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"' Forevord

This report presenis the current status and results achleved during
the first six months of effort an Real Time Fllght Simulation Methodology.
The work is a contlnuation of research performed during the first year
on substltutional methods for digitizatlon, Input slgnal dependent inti-
grator approximations and digita! autopllot design. Topics reporfed on
herein include Digital Autopllot Design, Digltal Slmulation Methods for
Linear Systems, lnteractive Simulator Design Package for The Design of
Real Time Simulators and Study of Charge Coupled Devices for Slmulation.
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{. DIGITAL AUTOP{LOT DESIGN

1.0 1nfroduction

In the final fechnical report [1] for Grant Number NASA NSG |15,

page 36, it was concluded:

"The performance of a continuous autopilot which Is Tmpie-
~mented digltally is affected so much by the zero order hold that
the discretization method is a secondary consideration. Tustin is
a relatively simple method that is satisfactory. Computer spesd
(sampling rate) may be established on the basis of the phase shif+t
a designer will allow To be Introduced by the zero order hold.
Phase lag decreases as sampie speed increases. Galn constants
should be maintained to keep steady state errors constant. The
relative stabifity of the aircraft will be decreased by the digital
implementation so the value of computer sampling time should be
based on the decrease in phase margin a designer is willing to
allow. This value can be determined through sensitivity studies.™

An example senélTivITy study is presented heré to demonstrate how a
digital autopiiot designer could make a decision on minimum sampling rate
for computer specification. |t consisis of comparing the simulated step
response of an existing analog autopilot and its associated alrcraft dy-
namics to the digltal version operating at various sampling frequencies
and specifying a sampling frequency that results in an acceptable change
in relative stability. In general, the zero order ho!d infroduces phase
lag which will Tncrease overshoot and settling time. It should be noted
that thls solution is for substituting a digital autoplilot for a contin-
uous autopilot. A complete redesign could result In results which more
closely resemble the continuous results or which conform better fo original

design goals.

{.I Sensitivity Study

The autopilot is an open-loop system, insofar as the complete air-
craft system is concerned; but comparison between the analog and the digi-
tal autopilot should be based on thelr performance in the overall closed-

loop system which includes the aircraft dynamics as noted above.




The simplified model of an autopifot system (2] for pitch attitude
control shown In Fig. |.l was chosen for the study, because it is re-
presentative of the kind of problem a designer would typically confront.t
The transfer function of fthe short-period approximation is used fo re-
present the alrcraft dynamics. An equlivalent block diagram Is shown in
Fig. 1.2 tn which the autoptlot portion is separated from the aircraft
transfer formation., Figure 1.3 deplcts The digital autopllot system
which is to replace the analog autopiiot of Fig. |.2. The constants K(z)
and H(z) of Fig. |.3 are ‘o be delermined by applying a discretization
method to the contlnuous fransfer functions of +he analog autopllot of
Filg. t1.2. It Is noted that, in this example, the continuous transfer func-
+ions consist of galn constants and a differentiator. By applying Euler's
method [3] to +he differentiator¥*, the following discrete transfer func-
tions for K(z) and H(z) are obtained where S{amp) = 5.6 and S(rg) = 1.19
and K(z) Is set equal ‘o S(ampl.

1kThe transfer function representing the aircraft dynamics is for a four-

engine Jet transport flying in straight and tevel flight at 40,000 feet

with 2 velocity of 600 ft/sec (355 knots) with the compressibility effects
neglected.

¥Dlscrete differentiation operator with Euler's method

Uts) CYe) vl = u' ()
e T — \
i d
uit) v App!yjng Euler's method, vields
' ' ulptT] = ufnT] + Ty LnTJ
In z- domain zt(z) = U(z) + TY(z) ) ZdiS'Es] -
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The zero-order-hold and the aircraft dynamics are combined to be re-

presented as In Fig. [.4 where

G(z)

- and

. GI(Z)

Gp(z)

= z[ehots) D(s)]
TS .
- ZE' —se 13.9(s + 07305) 1
s(s + 10)(s2 + 0.805s + [.325)
= 13.9(1 - z~hyz[ 5 + 0.306 g
s2(s + 10)(s2+ 0.805s + 1.325)
- l3.9(|-z“1)2[0'02309434 + 0.059131363 _ 0.0010393 , (-0.058154(s + 0.4025)
s? s s+ 10 (s + 0.4025)241,0784222 -
+ £-0.052705) (1 .078422)

( s + 0.4025)2+ {,784222
= Gy(z) % Gplz) + G3(z) + Gy(z) + Gg(z) (1.2)
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in order to minimize round-off and truncation errors in the calcula-
tions for the system response, G(z) 1s puf In parallel form as shown In
Fig. !.5. By transforming the transfer functlons of Fig. 1.5 into +ime-
domain recursive relationships, the output time response can be obtained.
Preliminary calculations using Hewlett~Packard fime-sharing Basic had
32-bit+ floating-point arithmetic, and the output responses cbtalned at
different sampling frequencies are shown in Fig. |.6. 1T indicates that
the word length of the Hewlett-Packard minicomputer is not large enough
+o make the truncation and the round-off errors in the calculation negli-
bty small. The indication appears particularly evident in Fig. 1.6 In the
case of T = | msec (or ¥ = {000 cps which is the fastest sampling fre-

quency used).

in order to reduce calculation errors a CDC 6400 was used which has
a word length of 60 bits, thus having 120-bit floating-point arithmetic
in Basic.  The results In Fig. 1.7 and in Table 1.1 show that the percent

overshoot increases uniformiy as the samp!ing frequency decreases.
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il. DIGITAL SIMULATION METHODS FOR LINEAR SYSTEMS

2.0 Introduction

The methods described In this section are applicable primarily to
linear time-invariant systems. Time varying systems whese parameters
vary very slowly could also be freated by these technigques, and in some
cases weakly nonlinear systems might also yield to this type treatment.
However, the approaches are based on fthe solution of time invariant !inear
differential equations and, therefore, are most accurate for this class
of problems.

2.1 Use of Padé Approximanfs fo the Matrix Exponential for Computer
Sojuflons of State Equations

Work in This area was continued at a very low level, Previous efforts
[1] had resulted in Fig. 2.1. This flgure can be used to determine the
percent error for a glven step size and order of approximant. Earlier ef-
forts were concerned with negative real elgenvalues only.

Since our last report, consideration has been given to systems with
complex eigenvalues; however, still restricted to the left-haif plane.
It has now been determined that, for elgenvalues of a given magnitude,
the percent error for the various approximants is greatest when the Ima-~
glnary part of the eigenvalue Is zero. Thus, the results presented in
Figure 2.1 can be viewed as a worst case for complex eigenvalues, The
user need only compute the magnitudes of the various eigenvalues of the
A matrix and define A as the largest of these. This value of A can Then
be used in conjunction with Flgure 2.1, The user is guaranteed that the
percent error actually incurred In the approximation will be no greater
than that read off the figure.

Tighter bounds could be obtained by taking into account the angle of
the eigenvalues; however, multiple plots would be required, and the re-
sults would not be nearly as convenient for the user.

A paper on this topic [4] has been submitted for publication to the

IEEE Transactions on Automatic Control.
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Next, the phase margin of the digita! sutopilot system with different
sampiing perlods was calculated and compared with that of the continuous

‘autopilot system. In this calculation for which a hand calculator was

used, up to nine diglits was retained in each calculation step in order fo
ensure a degenerate accuracy. The results in Table 1.2 and Fig. 1.8

show that, as the sampling frequency increases, the phase margin of the
digital autopilot system converges to that of the contlinuous autopitot
system as it should.

1.2 Conciusions

it was found that Tncreasing the sampling period made the system
fess stable, i.e. the percent overshoot becomes larger. The phase mar-
gin becomes smalier as expected. A designer can observe the step res-
ponse and decide how much jncreased overshoot can be allowed. Based on
this decision, it is simple to determine The corresponding phase margin

from Fig. 1.9 and Tts associated sampling period.




TABLE .1

Percent Overshoot vs. Sampling Period (Obtained with CDC 6400)

Samp!ing Period (sec) Percent Overshoot
continuous case 27,3%
T = 0.000¢ - 27.3%
T = 0.001 27.3%
T = 0.0l 28.2%
T = 0,05 33.2%
T=0.1 41.,0%
TABLE 1.2

Phase Margin vs. Sampling Period

Sampling Period (sec) bm
continuous case 27.4°
T = 0.001 27.4°
T=0.01 26.7°
T = 0.05 24,3
T = 0.1 21.0°
13
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2.2 Analytical Integration of State Equatlons Using Interpolated |nput

2.2,0 Introduction

The basics of this approach were described in last year's final re-
port [1]. The main idea is to use sampled values of the input signal,
inferpolate between the samples via some type of hold device and then
use the analytical solution of the state equations fo obtain the output
signal. An important feature of this method is that the system is modeied
exactly. The approximation is in sampling and interpolating the input.

The solution, when one uses a first-order polynomial fo represent
the input between samples, Is obtained by using the general solution

NT

X, = e"Tx | + SNT=g gt
(N-DT
and approximating U(t) by
- T - (N~ 1T
UCH Uy + Wy = Yy ) T

The result is

~ eATX + [-A-1 + +rﬁ'2(eAT AT _

~ 1By, + [A7lC

N

N=-1

Regardless of the +ype polynomial used for the interpolation, one can
write its transfer function, and it is simply a hold device of one form or

another. Figure 2.2 shows a block diagram of the pracess,

One would |ike to know fthe relationships between bandwidth of the in-

put signal, W , bandwidth of the plant, W, and the samplling frequency, We

17
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as they relate to the accuracy of the discrete representation. Certain
minimal requirements on sampling frequency may be obtained by assuming
that +the hold device is perfect (that is, 11 has unity galn and no phase
shiff) over the frequency range 0 - wg o but it does not have perfect
rejection outside this band, and therefore higher frequencies may be
fransmifted through. Once these minimal requirements have been estab~
|ished, one can then examine the Imperfections of the hold devices over
the frequency range ¢ - Wg /7 and make compariscons between the various
ordered polynomial fits.

2.2.t System Bandwidth Greafer Than lnpu+ Signal Bandwidth

Consider the case where

Wy > ml (2.1)

and

w_ > 2w (2.2}
s |

Figure 2.3a shows the spectrum of the input signal, and Fig. 2.3b shows
the spectrum of the sampled Tnput signal. In Fig. 3.2c we i1lustrate the
characteristics of a somewhat idealized hold device with unity gain over
the frequency range 0 ~ O /o and with non-zero gain at the higher fre-
quencies. Fligure 2.3d shows the spectrum of the signal at the output of
the hold device. In fig. 2.32 is shownan idealized gain characteristic

of the plant. The question we wish to answer Is what must be the relation-

ship among Wy W s and wy SO that the final output signal will be the
same whether or not sampling occurred. From Fig. 2.3d and Z.3e it is

clear that we must have

| w, < o, - ml' | o | (2.3}
or
w > w0 (2.4)
Note that, since
oy > w : | _ o _ o - (2,5}

B
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the reguirement of Inequality (2.4) Is more stringent +than that of in-
equal tty (2.2) which would be the only requlrement If we assumed ideal
low-pass flltering with cut-off frequency near w0 .
Consider now the case where

CTRGUT (2.6)

and

w_ < 2w (2.7)
s ]

Figures 2.4a through 2.4e depict this situation. Looking at Figs. 2.4d

and 2,4e, one sees that the cutput signals will be the same with the sampl-
ing as it would without the sampling if, and only if,

- o, (2.8)

w, < w
H 5

or
Wy > oy + o, (2.9)
However, this contradicts inequalities (2.8} and (2.7). Therefore, we
conclude that one cannot reproduce the output properly if
> w0, (2.10}
and -
6w € 2w (2,11
[ |

Thus, for the case where

w, > W, (2.12)
.the conditions for good output reproduction are

w, > 2m1 (2.13)
and .

we >y + wy (2.14)

Since inequality (2.14) is the stronger, its fulfillment guarantees that
Tnequality (2.13) will be fulfilled.

- 2]
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2.2.2 System Bandwidth less Than input Signal Bandwidth

Now, consider the case

“y < w, (2.15)
and

we > 2&, {(2.16)

Looking agaln at Figs. 2.3d and 2.3e, we see that tThe output will be
reproduced property for this case. '

Finally, consider the case

0 < 2w ' ' (2.18)
s |

Looking at Figs. 2.4d and 2.4e, we see that the output may still be re-
produced properiy If

Wy < wg = 0 (2,19)
or

Wy > Wy + ol (2.20)

This is a less stringent condition than Inequality (2,16), but it still
guarantees that the output wili be the same with sampliing as it would with-
ou¥ the sampling.

The final conclusion is that the same minimal conditions on sampling

frequency

we > 0, + Wy, (2.21)
apply whether
> o, | | (2.22)

or

w > o, - (2.23)

23
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These are minlmal conditions and guarantee no ailasing or high fre-
quency distortlon for the case of the somewhat ldealized hold and the ideal
cut=off characteristics of the piant which we have assumed. The next step
Is to examine the actual low frequency (0 - “s/z) characterlstics of the
holds represented by the varlious polynomial Interpolation schemes and
compare the accuracy taking these imperfections Into account.

2.3 Dlscrete Representation Obtalned via the Frequency Domain

The design procedure developed using This approach was discussed,
along with an application In last year's final report [1]. Since then,
a paper [5] has been written and accepted for pubilcation in the [EEE
Transactions on Indusfrial Electronics and Control Instrumentation.

24




111, [INTERACTIYE SIMULATOR DESIGN PACKAGE FOR THE DESIGN
OF REAL-TIME SIMULATORS

3.0 Introduction

This section describes the status of research on an interactive sofi-
ware support system which will aid the desigr of opfimum simulation modeis.
The generic type of system under study is shown in Fig. 3.1. When pro-
grzmming s completed, I+ is envisioned that the Simulator Design Pack-
age (SDP) can be used to evaluate a number of different standard integra-
tor models (for exaaple, Tustin, Optimum Discrete Approximation) on the
basis of selectabie error criteria or design an entirely new mode{ suif~
able for a particular problem. In the latter case the model would be

~designed on an inferactive basis using selectable algorithms to find an

optimal form.

In previous work [I] we examined a number of different substitution
methods to determine which was most sultable under vairous error criteria.
Based on these results, a number of substitufion formulas have been chosen
for inciusion . in SDP. Consequently, most of the work during'?hé past six
months has concentrated on the evaluation of optimization algorithms and
dlscrete representations. At this stage, very {itfle programming has been
éccomp!ished; but the elements of SDP ﬁave been defined, and programming
is now underway. Thus, the emphasis in this report lies in Mode 2 oper-
ation of SDP; that is, that mode of operation in which the user interacts

with the system as it attempts to converge iteratively to an optimum model.

This section contains fwo sub-sections which report on different
facets of the development of SDP. In the first sub-section we are con-

cerned with assuming a discrete represenfation for a given continucus

- +transfer function and then iterating to solve for optimal values of the

parameters concerned. In the second sub-section a simllar effort is re-
ported on in which a form 1s assumed for an integration operator, and
then a random search method is used to determine the optimum parameters.

3.1 Digital Simulation and Optimization via Gradlent Techniques

In brevious reports we have examined the IBM, lustin, Sage, etc.,
methods for digital simulation. They all share a common characteristic:

25
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once the parameters for the digital system from the contlnuous system are

obtained, they cannot be altered to adjust to changes In input. These ;
methods, along with z-transforms, can work satisfactorily If the input 1
can be categorized. However, In many physical situations, the Inpuis ;
cannot be categorlzed In this fashlon; therefore, some method in which :
the digiTal system coefficients can be adjusted for a certain input will i
indeed be a more accurate representation of a continuous system. In

other words, a simulation model for a given continuous system may not be

unigue but may be a function of fhe input.

This model can be achieved by a varlety of constralnts on the res-
ponse of the digital system: The mean square ervor In time domain should
be minimum; the error In frequency domain is minimum, &tc, Therefore,
we are confronted with an optimlzation procedure; and the digital system
derlved by this procedure should be optimal in some way. Since most per-
formance criteria are ndnllnear, an iterative algorifhm is required., This
algorithm is central to the process and must be modified so that inter-
active actions between the user and the computer are possible at all points

during the convergence of the algorithm.

in order to achieve an effective optimization technique for a digi=~
tal simulation system, we must first define a performancecriterion fo be
optimized, the possible constraints on the variables, the form of the di-
gltal system (so that the performance criterion can. be cbtained as a func-

tion of system parameters) and, finally, an optimization algorithm,

3.1.1 Performance Criteria

The natural cholce here is the simulation system error, since our
ultimate goal is fo match the response of the continuous system and that
of the digital system, i.e., the response {yn} produced by an Input se-
quence {xn}‘is exactly matched +o the {y(nT)} sequence obtained from samp!-
ing the contlnuous response., This match should occur at all points {xn}.

This exact matching is, of course, impossible; therefore, we must fry to

come as close as possible to the ideal situation. This leads to The

definition of various errors.

27




Many error criteria have been proposed in [iterature, The two most
common are the time domain error and the frequency domaln error. Frequency
domaln error is much easler to define than the time domain error, sincse
we only have to compare the frequency responses of the two systems in
the range 0~T/2, Moreover, frequency responses of most systems are
smodfh; ‘+herefore, only a few comparisons are needed over the frequency
range to obtalin good tesults,

Durfng the first few months of this research, efforts have been con-
cenfrated on the frequency domain error. We wl!l repeat the same: proce-
dure here for tae time domain error in the hope that we can obtaln fwo
optimization programs, one based on frequehcy domain error and the other
based on time domain error. The user can try both methods for a gliven

contlnuous system and choose the better one of the fwo.

The definition of error is defined as

(3.1)

m
i
Ne~—1=

HGjw ) - Atje ) [, 0 Sup <wp cre <up <

—i=

where H(jwi) is the desired characteristic at w = Wi and H(Jm ) is the
simulation characteristic at the same frequency. Unlike Time doma!n error
definition, the frequency domain error poses some probiems. First,

by Itself, this error measure presents no constralnts on poles locations.
Using this error definition, a simulation digital system may have Its poles
outside the unit circle in z-plane. Second, even If the peles are inside

" the unit circle, the transient responses of the simulated system and the

digital system may be grossiy different, resulting In an Inaccurate sfmu-

- latlon. Therefore, along with this error. crifterion, some consTra:nTs must

be placed on the pole locations of the digital transfer function to limit

time domain error, as we will see later.

3.1.2 Forms of Digital System

The form of a digital system should be elther a cascade or parallel

" combination of first-or second-order sys+ems, because They are least
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sensitive fo quantization and round-off errors. Steiglitz [6] pro-
posed the following form:

K

-{k-1)
kE!akz
H(z) = a (3.2)
-k
1+ z b z
k=1 K

This form has some diffliculties: first, If control 1s To be exerclised
over the pole locations, the denominator must be factored at certain stages
in the minimization process; second, the pole locations méy be extremely

sensitlive functions of the coefficlents bk' Therefore, another form Is

nroposed:

K |+ akz"1 + t::kz“2
H{z) = A T — (3.3)

- -1 -2
k={ | + Ckz + dkz

In this form there are 4k + | unknowns (A’ak’tﬂx’ck’dk) to adjust for minl~
mum error. The optimization procedure used by Stéiglitz is based on the
algorithm developed by Fletcher and Powell[71. In order fo reduce the
dimensionality, the error is minimized with respect to A, leaving 4k un=-
knowns. By supplying varlous starting points, the least of the minimum
values of the efror can be obtained, and, also the coefficients ak’bk’
Ck’dk' Since the procedure does not place any constraints on pole loca-
tlons, after the coefficients for H(z) are obtained, we must convert all
poles outside the unit clircle into the unit circle and start the process
agaln to obtaln the final digital form. The conversion of poies (or
zeroes) has no effect on the error. Suppose H(z) has a real pele at z

= a. Replacing z = é-is equivalent o multiplying by

= o] | (3.4)

29

r—— e




]l

/.

when o (s on the unit circte. The same properties hold for complex poles.
Therefore, with an adjustment in A, the deflnition of error Is.unaffected

by this conversion.

A gevere disadvaniage of this method is that transtent response is
not being taken into consideration. A pole may fall near, or on, the unit
circle which may prevent the respense from decaying as fast as that of
the continuous responss.

Another faorm which was proposed by D. Schroeder [8] retalns the cas-
cade characteristic and also allows the pole magnitudes te be constrained.
The form Is glven by

K
-1 -2 o =1
kzl U +ay 777 +a, 2790 +ay 270
H(z) = A NCB/3 . 2 ) NP 0 o (3.5)
n (1 + 2b,cosb,, _ 27"+ b5, z7%) T 1+ kZ" )
k=1 22k = ZK" T = NCP+
where
NZ = number of zeroes
NP = number of poles
NCP = number of complex poles
K = largest integer i_gg_
aNZ.= 0 if NZ = 2k  {even number of zeroes)
ahz #F 0 if NZ = 2K + 1 {odd number of zéroes)

Thls form will be discussed in more detall later, as It proves fo be the

best form avallable under the freguency domain error criterin.

3.1.3 Optimization Algorithm

The method of Fletcher and Powell [7] is chosen here for the foliow-

Ing reasons:

(i) 1t has been widely used in many similar probléms reported in
literature with a high degree of success.
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{(2) |+ always converges, and it converges rapidly (it converges

quadratically for quadratic functions).

A number of other methods can be used, and the Fletcher-Powell algorithm
Is, by no means, the best ( or final) cholce., |+s avallability as a sys-
tem supported subroutine in some systems makes I+ an attractive choice

for the inltial investigation. In the future other optimization algerithms
wili be studied In oraer 70 evaluate their performances so that the best
possible method will be used in Tthe proposed software package. A brief
outline of the Fletcher-Powe!l algorithm is presented here.

The ajgorithm performs a one-dimensional minimization at each cycle,
along a direction determined by the gradient and an updated estimate of

the Hessian matrix. The generallzed Taylor expansion:

_ bt
fi{x + u) = f(x) + g(x)u + 5 u Glxiu + ... (3.6)
where x is an n-dimension vector, and u is an n-dimension Incremental
vector, g{x) Is the gradient vector, and G(x) is the n x n matrix of
second~order partial derivatives. The displacement between the point x
and the minimum ﬁjis given by:

(X = %) = 6= (x_, Ig{x) (3.7)

n min
A method of successive linear search is used to find 67,  Fletcher and
Powel! suggested that Initially G° be chosen as the identity matrix |;

from this, a sequence of matrices G‘i) is generated which will converge
t+o 6~1. The search is terminated when the function value f(x' ) has not

decreased in the last step and the gradient vector is small,

By itself, this algorithm imposes no constraints on the variable.
Therefore, we must place artificial limits on the pole laocatlons before

applylng the algorithm.

Let us now return to the minlmization of error to obtaln the "optimal"

coefficients of a dlgital model. Recall:

31

]

s it o1 e



¥ ordnig |

£

M 2
s —_— n
E = mzi HOw) = HGu ) |, 0 <oy <wp < oov < <=
and
A 1 2 1
. kE! (r + a2k_|z + a2kz Y|+ aNZZ )
H{z) = A :
NCP/2, . 4 NP -1
o ({+ 2b2kcos bzk—!z + b2kz ) T+ bkz )

k=1 k = NCP+I

The constraints on the coefficients are simple: +he poles, both rea

combiex, are required to Ile within a circle of predetermined radius. This

(3.8)

(3.9)

| and

predetermined radius is obtained from the pole locations in the s-plane.

This restriction will ensure that the transient responses of the two sys-
tems will decay at the same rate
z-pole = eT(s-plane pole} (3.10)
A less restrictive form is:
|Z| < |eST[ - eT(Real s) 3.1
Slnce the Fietcher-Powell alfgorithm requires the function value and the
gradient vector at each iteration, the error functlion must be manipulated
to provide these requirements. First, replace z = ajmT To get
E 1+ e—jw T+ e-szmT)(l+a‘ e-JmnTi
M . | ey 2= T STENE T
£ mE, HlJe)=A see72 T et g W T
I (142b, cos b, e 'm +3e 7 Tm) (b e m’)
k=1 k=NCP+1
(3.12)
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A can be obtalned by matching the steady-state gains of the ftwo systems:

NCP/2 .o
; + +
kgl (I+2b, cos by, + b )k _ NgP+I(I b,
ST Ay At ayy)

With A eliminated, we now have NZ numerator coefflicients and NP denom!rator
coefficlents by which o minimize the error. The error c¢an be written:

M
- 1 - 2 - 2 .
E mZIE(HRm HBRm) L HBlm) ] | (3.14)

where

]

HRm Real (H(jmm))

known constants

Him = lmag (H(Jmm))

HBRm = Real (H(jmm))
contain a, g, bi 's

HBIm = Imag (H(me))

The gradient vector is given by

9E  3E oE  3E  3E 3k

= (2. 95 ., ———— ) (3.15)
2 ¥ = ’ » 3 y VAry
da;’ Dday aaNZ ab1” ubs aBNF"
when the i th element is
.M ' 3HBR SHBI
oE _ _ _ m _ m
== -2 Z (HR = HBR ) —g——+ (HI = HBI ) —— (3.16)

i m=1 i i
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with the g%—- given by a similar expression., In order fo obtaln an expli-
i
8HBR  BHB!_ 3HBR aHBI
m ‘m m m

cit expression for the gradient vector aai , aai y ab[ and 3bi

must be obtained. The concept Is simple, but the algebralic manipulation
is extremely tedious, We only summarize the procedure and 1ist the final

results here.

First, we use the definttion of Q(z) in the digital form, replacing
A with its equivalent expression obtained from matching the d.c. gains.,

Second, we separate
H(jwn) = HBRR + J'HB!E (% = 1,2,...M) (3.17)

Third, we isolate a given variable and obtain the partial derivatives

3 . 3 . |
35?4HBR2) = Real[-g-a-I-(HBR2 + JHBiﬁ)] (3.18)}
and
3 - Imagl<t_ i | |
-55?(HBI2) = lmag[aai(HBRE + JHB|2)] (3,19}
For 1 even:
9
EE—I{HBR gronst 1
) [HBR£+JHB|2 - [(!+a‘_l)COSmET:ira]é'COSmgT]+J(I)
]+ai-l+al ]+a‘_|cosm£T+aic952ng)—J(ai_IS(nszfai§in2m£T)

(3.20)
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where

35 -

T = [aié[slnmgT - (H+a,_)sinZe,T) (3.21)
For | odd:
3 .
| -5.-8—%{HBR£ +jHBI ]
- [HBeR o FJHB! ]Ecosw T([+ai+‘)—l~§i+[c052w£T)+J‘ai+|s?nszT—(I+ai+|)stﬂng)j
El+al+al+]][(I+aIcosm£T+a1+lc052mgT)—J(ai_?inm2T+a]sin2m2T)
(3,22)
For NZ odd:
5 ] [HBRg + jHBIE] [(cosmgT -1y =] sinngj
2 THBR + jHBI J = - — — : (3.23)
98y, % 8 (r + aNZ)E(I + ayy cosw, T) = ] astinmET]
The derivatives with respect to the denominator coefficients are:
For | even:
2[HeR, + JHBI o .
2 IHBR + jHBl J = SR (3.24)
8b) = R e’ [i+2bicosb +b2j R + jit )
whers
R=[(.c05bi ¥b; 2 (142b cosw g Tcosb, i+bi2c052m2T
| (3.25)
- ¥
(l+2bicosb‘“|+bi)(cosbi_Lcosw£T+bic052w2T)]
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1=[(1+2b cosb,  +b%)(cosb, ,sinu,T+b sin2w,T)

i I | l

-(cosbih|+b ) (2b,cosh

2
I | [Hlslnm2T+b sIangT)]

i

o

2
Lt + 2b,cosb, | cosw, T + b% cos 2u,T]

R

- 2
L2b, cos b, | slnw, T + b} sin2u,T]

For | odd:

3 . 2EHBR2 + jHBlgj Ry + 311:}

= HBR + jHBI = - e

Bbl 2 X -+ ZbH_]cosbI + bi+l {:Rl + JIf
where

= 2 - -

Rl (I+2bl+icosbi+bi+l)lecosszsInbi bi+lsinbi(l+2bi+lcosbicosw£T+b
I1 oi+|Slnbi(2bi+|cosbi+|sinw£T+bi+lsin2mlT) (I+2bt+|cosbi+b1+|
[l = 2
R! [+2bi+lcosbic05mET+bi+]cosZsz
and

. .
= [Zbi+lc°5b sinm2T+b15|n2m£T]

i
Finally, for i'= NCP + !, NCP + 2,..., NP

. _ . _‘
[HBR, + jHB! JL(1 - cosw T) + jsinw,T1

So-LHBR, + jHBI, T = —
i ‘ (1 + bi)[(l + biCOSsz) - jbisinwlT]
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(3.29)

2

(3.30)

sinpisinmgT

(3.31)

(3.32)

(3.33)

(3.34)
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We now have explicit functions for the gradlent vector, and the Fletcher-
Powell algorithm can be applled after the constraints have been taken in-
to account.

Computer programs have been written for thls method by D. Schroeder[8];
and at the time of this report similar local programs are being developed.
Results wlll be Included In the next report.

n summary, the following data are needed:

(1) The form of the deslred continucus system to be simulated
FtJw) = HRGJw) + JHICjw) for 0 <w < T (3.35)

(2) Sampling interval T
(3) Frequencies at which the error measure is evaluated, 1.e., W
It
for0<w1<w2 “"'<mm<'-T-'
(4) The maximum radjus of poles (to be used for constralnts)

(5) Some expected minimum error

(6) Number of zeroes, poles, and complex poles of the digltal system

(7} Initial guesses for the numerator and denominator coefflicients

Further studies on this meThod are underway. I+ is envisioned that a
simi lar approach can be applied for a time domain error criterion, even
though an accurate time domain measure, suitable for minimization techni-
ques, appears to be complicated mavhematically.

3.1.4 Fufure efforts

(1) Further investigations are to be directed In the method presented
above, ' ' ' '

(2) Develop similar techniques, using time domain error criteria.

{3) Develop generai.proérams for [BM (which seem to be the most
difficult from the programming point of view), Tustin and Optimum Discrete
Approximation approach. The programming difficulties for the optimum
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discrete approximation are at least clrcumvented by a study cerried out
during earlier work on this grant. |t appears that In the Qp¥imum Dis-
crete Approximation method, 2 system can be broken down Into & cascade
or parallel combination of first-and second-order systems for which the
dlscrete approximators are readlly avallable., Therefore, as far as pro-

gramning [s concerned, the Optimum Discrete Approximation method can be

considered just another substitutional method.

3,2 Dlgltal Slmulation and Optimlzatlon via Random Search Technlgues

3.2,0 Infroduction

Real-time digital simuiation of physical systems has received atten-
+lon for a number of years [97], [101. This paper discusses a technique-
for the development of a discrete time integration operator to be used In
the simulation process. The Integration operator can be optimized for a
particular system subjected to a set of specifled inputs. The class of
systems being investigated are fthose which can be represented by the set
of state equations

x = f(x, u) (3.36)

‘where x is the n x | state vector, u-is for the r x | control vector, and

f is the set of n functions, typlcally nonllinear.

3.2.1 [Infegration QOperator

Figure 3.2a 1s a block dlagram of The mathematical relatlons in Egn.
(5.36). The vectors x and u are acted upon by the functional relations
f(x, u}, prodacing the vector ;. This s then integrated fo pfoduce ‘the
state vector x. Figure 3.2b is a block diagram of a discrete approxima-
flon to the contlnuous +ime system. The conirol vector u is assumed to
be sampled at & uniform rate, producing the Input samples u(k)., The
equations

x{k) = f{x(k), ulk)] (3.37)
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Figure 3.2 Digital Simulation of MNoniinear System.
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are in the same form as those representing the continuous time system.

For example, if

X1 = €OS Xz *+ sin X3 + u

+hen

%1 (k) = cos %3 (KR} + sin x3(k} + u(k)

The function F(z) represents the discrete integration operator. For
the simulation to be realizable, the denominator of F(z) must be of a high-
er power in z than the numerator [9]. This can be shown to be correct as

follows. Let F(z) be

z + |
z~ 1

F(z) =Tz-

which is The familiar Tustin substitution operator for continuous integra-
T

tor .

S

x(2) T z+ 1 T]+z1

x(z) ? z = 2 t -1

i~ Z
(1 = 27hx(z) = (1 + 27 1)k(2)
(3.38)
- - T - -
x(z) = z7ix(z) + (1 + 2 Les(z)
x(k) = x(k = 1) + 2 [x(k) + xCk = 1)]

The calculation of the state at Time k is seen to depend on its derivative
at time k. However, from the state equations, the derivative at time Kk is
a function of the state at time k, (3.37), This leads to an equation of

+he form
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Since the functions f(x, u) are typically noniinear, the equation cannot
be solved by factoring x(k) out of the right-hand side of the equation.
Therefore, (3.38) represents an unrealizable simulation. If the integra-
Tlon operator had been chosen as

Tzt Tzl 4zt
F(z) —'i(-i“:-i-) z —-2--—[——"-—-:1—
- Z
then
x(k) = x(k - 1) + %—[i(k - 1) + x(k =~ 2}] : (3.39)

which is a realizable simulation. Adding the z™! term fo the Tustin opera-
tor, however, degrades its performance. I+ has been shown, fhough, That
to be closed-loop realizable, the power of the denominator must exceed

that of the numerator. What is desired is a closed-loop realizable opera~
tor which can be optimized for a particular system being driven by a set

of known inputs.

To this end, a discrete~time integration opera’'ur of the following
form is chosen.

(3.40}

where T is the sampling period, and the A's are a set of free parameters,
the vaiues of which are fo be optimized. This operator yields a realizable
simulation, since the power of *he denominator is always one greater than
that of the numerator, The poie at z = | carrésponds to a pole at the
origin in the complex s-plane, and the N+h order pole at the origin corres-

th

ponds to an N'" order pole at infinity in the s-plane Cii]
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The free parameters In F(z) are optimized using an Idealized model
form of a model reference adaptive control system [123. Figure 3.3 is
a block diagram of this form. An exact, or nearly exact, solution to
the system's differential equations represents the ideal model of the
system. The discrete sImulation, Including the parameters to be optimized,
represents the controlled process. A set of inputs Is applled to the
model and fthe process, and the error at each sample tlme is squared and
summed. At the end of one run, the free parameters are perturbed under
the control of an optimization technique; and the sequence is repeated.
This continues unti} the error of fhe digital simulation s sufflciently
small.

3.2.2 QOptimization Technique

The perturbation of parameters in F(z) is confrolled by an Adaptive
Random Search Optimization technique (ARSO). Random perturbation methods
have been shown to solve a large class of optimization problems faster
than gradient techniques when the number of unknown parameters exceeds
four [131, (143, [15]. In addition, the convergence time has empirically
been shown fo increase linearly with the number of unknown parameters
rather than exponentially or quadratically [I15].

in the ARSO fechnique, the mean and variance of a uniformly distribuied
random variable are adaptively selected for each unknown parameter based
on recent successful experiments. In this way the step size and direction
are controlled by past successful perturbations. Adaptive step size has
been shown by Schumer and Steigittz [[15] to be a powerful technique in
multidimensional problems without ridges or valleys. Adding adaptive
step direction should tend to broaden the range of applicability.

The performance index used with ARSO is a vector valued one; that is,
one which requires simultanetous minimization of all components C133.
This aliows consideration of several cost functions, such as integral
square error, minimum energy, etc., at fthe same time. In the nonlinear
problem to be studied, air-craft dynamics, the mean square error for each

of the state variables is used as a component in the performance Index.
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That is,

N

T (x i x¥ )2 (3.41)
and

J=01 a2 e 1T (3.42)

where N is the number of sample periods per trial, xiJ Is The calculated

vajue or the lfh

state variable at the jfh sample time, and xfj Is the
exact value. For a trial to be consldered a success, at least one component

of J must be reduced, and no component may increase in value.

The unknown parameters are perturbed In the following mariner.
A G+ D = A+ e () (3.43)

where A(j + 1) Is the new value of the iTh parameter, A? 1s the "best-to-
date" value of the ifh parameter; that is, the value of A when the minimum-
To~date value of the J vector was calculated, and Ghi(j) Is the random
perturbation for The i'rh parameter. The perturbation is calculated as

foliows:

aai(j) = w0+ Y362(j) [2 RND(o) ~ 1] (3.44)

th y .
rendem variable,

whers pi(j) fs +he current value for the mean of the |
a2(j) is the current value for the variance, and RND(o} is a uniformly
distributed random variable on the interval [0,i]. Equation (3.44) pro=
duces a random number from a uniformly distributed random variahle with
mean u and variance o2. At the present Time, the variance = 7Tz same

for each of the parameters, while a mean is calculated fof each., The use
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of Tndividual variances, as wefl, Is an area To be studied, Stability
cons!derations may place constralnts on The parameter calfculated In (3.43).
If a particular perturbation places a valus outside Its 1imit for stabi-
Itty, the value may be moved deterministically inside the limit. The par-
ticular system will determ!ne what fthe stabillity |imits for the parameters

are.

When a particular triat 1s successfuil; that is,

J<J*|* | <§ <n

i

where J? Is the minimum value of the i"Lh element of J, the means of the

random variables are updated,

W () = A% - m, (3.45)

where

c, {1} ci(2) ci(3) ci(4) CI(B)

:i 4
my Tttt " T8 (3.46)

The ci's are past values of A?; that is, previous values of the "best-to-
date" parameters. CI(I) is The most recent value of A?. Since the mos+
recent best value corresponds to a smaller performance index than a pre-
vious best value, (3.45) tends Yo select the most favorable direction for
“the next perturbation. For an unsuccessful irial, the mean is not changed
unttl +he number of consecutive failures becomes large, The strategy for

+he mean and variance is as foliows:

initially, the mean is zero; and the variance Is equal to two. This
permits large perfurbations in the values of the parameters, As the trials
become successful, the means are computed by (3.45); and the variance Is -
greatly reduced. This permits the parameter values fo follow favorable
terrain. The mean is updated at each success as previously mentioned.
When the number of consecutive failures reaches 100, the Varlanée is in-

creased To allow larger step sizes. AT This point, the means remain
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unchanged. 1f the number of consecutive failures reaches 1000, the
variance Is greatly increased; and the means are set to zero. This allows
the possibility of Jumping out of a local minimum tc an area with a small-
er performance index. When the number of consecutive fallures reaches
{0,000, the program is terminated. I[f, at any time, 2 successful frial
occurs, The variance is reduced; and the means are usdated as before.

3.,2.3 Prellminary Results

Thus far, the ARSO +technique has only been used for the devopment of
general~purpose Infegration operators for linear systems, A Three-element
performance index was used fo measure deviation of the integrator operators
from ldeal Integration. Frequency domain magnitude error from zero fo
one~half the sampling frequency, phase error over the same frequency range,
and phase error from zero to eight-fenths of one-half the sampling fire-
quency made up tThe three components of J. One and four parameters were
used in F(z) on different experiments. The two operators obtained are
shown below.

Flz) = 222227
3 . y 2 .
Flpy = T$.971823 - 176822 - .03862 + .1613)

23z - )

The performance index for these two operators, as well as that for the
forward difference operator, which is closed-loop realizable, are shown
in Table 3.1. The operators were also evaiuated in the time domain by
using them to solve a system of seven linear differential equations using
a fourth-order Runge-Kutta solution as the ldeal model. Table 3.2 sum-
marizes -the results. The performance Index was of “the form in (3.41)

and (3.42). Reasonable agreement between frequency domain optimization
and time domaln evaluation is realized for the |inear system, This is
expected from application of Parsevalls Theorem [i6].
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TABLE 3.1

Frequency Domain Optimization

RMS ERRORS

Operator d3 J2 Jj
ARSO ~ | t.18161 dB 52,9347 degrees 42.5422 degrees
ARSO - 4 2.61323 dB 50.5897 dagrees 36.5964 degrees
52.9347 degrees

Forward Diff.

t.76163 dB

42,5422 degrees

TABLE 3.2

Time Domain Evatuation

RMS ERRORS

ARSO - | ARSO - 4 Fwd. Diff.
Ji 217174 53871 .331912
J2 4.99025 11.4281 11.5529
J3 53.9662 109.322 112.056
J4 319.485 574.329 583.429
5 1004.97 1550.95 1498,52
J6 1683.85 1872.3I 1482.,75
J7 1034.9 1014.4 661.88
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2 = .
et = g Jetoresias (3.49)
which relates the frequency and time domains. Of course the user shouid
formulate his nerformance index to reflect what the major concern is.

The following transfer function was put In state variable fcrm and used

for the evaluation.

Fls) = 36 .52 +231 +272 s+ 1.65 _ s*+7.255 + 8|
s2 + B,45s + 36 82 + 5,625 + 3.1 s + .62 {.1255% + |3,33s + 8]
(3.50)

This is The transfer function for an autopilot and therefere is of Interest

to us.

2.2.4 Further Study

The optimization technique described here will be applied to simulat-
ing the dynamic behavior of an alrcraft. Initially, motion in a vertical
plane wifl be considered, with more degrees of freedom added as familiarity
with the optimization technique is galned. Modifications in the strategy
of ARSO, such as individual variances for the random varlables, will also

be sTudied.
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iV, STUDY OF CHARGE COUPLED DEV]CES FOR STMULATION

4.0 Introduction

The objJective of this work was fo investigate the feasibility of us-
ing CCDs (charge coupled devices}) in real-time aircraft simulation. When
a single dligital computer is used for simulation, the number of calcula-
tions made serialiy is so large that even with relatively large computers
the sampling rate cannot be made fast enough to make discretization error
negliglbly small. For fthis reason CCD devices were primarily examined

to determine if the sampling rate could be made large.

Charge coupled devices are relatively new. The B3Il Telephone Labora-
tories announced the Initial discovery of CCDs in May cf 1970 £i7-191.
A CCD Is a semiconductor component [20] which 1s capable of storing quan-
tities of charge and moving them pracilically infact from one storage loca-
Tlon to another. The quantities of charge represent the magnitude of
signal samples. If the movement takes place at regular time intervals,
a discrete delay line action is achieved. The addition of signal extrac-
tlon, weighting, and other manipulations such as summing yield analog
data processling of unique potential. Obviously, CCDs can also be used
to process dligital data.

The CCDs belong to the class of components called charge transfer
devices of whlch the "bucket brigade device" (B8D) [21] is a member. The
BBD is older but of less potential value for signal processing fthan the
ccp [22].

For an in-depth review there are several papers avaliable which des-
cribe the physical principles of CCDs, how they are consiructed, and de-
tajls about thelr operational performance [23]. Briefly, they consist of
a substrate of doped semiconductor materia! (such as n-type) on which a
very thin layer of insulation is placed. Cells are fthen formed by deposit-
ing metal electrodes on the insulating surface. When the elecirodes are
biased with respect to the substrate, a potential well is formed in the
semiconductor materials. Charge is injected info the device with a PN

Jjunction (in the case of n-type substrates). The charge may then be moved
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between adjacent cells by appropriately pulsing the associated electrodes.
After transfer of charge from a cell, the electrode voltage may be re-
turned o a quiescent value. The transfer between cells Is not perfect

but is quite adequate for many applications, having an efficliency en

t+he order of 0.9999 t+o .99999, i.e. the transfer inefficiency e is on fhe
aorder of 107% to 107° [24]. Thus, a single packet of charge can be moved
+hrough many cell locations without obtaining significant signal distor-
+ion. The e depends on clock frequency as one would expect. At tne
present state of development, operation Is usually restricted to less

than 10 MHz. Transfer efficiency is Important fo ansleg data processing
because, unlike digital processing, signa! levels may nof be re-established.
The thermal generation of electron-hole palrs is a serious source of dis-
tortlon, especially at elevated femperatures. This restricts storage in

a cell te times less than one second (usually, one or fwo orders of magni-
+ude less than one second) at room temperature. Storage time is reduced

by a factor of two for every 10°C rise in temperature. Thils is illustrated

later with calculations.

The types of operations performed include all kinds c¢f |inear trans-
formations such as correlations, matched filtering, discrete Fourier and
Hadamard transforms, Karhounen-lLoeve expansions, etc. I[n addition, fast
time simulation can make use of discrete convolution. With some peripheral
cireuitry, these operations may be implemented by various combinmations of
the basic buiiding blocks [25] consisting of:

1. Serial In/Serial Out (S1/S0) Registers
2. Serial InfParalle! Out (S1/PO) Registers
3. Parallel in/Serial Qut (Pi/SO) Registers

The S1/50 Register Is the simplest form of CCD processor. |t con-
sists of a large linear array of cells forming a discrete analog shift
register or delay {ine. This device is shown in Figure 4. la.

As shown in Figure 4.1b, the basic SI/PO structure can be used to

extract desired data points affter a given delay time. |1f tap weights are
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used with current summing on the outputs, then it is possible to imple-
ment various |inear transformations. For example, Figure 4.2 depicts

a non-recursive or transversal filter whose output at.the nth clock

period is the weighted sum of the previous k samples,

_ k , _ '
gn) = Y hx ., n>k (4.1)
R B -

i=o :
This is, of course, discrete convolution. |f the tap weights hi in (4.1)
define samples of the time inverse of a desired signal, then the CCD pro-

cessor of Figure 4.2 is a maiched filter.

The P1/SQ building block is shown In Figure 4.1c. Here, the inputs
are synchronously sampled and stored in particular cells of the linear

array.

4.1 Simulation Considerations

The most appropriate approach for the simulation being considered is
the discrete convolution described by (4.1) which applies fo linear station-
ary systems. Unfortupately, the equaticns governing aircraft systems are
both non-stationary and nonlinear; but for operafing conditions where the
aésumpfion of small perturbations is valid, the equations can be iinearized
at each equilibrium condition of inferest. This removes the linearity
and time-varying restrictions but atthe price of either having variable
tap welght devices or a large number of devices which can be switched

in as required. Practical variable tap weight devices are not available,

~ and development progress appears uncertain so the second approach was

assumed.

The idea here is to use a bank of CCD transversal filters, as shown
in Figure 4.3, each of_wﬁich covers one specific equilibrium condition of
the system to simulated in order to cover the whole operating range de-

sired in the aircraft simulation.

For small perfufba+10ns the motion of an alrcraff can be considered
to consist of modes with relatively long periods (such as phugeid and

spiral divergence} and modes with relatively short periods (such as sﬁb;T—
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period and roll subsidence). As wi!l| be discussed later, there is a
practical limit on the total delay of CCD fransversal filters, e.g.,
100 m sec at room temperature. Even though much longer delays can be
achieved by cooling the devices total delay of more than 10 to 20 sec
is not desirable because discretization effect becomes significant due
to the required decrease in sampling frequency. This is due to the
{imited number of stages of a CCD transversal filfter. Therefore, the
first compromise will be 1o use a small computer to digitally simulate
modes with long pericds while using CCD fransversal filters for modes
with short periods. '

4.2 Error Sources

The transfer inefficiency £ per unit cel! represents the fractional
portion of the slgnal charge which is left behind when a transfer takes
ptace. At the present, CCDs are constructed with typical values of e ~
10~%"to 1073, The € remains approximately constant below clock frequencies
of fC = | MHz. Above thls € starts to increase due to the finite ftransit
time of fThe signal charge from one cell|l to another. The e also depends
on the quantity of charge in a cell. A d-c bias change called a "fat-
zero" is required to make & less dependent of signal ampilifude. The
transfer inefficiency affects the CCD operation such that the input signal
is dispersed or spread out in fime, thus 1imiting fhe filter length, i.e.

the number of delay stages.

The mechanism for dark current (or leakage current) is the thermal
generation of electron-hole pairs. |+ causes the stroage wells 1o be
slowly fitled with minority carriers which gradually mask the stored In-
formation. Since the amount of charge is proportional to time, the effect
is to limit the low frequency operation of CCD devices. It is found ex-
perimentally that total delays up to 100 m sec at rcom temperature can be
achieved before dark current effects become significant [[26]. This is
true for all devices, irrespec?iye of size or number of elements. However,
the dérk current is +empera+ure'dependence and decreases by a factor of
approximately 2 for every 10°C drop in temperature. Thus, dark current
can be minimized by sufficient cooling of the CCD. This would be prac-

tical for the simulation of large systems.
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Tap weight characteristics are a source of simulation error. There
is a practical limit on the accuracy of the weighting coefficients in CCD
transversal filters. There is also a limitation of the range of maximum
to minimum values imposed by practical conslideration. This requires that
tap weights smaller than the minimum realizable value either be set To
The minimum realizable value or zero.

Because tThe CCD transversal filter has a finite number of elements

and the sampling frequency is iimited, the total delay that can be achieved

with CCD +transversal filters is also limited. Thus, non-zero values In
a weighting function at instanis of time exceeding the fotal delay have
to be truncated. Maximum charge holding capacity, i.e. saturation, can
Infroduce simulation errors. Errors due To |inearization have not been
studied

4.3 Rough Estimate of Required Number of Filters

The aumber of fransversal filters required is a very important para-
meter and [s considered in the folliowing. Generaliy, the coefficients
of linearized dynamic equations of motion for aircraft systems are deter-
mined by the foliowing fiight conditions:

(1) Mach number

(2) Angie of attack
(3} Atltitude

(4) c.qg. ]ocafion

Suppose the six-degrese-of-freedom equations of motion are uncoupled.
Then, a typicai longitudinal set of equations would have four different
excitation inputs: (a) elevator deflection, (b) flap deflection,

(c) throttle change, and (d) spoiier deflection. Since longifudinal
mofion'has Three-degree~of~-freedom and each degree-of-freedom is impie-
mented with a separate set of CCD devices, a total of twelve CCD trans-
vers | fliter is necessary for each different equilibrium condition of

the longitudinal motion. That means that, in case of coupled motion,

approximately eighty CCD devices would be necessary for each different
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equilibrium condition for six~degree-freedom simulations. Considering
that the four flight conditicns can vary independently to cause changes
in the coefficients of the equations of motion and considering the wide
range in stability derivatives, particularly due to Mach number, al¥itude

and angle of attack, It is not difficult To imagine that thousands of CCD

transversal filters would be needed to adequately cover the whole range

of interest in ordinary aircraft simulation.
4,3 Future Work

The study was not persued in depth because the first rough estimates

of performance for modes with large settling time and the number of CCD

sectlion required for reallstic flight operation indicated that present
technology favors digital technology. Use of microprocessors in parallel
operation seems far more promising now than CCDs, so the research has
been moved in that direction. Fundamental architecture and software pro-
blems are being considered to try fo achieve real time simulation that is

superior to present large computer systems.

The use of CCDs for a single set of flight conditions may be practi-
cal but this question was not addressed because microcomputers offer a

possible solution to tThe more general problem.
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Appendix 4.1

Dark Current Considerations

As stated in the text, the achlevablie total delay of CCD {ransversal
filtters is {imlted, due fo dark current. At room temperatue, tfotal de-
tay up to 100 msec can be achieved before dark current effects become

significant In many app!lications.

In order to increase the useful storage time, cooling of CCD devices
have been conslidered. In the following it is shown that, by cecolling a
CCD device from room temperature (300°K) to 240°K, the dark current is
reduced approximately 500 times below than that of room ftemperature.
That means that, theoretically, total delay as large as 50 seconds can

be achieved at 240°K before dark current effects become significant,
Dark current has six possible sources [271:

(1) Generation of carriers via generation-recombination centers
in tThe depletion region.

(2) Generation of carriers via surface states at the Si-5i0y
interface.

(3) Avalanching at the channel~stop boundary.

(4} Diffusion of minority carriers out of the neufral region of
the bulk.

(5) Processing errors.
(6) Tunneling between bands.

Among the above six possible sources of dark current, carrier genera-
tion in the depletion region (Source |) and carrier generation via sur-
face states at the silicon silicon-dioxide interface (Source 2) are the
dominant sources [27]. Thus, the dark current, JD’ can be writtioen as
) qniw . c|nis_D
D 2t

{(4.2)

qs
M o]
nT(Z-c + — )

It
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where
n, = intrinsic carrier concentration
W = depletion region width
Tt = bulk I|ifetime
SO = surface recombination velocity when the surface is depleted.
q = charge of an electron

Using the formula

SO = NssnkT V+h a (4.3}
where

Nss = the number of surface states pér cm? per eV

T = temperature (°k)

¢ = capture cross~section for electrons or holes, whichever is

smaller

th = /3KT/m = thermal velocity of the electrons C(4.4)

T = C/V‘fh (4.5)
with

C = femperature independent constant
yields V

Ey-a V., o YT (4,.6)

2T Th ‘ o T
and

'qSo e .

—Z—GT' Vi_ha,T, (4,7

The ratios of these values at two different temperatures are
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P ]

= 0.72

0.9

av. _
201 = 240° _EHD _
G, /300~
2T'T = 300%
asS,
(-5t _ o 3/2
2 T = 240°% _ (240,3/2 _
qs, 300
“Z7 = 300k
Thus,
]
(fﬂi-+ Shsh
0.72 < 2T ____Z_T = 240% _
i w . 95,
(= + —2)
2t ' Z T = 300%

From (4.10) it is observed that the ferm (%§.+

Temperature.

Now, calculate the change of n with temperature change.

Qs

nl2 = p T3¢ EQ/KT
Q
where AO = constant
eg = Energy Gap
k = Boltzman's constant (=8.62 x 107 %eV/°K)
Thus,
. 2y 3 -Eg/KT
707 = zaoek _ T7 = pq0ek 8 T 0T < gg00k
2 3 -Eg/kT
M51 = 3000k T 7 = 3000 (€ )T = 300°K

S0
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(4.9)

(4.10)

—-22) varies |ittle with

(4.1}

(4.12)
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P ——
(R V——
—
- .

e

(Ta) - o 3
(T3
T = 300°K
and
i
.12 eV i
(Eg/KT . _ mop = = 55.1 |
T=240°K (g 52 % 10~5eV/°K) (300°K) 5
|
(4.14) i
i
.12 eV |
(EG/ KT _ zmmop = = 43,31 :
T =300 (5,62 x 10-5eV/°K) (300°K) i
%
and, it follows that i
(e BTy ek = €551 = 1,176 x 10724
(4.15) |
(E"'Eg/kT)T - 300°K = ¢~43.31 = | 55] x |0~1¢ J
Therefore, :
;
|
(n.z) — o 24 ;
T2 280K s g,5yp o L8 X107 - 5 85 ¢ 106 (4,16) |
(20 | 5000k 1.551 x {0 19 i
|
and é
|
;
i
{n,} - a : '
(nI)T = 280K _ .97 x 1073 = (50001 ' (4.17)

1’7 = 300°K o
E
|

From this calculation it is found theoretically that dark current becames .
500 times smaller at T = 240°K than that at T = 300°K.
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