  C
1 , C

1 , C1 , C~ a n d  C~ (Appendix A). Th ese
p 6r p

resul ts again indica te that the VEA roll response  is

£4 — 17 
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n o n l i n e a r  an d t h a t  i t s  y a w i n g  r e s p o n s e  m a y  be as w e l l .  s o re

r u d d e r  in p u t  dat a w o u l d  a i d in  e s t a b l i s h i n g  a y a w i n g

nonlin earity. These results do reenforce the need for

research on an improved analytical model.

T h e r e  was  l i t t l e  or no degradation in the time history

m3tches froro Bun 1 to Run 3. All state time histories were

matched very well , and the sidesli p angle and lateral

acceleration ma tches were far s u p e r i o r  to t h e  l o w e r

amplitude aileron input time history matches. The dynamic

error in the sideslip angle measurement was not apparant for

angle—of—attack per tur ba tion s~ ot U deqr ees  -- and  p i t c h  r a t e

perturbations of 3.5 degrees/second .

Fi gure 8 shows ma tches for a rudder input time history

using the final set of estimates from thi s study. Because

sidesl ip angle , yaw rate , a n d  later al acc eler at ion

p~ rturbations are much larger than those for aileron time

histories (7-10—fold increase) these ma tcnes are much better

th~i n the previous matches. With the Dutch roll mode—rel ated

stability derivatives and rudder control derivatives better

id e n t i f i e d , the side-forc e surface i n p u t  t ime  h i s t o r i e s  w e r e

used for param eter estimation.
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N i n e  s i d e — f o r c e  su r f ace in p u t  t i m e  h i s to r i e s  were  used

to estimate the yEA’S stability and control derivatives .

Th ree we re p r e v i o u s l y used during the initial runs. Thes e

w ere f r o m  F l i g h t 1 , in which a side—forc e— surface— to—rudder

intet-connect was used. Six were from Plig n t  2, for wh ich

the interconnec t was removed . No measurement of roll rate

was available on Fli g h t  2 d u e to an instrum ent f a i l u r e, a n d

t h e  l a t e r a l  a c c e l e r a t i o n  m e a s u r e m e n t  was  poor .

Consequently, the estimates were degraded. Table £4

summarizes the results of these estimates.

A i l e r o n  and rudder control derivatives were h e l d  f i x e d

for the Flight 1 time histories. Starting values for the

d e r i v a t i v e s  to be e s t ima t ed  were ba sed on est ima tes o b t a i n e d

from :the aileron and rudder inputs time histories. 1 priori

w e i~~h t in q was  used aga in , w ith the weighting matrix elements

bei ng calculated in the same manner as for estimates using

— udder input time histories.

T h e  ~ pr iori w e i g h ting for Fligh t 2 data was based on

the Fli gh t 1 side-force surface input results for side-force

derivatives as well as prev ious estimates. All control

deriva tives were estimated.

‘4 — 2 2  
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For t h e s e  t w o  sets of t ime  h i s t o r i e s  the  C~ e s t im a t e
p

is poor ( ‘Iabl e 14)  due  to  low signal—to-noise ratios for

s i d e s l ip  a n g l e  a n d  l a t e r a l  a c c e l e r a t i o n .  The l a r g e s t

s idesl ip a n g l e  p e r t u r b a t i o n  f o r  a n y  of t h e  n i n e  t i m e

h i s t o r i e s  w a s  7 . 5 — d e g .  This  compare s  w i t h  t h e  m a x i m u m s  of

f r o m  10 to 15 deg  w h i c h  were  ob ta in ed w i t h  r u d d e r  do ub let

inputs . Greater care in input design must  be ta k e n  to

accr u e t h e  i r a x i r n u m  b e n e f i t  f r o m  the s i d e— t o r c e  s u r f a c e s  in

i d e n t i f y i n g  s i d e — f o r c e  s t a b i l i t y  d e r i v a t i v e s .

The  s i d e - f o r c e — s u r f a c e — t o— a i l e r o n  i n t e r c o n nec t  used on

F l i gri t 1 e f f e c t i v e l y  cancelled s i d e - f o r c e  s u r f a c e  r o l l i n g

m o m e n t s , s i nce  F l i g h t  1 t i m e  h i s to r i e s  did n o t  e x c i t e  t h e

ro l l  m o d e  to s u f f i c i e n t  amplitudes. Cram~ r-Rao bou nds for

r o l l i n g  mome nt s t a b i l i t y  d e r i v a t ives  u s u a l l y  were  g r e a t e r

t h a n  114 p e r cen t  of t h e  e s t io iat e s , w i t h  L nounds greater t h a n
r

75 pe r c e n t .  This  i n d i c a t es  a low confidence level for these

estimates. No rol l  r a t e  m e a s u r e m e n t s  were a v a i l a b l e  f r o m

F l i g h t  2 time histories. Cram~~r—Rao bounds all were greater

t h a n  10 p e r c e n t  of t h e  est iaa tes  of L , L a n d  L • Th ese
p p r

d e r i va t i v e s , t h e r e f o r e, were not d e t e r m i n e d  f r om  tn e

side—torce s u r f a c e  i n p u t  t im e  h i s tor ies  a v a i l a b l e .

Yawing iromeri t stability derivative estimates were not

as a c c u r a t e  as was expected . C was identified reasonably

L 
_ _ _ _ _ _
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well, with standard deviations near the Cram~ r—B ao lower

bounds. The standard deviation for , C f rom Fli gh t 1 t ime

his to r ies  is su rpri sing ly  sma l l , in fact ,it is smaller that

the estimated Cram~ r—}~ao bound. The lack of roll rate

measurements and the poor lateral acceleration measurements

for Flight 2 contribute to the variance in C and C
np r

The side-force surface control derivative estimates

f r om F li gh t  2 r e f l e c t  the estima tes f r o m  Fli ght 1 through

the D2 w e i g h t i n g  m a t r i x  (Eq  28) . In a d d i t i o n , t h e y  a r e  no t

perfectly correlated with ailero n and rudder derivatives .

Th e C estima te is theref o r e  accepted  over  th e est im at e
~sf

from Flight 1 time histories. The very large variance in

C the correspond ing  l a rge  va r i a nce predicted by
1asf

Cra m~~r - Eao  bounds , and t h e  n e a r  zero est ima te i n d i c a t e  t h a t

this derivative was not determinable from the data

av ailable. Again , the side— force— surface—to—aileron

in te rconnec t used d u r i n g  Fli g h t  1 a n d  the f a i l u r e to m e a s u r e

roll rat e during Flight 2 contrioute to t~ e large variance.

F igu r e s  9 an d 10 are  F l i g h t  2 t ime ~bistory ma tches

us ing  presen t s tud y derivatives. In Figure 9, a b—sec

side— forc e surface pulse produces large state perturbations

and the matches are reasonably good. The sidesli p angle

measureme n t in Figure 10 suggests that the measurement error

14 —2 ’4
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is not corrected by the addition of a second vane. The

dynamic error is clearly visible and in phase with the

side—force surface pulses.

1 4 5  ?in.il R es u l t s

Table 6 compares the final set of estimates with

unpublished analog matching results for the YRA and

published estimates for a standard Navion (without

side—force panels) . They  are presented to give some

indication of the variance in estimates among investigators

and to identif y some effects of the VFA sodifications.

F~eference 3 results were estimated using a maximum

likelihood estimation approach similar to this study on the

VRA prior tc the modifica tion. The analog matching results

are the most current estimates available and offer

i n t e re s t inq  comparisons.

Hu~d€r control derivatives for the analog matchin~j

results were not estimated , but they represent analytical

corrections to estimates made prior to the rudder

m o d if i c a t i o n .  C and C compa re very well ,however .

C~ estimates from ~ef 3 are ruch higher than estimates

from other sources. A similar rela tionship holds for the
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TABLE 6. COMPARISON OF PRESENT STUDY LATERAL DIRECTIONAL
DERIVATIVES WITH ANALOG MATCHING ESTIMATES AND PUBLISHED
RESULTS. (SLASH INDICATES NAV ION ESTIMATES PRIOR TO YRA
MODIFICATIONS; 0 DEG FLAPS/20 DEG FLAPS)

Analog Ref.3 Ref.2 Ref .I Ref.18
Match

C — .8756 — .9176 — .60/ — .61/ — .80/ — .56/
/ 7 4  / 7 7

C .3634 .2 145  .33/ — — — — J  .14/ .16/
/ .68 7———— / .14 i———-

C .5837 .8717
T6sf

C — .0980 — .0863 — .07/ — .07/ — .11/ —.07/
1$ J— .u5 /— .o5 “— .10 1————

C — .5660 — .5198 — .119/ — .46/ — — — — /  — .41/
/— .5 3 /— .4 8 1———— 1————

CIr 
. 1098 .0928 .1>1 •0y

C1 .~ — .1851 .1576 .15J .15/ .15/ .13/
/ .16 / .15 I .09 I————

C . 0 2 4 6  .0254 .03/ ——— — / .03/ .01/
/ .01 1-—-— / .02

C 0 .0  0 .0
~ Sf
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T A B L E  6. ( C O N T I N U E D )

Analog Ref.3 Ref.2 flef.1 Ref.18
M atch

C .0B37 .1033 .07/ .09/ .11/ .07/
/ .08 / .08 / .13 1——— -

C — .(‘~865 — .0485 — .C4/ — .04/ — — — — ,  — .06/
/_ .1L4 7— ——— 7—— — —

— .1556 — .1113 _ .O~ / 
_ .09
,
/

C — .0196 — .0039  ~ 0O4/ ~ 005/ T005/ 004/
4032 /T~~0 1 /0.0 1— — - —

C — .0 9 74  — .1068 — .06/ — .08/ — .08/ — .07/
/-.i 09 /— .08 1————

C .fl1130 .0368
~6sf

estimate f roe  this study and the analog aatching result.

The  l a r g e  variance in side—force surface control derivative s

reflects the difficulties encountered in this study, and

further research is indicated.

This stud y used the opposite sign convention from other

studies for aileron deflection . Aileron control derivatives

ar€ in poor aareement vith analo matching results. C is
15a

somewhat larger it1 magnitude than the analog result (17

percent). C~ is S tiaes as large as the analog result and
6a

is opposite in sign (due to opposite sign convention)

4 — 3 3

_ _ _ _  _ _ __ _ _ _  
-~~~



Additional runs were made using ~ priori weighting on the

stability derivatives , holding ruddie r and side—force surface

deriva tives constant and allowing aileron control

derivatives to vary with no ~ priori weighting. C
16 a

decreased in magn i tude  to a v a l u e  more  consistent w i t h  t n e

analog  m a t c h i n g  result and pub l i shed  va lues .  C~ increased
6a

in m a g n i t u d e, howe v er , and th i s  la rge f avo rable y a w e f f e c t  was

very visible in the yaw rate time history matches.

C r am~~r — R a o  lower bounds a v e r a g e d  a round  10 percent of the

C es t imate .  R e f e rence 3 f i x e d  both  C and C at windn 1 n6a 6a
tunne l va lues  in order  to obtain better estimates of

pa rame t ers co rre la ted  w i t h  t hese con t r ol de r iv a t ives ( C
1p

C ) . Additional runs holding aileron control derivatives

f i x e d  at  analog matching values resulted in poor sideslip

an gle , lateral acceleration , and yaw rate time histor y

matches. C1 ~~, C1 , C ,and C~ estimates doubled in
r p r

maanitude (Appendix A) although C did decrease.
‘p

A3ditional data using different aileron inputs are- n eeded to

improve the rolling moment derivatives.

11.6 Conc lus ions

Initial estimates demonstrated the dynaiic error in
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sideslip angle measurements, and the need for large control

inputs and state responses. The scatter in estimates was

reduced when estimates were separated by type and by initia l

deflection cf control surfaces. Control interconnects

prevented accurate side—force surface derivative estimates

for Flight 1, and lack of a roll rate measurement and poor

la tera l acce le ra t ion  m e a s u r e m e n t s  degraded these estimates

on Flight 2. An improved analytical model and reduced

measurement  noise is needed to investigate  t he  nonlinear

roll and yaw responses documented in this study. Reference

3 and 5 suggest model improvements , wh ile optimal filtering

and/or smoot hing could reduce measurement noise in the

curren t data. Heading angle information might be used in

place of (or in addition to) sidéslip angle measurements to

preven t  bia ses of the side—force derivative estimates due to

i n s t rumen t  Errors .

The poor agreement of a i le ron  contro l  d e r i v a t i v e s  w i t h

analog matching results indica tes the need for further

research in this area. Attempts to improve the aileron

derivative estimates in the present research included fixing

other control derivatives. This resulted~ in ia still poorer

C estima te. The large favorable yaw predicted was not
I

verified by measurement. Sideslip angle, yaw rate, and

11

II



lateral acceleration time history matches are generally

poorer than those for other control .. deflections .
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5. LONGiTUDINAL DERIVATIVE DETERM INATION

The VRA long itudinal derivatives were estimated using

eight elevator doublet input time histories. The measured

quantities used were angle-of-attack , velocity, pitch angle ,

pitch rate , normal acceleration , and elevator deflection.

Parameter estin-ates from these time histories were averaged ,

and their variances indica te the quality of the estimates.

Attempts to reduce the variances included fixing single

derivatives from pairs of highly correla ted derivatives and

sepa rating results by initial direction of the elevator

deflection. The effects of poor signal—to—noise ratios and

nonlinear aircraft responses were documented in this way.

Initial runs clearly demonstrated the dynamic velocity

measurement error due to the location of the aircraft static

ports. Attempts to estimate longitudina l force derivati ves

resulted in minimization algorithm divergence due to

inadequate velocity perturbations produced by aircraft

response to elevator doublets. For these reasons, the

velocity eq uation in Eq 7 was neglected , and the associated

stability and control deriva tives were not estima ted.
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5.1 Initial Runs

Seven time histories (each of S sec duration) were used

to estimate the stability and control derivatives associated

w i t h  the short period mode. Tab le 7 summarizes the results

from these initial runs along with standard deviations as a

percentage of the estimates. Two immedia te difficulties are

evident in these results. The first is that the sign of C
~

is inconsistent with theory and its standard deviation is

large. The second is that the relati Qe magnitudes of C~
oe

and C are inconsistent with theory.

T A B L E  7. L O N G I T U D I N A L  D E R I V A T I V E  E S T I M A T E S  A N D  P E R C E N T
S T A N D A R D  D E V I A T I O N S  FRO~ E L E V A T O R  DOUBLET I N P U T S .

Initial Runs Final Runs

C —3.6565 7.5 —5 .6226 12.7
ZU

C 2 18. 9338 86.5
g

C~ — 1 .149~ 27.~

C — .40 68 24 .9 — .61~~7 19.8

C —18.5956 32.7 —7.8665 46.9
flg

C —1.2776 25.5 — .8207 21.0

—. _l
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Reference 3 suggests that C2 is an important parameter
g

for tne Navion . Since the additi.3n~of side-force panels and

the increase in rudder area should have little effect on the

l o ngi t u d i n a l  s t ab i l i t y  d e r i v a t i v e s, C2 
was included in the

analytica l model and estimated to be positive. A positive

C is not consistent with aerodynamic theory . The
Zq

incremental norma l force produced by positive pitch rate

perturbations is primarily due to an increase in the angle

of attack at the horizontal tail. An increase in angle of

attack results in a negative norma l force. The positive C2
g

estimate •is also inconsistant with the negative C estimatemq
(Ref 5) . The l a rge  variance in the estimates of this

derivative indicates that it is not readily determinable

frem the available data. Different control inputs, e.g.,

direct lift pulses from wing flaps, might help isolate this

derivative.

The pitchinq moment due to elevator deflection is

primarily due tc the change in normal force of the

horizontal tail due to elevator deflection:

C n- = C2 1 / C (41)
m e m e t

F r om T a ble 7, C should be approx ima te ly  3 t imes C f o r
“6e

5 — 3



the V ?A ; however , the present parameter estimates do not

conform to this theoretical relationship.

The norma l acceleration time histories from these runs

initially show the effect of the erroneous C and CZoe
The estimated time history initial respon se to the elevator

deflection is a visible acceleration opposite to the

intended acceleration as seen in Figure 11. A pitch—up

elevator deflection initially prçduced a large upward

acceleration of the c.g. in the estimated time history (I).

This respon se was clearly not evident in the measured normal

acceleration (M)

Re fe rence  3 ~and 10 suggest that the inverse of the

second g rad i en t  of th~ cost function with respect to the

unknown parameters, as calculated by tne minimization

algorithm , is a useful approximation to the parameter

cova r iance  i r .at r ix .  Table 8 shows this matri x, normalized by

t h e  d i a g o na l  e leme nts .  The o f f — d i a g o n a l  terms of t h i s

m a t r i x  are a p p r o x i m a tions to the corre la t ion coefficients of

cor responding  parameters.  The h i g h  correlation between C

and  C~, is ex.pected ‘from their geometric relationship. In

add i t ion , the aerod y namic bias estimates are highly

correlated with the control derivatives possibly because of

a bias in the trim elevator deflection measurement.
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TABLE 8. ESTIt~ATE D LON G I T U D I N A L  PARAMETER COVARIANCE NATtsIX
NORMALIZED BY THE DIAGONAL ELEMENTS.

Z Z Z Z N N N N e
6e 0 a q 6e 0 

- 
a q 0 

-

Z 1. .97 .06 ~~~149 — .93 — .94 .10 .53 — .88
_ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  —

z .97 1 , .03 —~~L4 14 — .97 — .97 .11 .59 — .91
o -

Z .06 .03 1 , — .59 — .01 -.06 -.12 -.19 -.08
(8 

_______ _______ _______ _______

Z — ,49 — .44 — .59 1. .4~ • 143 — .36 — .09 .52

N — .93 — .97 — .01 .40 1. .99 — .09 — .66 .95
be 

______ ______ 
- -

M — .94 — .97 — .06 .43 .99 1. - — .06 — .59 .95
0 

_______ _______ _______ ______ _______ _______ _______ _______

N .10 .1i~ — .12 — .36 — .09 — .06 1. .41 — .05
a 

_______ _______ _______ _______ _______ _______ _______ _______ _______

M - .53 .59 — .19 - — .09 — .66 — .59f .41 1 , — .56

~ — .88 — .91 — .08 .52 .95 .95 — .05 —.56 1 .
0

5.2 Final_R u n s

T h e  de r i vat i v e s , Z and Z , were held f i x e d  at an alo .~
g be

matching •values (Cz C’ ; C~ = — .255# ) since they were
q be

5 — 7  
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not determinable from the data. In a d d i t i o n , t h e

ae r od y nami c biase s we r e calc u la ted to bala nce the equations

of motion initially and were held fixed during the

estimation . The results of this secon d Set of runs are

summarized in Table 7. Note that the C estimate increased
Z

in m a g n i t u d e .  The s h o r t — p e r i o d  mode damping  d e r i v a t i v e, C 1
decreased in magnitude. C is now a p p r o x i m a t e l y  th ree

t imes the  n i agn i tude  of

In attempting to reduce their standard deviations , the

estimates were separa ted into sets by direction of initial

elevator deflection. The variance in C
~ 

and Cm decreased
a q

for the estimates separated in this way and all estimated

d e r i v a t i v e s  had  s i g n i f i c a n t l y  d i f f e r e n t  mean va lues  based on

this separation (see Appendix H). This nonlinear response

to  e levator  inputs  again suggests tha t  the ana ly t i ca l  model

• sho uld be r e e x a m i n e d  a n d  revised.  It also suggests t h a t

smaller  — a m p l i t u d e  i npu t s  must  be used to rema in witnin the

linear range of aircraft response . The penalty of poorer

signal—to-noise ratios on the quality of estimates dictates

tbat the measurement noise must be reduced to maintain high

s ignal - to-noise  ra t ios.

Use of a Kalman filter/smoother during data processing

is one approach to reducing noise in the data provided by

5 — 8
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the VRA ’s existing sensors. Care must be exercised in this

procedure to prevent para meter estima tes from being biased

by the dynamic model assumed for the Kalman filter/smoother.

A long-ter~r approach to noise reduction is the replacement

0±  the hardware used for data processing in this study witn

equipment better suited for digital data analysis.

Table 9 compa res the estimates derived in this study

w i t h  a nalog m a t c h i n g  r e su l t s  and p ubl i shed  est imates fo r  the

Navion in different configurations. C
~ 

is higher than

expected froxr earlier results. Reference 3 suggests that

failure to include C~ in the analytica l model results in a
g

larger amplitude C estimate. The results from the initial
a

runs su;gest that a positive C~ is required to reduce C
g

estimates from the given data . Additional runs including

I - C~ in the model resulted in increased magnitude C~
g a

estimates for negative C,, estima tes. The variance in the

C~ estimates still was very high. Additional data wo uld

better determine the relationshi p of C2 and C~
q a

The three estimated ao•ent derivatives have magnitudes

smaller than the analog ma tching results, howe ver, they are

within one standard deviation of those results, with the

exception of C , which is half the analog value. The Cm

estimate is approximately three times the C estimate.

I
i
I 
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TABLE 9. COMPARISON OF LONGITUDINAL DERIVATIVE ESTIMATES
WITH A N A L O G  N A T C H I N G  A N D  P U B L I S H E D  RESULTS .

Analog Ref.3 Ref.2 Ref.1 Ref.18
Match

C —5.623 —4.588 —4.3/ —6.0/ —4.5/ —44.4/Z /_4•9 /—6.44 /_4,5 1————

C C.0 0.0 —15.9/Zg /-27.1

C — .2867 — .2867 — .51/ — — — — /  — .43/ — .355/
7—-—— “-.53 I-——-

C — .6107 — .6412 — .77/ 
84 

——— 7 _
.95/ ——— 7

C —7.867 —14.41 —24.6/ —18.3/ — — — — /  —14.3/
“—22.4 7—15.5 /———~~

C — .8207 — .9599 —1.4/ —1.4/ —1.4/ —— ——m oe “- -i . S  ~— 1 .5 7— 1. 5

A d d i t ional  data us ing~~iupr oved  .elevator input shapes

and f l a p  deflections could red uce the correlation of several

of the derivatives. An improved estimation method also is

needed to reduce the biases in estimates resulting from

holding elements of correlated sets of derivatives fixed.

Time history matches using the stability and control

derivatives estimated in this stud y show good agreement . In

5 —10
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Figure 12, the angle—of-atta ck matching and the norma l

acceleration matching do suggest som e inconsistency in the

measurements. While the estimated time history tends to

undershoot extrema in the angle-of-attack measurements, it

tends to overshoot extrema in the normal acceleration

measurements. This demonstra tes the efiectiveness of the

minimiza tion algorithm , as well as the adverse effects of

scale factor and bias errors in the measurements. An error

in t h e  upvash  correction f a c t o r  of the  a n g l e — o f — a t t a c k

m e a s u r e m e n t s  might result in the inconsistency between

measurements sources.

It was suggested tha t  an error -in the upwa sh correction

fo r  a ng l e — o f — a t t a c k  measurements  also might  result in a C~

est imate  wi th  large variance. Six addi t ional  r u n s  were m a d e

using two elevator doublet input time histories (Appendix

B)  . These runs included C~ in the model ~and varied the
q

uowash correction factor trom 1 (no correc tion) to 1.9. The

results suggest that there is a strong relationship between

t he  upwash correction and C
2 

but that the va riance in the
q

estimate is not reduced , as seen in Figure 13. While
q

some matches improved , the undershoot—overshoot relationship

was never reversed ( a measurements were consistently

undershot by a estimates)
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FIGURE 13. THE RELATIONSHIP BETWEEN ANGLE—OF—ATTACK DPbIASH
COR1~ECTIOK P-ACTOR AND THE COEFFICIENT FOR THE R A TE OF CHANGE
OF NORMAL FORCE WITH RESPECT TO PiTCH RATE FOR TWO FLIGHT 1
ELEVATOR INPUT TIME HISTORIES.

Aerodynamic biases were held fixed during these runs.

The four da ta points at a correction factor of 1.6 show that

failure to use the correct analytical model results in

biased estimates. Two of the data points (triangles) are

the estimates from initial runs for these time histories .

Here Z , Z , and the aerodynamic biases were estimated as
g oe

well as the other short period mode derivatives. The other

5 — 114
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two points (squares ) were estimated with the aerodynamic

hases and Z being fixed. This result clearly indicates
oe -

the need for further research on the analytical model.

Additional runs were made to determine the effects of a

non— zero pitching moment with respect to rate of change of

angle of attack (C ). This term was introduced using the

acceleration transformation matrix , R:

(142)

Inverting P and premultiplying the A and B matrices

correctly accounts for the unsteady aerod ynamic effect on

the stability and control derivatives of this term . C1 was

set at ~~~~~~~ the value from analog matching results. This

C1 increased C
~ 

+Co
~ by 25 percent and increased C1 by

a g~~~ a 6e
1D percent towards the analog matching results. A similar

result is reported ‘1in Ref 3. Cm changed by less than 2

percent frol its previously estimated value.

5.3 Conclusions

Initial esti.ates demonstrated the dynamic velocity error

and the small velocity perturba tion response to elevator
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doublet input time histories of 5—sec. In addition ,

physically nonrealizable estimates of certain derivatives

and prediction of high correlations in pairs of estimates

suggested that the associated derivatives should be held

fixed during estixr-ation. These runs prod uced good time

history ma tches and fair comparisons with previous work.

Separation of results by initia l deflection reduced the

variance in some estimates and clearly indicated a nonlinear

aircraft response. This recommend s further refinement of

the analytica l model to include nonlinear terms and use of

lowe r amplitude eleva tor inputs to stay within the linear

range of the lift curve slope. This in turn req uires

reducing measurement noise either by smoothing existing dat a

or by employing improved sensors. The effects of scale

factor errors in angle— of—attack measurements were

investiga ted, and the results indicate that further

verification of the upvash correction should bE made. In

a d d i t i o n , an  improved method f o r  estimating hig hly

correlated derivatives must be devised. Inclusion of a

fixed value of C1 seemed to improve moment derivative

estima tes and should be estima ted. This again would riguire

modifica tion of the analytical model.
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6. CONCLUSIONS AND RECON~~ENDAT I ONS

The research for this thesis resulted in severa l

conclusions and recommendations about analytical models,

data collection and derivative estimation:

The absense of measurement and process noise in the

flight data is not always a reasonable assumption, as

the  q u a l i t y  of est imates is direct ly  related to the

v a l i d i t y  of this assumption.

Ins t rum en t errors result  in the degrada t ion  of the

quality of derivative estimates. The aircraft static

ports, angle—of-attack and sideslip vanes, and lateral

accelerometer should be studied to determine the

effects of high frequency i-nputs, rapid changes in air

f low, and upwasb effects.

• Calibration procedures should be reexamined with

t h e  a im of reducing huma n error. Simple calibration

instruments can he constructed that result in

consistent results.

• Improved control input designs can now be verified

using the YRA digital flight control system, which is

capable of generating repeatable inputs of arbitrary

pulse (or wave) shape.
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• The r ep l acemen t  of a n a l o g — t o — d i g i t a l  convers ion

ha~ dware with equi pment better suited to digital data

analysis will reduce measurement noise and biases added

by the multitude of components now used.

• Mass a nd iner t ia  i n f o r m a t i o n  must  be determined for

the vRA in its current configuration. The effects of

inertia coupling should be documented prior to

identify ing aerodynamic coupling parameters.

• Poor signal—to—noise ratios aggravated by failure

to sufficiently excite all niodes of motion result i’zi

poor qualit y derivative estimates. These effects are

vis ible  in the time h is tory  matches produced.

• The nonlinear response in roll , pitch ,and yaw to

con trol estimates is documented by the reduction in

variance of estimates separated by initial deflection

of the control surface. This suggests that the

assumptions used in deriving the analytical model must

be reexamined and additional effects must be modelled

in the eq uations.

Cram~ r— }~ao lover bounds to the standard deviations j
in estimates are reasonable confidence level

indica tors,although they rarely reflect true standard

deviations.
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• An improved method for estimating highly correla ted

d e r i v a t ives nu s t  be devised.  :Ifi~~ o~~~d control  i n p u t

design is a fruitful direction for research.

• Nonphysically realizable estimates of derivatives

can cause obvious errors in time history ma tches that

are no t corrected by the minimization algorithm.

!leasurement and process noise can account for these

estimates as well as poor excitation of modes of

motion

• C,ood time history ma tches do n ot g u a rantee good

parameter estimates in the presence of measurement and

process noise . M ode l ing  e rrors  and noise and biases in

t h e  in s t r u m e n t s  degrade  the  q u a l i t y  of es t imates .

Fu r t h e r  research is needed on the a i rcraf t ana ly t ica l

mod~~1 and minimization algorithm. Instrumen t studies should

p rece~ie f u r t h e r  - e s t ima t ion  re search. I n p u t  design s tudies

orrer improved quality ot estimates even with current

zreasure !rent and process noise problems.
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APP EN DIX A

TA 3 IJL AT E D LA T E R A L — D I R E C T IO N A L  D E R I V A T I V E
ESTIMATES

The M o d i f i e d  M a x i m u m  L i k e l i h o o d  Es t i m a t ion progra m used

in this study produce s estimates of stability and control

de r i v a t i v e s  and lover bounds to the standard deviations of

the est imates (Cram~ r-Rao bounds). Table 10 lists the

lateral—direc tional derivative estimates , and Cramèr-Rao

bounds for the twenty time historie s discussed in Chapter 4.

Zero values for the Cramèr-Rao bounds indicate that these

deriva tives were held fixed at an assigned value. Mean

values and standard deviations are also listed .

R u n s  1 t h r o u gh 7 in Tabl e 10, are estimates from

aileron pulse inout time histO ries for Flight 1. Taken

to ge t h e r , th~ standard devia tions of all stability

derivatives and aileron control derivatives are reduced from

values for all estimates . Standard deviations are reduced

further . for several deri vati ves by grouping estimates into

sets according to direction of aileron deflection as in

Table 1 1 (3 positive and 4 neg ative inputs) . This reduction

in variance indica tes a nonlinear respon se of the YEA to

aileron inputs.
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Runs 8 through 11 in Table 10 are estimates from rudder

doublet input time histories for Flight 1. - Again standard

deviations are reduced for all stability derivatives and the

qualit y of rudder derivative estim ates is much improved as

expected. Table 11 shows that, as with aileron inputs,

variances are reduced for some derivatives when separated

according to initial rudder deflection (2, positive , 2

negative). This evidence of nonlinear response suggests

that further research of the analytical model is needed.

Runs 12 through 15 in Table 10 are estimates from

side-force surface ~input time histories for Plight 1.

Because of a side -force—surf ace-to—au eron interconnect and

a side—force—surface—to—rudder interconnect used on this

flight to better csiiulate pure lateral -translations,

side—force surface control derivatives were estimated

holdin’g the aileron and rudder derivatives fixed at

previously estimated values.

Runs 16 through 20 in Ta b le 10 are estimate s fro m

side-force surface input time histories for Flight 2. No

ccntrol -interconnects were used on this flight. The single

positive and two negative side-force surface pulses (15, 19,

and 20) produced larger state perturbations (and thus higher

signal to noise ratios) than did the single positive and two

1 — 8



negative doublets (16, 17 , and 18) . C ram~r- Rao bounds for

both type s of inputs are similar however. Table 11

separates estimates by direction of initial input and again

the var ianc e in some derivatives is reduced.

Chap ter tL • discusses the questionable C~ derivat ive
oa

E~s t im a t e.  The estimate is 5 times as large as the analog

m~ tchinq result and is opposite in sign. Table 12 lists the

estimates from two aileron pulse time histories where

aileron control derivatives were fixed at analog matching

values, in comparing the estimates with those for runs 1

and fl from Table 10, C
1 , 

C
1 , C , and C~ estimates
r p r

doubled in ir.agnitude although c~ did decrease towards the
p

analog matching result.
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APPENDIX B

T A B U L A T E D  LONGITUD I N A L  D E R I V A T I V E  ESTI M ATES

Longitudinal stability and control derivatives were

identified by the Modified Maximum Likelihood Estimation

prog ra m using elevator doublet input time histories from

Plight 2. Table 13 lists the estimates and lower bounds to

the standard deviations (Cr a m~ r-Eao bounds) for initial runs

using 4 negative initial input doublets (run s 1 through 4)

and 3 positive initial input doublets (runs 5 through 7).

Listed also are the averages and standard deviations for all

7 runs, the negative runs and the positive runs.

Table 14 lists the estj~ates froa 2 t u e  histories (4

and 7) for varying angle of attack upwash correction

factors: . Angle of attack - measurements we re di vided by

correction fac tors of 1, 1.5, and 1.9. appears to be
g

the most sensitive of all estima ted deriva tives to errors in

the upwa sh correction. The variance in C is not reduced
Zq

however by changing upwash correction factor.
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CZ DERIVATIVE S
RUN ALPHA 0 DE

l — 3 .28187+Ii, 1 5433 20.1563+ 8,956~-@.82853+0.08952
2—3,66989+0.14645 4, 1088+ 6,858-1.11753+0 , 1009 1
3-4.07454+ 15917 2,2472+ 6.158 - 6899940.14265
4-3,80012+0.12230 9 2276+ 4 883-L11669+0M8668
5-3 864 92+1i. 136 68 19 7 4 ~0+ £ 482 -1 405E9+0 c19275
6-3.28039+0. 13495 54 5444+ 8 528 -0 6E-6E.0+0M9959
7—3 E2405+0,c18399 22 5053+ 4,218 -1.222c12+1j06589

MEAN AND LT D PEV 8AS ED OH 7 SAIIPL ES
7-3,E5654+[ i.27307 18.93~ 8+ 16 36- 8 - 1 .14 9 5 8+ @ .3165 3

7.5~ 8E. .5’/ 27. 5~
I1EAH At-fl) STD 11EV BASED OH— 4 SAI1FLES

4- 3.70660+0.23542 8 9350+ 6,965 -1.18818+0.31275
7,7~ 77,9;~ 26.3~

MEAN AUD 6Th 11EV BASED ON + 3 SAI1PLES
3-3.5E:979 +0 .239~ 4 32.2656+ 15 ?94 -1.09818+0,31420

G 7 x  48 ,9.~ 28 .6k

CM DE~~1VAT IVE 6
RUN ALPHA DE

1-0.38583+0 .02432- 18,2562+ 0.907 -L284?4+0.04832
2-0 20756+0,02028-26.7380+ 1.446 -1.5640 1+0,06154
3-0,35?74+@.020E:5-26 2030+ 1,731 -L83234+0 C18791
4-O.46323+0.U1841--20.9779+ 1.063 -L40250+0 @4626
5-0.523U0+0,021 113-10,2095+ Eh 6@7 —0.86886+0.0236]
6-@.51788+0 0229?—11 4985+ 0.674 -0.91529+0.02880
?—@ 39200+0.C-i1098-16. 1359+ 0.566 -1,0?576+@ .02407

MEAN AND STD DEV BASED ON 7 SAr-10LES -

?—0 .40675f0 10127—18 5956+ 6,083 —1,27764+0,32613
24.9x 32,7~ 25 5z

MEAN AND LTD 11EV BASED ON— 4 SAIIPLES
4—0 35359+0 .09274-23,@813+ 3.600 -1,52090+0.20533

26,2;~ 15 6k
MEAN AND STD 11EV BASED 0tH 3 SAMPLES

3-0.477 63+0 .06059-12,6146+ 2.545 —
~~•~~5330+O ,08864

1 2 7 ~ 20,2~ 9,3~

T~~L~ ‘13. LONG1TflDIi~A1. DERIVATIVE ESTIMATES AND T H E I R
CRAM ~ E—RAO ROUNDS.
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CZ DERIVA T IVES
FACTOR ALFI-t A 0 LIE

1 o -3 .68? 51+ci US@ 11 44,3280+ 5 043 -2.45525+O 0?574
-3,4713~ +U 095ci3 96.26764- 7.589 -1.8E3S.i+@~~ 8ICi 9

i,s -4 E i7’+0.097j2_19 E~c444+ 3 556 -2 27630+Ci ciE-~ 3
~~~~~~~~~~~~~~~~~~ 9 7 ~~~9+ 5.200 — I .  1 +ci oT459 ,

1. 9 5 3 4 + 0 . 1 ] :- - -4 1- , 695+ ~ _ 4 96 - 2 ,24 I 9~ +0 ii~~~ c~— 5 , 3 15  +0.14371 -20 0994÷ 4~ ”2E ~~~~~~~~~~~~~~~~~

CII I’E P 1 VA TI VE S
F A C I O R  ALPH A U LIE $

1 o —Ii :~-~~~~+c1 Lllf:L1- 1: i::b+ ci E Ir - -0 Qc117:+ci CI CIE O9
—0 12+0 111404 1CL8432+ 0 J56 --0 81520+0 00924

—1j50713+0 01797-1CL 3547+ 0.485 -0 91095+O ,006331.5 -O.47559+U.U~~~14 -9 1165+ 0. 74 3 -0.S~ 04 5+ 0 ,01O19

1 9 _O 6!2E:2:fC1 U2505 — 9 9~~73-~
- 0.546 -0,913 +0.0c~~5-3— o~~736 1 +o ci2~~~ — s.  14 01+ 0 E ~l I  —0. E- - 7- ’ -0 . 0 1 1~-9

‘lAD LE 14. LONGITUDIN AL DERIVATIVE ESTI!~AT~ S FOR VARYI N G

UPWAS H COFRECTION FAC ’lCPS (1.0. 1.5, AND 1.9).
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APPENDIX C

NOMENCLATUR E

A fundamental matrix

a lateral acceleration, positive right (g)
y

a normal acceleration ,positive down (g)
a

B control elfect matrix

C dimensionless rolling moment coefficient
1

C dimensionless pitching moment coefficient
m
C dimensionless yawing moment coefficient

n
C dimensionless axial force coefficient

x
C dimensionless side force coeff ic ient

Y
C dimensionless normal force coefficient

z
£ vector of parameters to be estimated

c ~ prior i value of c
0

Dl instrument error weighting matrix

D2 ~ priori parame te r estimate weighting matrix

vector of nonlinear equation s of motion

G , R observat ion matrices
2

g acceleration due to gravity (ft/sec )

I moment of inertia about the long itudinal axis
1 2

(s lug—ft
2

I moment of inertia about the lateral axis (slug—ft )

I

c — I



_
— ----

_ _~
T1 :

~ _ -~

2
I momen t of iner t ia  abou t  the normal axis  ( s lug- f t  )

z
I cross—product of inertia about the longitudinal
IT 2

and lateral axes (slug—ft )

I cross— product of inertia about the longitudinal
IZ 2

and normal axes (slug—ft )

I cross- prod uct of inertia about the lateral
YZ 2

and normal axes (slug-ft

.1 cost f u n c t i o n  -

K overall ~ priori wei ghting factor

L l ikelihood func t i on

I rolling moment divided by moment of inertia about
2

the longitudinal axis (rad/sec

pitchin g m ome n t divided by moment  of inert ia  about
- 2

the lateral axis (rad/sec )

in aircraft mass (slugs)

N yawing moment divided by moment of inertia about
2

the norn~a1 axis (rad/sec ) or

numb er of sampling instants

n measurement errors vector

p roll rate, perturbation

g pitch rate, perturbation

B acceleration transforma tion matrix

C -  2

~~~~~~~~~~~~~~~~~~~~~~~~~
-
~~~~

- - - — - -  ______



-~ ---- -~ -.---- - -

r yaw rate, perturbation
2

S reference area (ft )

u longitudinal velocity, perturbation

u control deflections vector

V velocity (ft/sec)

v lateral velocity, perturbation

W aircraft weight , (ib)

w normal velocity, perturbation

disturbances vector
2

I longitudinal force divided by mass (f t/ sec )

x longitudinal position

x states vector

I side force divided by mass and velocity (rad /sec)

y lateral position

x output vector

Z normal force divided -by mass and velocity (rad/sec)

z n ormal  position

observation vector

a angle—of—attack

sideslip angle

aileron deflection , (right minus left)/2, (deg)

ele vator deflection from trim (deg)

rudder deflection from fuselage centerline (deg)

C —  3
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6sf sideforce panel deflection, (right pl us left)/2, (deg)

e pitch angle (deg)

• roll ang le (deg)

yaw angle  (deg)

V g r a d i en t

C -  4 
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