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INTRODUCTION

Alrcraft control systems have been designed in the past to meet stability,
apparent damping, and sensitivity criteria. Subsequently, pilot comments and
ratings, using the Cooper-Harper rating scale, graded the performance of the
pilot-airplane-flight-control-system combination. The C-H scale emphasizes

TAKEOFF

CRUISE

GROSS MANEUVERING AND AEROBATICS

FORMATION FLIGHT

TRACKING

GROUND-CUNTROLLED APPROACH

LANDING APPROACH [11*
Experience has shown that the design criteria are often a subset of the han-
dling-quality criteria.” In order to design flight-control systems which
achieve low (desirable} C-H ratings, some explicit consideration of handling
qualities iust be incorporated into the design process. The work begun by the
Boeing Afrplane Company and extended by the McDonnell-Douglas Company has re-
sulted 1n quantitative specifications which are intended to insure "good"
aircraft handling qualities. These specifications take the form of envelopes
within which selected time-histories must fall, e.g., normalized sideslip,
normalized roll rate, and two blended quantities, ¢* and D*, containing
the acceleration cues at the pilot station.

An evo1utionéry process has provided the basic design of mbst aircraft

control systems. It is often the case that the selection of numerical values

*
The numbers in square brackets refer to bibliegraphy entries.
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for the many parameters in a control system is more difficult than the
establishment of the control system structure and modes of operation, To
overcome this "tuning" problem, a model-matching optimization technique can
be implemented on a large digital computer. Such a program adjusts specified
parameters of a simulated airplane-flight-control-system combination so as to
minimize some measure of the dynamic differences between the clused-loop air-
plane and a low-order mode} of a desirable prototype airpiane. As a partic-
fpant in the ASEE-NASA Summer Facuity Fellowship Program in the summers of
1974 and 1975, the principal investigator, working in the Vehic¢le Dynamics
and Control Division of the NASA Flight Research Center, Edwards.'Ca1ifornia,
developed a method of translating handling-quality time-history specifica-
tions into prototype aircraft mode}s. These models are suitable for subse-
quent use with an FRC model-matching program: CONOPT, ,
The connection between specified time histories which fall within the
established envelopes and numerical values for adjustable parameters onboard
the aircraft is, in principle, established. The method is explained in the

following sections and the lateral-motion case demonstrated.

PROBLEM STATEMENT

The NASA Flight Research Center computer program CONOPT, which resulted
from the addition of the MIT Model Performance Index Design Program OPT to the
in-house control system analysis program CONTROL, is a model-matching package.
The user specifies the model in transfer-function form. The Model Pl tech-
nique [2] requires that the model transfer function, if it has any zeros,

should have the sane number of excess poles over zeros as the closed-loop



airplane control system. If it has no zeros then the number of poles of the
model transfer function should be equal to or less than the number of excess
poies over zeros of the closed-loop airplane. Another condition on the model
transfer function is that it must have reasonable eigenvalues. Thus the mode!l
is a Vinear, constant-coefficient ordinary differertial equation in operator

notation,

D(d)x(t) = N{d)u(t) , (1)
with loose bounds on the roots of,

D(A1) =0 , (2)

and constraints on the coefficients of N(d). In order to obtain the entire
matrix transfer function in one operation the model will be represented in

state variable form,
dx = Ax + bu . (3)

The problem is to determine an A and b combination which éatisfies the loose
bounds and constraints above and which describes a low-order prototype air-
pIaﬁe model with "good" handling qualities. FRC program CONTROL can be used
to obtain transfer functions from A and b for use by CONOPT.

The handling-quality time histories, yi(t), are linear combinations of

state variables,
y(t) = Gx(t) . (4)

If all the yi(t) fall within their handling-quaiity time-histery envelopes the
model 1s appropriate for use with CONOPT.



The rigid-body equations of motion for symmetrical airplanes slightly
disturbed from straight and level flight can be separated into two sets of
four simyltaneous first-order linear constant-coefficient ordinary differen-
tial equations [3]. One set describes the longitudinal motion, or motion in
the plane of symmetry of a normally configured airplane. The other set de-

scribes the lateral motion. In each case,
dx = Ax + bu , (5)

where A 1s 4 x 4 and b i5 4 x 1 if there 1s only one input.

Only one longitudinal hand)ing-quality criterfon has been established:
C;. Three lateral handling-quality criteria have been proposed: 9:, normal-
ized roll rate, and normalized sideslip. An envelope for the first derivative
of each handling-quality time history has also been proposed [4]. These eight
envelopes are plotted in Figures 1 through 4. These handling-quaiity time-
history envelopes imply standard inputs. The C* response results from a step
change in elevator position, 6e' and the latera! handling-quality time re-

sponses result from a step change in aileron position, Ga.

METHODS

An obvious procedure for obtaining models with handling-quality time

histories which fall within specified envelopes is to:

1. Guess a model in terms of A and b
Calculate x(t)
Form y(t)

£ W M

Compare y(t) and y(t) to the appropriate envelopes
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5. If no envelopes are violated, stop
6. Otherwise alter A and/or b according to some

strategy and return to Step 2.

This "brute force" technique would consume large amounts of computer time and
may not succeed. It would be necessary to define a cost functiomal which
measures all excursions outside of the envelopes and which is suitable for use
in a numerical optimization scheme. Next a connection between the elements
a5
there is no assurance that the attainable minima of this functional would be

and b1 and the cost functional would have to be established. Finally,

zero. The addition of hard and soft constraints arising from the loose bounds
on the eigenvalues and specification of the pole-zero excess of the transfer
functions complicates the numerical optimization problem. In the fourth-order
lateral-motion case there would be: twelve variables to be manipulated, four
soft constraint equations to be approximately satisfied, n hard constraint
equations where n is the sum of the specified pole-zero excesses, and six en-
velopes to be matched.

One simplification which circumvents the need for a cost functional and
optimization strategy is the use of direct search. If any solution which sat-
isfies the constraints and the envelopes is as useful as any other, systematic
or random direct search is easier to implement and no more wasteful of computer
time than optimization. Random direct searéh has been used to obtain second-
order longitudinal airplane transfer functions. In this simpler situation
the aij :4,3=1,2 are randomly selected. If the resulting eigenvalues fall
within the region shown in Figure 5 [4], the bi: i= 1,2 are randomly selected

and C* and é* calculated. The ranges of the random choices are very

10



tnfluentiai. Sample results are:

1. 658 random sets of 35 yielded 22 acceptable pairs of real
efgenvalues and six acceptable pairs of complex eigenvalues.

2. For A having acceptable real eigenvalues 118 random pairs of.
bi were required to find one pair which yielded time-responses
which match the ¢* and é* envelopes.

3. For A having acceptable complex eigenvalues 320 random pairs
of b‘ were required to find one pair which satisfied the
envelopes.

4, If one envelope was matched (and the other violated) it was

as likely to be the ¢* envelope as the C* envelope.

The application of direct search to the fourth-order problem is currentiy
being Investigated, This is potentially useful for the development of models
which satisfy the longitudinal criteria, C" and C', but less so for the lateral
case, In order to develop lateral motion models and obviate the use of iter-
ative numerical techniques the problem must be reposed.

If one'begins with specific time responses which fall within the envelopes
and seeks a model whose output responses closely resemble the specified
handling-quality time histories the problem no ionger requires iteration. If
the elgenvalues are specified or obtained from the input responses and then
frozen and if all elements of A and b are unspecified rather than just those
elements which are normally nonzero for most airplanes, the problem is well-

posed. This procedure has three disadvantages:

1. The partial degrees of freedom represented by 1oose bounds on

ORIGINAL, PAGE IS | R
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on the eigenvalues are lost.

2. The envelopes are not directly used and may be violated by
the results.

3. The resulting A is not constrained to have the zero elements
and kinematic elements usually found in such models of

airplanes.

Experience with lateral-motion examples has shown that A may well have ob-
viousty unrealistic elements and still produce realistic transfer functions.
This 1s sufficient for present purposes.

The reposed problem fs the following: given Q(t), h(aij) and g(aij).
find A and b such that if

dx = Ax + bs, , (6)
and if
y=08x+hd, (7)
then
y= Q in some best sense,
with
A= d (8)

Note that the elements of G and h are known functions of the unknown elements
of A and that G is normally not square, there being fewer elements in y than
in x. |

The first step is to obtain an analytical representation of the input
time histories which one specifies in the form of a table of discrete values

uniformly spaced tn time. If the model is to be a fourth-order constant-

13
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coefficient 1inear ordinary differential equation, 1ts solution must have

the form:

= Alt lzt lgt kut
Yi{t) = cqe™ " 4 cpe™ T+ ciaett e et b ey (9)

These coefficients and eigenvalues, €3

error fitting the above form to the specified discrete values of §1. This is

and lj, are obtained by least-squared-

a two-step process. First the AJ are calculated. The calculation is based
upon first and second differences between adjacent ?1 values and 1s strongiy
influenced by their precision. If the values are represented by three signif-
fcant figures the resultihg eigenvalues are drastically incorrect even when
the data are contrived and there should be an exact solution. As the number
of significant figures is increased the calculated eigenvalues more closely
resemble the correct values. However, if data obtained from sketched time
responses or imprecise tables are to be accommodated, it is impractical to
calculate eigenvalues from such data. In such cases, the eigenvalues which
the model 1s to have must be specified. In either case, the Cij are straight-
forwardly calculated and the resulting fits usually quite good. Thus one can

represent the input time histories, y(t)., as

Ty = ggz-\t + ¢ (10)

()

where the elements of ¢ are the ¢, .

An example set of discrete input data points and their fitted represent-
ations is shown in Figures 6 through 8. Reasonable responses were sketched
onto graphs of the lateral handling-quality envelopes and then converted to

tabuiar form by estimating the values at half-second intervals. The eigen-

values used in the curve-fitting process were specified. The values used were:

14
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A = 2.4

A, = ~.003
Ay = =25 - §2.0
Ae = -.25 + 2.0

Once the specified discrete values of the ;i are approximately represented
y=Cett+e

This equation can be Laplace transformed into

(s) = Wb (1)

Assuming a unit-step input, the plant and output e .ations can aiso be Laplace

transformed {1 to
sX(s) = AX(s) + b/s
Y(s) = 6X(s) + h/s
which are manipulated to obtain
X(s) = (sI - e)'léls = ¢(s)b/s
Y(s) = Go(s)b/s + h/s . (12)

If equation 12 is rearranged to match the form of equation 11, the right-
hand sides of equations 11 and 12 can be equated, coefficient by coefficient,
to produce n{m+1) simultaneous algebraic equations where n is the order of
the plant equation, equation 6, and m is the number of elements in the output

vector, equation 7. For low-order models this s a satisfactory technique.

19
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The algebraic equations are of degree <n. In the fourth-order lateral-
motion example there are sixteen nonlinear equations containing, at worst,
quadruple-cross-product terms. A Timited amount of experience with these
equations has shown them to be numerically sensitive. An effort is being
made to develop a computer program which will solve the fourth-order example
equations with various constraints on the elements and eigenvalues aof A.
While this may prove to be the most satisfactory approach to the problem, the
numerical uncertainties are sufficient to motivate the development of an al-
ternative technique which 1s computationrally simpler.

A less numer1cally-§ensit1ve approach can be developed by combining equa-

tions 7 and 10,
Y= 6x ¢+ Dﬁa

x =6y - 67'hs

a

x=6'ce? + 67’ - 67'ns

Q.
b
|

= 6 'caed - 67 nas,

If these expressions are substituted into equation 6 one obtains

6'che?t - g7'hds, = AGTIce?t + AGT'c - AGTIn, + bS,

or

(87'¢h - AGT'C)e2" = AG™'c + G™'hds, + (b - AG RIS,

For this expression to be true

67'c ) (13a)

(=
1
1>
1G»
)

and

20



(Ag™"n - b)6, = AG™ (13b)
i1f 7= 67'C, then
A= TAT (14)
and
b=Ag(h-¢) - (15)

It is assumed that &_(t) = 1 and G™'hds, s neglected at this point but must
be introduced as an initial condition vector when computing model tim. re-
sponses. A model obtained from equations 14 and 15 will have the specified

etgenvalues and match the analytical representations of the input data exactly.

Unfortunately the above results assume the existence of @'1 whereas, in
general, G is not square. One can substitute the right pseudoinverse and ob-
tain similar results except that T will be singular and the model eigenvalues
are no longer equal to the specified efgenvalues since A and A are no longer
similar. If G is square and nonsingular, equations 14 and 15 hold. There are
two cases of practical interest in which G is nonsingular. First, one can
soecify n = m, that is, et the number of time histories establish the order
of the model. Secondly, it may be possible to adjoin created pseudo-time-
histories to y until m = n. One must have the means to create these pseudo-
time-histories. They must be linear combinations of the model state varia-
bles and the resuiting distribution matrix must te nonsingular.

In the lateral-direction, small-motion example, the state variables are
roll rate, yaw rate,sideslip angle and roll angle. The handling-quality

indicators are normalized roll rate, normalized sideslip angle and normalized 0",

ORIGINAL PAGE IS 21
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The normalized roll-rate input data can be integrated to produce normalized
roll-angle pseudodata. For the example, this was accomplished by exactly
fitting a tenth-order polyromial to the eleven discrete roll-rate data points
shown in Figure 6. This polynomial was integrated and evaluated at the same
values of time to generate the discrete pseudodata points shown in Figure 9.
The continuous curve in Figure 9 results from fitting an equation of the form
of equation 9 to the discrete pseudodata points just as is done for the normal
data. This allows the expansion of y to y and G to & and assures the pon-

singularity of é. This, in turn, allows cal:ulation of A and b using equa-

EGI?

tions 14 and 15. The same straightforward opportunity to augment y until
is square and nonsingular does not exist in the longitudinal smail-motion case,
although a designer could impose specifications on the motion, in addition to

the Boeing C* criterion, and thereby create a nonsingular §.

COMPUTATIONAL PROCEBURES

D 15 a weighted vombination of aircraft sideslip which is considered
the principal low-speed handling-quality parameter and lateral acceleration
at the pilot station which is the principal motion cue parameter at high
speeds [4]. In terms of a stability-axis system representation of small
perturbatfons about straight and level flight for a normally configured air-
craft with the pilot station on the longitudiral principal axis the expression

for D* is
* . .-
D(t) =V(B+r)+ AF ¥ C30c08 (16)

where Cy $s a dimensional constant definzd in Table 1. In terms of the

22
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elements A and b one obtains
Dy = Vag * iay
D, = Vagy + Ry, + ']
DB © Vagy + 2855 + Co0.,
D¢ = Vaq, + %35,

Dé = Vb3 + 2b1
a
and

D*(t) = Rp(t) + D r(t) + Dga(t) + Dyo(t) + Ds 82 - (18)

Unit Correction Factors for D* Equation

D* B C3
Value Units
(1 2
rad -9.91 x 1073 [9”§1i%ijJ
g's '
-4 's - ft?
rad -3.19 x 107) [nggay%
ft/sec? , ] |
deg -5.57 x 1073 [ _ft’ ].
' Ib-secZ-degd

Units for cfossover dynamic pressure, q_.; 1b/ft?

Table 1 [4]

24



Note that this assumes that the plant matrix is
I 2
2% 13

.J

With no constraints on the elements aij‘ Thus A is specifically not con-

strained to be of the rForm

o b ks
Aol oy v (19)
0 By
i1 0 0 0
similarly o
- L
by | %a
| N
b, 64
b =1 and not |y
3 8
b a
4
] 0
-

Thus the cutput distribution matrix G for the lateral motion case is of the

form
e 0 0 0
{_5 = 0 0 ]/85—5 0 (20)
Dp/!JS-s _ Dr/Dss DB/Dss D¢/Dss
where
yi(t) = plt)/pgg = pylt)
yz(t) = B(t)/BSS = Bn(t)

pAGE 18 _
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y4(t) = 0*(£}/D = D (t) (21)

and
0
h=1]0 (22)
D. /D
Ga $S
| .
The augmented output distribution matrix is
r- -
/v, 0 0 0
" 0 0 1/8,¢ 0
=1 0 0 b (23)
Dp/Dss Dr/Dss DB/Dss D¢’Dss
which 1s nonsinguliar f Dr # 0. The augmented output vector, g(t), is
J1(t) = p,(t)
Fo(t) = 8,(t)
(24)
y3(t) = [ p,(t)dt = ¢ (t)

74(t) = 0y(t)

2

Since n“ elements of A and the n elements of b are to be established equation

2 scalar equatidns with n2

14 is equivalent to n unknowns and equation 15 is
equivalent to n scalar equations with n unknowns. This is not significantly
different from the Laplace transform method in which one obtains n{m+1) alge-

braic equations without having had to create psuedodata. However, the degree

26
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of the simultanecus equations to be solved in the Laplace transform method

1s n whereas the equations arising from the pseudodata method contain cross-
product terms at worst. This dramatically increases the 1iklihood of obtain-
ing =olutions by iterative numerical means. For the fourth-order lateral
motion example, there are sixteen equations to be solved for the aij' A
Newton-Euler procedure [5] was employed in which an initial estimate of the

solution vector a is iteratively improved. If equation 14 is rewritten
fla) = 0 (25)
and E(g) is the Jacobiaﬁ matrix associated with the equation 25 then
B = 8 - B (3f(g,) (26)

This simple procedure has proved to be so successful that A = [ can be used as
the starting point and every element of (§k+1"§k) is reduced to 1075 in three
{terations typically. The elements of b are obtained from equation 15 without
iteration.

fuafore A and b can be calculated, equations of the form of equation 10
must be fitted to the input data. The resulting coefficient arrays C and ¢

1

appear in equations 14 and 15, Note that T = é' C in the pseudodata method.

A set of eigenvalues can be obtained from each discretized input time

history. If
e, = v (2at) - y,(zt)
and

AiAt
= g
uy=e

OF POOR QAL 7y



then
- z 2 2 z »
€, = Cyquy ¥ Cigip + Cygug + Cygug + Gy - yy(2at) (27)
where
z=1,2,...(nunber of discrete values §i(zAt)).

One obtains a

The c13 and ¢y can be eliminated by linearly combining the e,.

linear set of simultaneous algebraic equations
Oy = d (28)

where the elements of D' are Tirst differences of the table of §1(zAt) values
and the elements of d' are second differences. Unfortunately, if the §i(zAt)
values are obtained from time-response sketches or are imprecise for any reason

the y. calculated from equation 2B are uselsss., Frequently the My obtained in

J
such cases have negative values from which no lj can be calculated.

In 1ieu of eiganvalues obtained from the input data, it has been neces-
sary , in all practical calculations, to use specified eigenvaiues. In such

cases the calculation of C {s based on minimizing

where the lateral handling-quality time histories typically span five seconds
and are discretized by taking values every half second for a total of eleven

values per time history. The ir cial value of i(t) {s forced to be zero by
N

As a check on the entire computational process once an A and b have been

28



calculated, G and h can be calculated, x(t)obtained by integration and y(t)
calculated. This g(t). obtained by integration, is plotted with the fitted
y(t). They should be identical. The integration method is described in
Takahashi, et. al., page 103 [6]. The solution matrix is represented by a
series expansion containing p terms. The number of terms is specified by a

recipe attributed to Paynter

3‘-!— (ng)Pe" = 0.00 | (30)

where n is the size of the A matrix and q is the largest element of AAt.
The example fitted and integrated handling-quality time histories are
plotted in Figures 10, 11, and 12.

_ 6 B
O PoOR. QUALITY
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ZERO SUPPRESSION

The Laplace-transformed analytical representation of the input data,
equation 11, has one fewer zero than poles in each element of the matrix

transfer function G(s) where

Y(s) = G(s)/s

or
o c c c Co
_ 1] i2 13 i4 i
Yi(S) B S‘)\_l * S'Az S‘Aa + 5")\[, * s

This expression can be rewritten, omitting the 1 subscript
(c] Ayt Coly + Cahy + c4A4)s3 - (c3A3A4 *Cahgdg t el Ay
+ 63 A] )\3 + C.[ 11 Aa + 04)\] 3\4 + c212A3 + ch\z)\g + C4A2A4 + C]AZAI
e, A1A2)sz - (CIA]A314-+C3A}A3A44-c4k113A4-*é4A1A3A4-+c2A2A3A4
+ C3 12)\3)\4 + c2A2A3A4 + ¢ J\] 12A3 + C?.A'I AZAS + C3A] J\z}\a
te, A]A2144-CZA}A2A4-+c4A1A2A4)s+-A]A2A3A4 (31)

To reduce the number of zeros in the transfer function, the following con-
straint equations must be incorporated into the least-square minimization,

equation 29. To suppress one zero
CiAp * Cohy + Cadg + Cphy = 0o . (32)

To suppress two zeros

c1A] + czAz + c313 + c4A4 = {

and . 18
PAGE
Oﬁl%% QU ALm



c3A3A4 + c4A3A4 + c1A1A3 + c311A3 + c1A1A4 + c4ATA4
+ CZAZAS + cahzks + c2A2A4 + c4A2A4 oM, t CZA]AZ =0 (33)

[f three zeros are suppressed, only one parameter remzins to be established
by the minimization and the resulting representation of the input time history
15 inadequate.

For Tow-order models, zero suppression has twe detrimental effects on the
models obtafned. The first is the worsening of the agreement between the dis-
cretized input time histories and their analytical representations. For ex-
ample, the unconstrained ieast-squared-error method yields a satisfactory fit
of the roll-rate input, as shown in Figure 6. The continuous fitted curve has
approximately the same relationship to the envelupe as does the discretized
input data. If the LSE method is constrained by equation 32 to have one less
zero, one obtains the fit shown in Figure 13. 1if one furthe: constrains the
LSE minimization by equation 33, another zeroc will be eliminated and, for the
exampie data, the fit is degraded to that shown in Figure 14. The same se-
quence is portrayed in Figures 7, 15, and 16 for the sideslip input. The
Figure 7 results are unconstrained, one zero is suppressed in Figure 15 and
two zeros are suppressed in Figure 16. Important features of the discrete
inputs can be preserved by weighting the appropriate errors, e, in the LSE
method. This may make the constrained fits more useful. Even the uncon-
strained cases can be altered. The risetime of the fitted roll rate can be
reduced, for example. However, the overall fit cannot be improved by weighting.

The second detrimental effect of zero suppression is the increased ten-
dency of the A matrix to contain unrealistic values. The A and b arrays re-

sulting from unconstrained fits of the input time histories are
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-1.36
-1.12
0.22
0.20

and

or

-4.17
1.89
~.80
1.04

1

-

15.06
.59

1.08

12

-20,22 -.02
12.43 -.04
-3.43 0.02

5.6t 0.00

The Newton-Euler procedure far obtaining the aij converged in three iterations

to a maximum variation of any element from one iteration to the next of

.0000} or less. This model was obtained from the unconstrained fits shown in

Figures 6, 7, and B,

If one zero in the roll-rate transfer function and one zero in the side-

slip transfer function are suppressed, the A and b arrays are altered to

0.96
~-.19
-.32

-

and

The Newton-Euler procedure again required three iterations.

40

-3.49

o

4.73
-3.42
0.30
2.44

0.

0.
0.

b

il

001
06
00
87

o

97.14 0.52
-22.48 -,07

4,00 0.02
15.42 0.01

—

This model was



obtained from the fits shown in Figures 13, 15, and 8.
If two zeros in the roll-rate transfer function and two zeros in the

sidesiip transfer function are suppressed, the A and b arrays are
-9.34 -1.66 403.88 2.75
3.51 -2.88 138,62 ~-.86
- -.21 -.04 8.73 0.06
-2.10 1.45 86.10 .59

e . —d

o

and

- —
0.00
1.45
0.00
0.87

cr
n

Three 1terations were sufficient and the model was obtained from the data
shown in Fiqures 14, 16, and 8.

The number of terms in the expansion of the state transition matrix speci-
fied by Paynter's recipe, equation 30, is a function of the largest abso]utg
value contained in A and this number is frequently larger than the practical
Timit of about 30 when zeros are suppressed.

The additional information required to calculate A and b from the discrete
time histories shown in Figures 7-16 is given in Table 2. The specified

eigenvalues were

A = -2.4 ORIGINAL PAGE IS
OF POOR QUALITY
Ay = -.003
A3 q = --25 % 2.0
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The eigenvaiues and vehicle and flight parameters are approximately those of

a Lockheed Jetstar, a four-engined utility transport [7], at 20,000 feet al-
titude and Mach = 0.6. It should be noted that the discrete input time his-
tories were obtained fronlpn, By and D; responses sketched by an FRC engineer
[8] and do not refer to a particular airplane or flight condition, Finally,
FRC program CONTROL was used to calculate transfer function coefficients from
the above A and b arrays in combination with the appropriate distribution
matrices, calculated from equation 22, to verify the suppression of the speci-

fied zeros.

VERTFICATION

Flight test data obtained from the FRC Lockheed Jetstar {9] pruvides a
test case for the above model-gensration procedure. For small, lateral varia-

tions about straight and level flight, the Jetstar can be represented by*

-2.353  0.735 -11.050  0.000 |
-.057 0.358 3.836 0.000
0.026 -.999  -.205 0.053
1.000 0.054 0.000  0.000

L and

V=
1

5. 650
0.031
-.001
10.000
L

=2
L]

r +
Body axis nondimensional stability derivative parameters used in place of
stability axis values for verification purposes only.
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Gy
n

The eigenvalues were
M

Ay

A

1]

3.4

4.75

0.
0.
0.
-7.

044

=t
13

-.24045

-.00310

0.

i.

0.
-146.0

0.
0.
0.

0.

-.25428 + j2.06475

CONTROL was used to calculate the handling-quality time histories for the

period 0.0 to 5.0 seconds.

output is given in Table 3,

The discrete input data extracted from the CONTROL

The flight and vehicle parameters are given in

Table 2. The normalization factors were arbitrarily selected.

The responses of the resulting model are shown in Figures 17, 18, and 20

and compared with the discrete input values of Table 3 after normalization.

The A, b, G and h arrays which define the model are

1=
"

44

-2.359
-.053
0.025
0.906

0.771
-.359
-1.005
-.021

-10.939
3.849
-.201

.278

-.003
0.000
0.053
0.003




Table 3

Time Rollrate Sideslip p*
0.0 0.00 0.00 0.0
0.5 1.64 .016 37.6
1.0 2.04 .058 67.6
1.5 2.04 .093 95.1
2.0 2.00 .098 126.
2.5 $2.06 .080 161.
3.0 2.14 .065 198.
3.5 2.18 .069 234,
4.0 2.15 | .089 265.
4.5 2.09 .109 295,
5.0 2.05 115 327.

These values are multiplied by the normalization factors listed in Table 2

before they are plotted.

Jetstar Discrete Time-History Data

ORIGINAL PAGE IS
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5.818 |
-.053
b =1 215
0.050
- T
1.0 0. 0. 0.
. |o. 0. . 0.
6= | o. 0. 0. 1.
14.35 <1113 -143.5  32.61]
0. |
5o [0
0.
-.023

These results are close to the original arrays. The differences are attrib-
uted to the truncation of the CONTROL output values to two or three signifi-

cant figures to approximate imprecise or sketched input data.
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DISCUSSION

The poblem of obtaining an A and b from specified output time histories
is one ot :unlinear, noisefree identification. Five techniques for solving
this problem have been suggested. The minimization of a cost furctional which
measures the differences between a trial solution and the handling-quality
time-history envelopes would consume a large amount of computer time and there
is no assurance that such a cost functional would be sufficiently well behaved
to have a useful solution. Similarly, one could consume a large amount of
computer time seeking solutions hy random direct search. A graduate student
1s currently working on a variation of direct search in which the sensitivity
of the time-history errors to changes in the A matrix elements is calculated.
Then a set of incremental changes to the A elements can be obtained,

The Laplace transformation method is also being pursued by a graduate
student. In this form the problem is quite easily formulated but is iil-
posed. It remains to be seen whether this method can advantagequsly incor-
porate the loose bounds on the eigenvalues or not. It also has the disad-
vantage of being a two-approximate-step process. One obtains X(t} from Q(t)
and then g(t) from X(t) except that the latter two will not coincide as they
do in the pseudodata method. The Laplace transformation method and the sensi-
tivity matrix method do have the advantage that they can be made to yield A
matrices of the form of equation 19.

The remaining approach, the pseudodata method has two advantages. It
contains only one approximation step and it is numerically efficient. The
disadvantages are that it is somewhat less general and yields unconstrained A

matrices. Experience has shown that the transfer functions resulting from
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the unconstrained A matrices resemble those produced by A matrices of the
form of equation 19. The pseudodata method results in a well-posed set of
bilinear algebraic equations which yield an A matrix having the specified
elgenvalues.

The pseudodata method is the only method which readily achieves zero
suppression. In the other methods zero suppression contributes to their i11-
posedness making useful solutions even more numerically difficult to obtain.
The utility of any zero-suppressed solution is called into doubt by the
detrimental effect suppression has on the LSE fit of the discretized input
data (see Figures 13, 14, 15, and 16). Relieved of the need to suppress

transfer-function zeros, one might prefer one of the other methods.
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APPENDIX A
Use of Program AANDB
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INTENDED OPERATION

1. Put in normalized discrete data
Obtain normalized responses
Put in normalization factors

Obtain the normalizing distribution matrix

R W M

Obtain the non-normalized airplane equations
in state-space form.

6. Use CONTROL to obtain transfer functions

Steps 1 through 5 are performed by an example Fortran program AANDB for
the fourth-order smali-lateral-motion case. The structure of the program is

shown in Figure A-1. The subroutines perform the following tasks:

MUGEN: Calculates eigenvalues from input time-history data.

CASEY™  (with entry points CASE? and CASE3): Calculates the ¢y
required to fit c:]e)"t + cze)tzt + c3e>‘3t + cqe)“'t * g
to the input time-history data.

LISTER: Prints information from COMMON on demand.

FITTING: Fits a polynomial to roll-rate data and integrates it to
produce roll-angle pseudodata.

MODEL: Calculates the plant matrix, A, input distribution vector,

b, the output distribution matrix, 6, and the input/output
coupling vector, h.

RESPONS: Integrates the plant equations to produce comparison time

histories.

+ _
CASE1 does not suppress any transfer function zeros, CASEZ suppresses one zero
and CASE 3 suppresses two zeros.
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GRAPHS: Plots envelopes and time histories and their first derivatives.

INVR: 1Inverts matrices.

The first fourteen input data cards are read by MAIN. The final two
input data cards are read by subroutine MODEL. The input data cards contain

the following information:

1st data card: NN(20); 2012

IF NN{1) = 1: LISTER will print: data, NN, MCASE, NPLOT, NHIST,
input time histories
NN(2) = 1: LISTER will print eigenvalues obtained from input
time histories
NN(3) = 1: LISTER will print eigenvalues specified by user
NN(4) = 1: LISTER will print roll angle data obtained from
roll rate
NN(5) = 1: LISTER will print complex coefficient matrix
NN(6) = 1: LISTER will print summary of time-history curve fitting resylts
NN(7) = 1: not used
NN(8) = 1: not used
NN(9) = 1: LISTER will print envelopes for PN, BETAN, DSTAR
& derivatives
NN(10) = 1: LISTER will print fitted curves for PN, BETAN, DSTAR
& derivatives
NN(11) = 1: LISTER will print number of terms included in series
' for g-At
NN(12) = 1: LISTER will print difference equation P matrix
NN(13) = 1: LISTER will print difference equation g vector
NN{14) = 1: LISTER will print responses obtained by integrating
model equations
NN{15)} = 1: LISTER will print derivatives of responses cbtained

from E, q
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n
-
..

NN{16)
NN(17)
NN(18)
NN(19)
NN(20)

it [} i 1]
— — J— —
. . .. ..

LISTER will print "PN PLOTTED" if NPLOT requests it
LISTER will print "BETAN PLOTTED" if NPLOT requests it
LISTER will print "DSTAR PLOTTED" if NPLOT requests it

not used

not used

2nd - 12th data cards: TIME, PN, BETAN, DSTAR; 4F10.0

0.0 0.0 | 0.0 0.0

0.5 PN(.5) BETAN(.5) | DSTAR(.5)
1.0 PN(1.) BETAN(1.) DSTAR(1.)
1.5 PN(1.5) | BETAN{1.5) | DSTAR{1.5)
2.0 PN(2.) BETAN(2.) DSTAR(2.)

2.5 PN(2.5) | BETAN(2.5) | DSTAR(2.5)
3.0 PN(3.) BETAN(3.) | DSTAR(3.)
3.5 PN(3.5) | BETAN(3.5) | DSTAR(3.5)
4.0 PN(4.) BETAN(4.) DSTAR(4.)
4.5 PN(4.5) | BETAN(4.5) | DSTAR(4.5)
5.0 PN(5.) BETAN(S.) DSTAR(5. )

13th data card: MCASE, NPLOT, NHIST; 314

If NHIST # 0 subroutine RESPONS will be called to calculate the
model time historfes.

to plot the model time histories according to:

ORIGINAL
QF POUR

PAGE 18
QUALITY

If NPLOT # 0 subroutine graphs will be called
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NPLOT

no plots

PN and PNDOT plotted

BETAN and BETANDOT plotted

PN, PNDOT, BETAN, BETANDGT plotted
PSTAR, DSTARDOT plotted

BETAN, BETANDOT, DSTAR, DSTARDOT plotted
PN, PNDOT, DSTAR, DSTARDOT plotted

all plots

no plots

bl = |

o LwnN

MCASE must be appropriate for:

60 T70(1,2,3,4,5,6,7,8,9), MCASE

1 Pis) has no zero{s) suppressed
B

s) has no zero(s) suppressed

2 P(s) has two zero{s) suppressed
B(s) has one zero(s) suppressed

3 P(s) has one zero(s) suppressed
B(s) has two zero(s) suppressed

4 P(s) has one zero(s) suppressed
B{s) has one zero(s)} suppressed

5 P(s) has one zero(s) suppressed
B{s) has no zero(s) suppressed

6 P(s) has no zero(s) suppressed
B(s) has one zero(s) suppressed

7 P(s) has two zero{s) suppressed
B(s) has no zero(s)} suppressed

8 P{s) has no zero(s) suppressed
B(s) has two zero(s) suppressed

9 p(s) has two zero(s) suppressed
B(s) has two zero(s) suppressed



14th data card: specified eigenvalues; 8F10.0

1-10 First eigenvalues which is real
21-30 Second eigenvalue which is also real
41-50 Real part of third eigenvalue
51-60 Imaginary part of third eigenvalue
61-70 Real part of fourth eigenvalue
71-80 Imaginary part of fourth eigenvalue

15th card: velocity, length, €35 Gcg? Pss’ B

VELOCITY:
LENGTH:

C3:

*
s5? DSS; 7F10.0

Nominal airspeed in ft/sec

Centerline length from CG to pilot in ft
Dimensional constant for D*

Nominal dynamic pressure in lb/ft2

Roll rate normalization factor

SidesTip normalization factor

DSTAR normalization factor

16th data card: Newton-Euler parameters; 14, F20.0

ITMAX, 14, Maximum number of iterations of MNewton-Euler algorithm

EPSI, F20.0, when every unknown (the elements of the A matrix) changes

by an amount smaller than EPSI, the Newton-Euler Algorithm
stops

Note: 50,0.00001 seem to work weill.

INTERPRETATION OF THE PRINTED OUTPUT

If NN = 20#1 all of the following output will be produced:

cED
ORIGINAL é"?mm 59

OF POOR



LISTER calis from the main program print:

1. Date, 1ist table NN, case number, plot request code, time response

code and the input time history data.

2. Real and imaginary parts of each MU(4} and EI(4) obtained from the
input time histories. The EI are eigenvalues, Ai. and each MU is My ® eO'SAi

where 0.5 is the uniform time interval between input time-history data points.

3. Rea) and imaginary parts of the specified eigenvalues and associated
MU values. These are the eigenvalues used in the least-square fitting process
to obtain C, not the quantities derived from the data. The derived values are

presented only for comparison purposes.

4, The PHI or roll-rate psudodata generated from the PN or roll rate

input time history. The time intervals are the same as for the original data.

5. The TIME RESPONSE COEFFICTENTS matrix, C', is printed. This is a

4 x 5 array of complex numbers:

c , where C' = [C:c] ,

which analytically represents the input time histories. This y(t) is printed
as: FITTED TIME RESPONSES by a call to LISTER from RESPONS.

6. A summary printout of MU, EI, C and ¢

LISTER calls from subroutine RESPONS print:

*

The envelopes, upper and lower boundaries, for p 8., D . é%—pn, é% Bs

1.
and é% D*. Values are given for every 0.1 seconds. These values are stored
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in DATA statements in the main program,

2. The curves which have been fitted to the input time-history data are
printed for Py Bn and D*. The analytic expressions for the curves are differ-

entiated and tabulated also giving é% Pp® é% B and é% D",

3. The number of terms taken to calculate the truncated series used to

represent g&At is PAYNTERS RECIPE NUMBER, See CONTROL, Takahashi, et. al.,

page 103 [6].

4. The difference equation parameters P and q in:
-B -

L D‘?’aw"

Ka T BB QU X T

0

5. The nunerically integrated response time histories Yy where Y =

6. The first derivatives of the inteqrated responses are tabulated at

0.1 second intervals. They are obtained from

Xk Bﬁk + Quk

and

1

Yk @’.‘k .
LISTER calls from subrnutine GRAPHS prints:
1. TFHPLOT i such that plots are requested, LISTER will print "PN.

6}
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PLOTTED" if p_ and é% Py plots have been generated, “"BETAN PLOTTED" if b, and
d 3 plots have been generated and “DSTAR PLOTTED" if D* and d D* alots have
dt "n dat

been generated. The envelopes are automatically added to each plot.

SAMPLE PLOTTED OUTPUT

Plots are produced in three groups which can be requested individuaily or
in any combination. These groups, the PN group, the BETAN group and the DSTAR
group, consist of a title line, a lower graph and an upper graph. Each lower
graph shows the upper envelope boundary, the lower envelope boundary, the
analytical curve which has been fitted to the input data and the time history
obtained by integrating the equations of motion. These four traces are repre-
sented by continuous lines and are plotted versus time on the horizontal scale.
The fitted and integrated lines should coincide. In addition, the lower graph
contains eleven discrete symbols representing the input data.

Each upper graph shows the upper envelope boundary, the lower envelope
boundary, the first derivative of the fitted analytical curve and the first
derivative of the integrated time response. The last two should coincide. Al
four curves are represented by continuous lines and are plotted versus time on
the horizonta)l scale. A PN group sample is shown in Figure A-2, a BETAN group
sample is shown in Figure A-3 and a DSTAR group is shown in Figure A-4. The
example plots are unusual in that the original data was generated by a linear
simulation program using a fourth-order model. Thus one should expect excel-
lent agreement between the input data and the fitted and integrated results.

Data obtained from other sources will not be matched as well.
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EXPERIENCE WITH THE PROGRAM

Several bounds on program flexibility exist. The first involves the
generation of eigenvalues from input-time histcry data. Subroutine MUGEN does
calculate a set of Ai from each set of eleven points representing one input
time history. These values are not correct or consistent even when the data
is carefully contrived for best results. This is due to the dependence of the
Ai calculation upon differences between adjacent (in time) data values. In
anticipation of the program being normally used with data obtained graphically,
the values used in the example were held to three significant figures. This
s¢ degraded the Ai calculation that the values from the three input time his-
tories varied from the known values used to generate the data by two orders of
magnitude in the case of small eigenvalues and occasionally had the opposite
sign. In general, the complex eigenvalues were more closely identified than
the real eigenvalues. This was particularly true if the data precision was
increased. In view of the anticipated character of the input data and the de-
sirability of specifying the eigenvalues of the resulting model, no further
development of MUGEN is planned.

A second difficulty arises when zero suppression js specified. Subroutine
CASE? and CASE3 calculate coefficients, C, which yield transfer functions
having the correct pole-zero excesses. The resulting expression will normally
be a poor representation of the input time-history data but that is unavoidable.
Unfortunately, the suppression of zeros also tends to ill-condition the nu-
merical equations which must be solved to obtain A. In extreme cases this pré-
vents convergence of the simple Newton-Euler-Raphson algorithm employed in

MODEL .
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Finally, there is a general difficulty that may interfere with the in-
tegration of the model equations of motion in RESPONS. If the A matrix i<
ii1l1-conditioned an unworkable number of terms in the series aporoximation for
ggAt may be required. This is caused by the fixed At of 0.1 seconds which is
built into RESPONS. A Timit of 30 terms is imposed. Other iimitations will

undoubtedly come to 1ight as experience with the program accumulates.
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DATEs 12704775

LIST PARAMETER TABLE ¢ ¢ ¢ 1 1 1 ¢ 1 1 1 1 1 11

CASE NUMBER t PLOT COOE 0 TIME RESPONSE CODE 1
INPUT DATA

PN, 0. 000 «820 1,020 1.020 1,00¢ 1.030
TINE, 0,00 50 1,00 1,59 2.0¢ 2450
BETAN- no 000 0160 .580 lg 30 .980 QBUO
TIME, 0.00 +50 1.00 1. 50 2,00 2.50
OSTAR . 000 » 376 «676 961 1.260 1.610
YIHE' 0.00 . 050 1-00 1.50 2.0C 2-50

1.070 1.098 1.075 1,045 1,025

3. 00 3.50 400 4,50 5.00
+ E50 « 690 « 890 1.090 1.1590
3.00 3.50 4,00 450 5. 00

1,980 2.340  2.650 2,950 3,270
3,00 3.50 4400 4450 5. 00
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REAL
MU, +15943¢E+01
3 9330

REAL
« 317 €E2E+ DO
-ob112

REAL

MU, «93294L5E¢00

EXl, -+1388

REAL
H9T7 956E+ 00
-=4¢1528

106

IMAG

0.,0000

IMAG

“sTWQ6ISES 00

2, 3400

IMAG
0.
0.,0000

IMAS
+7T81256E+00
2.0087

REAL
«2793LBE+00

=-2+5470

REAL
¢ 317662E+00
-ob112

REAL

IMAG
L

0.0000

IMAG
=7 43635E+00

'2.3“00

IMAC

=.515220E+01 0,

3.2T788

REAL
«L97955E4+00
-s1528

6.2832

IMAG
= 781 256E¢ 00

'200 067



REAL IMAG
MU, +10363/C¢01 0.

Els 0714 0.,0000

REAL IMAG
«25611BE+ 00 +A0567LEDY

s 1675 2. 6660

PEAL IMAG
«392694E+00 0,

-1,8694 t.0000

REAL IMAG
«25611BE400 ~,105674E+01

01675 ‘2.5660

uitiln Al PAGE 18
OF POOR QUALITY
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MU VALUES SPECIFIED

REAL ) .__IHAG
MU, +300517E¢00 0,
EIGEN, =2.4065 0.0000
REAL IMAG
« 451562E¢00 ~-,756023E+00
=3 2643 =2,0648

THE GENERATED PHI DATA IS,

PHIN, f, 000 o LT o721
TINE, 0.00 . 50 1.00
2.772 3,313

3.00 3.50

REAL

+938453E+00
~e 8031

EAL

s 451562E+00
-s2543

1235
1. 50

3,856
.00

IKAG
a,
§.0C00
THAG
e 756023E+00
2. 0648
1.740 24247
2400 2450
4,386 44,905
beS0 S, 00
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CONVERSION FACTCRS TO SI UNITS

To convert from- To=-
Ft meterp
2 2
1b/Ft newton/meter
3 2 3
Ft™/1lb sec meter /newton sec

R

Multiply by-

0.3048

47.8

6.366 X 10

g
3



1 fleport No, 7 2, Governowent Accession No. 3. Recipert’s Cotadug Wo
NASA CR-143848

4. Title and Sublitle 5. Roprart Date

Jonunry L1978
AIRCRAFT MODEL PROTOTYPES WHICH HAVE SPECIFIED — - o
HANDLING -QUALITY TIME HISTORIES - Pertorming Urgattizatiah Cade

e e

1. Authori{s} B, Perlorrming Oegemization Hepart No
S. H. Johnson

10. Work Unit No

8. Performing Qrgantzation Name and Address

Department of Mechanienl Engincering and Mechanles 11, Cantract or Gramt Ho.
Lehigh University L
Bethlehem, Pennsylvanin 18015 NSG-4005

13 Type ol Report and Pergad Covered

12. Sponsoring Agency Name and Acddress Contractor Report - Finnl

Nationul Aeronautics and Space Administration

14, Sponsanng Agency Code
Washington, 1N.C, 20546

H-1007

15. Supplementary MNotes

NASA Teehnieal Menitor: Dwein A, Deets, Dryden Flight Research Conter

16. Abstract

Several techniques for obtaining 1inear constant-coefficient airpliane
models from specified handling-quality time histories are discussed, One
technique, the pseudodata method, solves the basic problem, yields specified
eigenvalues, and accommodates state-variable transfer-function zero suppres-
ston. The algebraic equations to be solved are bilinear, at worst. The dis-
advantages are reduced generality and no assurance that the resulting model
will be airplianelike in detall.

The method is fully illustrated for a fourth-order stab{ility-axis small-
motinn model with three lateral handling-quality time hisfories specified.

The Fortran program which obtains and verifies the model 15 included and fully

documented,
17. ey Words {Sugygested by Author{s)) 18, Enstribution Statement )
Handling quality specificntions Unclassified - Unlimited
Time respense criteris

Modeling
Flight contrals design synthesis
Sinr Cotegory: 08

19, Securily Classif. {of this report) 20, Security Classif. {of this page) 21. No. of Pages 22, Price’

Unciassified Unclagsificd 152

“For sitle by the National Technical Information Service, Springfield, Virginia 22146)



	GeneralDisclaimer.pdf
	0001A01.pdf
	0001A02.pdf
	0001A03.pdf
	0001A04.pdf
	0001A05.pdf
	0001A06.pdf
	0001A07.pdf
	0001A08.pdf
	0001A09.pdf
	0001A10.pdf
	0001A11.pdf
	0001A12.pdf
	0001A13.pdf
	0001B01.pdf
	0001B02.pdf
	0001B03.pdf
	0001B04.pdf
	0001B05.pdf
	0001B06.pdf
	0001B07.pdf
	0001B08.pdf
	0001B09.pdf
	0001B10.pdf
	0001B11.pdf
	0001B12.pdf
	0001B13.pdf
	0001B14.pdf
	0001C01.pdf
	0001C02.pdf
	0001C03.pdf
	0001C04.pdf
	0001C05.pdf
	0001C06.pdf
	0001C07.pdf
	0001C08.pdf
	0001C09.pdf
	0001C10.pdf
	0001C11.pdf
	0001C12.pdf
	0001C13.pdf
	0001C14.pdf
	0001D01.pdf
	0001D02.pdf
	0001D03.pdf
	0001D04.pdf
	0001D05.pdf
	0001D06.pdf
	0001D07.pdf
	0001D08.pdf
	0001D09.pdf
	0001D10.pdf
	0001D11.pdf
	0001D12.pdf
	0001D13.pdf
	0001D14.pdf
	0001E01.pdf
	0001E02.pdf
	0001E03.pdf
	0001E04.pdf
	0001E05.pdf
	0001E06.pdf
	0001E07.pdf
	0001E08.pdf
	0001E09.pdf
	0001E10.pdf
	0001E11.pdf
	0001E12.pdf
	0001E13.pdf
	0001E14.pdf
	0001F01.pdf
	0001F02.pdf
	0001F03.pdf
	0001F04.pdf
	0001F05.pdf
	0001F06.pdf
	0001F07.pdf
	0001F08.pdf
	0001F09.pdf
	0001F10.pdf
	0001F11.pdf
	0001F12.pdf
	0001F13.pdf
	0001F14.pdf
	0001G01.pdf
	0001G02.pdf
	0001G03.pdf
	0001G04.pdf
	0001G05.pdf
	0001G06.pdf
	0001G07.pdf
	0001G08.pdf
	0001G09.pdf
	0001G10.pdf
	0001G11.pdf
	0001G12.pdf
	0001G13.pdf
	0001G14.pdf
	0002A02.pdf
	0002A03.pdf
	0002A04.pdf
	0002A05.pdf
	0002A06.pdf
	0002A07.pdf
	0002A08.pdf
	0002A09.pdf
	0002A10.pdf
	0002A11.pdf
	0002A12.pdf
	0002A13.pdf
	0002A14.pdf
	0002B01.pdf
	0002B02.pdf
	0002B03.pdf
	0002B04.pdf
	0002B05.pdf
	0002B06.pdf
	0002B07.pdf
	0002B08.pdf
	0002B09.pdf
	0002B10.pdf
	0002B11.pdf
	0002B12.pdf
	0002B13.pdf
	0002B14.pdf
	0002C01.pdf
	0002C02.pdf
	0002C03.pdf
	0002C04.pdf
	0002C05.pdf
	0002C06.pdf
	0002C07.pdf
	0002C08.pdf
	0002C09.pdf
	0002C10.pdf
	0002C11.pdf
	0002C12.pdf
	0002C13.pdf
	0002C14.pdf
	0002D01.pdf
	0002D02.pdf
	0002D03.pdf
	0002D04.pdf
	0002D05.pdf
	0002D06.pdf
	0002D07.pdf
	0002D08.pdf
	0002D09.pdf
	0002D10.pdf
	0002D11.pdf
	0002D12.pdf
	0002D13.pdf

