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. ' . SECTION 1

A BRIEF SUMMARY OF THE DIGITAL FILTER WORK

This report contains information on the digital filter work for isopad

control performed in the past six month extension period of the contract.

There is also some brief reports of the optical communication developnents

T e P g

which have occurred during this period. These reports are included in this

report only to make this a useful reference document, and no actual work was

-y o

performed in this area during the past six month contract extention. All of

the work was directed toward the microprocessor processor based digital filter

control work for the isopad as directed by the Goverament in the SOW for the

contract extension.

Of the four types of digital filters tested, the infinite impulse response
filters showed the most promise for implementation in an isopad controller.

The phase response in particular of these filters was very promising, and in

simulation studies turned out to be even more promising than we expected at the
onset of the project. However, because of delays through the processing network

in real-time, the useful phase properties of the filters (particularly the phase

ST v

! lead over ncarly two decades of frequency) could ncver be realized ia real time, -
' ,
i except in rare circumstances in which the digital filters were used in conjunc~ 4
t

tion with some passive filters under unusual circumstances described in the

i following chapters. : !

I would recommend that this work be carried further by either using new
modes of accéssing the Digital Equipment Corporation LPS 11 system or by using
a truly dedicated system. The software overhead of driving the Datel 256 was

negligible, and if this same sort of arrangement could be realized with the

analog to digital input device, whatever it might bc and still preserve a very 4
good stability of sample rate, which was achieved during these tests, perhaps ;

. the phase benefits of the digital filters could be realized in real-time. 4

Largely through the sinulation plots cobtaiacd iu this report, it was shown

Cr
i

that the phase characteristics of the digital filters could be very useful in
servo applications. These phase characteristics were very attractive. During
the early stages of digitzl filter development, we were very skeptical of the

phase results, partly becauvse all eof the available literature contained only

Information concerning the transfer functicn magnitude and specified very little

I
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about the phase. We were aléo skeptical, because experts in the field had
given us advice which consisted largely of warnings that in order to éet lead
we would have to implement infinite impulse responce filters, and that these_

. filters would .exhibit wildly fluctuation phase transfer functions -and that be-
cause of this the filters would be useless or nearly so in real-time servo con-

trol of the isopad.

These fears were not founded. The filters showed very attractive phase
characteristics. Even beyond this, even some inherently stable filters showad
remarkably good phase characteristics, which would clearly not be obtainable

in the analog implementations. This is apparently because of the nonanalyticity

of the discrete time filters.

However, these filters were never proved to be effective in real-time iso-
pad closed loop control tests because of difficulties in utilizing the lead.
The effects of delays in the analog to digital process, the digital filtering,
and the digital to analog process overshadowed the lead of the filters and gave

lag.

Originally, we thought that we might benefit by changing the software to

include such devices as optimal estimators to get the maxinum amount oi lead.

This now appears not to be the case. If the filters described in this report
can be implemented in hardware and software which minimized delay times through

the processor, they show much promise.

The present pdpll/45-pdpll/03 combination still appears to be the best
combination for microprocessor software development, and Captain Lind deserves
much credit for this insight. This system shows much more promise than the

National Semiconductor IMP-16 system originally procured for this purpose.

It might be wise to be aware of new sixteen bit microprocessors as they
appear on the market. This is particularly true if sixteen bit microprocessors
utilizing bipolar (IZL, etc.) technology appear on the market and are supported
with very good software development tools and are packaged on at least the
board level with good I/0 capability. But, for the present time, the LSI-11

wicroprocessor of the pdpll/03 appears to be a good if not the best choice.

One thing that was not tried since we could never get the filters to run
fast cnough anyway is the implementation of the filters in double precision

arithmetic, this might help the phrse characteristies, but since we could never
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run fast enough even without this burden, this was never tried.

In conclusion, digital filters did show promise, but until large, not
fncremental improvements are made in the processing hardware and software, they

cannot be utilized in real-time isopad seismic vibration control.
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. SECTION 2

PROJECT IDENTIFICATION
\/ R
The main goal of this project was to explore ways in which digital filters
could be used for isopad seismic vibration control. This goal was formulated
after many analog circuits were built and tested to give the apbropriate amount
of phase lead in the proper frequency bands. None of the analog circuits had
been totally succéssful in giving the required amount of lead. Unfortunatgly,
in the literature of digital filters, there is very little, if any, useful in-
formation.concerning the phase characteristics of digital filters. The primary
goal was to explore the phase characteristics of digital filters relative to the

isopad control problem.

The end goal of the isopad control problem is to execute various control
loops, presumably one for each degree of freedom of the isopad, to control the
isopad in real time using digital filters, eigher exclusively, or in conjuncticn
vith analog filters. It was originally concieved that the project would be
carried out by developing software omn the pdpll/45 and then down-line loading
the progran inte the pdpll/03 computer which is based on the LSI--11 micrepro-
cessor. Thus, using microprocessor technology, it would be cost effective to
use a controller per axis concept and the interaction or cross-coupling in the
processors would be extremely well-defined by passing only the required para-
meters vhen needed betweon processors. This appreach proved to be not fcasible
to put into practice hecause of the preocessing requirements of the filters.

[ -

This will be explained in more detail in Section 14.

The original work plan for filter execution program development was to use
FOGKIRAN 1V plus programming on the pdp 11/45 in conjunctien with the DEC opti-
wized FORTRAN compiler (F4Y). Thiz would geaerate cbjecr code which will run
on the pipll/45 cor the LSI-11 micreprocessor in the pdpll/03 as efficiently as
macro code written for eiiher of these machines., The only real penalty of work-
ing like this is that the compilation timos using the optimized compiler are a
Hittle longer, but this is ao extreacly mild penalty compaved to weitiag the
filter programs themselves in addition toa the I/0 diivers in assembly languag.:.
ine approach was to do program development on the 11/45 and to test the programs
teia the LESL] for dara acquisition and the Datel 250 for the digita)-to-analog
vonvertoer function,  sfter progran development 18 complete for a single axis,

be conld be loaded by reaas of a forced down~line load from the 11/45 into the

T L v, S e W Amn

e B ey gt

povoN e aa b e e ettat e




. B B e w gl = AT ey

e g e

e bwa et e s

11/03. After testing on the 11/03, it was thought to be desirable to "burn"

the program in PROM's and install the PROM's in a separate LSI-1l processor
poard, thus freeing the 11/03 for further development work in the prescnce of

the digitally controlled axis.

It was initially concieved that the programs to perform the digital filter
coefficient synthesis tasks would be developed and run on the pdpll/45. This
proved to be only partially ture, Of the two major types of digital filter
coefficient synthesis programs, the finite impulse response and the infinite
tmpulse response filters, only the finite impulse response programs would run
gatisfactorily on the 11/45. The infinite impulse response filter coefficient
syathesis programs would never run properly on the pdpll/45. This program was

nore or less easily circumvented by using the Burroughs 67G0.

The original plan called for implementing the following two types of

filters:

1. Filters derived from the algorithms which were developed at AFIT under
the direction of Dr. Gary Lamont,

2. Filters which were derived from the transfer function of the current
analog control loops developed and tested by Mr. Bill Simmons at FJSRL.

The first approach was thought to be the most direct. However, & nuunber
of simplifying assumptions were made in the analysis which made the algorithas
appear less attractive, The most serious of these assumptions used in the
develépment of the algorithms was that the sensérs in use are much better than
they really are. This was not the fault of the AFIT personnel, since the algo-
rithus they developed used the best information about the sensors which they

had at the time.

The other approach would be to use a program which would synthesize all of
the coefficients from a digital filter of a x the desired typcand degree fronm
an experimentally obtained complex transfer function. The coefficients weuld
be the synthesized to give the users choice of either flat as possible anpli-
tude or flat phase or an optimal compromise of the two across the frequcacy

“pectrum of interest, probably 0.0001 Hz to 100 1.
The approaches which were actually tried were as follows:

1. bvigital implenentation as analog filters vhicl: were known to have n
desirable trausfer function.
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2. Variable time delay filters. .

Finite impulse response filters to give the desired phase response as
indicated by the analog servo data.

4. Infinite impulse response filters to give the desired phase response
as indicated by the analog servo data.

The first of thesa approaches was implemented by simply writing the diff-

erence equations -for the various recursive filters and programming them. The

second approach was done using a purely empirical technique. This technique
consisted of putting in a software '"time waster" loop and running this loop the
maximum number of times for the experimentally determined lowest frequency

likely to occur in a sample of a2 given time for a setting of the random noise.

generator.

The finite impulse response and infinite impulse response filters were

desired using coefficient synthesis programs. Siftce no information exists re~

garding the phase of digital filters, we simply designed to the amplitude
specifications that we thought we give the desired phase from the corresponding
analog filter. This technique proved to be quite good most of the time. The
validity of this technique depends, of course, on how closely the discrete
time filter resembles a filter with a truly analytical transfer function. The
finite impulse response filters were designed using a modification of a program

from Theory and Avplications of Digital Signal Processing by Lawrecnce Rabiner,

Prentice Hall, 1975. The infinite impulse response filters were designed
using the MAC/FIL software package purchased f{rom Agbabian Associates which is

discussed at some length later in this report.

- e
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. SECTION 3

AYALYSIS FOR FILTER STABILITY AND FORMULATION OF DESIRED TRANSFER FURCTION

A comprehensive review of digital filter and optimal contiol techniques
pa%x beea completed relative to this problem. Information has been collected
f¢on g variety of textbooks, articles, and from the user's manuals of two major
poftware packages obtained to synthesize digital filter coefficients for a
particular type of-digital filter. Other information has been obtaiﬁed from
Captain Roy Schmeising of DFEE, USAF'Académy. Some of the most valuable
{rformation was obtained during my recent visit with Dr. Gary Lamont at the

Alr Yorce Institute of Technology (AFIT) at Wright-Patterson ATB, Ohio.

This study has resulted in a variety of techniques to try to improve the

isopad control. The trial solutions for this problem are as follows:

1. A simple second-order recursive low-pass filter with a corner frequency

of about 25 Hz.

2. Au FIR from the FIR filter synthesis program from "Theory and Applica-

tion of Digital Signal Prccessing', by Rebiner and Gold.

3. An IIR filter designed with the use of the softwareApackage called

MAC/FIL by Otnes of Agbabian Associates.

4. An optimal estimation technique used to increase the amount of phase

lead in the region (1 to 25 liz) ir which it is needed.

Two basic systems approaches have been attempted using the.computer
£yiten available at FISRL. One used the Datel 256 system for the A/D inpuﬁ
#nd the D/A output, and the other uses the LPS 11 (Laboratory Peripheral
Systen) for these functions. Because of the strange nature of the interface
fard,the extremely poor documentation which accompanies the Datel 256 inter-

f20e card for the DEC pdp 11/45, the Datel 256 system has not been successful.

s . * - . » ]

{7 re are several problems, the most scrious of which is that synchronous
4 Y e . . . . .

+1ing pust occur in a DA mode. This would be a problen since it weculd

'L totrlly consume the operating systen, an unfortunate occurrenca in

A — s . . | .
‘'ti~user situation. Fven worse is the fact that the sampling must be

© tynchronously and the control outpui must be dore asynchronously (to

e v,
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{ piniaize the time delay and thus the phase distortion between the sampling
’ ryae and the time the output signal is sent to the shaker). This means
' : «nat wenust repeatedly initiate DMA transfers of one sample each. Even
* { :ough this would probably work, it is clearly not desirable whan others

;e trying to use the system. Howvever, a program to accomplish this task

+ 53 been written and could be installed if desired.

! A FIR filter was implemented using the program from Rabiner and Gold.

RaBRE S T

¢nis program was supplied on punched cards by Dr. Cary Laront of AFIT. It
v lastalled on the pdp 11/45 system using the Burroughs 6700 system to
; +ilte the file to 9-track magnetic tape, since the pdp 11/45 systen does

~»t have a card reader capability.

The FIR filter has several advantages. One is very predictable phase,
shich is linear. This makes it much easier to design with, since we are
=-stly designing in phase and the phase relationships of digital filters
st largely unknown. To make matters worse, all of the software filter

~sigzn packages use aﬁplitude as the only design criteria. Thus, we must

-wntially use experience and empirical knowledge to guess the amplitude
~vwponse of the desived corresponding phase respoase, in order to use the

- dgun packages. This is not too difficult if we are designing with a serices
-{ band-pass and band-reject filters, but it does present a problem vhen
t13 4 to synthesize a complex response across perhaps 5 decades of

frequency.

The FIR filter is inherently stable, although this does not mean that
= vatire system will be stable. The major disadvantage is that it may

pvovide enough lead.

The fmplementation of the FIR filter has been done. After the
E Hiirlents vere obtained for a 10th order filter using the Remez exchauge
tithn, the execution program was simply edited into the same propran
<P+ ly written to execute the simple sccond-order recursive low-pass
A possibly uore convenient techrique could be used, namely that
sy the program that runs the timing and the LPS the main program
“its the filter execution program a subroutine. However, this would

i the execution time. If an increasc is to be made, it should be

LAY

Inciease the sampling rate or the precision of the multiplicatiocas,

for convenience.
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single-precision arithmetic was used (with round-off) in the first

trials. With the 16-bit machine, the errors would be a zero mean error of
about 1/32,000 full-scale. Since we are looking for an improvement in the

wystem of a factor of 100, this error is inconsequential.

The executions of the FIR filter can be expedited because it is a
svinnetrical filter. This means that we can first add the two appropriate
s.uple values, multiply by the appropriate coefficient, and then add up the

vhole series to get the value of the output to convert to the analog signal

" to drive the shaker. Whether this approach is effective or not, the results

vill nevertheless be significant since little if anything is known about

applying FIR filters to practical control problems.

The FIR filters, and perhaps evcnvoptimal estimator routines, may be
needed to provide the desired phase. However, since the phase of these
filters typically fluctuates wildly, it would be difficult if not impossible

to predict in advance the total systewm response.

The MAC/FIL software package has been installed on the pdp 11/45
systen, but it will not be useful until I redefine the logical unit numbers
and modify it to run in an interactive mode. This will be a time consuming
task (vhich is already partially completed) but will be worthwhile owing

to the efficiency to true computer aided design (CAD) for actual filter design.

The isopad system transfer function is shown in figure 1. Also shown
is the desired phase response for the first FIR filters. 1In the region
trom 0.01 Hz to 0.1 Hz the tiltmeter controls the servo. However, above
0.1 liz the seismoieter servo takes over and needs good gain, even at the
tesonant frequency, for good control. The two problem areas are the
tvsonances around 1.5 Hz and 65 Hz. The obvious phase excursions are
t-sponsible for these problems. We attempted to remedy the phase responsc

tirst rather than taking the more traditional approach of flattening the

«“plitude response.
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Taa work we have done which is sumrarized in this report shows how

Mz. BiIl Sirmons and Dr. Garxy Grimes have worked together to perfect a tech-

nisua of synthesizing a digital filter of desired phase response by taking

co

advaatz= of the analytic (in the complex variable sense given by the Cauchy-
picmann equations) between the magnitude and the phase portions of the transfer

function. The technique basically consisﬁs of the following steps:

1. First the desired phase relationship is determined by using comparison
techniques to the analog servo and by determining the areas in the
frequency domain in which various degrees of lead and lag are needed }
to obtain maximun control of vibrations without making the system
unstable or go into oscillation.

2. Next the magnitude portion of the transfer function is determined by

using our experience with analog filters which would give the desired
phase response.

et

3. Then the filter type is selected to give the desired transfer fuaction
magnitude response. This has been in recent tests either low-order
recursive filters, finite iwpulse response (FIR) filters as synthesized
by use of the Remez exchange algorithm, or variable time delay filtecis. 1

LN ST NgTeid o

4. Then the filter is run and tested in real-time with the fast Yourier
analyzer. Noise from the random noise generator is the input and the

output. is analyzed with respect to transfer function magaitude, trans-
fer function phase, and coherence.

The remainder of this report will elaborate on how these four steps are
uvsed to empirically and experimentally arrive at the desired phase respornse for !

_ . o
the iso-pad servo systeu. :

R
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SECTION 5

RECURSIVE FILTERS

TATER Ty EmwTmmAmmm s T e

The first type of filter to be tested is a simple fir;t
order recursive filter; It was of the lowpass type and have a
cutoff frequency of about 25 Hz. This will, of course, limit the
éffcctivenesé.of the servo to the lower frequancies. Iﬁ order to
schieve control out to 100 Hz we would presumably need a digital

notch filter in the 55 to 65 Hz range to prevent oscillation of

the system at the higher isopad resonance since this is what is

‘ presently required in the analog servo control system,

L
;
1§
¢
i

Thus, the next step wpuld probably be avtotally different

(nonrecursive) type filter- of the finite impulse response (FIR)

PR, € g

type or the infinite impulse response (IIR) type. A series

o eegr e

implementation of a lowpass filter with a cutoff frequency of about

4
§
2 100 Hz could be used in series with a band réject filter (with the o g
i { ‘rejection band very narrow with the center frequency about 60 iz), _ ' !
but sinée we have programs which synthesize coefficients for easily
realizable filters to do this same task,.this Qill probably not |

be done.

A general form of the first order recursive filter is

.

v, = oy, Fo8G) | W

wvhere a is a constant parameter. 1In order for the filter to be - h k
stable the parameter ¢ must be greater than -1 and smaller than -1. i
&
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) ; If the transform G(f)X9(f) of g(xi) exists, then the com-
{:‘:_ 5
i ; plex trausfer function is given by
Ed
z
: )
e ! G -
g } H(f) 1 - o exp (-jZridtf) (2)
4 | '
1 § : The lowpass filter has the form
¥ : )
! ‘ Yi = Wy o (eedx ' ™
5 vhere g(xi) is
= (1- 4 ' :
g(x,) (Q-0)x, (4) ¢
%
{ % This results in a complex transfer function of
¢
. , 1-a .
b3 { = a-
: ; R 1 - a exp (-2j2n4f) (5)
é and an absolute value squared of the transfer function of

NS R WA~y

2 }
2 (1 - ) '
'H(f)l T 1 - 2g cos (2ufat) + ot .. (©)
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The values of [H(f)lztfor £f=0=1/2At are; fespectiyely
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The half power point of the lowpass filter is the frequency
2 .
at wvhich H(f) * has been reduced to one-half of the value it has

at 0 Hz. If the half pover point is at fc Hz, then

o = 2 - cos 2ﬁcht - cos2 2n£cAt - 4 cos 2wchf +3 (9)

1f we want to equate the simple first order recursive filter
to a RC circuit in order to see the direct one-to-one relationship

to the present analog servo, we only need to see that

e—At/Rc | ' (10)

The analog servo is actually, of course, an active rather than a

passive filtexr, but the RC time constant has exactly the same

meaning and equation.

The measureuents on which the design of the recursive -

lowpass filter vas based is shown in figure 5-2. This figure shows

both the phase tcansfer function of the isopad system without the
control loop closed as well 2s the corresponding power of the iog
of the transfer function amplitude. The desired effect is to increase
the closed loop lead between appfoximatcly 1 Hz vhere it begins to
drop off and 50 Hz, which is the highest frequency of desired con-
trol since control above 50 Hz would neccessitate the use of a band

reject (notch) filter to avoid oscillation of the system at the

higher isopad resonance. (The primary resonance is about 1 Hz.)

LS
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The original prograﬁ (vhich is no longcr operable since

the DAC output of the LPS11 was transferred to the Aero Lab systen)

. .
O A, AR SO ST S -

is shown in figure 3. It can be seen that this is a FORTRAN program

v e AL e T o

vhich utilizes the LPS11 software and hardware to complete all

zanpling and control functions.
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" SECTION 6

HARDWARE SYSTEM CONFIGURATION !

|, waf leire system is shown in Figure 6-1. There are basically two
st faner real-time control loop and an outer post-processor loop

, a-alysils.

.. .entral processor the for inner real-time control loop was the

.. The CI'U for the post-processor analysis was the pdp 11/05 of

~ !3ta Fast Fourier Analyzer system.
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SECTION 7

VERIFICATION OF THE DIGITAL FILTER EXECUTION PROGRAM

The digital filter exccutioﬁ program was verified by using a version of it
Which simply executed a digital analog of a simple one-pole passive RC analog
tiltei of the lov pass type. The output of this filter was analyzed using the
fast Fourier analyzer. The input was the output of the random noise generator
vi{zh the output filtered below the Nyquist folding frequency to prevent aliasing.

this was done simply to avoid putting an analog filter on the'input.

The results are shown in figure7-1. The results show just_exaétly what
elght be expected and are nearly identical to what you would expact of a simple
passive RC low. pass filter. Since an arbitrary phase shift was not introduced .
into thg digital filter the phase plot started at zero shift as one would

expect.

The phase of this filter shows, of course, lag, and would be of little use

for any purpose other than verifying the execution progran.
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SECTION 8

THE VARIABLE 7T[:iE DELAY FILTERS

The next approach was to try a variety of variable time delay filters.

Again, the main goal was to achieve a digital filter with servo lead. The idea

here vas to provide a variable time delay which was in some way inversely
proportional to the frequency. This was done by allowing the computer to waste
tin2 according to a function which depended on the difference between the .
sanple just taken and the sample tzaken previously. The larger the difference
the snaller the time delay. Se, for DC signals, the difference should be zero
and the time delay at a maximum, and for some high frequency, the difference
should be high and the delay should be equal to the minimum time delay per-

pitted by the software execution time of the filter.

About a dozen time delay functions were tried with varying success.

Several of them are shown in table 8-1. The constants in the time delay func-
tions were adjusted at run time in an interactive fashion so that the maximum
delay we were likely to get would be less than the time between samples. Other-
wise the program would "bomb off'" before the experimental data acquisition time of
the Fourier analyzer was over and the data would be incomplete. This was done
by sclecting constants which were sure to cause a "bomb off" in a few seconds
and scaling them down by 30% or so. Of course since the input signal was from

a randon noise generator, there was no guarantee that there would not be a
Particularly flat portion of the output signal which would still cause the
progran to bomb, in which case the Fourier analyzer would be started over again

after the digital filter program was rescheduled.

The results are shown in figures 8-1 through 8-5. The phase of figure 8-2 is
probably the most desirable, even though the slope is still negative. The data
of figure 8-5 is a control. This shows that the seftwave overhead causes a
delay which prevents this program from accemplishing all of the desired goals.

This is hoped to be avoided vhen the new operating system version is installed

‘and the throughput is increased by a factor cof 4.

Figure 8-6 shows graphically the relationships between the input aud

vutput signals for the variable time delay filters.
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SECTION 9

THE INFINITE IMPULSE RESPONSE FILTERS .

The FIR filter work has focused on applications of the FIR
design program found in Rabiner and Gold's book "Theory and Application
of Digital Signal Processing’. This program is capable of designing
a wile vari;ty of optimal (minimaxz) FIR filters including lowpass,
highpass, bandpass, and bandstop filters, as gell as differentiators

and Hilbert transformers.

A copy of this program has been installed on the pdp 11/45
ané is ready to synthesize coefficients of first, a simple, lowpass,

nonrecursive filter and then a filter having two . passbands.

The implementation of the algovithms is quite simﬁle one the
coefficients have been found for the desired transfer function.phase
and magnitudé. The inplementation is simplified andAshortened
considerably in terms of execution times in the 11/45 and perhaps
later on the LPS11 because it is a synwmetric filter. This means
that the coefficients are identical in pairs, the first equalling
the last and so fortl. This means that the execution is accomplished‘
with an addition (or the two terms te be multiplied by the coefficient),
a rultiplication (of the coefficient fimes the.previous results), -
and an addition to get the sum of all the terms. This means, for
¢txample, thai a teoth-order filter requires only five multiplications
on the machine, and this is important since the floating point multi-
Plications take much more time than the additions, even with the

nNewly installed floating point hardwvare.
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1{ the H(x)'s are the coucificients apd the Y(x)'s are the

v.1 {nputs, then the result to be output to the system for a
PR R

) order filter is

Coatrol output = H(1)Y(1) % H(2)Y(2)l+ H{3)Y(3)

+H(4)Y(4) + H(5)Y(5) + H(6)Y(6)

ptag the terms with identical coefficients we get
Control output = H(1)[Y(1) + Y(6)]
+H(2)[Y(2) + Y(5)]

+H(3)[Y(3) + Y(4)]

o & writing it in series form we get

N/2
Fontrol output = Y H(D[Y(I) +Y(N-I + 1)}
I=1 .

» holds for any even number of coefficients, and the number of

~Helents will always be even since it is a symmetric filter.

This means that the FORTEAM code to execute the filter,
Cting the synchronous sampling software and the asynchronous
"1y code which drives the Datel 256 systen DACS, will look

i1 like the following.
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10

20

Y(1) 0.0

Y(2) = 0.0

Y(¥) = 0.0

N = 10

H(1) = (coefficients)
H(2) = (coefficients)
H(N) = (coefficients)

(Make nev sample)

" DPOI0OI = 1, N-1

Y(I41) = Y(X)

- CONTINUE

Y(1) = new sample

?UH = 0.0

PO 20 = I =1, N/2

TERM = H(I)*[Y(I) + Y(N-T+1)]
SO = SUM + TERM

CONTINUE

GO TO 5

(output sum to DAC)
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SECTION 10

THE FIR COEFFICIENT SYNTHESIS AND EXECUTION PROGRAMS

The program from Rabiner and Gold wazs modified so that it was compatib
r«h the DEC PDP 11/45 processor and its optimized compiler (the F4P compil

¢ision functions and the required arccos function.

The progran was changed so that it would operate in an interactive mod

,ith the terminals of the PDP 11/45 system and put the output in hardcupy

tctn to the Versatec printer. It also prints out many of the intermediate

:teps of the calculations at the terminal from which it is initiated for fi
cocfficient verification. There are also a nunber of tracer comirents which

jrinted out so that the exact order of execution of the program can be trac

} 1. a hardcopy of this is desired, the program cam be run from the Decwriter
!alﬂmugh the amount .of tracer comwents and intermzdiate answers printed, de
f } . .
i the execution of the program considerably.

This program requires the user to specify the filter length, the type
tilter (nultiple passband, stopband, differentiator, Wilbert transforwer),
tie nunber of bands, the grid density, the bandedges, the desired function

¢>h band, and the weight function for cach band.

“o7s not take particularly long to execcute anyway (several seconds), very h

1t1d densities can be used for accuracy.

A quic): check on the cocfficients can be done on a calculator since th

[
=2 of them (taking snto accaount how many times cach of them is used) sheul
T 1.00000000. The coefficients vhich are used twice (all the coefficients

;4tan even length filter) should be multiplicd by two. One coefficient (th

“iddle™ one in an odd length filter) should only be used ouce in the sudm.

EI R P Wt P

s enhanced version of FORTRAN IV was necessary bzcause of the double pre-

Since the computer system time does not do anything and since the program
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pr. Gary Lamont of AFIT, has run his version of the program and provided
v, vith the coefficients of a nine length filter for a 25 Hz low-pass filter.

¢.. rosults are showvm in table 1. These coefficients are also shoun in the

PRI SR of program NIKE.

the Figures of this scction show various runs for various paramecters for
(s filters on the PDP 11/45 system. It can be seen that changes in the
\cighing and ¢zsired functions rake the corresponding chenges in the output

jaranzters. The grid length was 16 unless stated otherwise in the captions.

e WA AR U ATEIEAel | o Bt et B

At the end of this section is the nodified version of the program. It

;11 be seen that it is interactive. The interactive version is named ASKFIR.

; 4 sther interactive version is simply FIR, but this version does not prompt

s user with comments for the input parameters. In all other respects these

t.» versions are identical.
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LItn? o
REFNZZ EXCHANGE ALGCETTHM

BAanD

FILTER

wocxx JMRLIL

SE ReZPON3E

IULsE

Fal5 FLILTER

LEHGTH = 32

gy

PoLrNSE
A%E DIGIT!

(F12)

FILTER DESIGH

HC 1) = -0,991439518-01 EC 32y
HU 2) = 0.326459192+430 = Ht 31)
. H(O 3) = -g, ?3;6?076T+$l = O 3
HO 4) = D.393102380482 = H( 29)
H(C 5) = ~0.192320118+403 HC 23)
HC 62 = 0.518459205+43 HC 27)
H( 7)) = -~ 3‘; 14 '.)J\_+3L' = H( 26)
HCO B) = 0.31053657E404 He 25)
-0 9 = ~BLA3N23IFSERDS HC 29
HC 10) = BLIBZ93507E435 = H 23)
H{ 11) = -B.\SS975ATE+ES HC 22)
HC 12) = D.25153451E405 = H( 21
HO 13) = ~0.2256427 16455 = H(  20)
HO 14) = ©.21113253E403 HO 19)
HO 120 = =0 1S14%297E40% = HC  18)
He 186) = B.9517CE91F+04 = H( 17)
BanDp
1.OVER BRAND EDGE
U2PZR2 BAND EDGE
PESIPED VALUE
USICHTING
PEVIATION O.GO5050020
DEVIATION IH B3 ~156, 303 0sy
—-EX.?rth FREQUEMIIES -
E. 03‘83" o. ﬂlen?lq 0.0314u09 0.6432719 0.85725253
G. 8?J7955 CBLB31554" C.105993 H. 1265765 ©.1387719
€: 1541625 0. learcsy £.1363271 8.2129945 U.22826155
€.2461339 8.2581469
Table 10-1 These are the coefficicnts for a lecpth 32 fL]tﬁr

with cutoff frequenciez 0.2 Hz and 25 Haz.
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: LINESD PASSE DIGIIAL FILTER DESIGH ' ‘
: FefiZZ EMOHANGT ALGO .HTHJ |
: ' BANDPASS FILTES. . ’ o
! .
; FILTER LENGTH = 24 ;
$ H
: ¥ooiork INPULSE RESPONSE s |
: HO 1) = ~@.1155173%-62 = H( 24) 5
HC 2) = ©.123582855-01 = H( 23) !
HC 3 = ~0.725635345-01 = HC 22) f
HC 4) = B.27835451E488 = HC 2D !
HC 5) = -0.7E3376455480 = H( 20) :
i H{ 6) = B.17325272E+01 = HC  19) : E
; HC 7) = ~B.329354335+401 = H(  18) ‘ i
{ HC 8 = D.SO32330522481 = HC 17} . . 5
: , H{ 9) = ~B.637832G3E+401 = H(  16)° ) )
? ! : HC 10) = B.654352355+401 = H(  15) . ) ‘
4 HC 11) = -B.SO7E7CO2E+D1 = H(  14) S @
HC 12) = 8.24573517E+01 = H(  13) [
EAND 1 BAMND i :
LOWER BAND EDGE 0.B00303300 : i
UPPER BAMD EDGE 8.250003800 ' ' : o
PEGIRED VALUE 1.804606550) o . 1
1T IGHTING 3 " R ﬁ
LEVIATION -
ILVIATION IN D@ —153.06527
EMTREMAL FREDUEHCIES
£.0000530 0.0196230 (.0364553  D0.0625208.  D.A7S1259
0.125770%  D.113Y215  0.1424%75  0.1770834  0.1SPS1or
U.2187501 0.2447912  08.2500300

T.L1e10-2 Since the lower cutoff is 0.0 Nz, this js really a C
2% Yz lov-pass filter. DMNotice that there are some coafficients -
Lirgee than one, but the cun _LC. still just one. This is
vecessary for stability.
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H(1) = =-0.54497945 = H(5)
H(2) = 0.2021985 = H(E)
H(3) = 0.59043782 = 11(7)
H(4) = 0.32028612 = H(6)
H(5) = 0.55120021

Teble 10-3 Coefficients for a length 9 FIR filter
from 1ir. Gary lamont of AYIT.
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FINITC I tias FesPonst (FIR)
LIPEis pelase DIGETAL FILTER DESIGH
REFIZZ LMEHANCE ALGORITHA
BANDPASS FILTER

F1LTER LENGTH = 10

ok JMPULSE

RESPUNSE sorinx
B H( 1) = D8.224342202-22 = H( 1)

HC 2) = -0.14221232E-91 = HY 9)

H¢ 33 = B.52395/555-01 = H( S

H( 4) = -D.15590703E400 = H( )

HC 9) = 0.61502787re+31 = H( 6)

BAaND 1 EAND Lo .

LLOWER EAND EDGE U.860103803
LPPER BAMD EBGE . B.230050038
P=SIRED VALUE 1.6803358000
KZIGHTING 1.800508350 :
DEVIATION ’ B.089a50335 L e

LEVIATION IN DB ~83.307093308

EXTREMAL FREOUZHNCIES
0.68010680 B.0525
0.2586886

90 G. 1512520 0.18760603 B. 23 2432

Table 10~4 These are the cozfficients for a length 10 FIR filter
vhich passes signals in the band 0.0001 to 0.25. For our sawple
rate of 100 Hz, this dis & 0.01 Yz to 25 Hz bandpass filter. The
grid length used here was 10.
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- FINITE UPLLSE RESPUMSE
SR OPHALE DIGITHL FILTER DESIGH
Bet g EXCHANIGE FLGURTTHN

EANDPA5S FILTER
FILTER LENGTH = 19
¥waxr IMPULSE EESPOMSE ik
HC 1) = 8,215223232-82 = H(
HC 2) = ~-B,13920S35E-81 = H(C
HU 3) = 8.518633902-C1 = H(
HC 4) = -8,155358742+00 = H(
H( S§) = B.61525701E+00 = H(
Batp 1 ERHD

LOWER BAND EDGE
UsPER BAND EDGE

DESIRED VALUE

€.803102258
0.2500005259
1.00920025%3

1.0000808523

EXTREMAL FREOUZHCIES
8.0001E80 B.8719759
LB, 2453754

LZICHTING
BEVIATION 0. 800DRE0D3
PEVIATION I DB ~84.01245

2301

B.1331625 €. 1369752

(FIR)

1a)
3)
8}
7
6)

. B.2352379

“Table 10-5 This filtexr is identical to theAfiiter of Table 2,

except the grid length is 64. Notice the coefficients are

slightly different..
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? FINIFE PSS PESPONSE (FIRD . :
Py LINEAR FRASE DIGITRL FILTER DEGLGH i
et P2 EXCHANGF ALGORTTHN
! .

)

i BAlDPASS FILTER

} : FILTER LENGTH = 18
sk JEPULSE RZSPONHTE xnrvk
HC 1) = 0.2arv243432-02 = H(  18)
HC 2) = -0.13F18718E-81 = H( 9)
HC 3) = 0.512955128-91 = H( 2)
HC 4) = -g.15a2769175+20 = H( 7)
H(. 9) = ©.€15030775+90 =

HC . B)

4 BEAND 1 BAND
LOWZR BAND EDGE 0.£921080723
UPPER BAMD EDGE  8.250002500
DESIRED VALUE 1.685008030
i WS IGHT N 1.699000303
; DEVIATICN 0.0037153413
PEVIATION IN BB -89.414619445°

i EXTRENA!. FREOUENCIES

2.8031202 B.071975¢8 0.15375235 B.1907240  0.2344049
0.2458433

.

- -

Table 10--6 This is another (.01 Hz to 25 Hz bandpass filicr,
“but with a grid length of 32, ’
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] FINITE DUULGE PELPOHSS (FIR) . ;
LItiEar PRast DIGITRL FILTER DESIAH :
FELEZ B2 HGULE AL GUR LT i
BALIDENSS FILTAR
FILTER LEHGTH = 24
Firr IMPULSE RESPONSE ‘
HC 1) = B.1825%3 3 = HC 24
: HC 2) = =B.193513 = HC 23)
§ HC 37 = 0.1055:563/E-B1 = H( 22)
HC &) = -0.33573573E-01 = HC 21) .
HC 53 = ©.110373626+00 = HC  20)
HC 6) = ~D.244394826400 = H( 1)
HC 7) = 0.445302985408 = H(  12)
‘ H( 8) = -D.67153222E+08 = H( 17)
: FC 9) = B.837235555480 = H(  15) B
} HC 10) = -B.83235439E460 = HC  15) ' 4
! HC 11) = DB.69951632E400 = H(  14)
§ HC 12) = -B. 115033226409 = H(  13)
i BAND 1 EAHD
! LOWLER BAND EDGE 8.001C53550°
\ UFPER BAND EDGE 8. 250008000 S .
} DESIRED VALUE B. 200208503
: WEIGHTING 8.2
: PEVIATION 8.0
: DEVIATION IN DB ~1&7

: EXTREMAL FREQUCNMTICES . .

i 0.6018us0 8.8052125 0.8345542 6.6535333 6.6317292

! 8. 11857350 0. 1265680 0. 1624504 €.1885350] 6.211337
B.2327718 0.2425535 0.25000466

< " ———— ¢
ol

a length 2% bandpass filter with cutoff

: Table 10-7 This is . . 5 |
; frequencies 0.1 Hz and 25 Hz. The grid length was 16. - ) ’ J !
' . « . - - - .
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proth major types of filter exccution prograns were installed on the
;-2 11745 system and their operation was verified at usvable sample rates using

., . liyht emitting dicde digital displays on the laboratory peripheral system

~v3ll). All of the programs would rum at sample rates over 100 Hz. This was
,.rervined to be adequate since it is over three times the frequency of interest

of the first filters we will try which cut off below 30 Hz (probably at 25 Hz).

The stability of all of these filters was also verified by allowing them

o run for extended periods at various setting of the poteatiometers ou the
17511.

There are three execution programs which currently run on the 11/45

system. Two of them execute finite impluse response (FIR) filters. One of
these is for filters of even length and one is for filters of odd length.
fue third filter execution program is for a first order recursive low-pass

filter corresponding to a one-stage passive analog RC filter.

The even length filter execution program has been tested for leagth ten
filters and the odd length filter progran has been tested for nine iength

filters. Both of these would operate with a sample rate of 100 Hz.

The recursive filter cxecution program was designed to be non-iunteractive
tince it onlx-requires that the sample rate and the low-pass corner frequency
of -3 db cutoff frequency be entered at execution time. The FIR filter -
txecution programs do not run in an interactive mode since too nany filter

wefficients need to be changed for various parameters and this would make the

i jrocedure very cumbersome.

The DEC optimized compiler was used to compile all of the {ilter execution

frograns.
"The following sequence was used to compile, build the tasks, and beglin
the real-time filtering routine: .
F4P EASY=EASY
TKB EASY/PR: 4 = FASY, IDAC, [1,1] F4POTS/LB
RUN EASY/PRI= 15§

maa T e e e e o

P

-

. o T ———— b & WY




pifferent programs were written for FIR filters of odd and even length

3 . ~tninize the run time and thus incrcase the sample rate since is is somewhat

:a’ . ot ":t\'ll'
et

Tie sonewhat marginal sample rate is caused by the software overhead used
,. e 11/45 system to operate the laboratory peripheral system. 1t is nb;
.-zed by the efficiency of the compiler or the spesd of the hardware floating

B W Vi A RSN PP

, int Processor.

PR

fwo major changes in the system configuration were under serious con-

L

,-tsration. These were:

1. Transferring the processor task to the PSP 11/03 (containing the .~ i

# A oy e e & Ss- e

LSI-11 microprocessor and 12 X of memory).

R

2. Letting the Datel 256 system handle all of the analog to digital"

interfacing.

PRURIRSN

The first of thesc tasks required that special drivers be written to

2zol the laboratory peripheral system if it is still in use. The software

! -rhead required by the Jaboratory peripheral system, 1f it is used in the

-.eat FORYRAN callable configuration, would =imply cvervhelm the PDP11/063.

Ao

i Sctting the sample rate with softusre routines will simply not be accurate '
* :ch since even the slightest amount of jitter in the sample rate will intro-
¢ -« spurious frequencies inteo the filter. FEvea though an analog anti-aliasing

er will have to be used in front of the digital filter, it cannot elininate

o R T i,

- . - tpurious frequencies introduccd. A digital anti-aliasing filter is by

z © ¢ inition impossible. Even if the sample vatce were absolutely uniform.,

:
!

The FIR execution programs are perhaps the most promising filters to be
*«d in the near term since they are linear filters and the linear phase not - f

¢ 1okes ther inherently most stable than filters with wildly varying phase 3

<u infinite impulse response-TIR-filters) but also nmakes phase the

5 design ceriteria. This is important since the system stability can be gt

ined far more easily if phase rather than amplitude is used at the
. ‘

——

stages of filter design.




i TV P G T 7 L N S

This tochnique allowad us to make 2 quick determination of the

worth of the digital filters since the mnain problem with the analog filters
over the past two years has been not being able to desigan enough lead into
the filters without meking the system unstable. With the FIR linear phase
techaique we were able to make the systen stable by making the lead

acrease very gradually over frequency and then drop off to lag very quickly

i
by changing the weighting functions in the various bands.

The desired result of this in simple terms is shown in figure 10-1. It can
pe seen that the phase increases toward the lead side very slowly, and then
drops off very quickly at a point in the vicinity of an isopad resonance
(probably a flexing resonance). In order to maintain the proper correspon-
dence between the phase and the amplitude function the amplitude will probably
resemble the amplitude portion of figure 10-1. This is because we assume that
the transfer function is an analytic function (in the complex variable sense)
and that for all analytic functions, once the phasé is determined, the magnitude
portion of the transfer function is automatically determined. It is also true
that once the magnitude portion is determined, the phase portion is auto-
matically determined, and this is the "backdoor” approach to filter design

that has been used in the past.

* We could not verify this analyticity for discrete-time (digital or
“"sampled”) filters. After discussing this problem with a number of experts in
the field of digital filtering, it is clear that there is a great deal of con-

fusion over the analyticity of digital filters.

The most probable result will be that the analyticity is maintained much
2s in the analog case except for the fact that the phase can be arbitrarily
shifted. This means that the phase can be tailored as nceded at any arbitrary

frequency. However, the catch appears to be that the entire frequency response

transfer function must be shifted along the frequency as a whole and that this

may introduce a filter instability, and thus a system oscillation, at an isopad

resonance.
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SECTION 11

1 THE FIR FLLTER RESULTS

e first FIR filter results were obtained on 2 ninc length filter vhose
..cicnts were generated by Dr. Gary Lazont at AFIT, Wright-Patterson AYB,

These coefficients are shown in table 11-1.

The results of Fourier analysis are of this filter are shown in figure 3.
iilter produced generally the results that vere expected, that is a gradual

.,¢f at a frequency 0.25 times the sample frequency. The filter was ’

) ol R

.:2ally designed to be a 25 Hz lowv pass filter, but in order to reduce the
.:ts of the fixed delay of the filter we ran it at a 10 Hz sample rate
_~.¢r than 2 100 ¥z sample rate as originally planned. This produced the

.~ 2.5 Hz cutoff.

4 Oae of the uncxpected results was the tremendously rough nature of the

;.. .fer function. There are two possible explanations of this. One is that

- ganple rate of the Fourier analyzer was roughly twice that of the digital

'vr. Thus for soma outputs of the digital filter, the number of somples

- V! be two, while in other cases it could have been one ot three. Since the
- e rates were very nearly even multiples, there couid have even been

- plained difference frequency effects, vhich could have caused the rough
it.te of the plots. The other possible cxplanation offered by Dr. Gary Lamont
' that a ninth order filter is usually not expected to be Qery'smooth.

very by comparing these plots with those of typical pass-band and stop-band
‘vle in various books on digital filtering, this explanation seems unlikely,
*.¢1ally since Dr. Lamont offcred this suggestion without the benefit of

"fig the plofs.

The second FIR filter to be tested was a 32 stage differentiator. It was

"4 rthat this filter would exhibit lead. By this we mean lcad in the servo

)

vrt, that is the plot of plhase versus firequency should have a positive

«*+ In the usual context lead merely weans that the phase relationcship is
"tivo. This filter exhibited a positive phase relationship over & portion

Tt spectrum, but it was disappointing to the extent that novherc did it

.
ivit lecad in the servo sensc.

The coefficicnts for this filter are shown in table 11 2.

e &

PR
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Table 11-1

SET H COEZFF LT LTS
HOI) ==, 935,700
H(23=-,2025" ',
H(3)=-,5%:
H(42 = ,32G600"
HC(S) =, 051020

-y

l')

Coefficients for a length 9 FIR 1o

s
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D e=IMNNTON

HUISY =- 01,225
HUE) = §,20256530¢8
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feicents foar a length 37 FIR

differentictor.
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g A perhaps sorzwhat unexpect-d result was obtained by filtering the output
% of this filter so that the Fourier analyzer would not sce the pronouaced ;
§ £ ] ]
N stairstep pattern from the output DAC of the Datel 256 system. This was done :
IS <
: by using 2 simple one-pole low pass filter using an operational anplifier. The
filter was designed to have a cutoff freguency of 200 Hz, well zbove the active
range of the differentiator, but enough to round off the output function
sorawhat. '
The surprizing part of this combination of the digital and analog filters . 3
is that the phase was made even more positive and the phase roll-of{f was far
mwore gradual. This shows that corbinations of digital and analog filters may
{  give results which are not what intuition would predict.
? -
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SECT10N8 12

RESULTS OF THE INFINITE INPULSLE RRESPONSE FILTER COEFFICIENT SYNTESIS PROCGRAM

Two types of filters hava been run both on the Burroughs 6700 system and
the pdp 11/45 system and two others have baen run only on the Burroughs 6700 !
systen. The types of filters which have beoen run on both systems are a low

pass sine Butterworth filter and a bandpazss tangent Chebychev type (I filter.

Two others have been run on the Burroughs 6700 system only so far. After
we slow down the exzcution times so that we can successfully verify the oper-
ation of the first two filters we will begin to verify these other two filters

in real-time using the time/data Tourier Analyzer system.

We have used the following technigue to verify the filter. We have set
a sample rate of typically one Hertz cof the digital filter and a sample rate
either equal to this or one-tenth of this for the sample frequency of the
Fourier Analyzer. Since there is ro such thing as a digital anti~-aliasing
filter, we have used an analog filter for anti-aliasing. Ve also verified
that without this aualop filter that aliasing vas a serious problem as expected
by watching the inputs and outputs on the Tektronix storage oscilloscope.
The difference frequencics between that of the sine wave signal generator
and the Nyquis: folding frequency for the given digital filter sample fre-
quency were very obvious on the scope. A matched scet of filters was used on
both the jnput and the ocutpul so that the phasc effects of the two filters
would cancel. Othervise, we would introduce lead by putting the filter on the
input only. The filters have been previously tested using the random noise
generator and the time/data system to verify that they are indeed matched in
phase response over the banduwidth of dnterest. This has been done periodically
by !r. Bill Simmons. An analog anti-~aliasing filter cutoff frequency has been
chosen equal to the Nyquist folding freaquency for sample rates of the time/data
system equal to that of the digitel filter exccution prograun. The cutoff
frequency is scaled down by an ordev of ragnitude for correspondingly lower

time/Jlata sample rates. This is baconse tha analop anhi-alinsing eflects

if this were not done. Unfortunaiely we have not found any refereconces,

theoretical or cnpirical, regarding the cffects of aliasiog on the phase

portion of the transfer funstion.




Returning to the matter of examining the results of the MAC/FIL

program, let us first look at threc examples of the lowpass sine Butterworth
example. This program was run by Airman lear for three cutoff frequencies,
1 iz, S'Hz, and 10 Hz, all for the same sazmple rate of 100 Hz. The cutoff
frenuszacies, are, of course scaled by the sample frequency if it is desirable,

ar in our case, necessary to select another sample rate.

The tables of coefficients for the 1 Hz case are shoun in figure 12-1. It
can be secen here that two sets of coefficients are available here. Only the
corbined form coefficieats have been tested so far on an execution program.
The cascade implementation would be more efficient, but it is not nearly as
general, and would hence reguire far more changes in the execution progran
for implementing different types of filters. The combined ferm has been
speeded up where possible in the execution program by taking advantages of
the symmetric properties of the filter to cut dowm the number of multipli--

cations necessary in each loop where there exist symmetrical properties.

All of the tables show a Nyquist folding frequency of 50 Hz since the

sample rate is constant and equal to 100 Hz.

Figure 12-2 shows the amplitude portion of the transfer function. There

are certainly ro surprises here. Just the transfer function for a lowpass
filter. But figure 12-3 contains a surprise in the phase portion of the trans-

fer function. Rather than finding just a simple phase rolloff as expected, we

see that the phase first increases, characteristic of an analog bandpass

filter, and then rolls off. This is a significant phase lead. This would

be very uscful if we could reproduce this result in real-timz for iscpad

control. However, this has so far eluded us.

We now have the MAC/FIL program working properly. This program was

purchased from Agbabian Associates by FJISFL several years ago. Problems

encountered in using the program show that it was not operational at the time

wa began trying to use it several months ago. We would like to thanlk 4

[ 44 vl Larmian

Lear and Capt. Perry Cole for their efforts in getting this program working

proverly. The first few runs have beon devoted to verifying the sample sets

b3

of data given in the MAC/FIL manual from Agbabian Associates. Completn

agrecment down to the least sigoificant digits in the coefficients has been

attained, thanks to the 96 bit double precision mode of the Burroughs 6700.

5¢ ;
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Taese results could not be obtained on the pdp 11/45 system since the double

preclsion arithmetic mode uses only 64 bits and roundoff errers prevented

“the calculation of any cocfficients vhatsozver.

The lowpass Butterworth filter coefficients for the cutoff of 5 Hz are
shown in figure 12-4. The amlitude and phase portions of the transfer functions
are shown in figures 12-5 and 12-6 respectively. The coefficients for the 10 Hz
case are shown in figure 12-7 and the corresponding transfer function plots for

this filter are shown in figures 12-8 and 12-9.

It can bo seen in these three sets of plots that the lowpass rolloff is
just what one might expect from an analog filter. However, the phase plots
are distinctly different. Rather than getting just phase lag which goes
down from zero to 90 degrees, we get a phase Jead followed by lag which
togather forms a peak of phase. This would be decidedly more useful than
the analog filter for isopad control if we can reprocduce this phase transfer

function in recal-tima.

One of the other fecatures of these plots which seems strange to those
accustomed to working with analog filters is that the shape of the curves
change with the cutoff frequency. With the avalog filters ones would expect

the curves to shift with frequency, but uot change in shape.

The next sct of data shows the coefficients and the transfer function
curves generated by the Burroughs 6700 for the casc of a tangent implermentation
of z bandpass Chebychev type II filter. This filter was chosen because it was
suspected that the band of this filter where the smplitude portion of the

trarsfer function is increasing would yield phase lead.

The data for this filter is shown in figures 12-10, 12-11, and 12-12.
The region where this filter displays lead covers nearly two decades of frequency
and is very smooth. This gives us hope that it may be useful for isopad control,
since it should be stable and yat give a lanrge arca of phase lead. Thus both
the lowpass Butterworth filter and the bandpass Chebychev filter pive signi-
ficant bands of phase lcad yet exhibit good stability. 1f these results can
be reproduced in real-time this will be far better than the perferrance

obtainad by arny similar analog filcer:w:.

Figures 12-13, 12-14, and 12-15 show the cocfficients and traansfer furction

plots for a notch filter. This is of interest since one of the filters Enil
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Figure 12-13 Coefficlents for the Butterworth Notch Filter.
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Broderson found useful for isopad control was a similar band reject or notch
filter. This is because the phasc lead comes at a2 point where the stability
can vasily be controlled. The digital inplementation of the filter shows
lcad too, but it also shows a phese inversion relative to the analog case.
The region of phase lead in this filter is not nearly so spread out and

smooth as in the previous two cases.




