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A study was cor_.ducIt:d I:o ,J_,ve!op ad-,a_nc,_d te(:hPiqtles capable of

controllit]g the Satu_'rl V booster. _l'he ct;nt.,:ol system designed

during tbe study uti!_zes a Itone 5,well-develoPed gyro blender to

obtain favo.t'ab](; st:'t_<-t.ul";_!, bend.'r).g pick_;p from the combined ac-

celeraiion, _:'ate, and p_Jsi!.i.on feedback sensol_s. A no_-JLinear

filtering technique (sa.ml_!e-h.oid b.ltcr) d,_ve!oped by the Marshall

Space l_']ight C(_nt(_r was i_:v_:.:_ti}:ated d,_L,mg the program. The

final] system eor_j2j.gu,t'ath)r:i, h,:_w(.v,":r, tl!.i!i:,.es a high-order linear

filter to deeoup!(., th,, e(,r_,.tz'el _-..'y_t_'__ f::o.m, the stm_cturM modes.

-b.__-_e.xq. (U)
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S]!"C T; ()Y ]

_'J._; C(.)_] .'_.(. I .[().;N

q_'he Satur:_.booster presc>ts c:or:tr'o_ p].obtems wbict_ st._,ain the capabilities of

conventional autopi!ots. [.r. ',.hi,:: booster, love.._:tructurai bending fr.'equencies

:approach the cont col system f:eq-.;er-cic._.'. These be>dzng fz_equencies and mode

shapes are dffficu!t to predict,:m to deter'mine experimenta.]!y. Large fuel

51oshing masses couple ,,v_th the bending modes to c_:eate further problems.

Limited e<)t:_t_o! fo__,::es, a nec:dto _._t!:.st:m:! _.arge wind shears, and high dy-

parole pres_.-,.;res fuzther c,:;;n_fi:,ca.te the p:,:'eb?.em.. ,:[7}

The prima :.y p'_:_.po_e of _he st..,':iv u._d,':-!:_kut:, by Hc,t:,.t,),we?] for the NASA

[",'Ia.Y._._._! " So'ac':." ['_:'.i_ht Ctq'l!('!.' .!:'dSli'(:) w_s 1._ .:l,!ve!c> a,ih-nnced iechniques

capable of c<_'.tro!]i'-;g the Sat,, _ \,' b_,o_ler, l.'befo.!.J.owi'_.g go_,s were fulfilled:

b :'e a db o a '."d m o d,' i.

e A co:ctroT, cy-:,t<._ f,}: _.!;e ,,,-}:i.<i!c !:t.rst sta_e was de<eJ.oped

utilizing the gyr°,.:, b{,_._ <h,*.' to phase-'_abi!ize the f-:=_st bending

re.ode aud ,_.......COy.',t--"t i(._ .)_ li<_._?. :£J4f-,,.,..,.,:...... to _stab;JiTo t;:'e ....,_.,.c-'nc.

_.r:' d }? J.ghe r- rn c d(_ .<;.

.,N v >-r ." _, : -*The MSYC s&p_;p:e h<i,l !i!tcr. = w::s' ( .... x,med at_sd:..cMzy and

expe?:i:nentcdT.y. A vaL;d tcc_:rique i,;< a_:'.aivsis cf this f_Iter

was: de\-elot_ed.

At_ a,:.a!cg _.,.:,mp,._':_,: s:i,,id,/ utdn'.,;.r.g tb,.: t.q.cnde_: b_ceadbcard

wa..-: <or_d_ct_:d al fJ.-._ ,!i:[:._._ t t:--;e)".t ti::nc..s <t : 0, 40, 79, 120,

and !5._ ,_e_-_t_ds}. T!:, ,:_>,r_t-,,'..,1_,v,'_I:_1_17/demonst_".Tded that

adequate s:..:st,:.r_ pe.v!,._::na'_<._: J,,; ,:,bt._p_u.d (a[i vet'icie bending

a.pd :::!osh ,n,),ies i,*cb._{v d} u:sh;g ,:ea_st::c r.o].eran.ee conditiops

with bolh p_!.c:l_. <:_*r_.qlt_':.d a:!(t ]_i_:d_-:' wip.d shear in.t:,t:ts.

Sire 1-'I if i e d , ,t>_.,t? - ! ,._,,,.p b ' c.t: d e ,,.' c ,?..\c:u) a t J,.:_,q p r"e c:e d ti E e s w o ITM e d e --

:,;eloped "l'}:,:,:_e W. _!} }:,r. t.aS,{';,?! i_._ (h?;:.,.,,_'iZLg ]_]t. tlFO b]e.nde_.-• " ..2

haz'dwa_<u. {C}

1 300-TR;
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C() N CL USION S

']'he gyro blender cord .."_.L s;._t.c_n ,..tcv_!dc,ped du_i.,u_ this __(udy successfully con-

t-o.;.!ed the Satu:.:n V v,,_hic!e w_!.h lhe. first f,:)u__ bendil_g modes {0. 5 per cent

mr)da] dam]pin[} even wilh tb,(.,w,,;__st io[:u"n.<<:e c(m_,bJ.nt_Licn examined, Analog

c{_mputer a.d_.pt<_bility studi( ,'<_b__)w('d lhat }{ bferde.t Oe.s:__ued to phase-stabilize

the first bendin_ n_od{:. ::'et.ai_.s ,;_ i,_{> [,o :_ ;.or; o( the adaplive capability pos-

':essed by _af._-stabi).i:._c'd _b,.-'t, bi_, _':!_._.t ,_<_sie;ns. ]".h_, b.!.c, ndcr is capable of

._t _.bi!izin_ the ,u(;.rninai! s;yst_,_ f_; [:i _:"'.._ <n_,,h, s.i,'l'.,_, ar.d deflection variations

cf at least 400 per cer',t_ {(.;_

foas__bie at thl ¢ !ime be(:au;< <'

i.

2_ Ph.as{ meas'_i.,.J.ng ......_ ; l"_"l_i'"*'(]e',:(:_.,_tcapable of ].ess than

the 22 ,_..,.c ,_.n_._t ..... <.:f ,' " ',_ -' , ," _ _ ._.,:_ ..t_,.:_ _:eq_:i_,-,.'_, for _e_c;tter'...p_:_ ation

are not av:]i) b[e _t, i:h._:, t_,_ _,;÷_,:, [. l::_.mt_. .."C)

1300 - TR_
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The MSFC sar(_F,Ic.-hc.,!di_ite: c_u<,:_! be, {:_>ed¢f:ectively for lam_ch vehicle filter

_pp!icatior-s, a,:thougl_it _:T:,_h1:be _ztila.biefo:c<_ther applica_Aons. \$]_i!ethis

filter has slzght!y grea.ter :-O_term_:._i,:,n:r_tsonde t_'eq::.ep_c:iesthan a compi{rabie

ijne__r second-order f.tlter,the ,L].a{..i.vc,iy_,:_,nlailincrease did not justify the in-

c_.:ease in. c:o_,uF.:.exit:y fo_ _ *.his pa_._,i.ctuiar a!_iica*.io_:L. {C)

'". he use of ace,., ,.:e _:t_ti,.m feccl_-ack t:: t,', _'_ ::::_,..'n_, : c,.:t:d _c;_ ca_"eful location of the

.::ce,e.........erornc.l ¢:,r. :m,.:t :'__........e ':;_._ . ,.)f *i ,{, :,.......,¢'d _:q .L.,.:-:,*g,._.:_ i:¢, s_.abl _,:.:::.e the i_w-frequency

:-i ,-,sh modes. :CI':

R }::](:() M M ]:_.. DA ,. ,( ) :.',_,_

Performa,-c.. , ar, d .:-.i ._:_, }, ,,: ,, ,.-q L:_. : _;, '" ,"" 1.},.e -_.'*rv;.....¢; bi.(_r,,']e_ _,- s3:$tez:rl

[iNd _ CO _'_,_'!'''_. _} :-'iK_ ...... :" r':: .... _'_

II

use of breadbo:: -"d ci:..-t_._tr::,'. "' ;_'

";_,.... pzesent stLdv, w.:_,_ <c_,' <-:_,-u".c_ ,,,_,:_:}!(i:'_ {_,,>i, ..... >. r:h_e .gTr_; b_,ertder concept as

.... _'o ¢Dpc'z't.u_'_itvto

c_.:n_p'-aze the pe:.:i'orm::Y_,:::_ a__t st :,';,'_::i v .,f _!,.c' ii: :J dcs:_._:';: with a.::: er_ti.::'e!y dif-

!_,.-_mt apr.,roach. C(,/_r,_.r:< ,,_ w.:l}_ :_ c,:;_,,.,: ,'-,'.:i,_,:-:_! l.lr_,.-:;a._-sstgtem is esae_!tiai iI1

a_,c ,::.rt:,.i:_mg th{, t,_,Je ,o,,:'l:h ,}:,7t!,., i,:_,r,d,. ,': , (,_ .::,>_>i.. ([I},

] 300 - YR 1
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Addition of Adaptive., hase lq_-_m _.,on[.vo!

The phase stability of the current system depends upon the vicissitudes of

both vehicle _nd control system dynamic chai_acteristics, if an additional

a,daptive device were developed which cou2d cha,nge the phase reiationsilips

of the blended signals, phase stabi!ity would be assured, thereby increasing

system adaptability. A sepat'ate control systenl fol _ automatically controlling

,*,his ratio is therefore a_;other ::,:comn].ep. ded study a1_ea. (U)

300-TRI
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S U B.,'!M A f_Y

The control system desigr_ed duvfrlg this study utilizes

o A Honeywe]l-developed gyro blend6r to obtain favorable

structural bending pickup from tt_e combined acce]eration,

rate, a_ld position feedb_.(.:k sensor's.

0 A high-order linear fi!:._;:c t;_} d_ couple the c:ontz'ol system

from the structural m c.,de;_o {C)

A nonlinear sample-hold fi.]ler developed by M SFC was investigated as part

of the progr_n. (U)

Feedback and bending filter design cozsiderations ]eading to definition of the

basic control systeni configu1'ation ac,_ discus,_ed in Section IV. Section V de-

scribes the basic gyro blender c.oncept, the re<:omn_ended design approach,

and the blender breadboard. The s,ysi;em is evaluated in Section VI. Analog

tolerance and adaptability ,,_tudies are described and restg.ts are given. In

Section,. VII the sample-hold fi!!:er fu_'nished by MSFC is av.._yzed and evaluated.

Section VIII describes sonde of the difficul_ies er_countered aald approaches tried

and discontinued. (U)

Analytical data and equations of motion for this s%udy were obtained fro_rn the

.XISFC document, "A Model V_bJch." f,_v Adapt:!'_,e Control Studies" (Reference I).

t'he equations of motion, _ome.n.:'l;._tu_°e, paral_eter v_¢lues, analog computer

schematics, and related data.._pIdieab}e 1.o this study are given in the appendices.
(u)
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The control system an_ysis cc,_sidered <)nLy the portion of flight from launch

to first stage burnout° FJvc l].J_b* times were chosen for the point stability

{small pertuz'bation) analysis:

[] f]eco[] <!/9

40 seconds

79 seconds

120 seconds

153 seconds
(c)

Step inputs in commanded pitch attitude were used as standard forcing functions

for analog computer studies. Straight-].ine approximations (two breakpoints)

to the synthetic wind shea_" prof-!e data .,_upp!i_xt by MSFC were also used as

• 9(_l,_.,t- the wind shear profiles usedinputs at 40, 79, and 120 seco.t', i,_ f __'°_ _:o- of

was obtained from MSFC M(_rno<-andum ]Vl-Aer()-G-]0-62 dated 22 May 1962

(Reference 2). (C)

Fuel slosh da!;a used was based up(m uy[h)dricai! baffled l:.:_,_kso

damping factors were assum(_d. (C)

Linear slosh

i :300 - TRI
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The final Saturt__ V gyro b]cr.:dev ,:o:-.t::o! _:v._-dem (shown in Figure 1} uses attitude,

attitude ratc, and acce_.e._aticm, f,.{_dba.ck ._:..g:_a!;-. The attitude and acceleration

signals are passed th.cougt', s_q:,a;ate ],',.g time, c('usta<ts {T] and T A respectively)

>.rid separ'ate fiai_,.s (l<p at--.,] K A , 'aa"_)ec_i',,','.q.:/} before being summed. This signal

sum is then added to both the fo_wa.rd :_{r_<l aft r:_{te gyro si.[[__a_s to obtain 6FF and

4FA _s shown iu Figure I. '1_:c _lgr:;:_le (i_lib:_ a_:_d _Ft a a_ _: then fed t() blender- at-

te,:,uators K an.d I -1< !_eS::n:',, h,'i,_: _ _:::'n:,_, ,,.! :::"d _!),._u_ nlte.!_uat< d by the basic inner-

i,._,)p rate gat,_ l<l(. (L:)'

automatically varies K unt:'.l th,., k..-_r'_d b_!:t>ce between the two signaJs is ob-

tained. An a.tte_).uato__, U, is u:-._'d t:(_ a<t,_ !.!>' f:rd:)ala_,tce between the two band-

pass amplifiers, thereby pr'_,ri(!,r_{?' a ,:__oq,:_ ,if' ,<::,-_'.'gil_ the equi].ibriun_ '_,,_iue of

K for a given _.et of conditio_:s. Two v!c.,,_,.._ {-f !t'_, blo,,de: _ b_e_dbe:_rd ,mechaniza-

FEEDBACK _ ""' ' ' .....DESK_.,N CONS!DE[,,_ [it

Acce!erc:.m ere _ P r ehlte r

The preiimina.rv cor_t_'ol ._._,,';_t{,m. {._:!:ow_ .i,'.... F:igu _ ,: 4), combined the acceleration

and attztude _{_a.,:als iz::.'ter the) p_s_,_'d ti_!:,.,uph the.,_:' .re._..p, ect_vc gains and then

]agged this toted s',igi_._J_ th.v_,ugl_ _, _c_,:_d-_'.'_. e.r filter co.mlnon to both. .% co.m-

m,_n iilter was t::sed [,,x ;r._c}., .,..:,ti<;h s-__- _'-,-1. i_nl:]icity sinc,_ i_t was known that the

,-a,_tud_ and _cce.lep:_ i_)n s<<_:d:_ w_,_dd ,.'ac}_ .t'c,:_ui.t'e 90 degrees of phase shift

'.'_ t.,, 1_{,_._, t!_cm i.rH:o the cor:_ect phase re--,".-_t the first me.de ber_(ling f c,.,q_l,._.c._, . .,, .

_ationship wlt:}} t}_(:? 'g't_l:(' >ig_gl, lS. _l'i_,, .r_e_,,:t t',.'_: lw_., sc_:,;._.Fg).c, filters was not ap-

parent •,c.t,t,,'_ sJosh st,lbi Ijty. -t,, {,t,., {,ms' ,vv_._ ( e,::c:c,.>:l,..,;'c<l., it w:-{s tb..en theorized

tt_.:_t heavy sJ.os[_ coul_'_i_fg w_ _-., b(.i.,% i,,f*-,,d_ced..... by.. t.he_ :tcce_erometer slffna_,.s,_.."

tkcreby aggrav_ti>, ,g t}_(: st_ibil:i.ty >.}AI._;._ ;_>_:.. {{::"
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Subsequent investigalion in,i:[cat:c,! 1hat wh'.;n the lag on the acceleration signal

was approximately two seconds, .4 significant improvement could be obtained

in the eritica], gain required for a given slc_sh damping ratio. Ti_is irnprove-

ment can be seen by cornpar[ng curves A and 13 of Figure 5, which is a pio_.

of slosh damping ratio versus the critical rate gain I<RO Curve A represents

1.he results obtained with the pre]:i.minary system ('Figure 4} while curve B

was obtained using separate lags on the atlilude and acceler'ation signals.

Although the two-second lag aided slosh stability when included in the aecelera-

/ion signal, a very srnali lag (0.? second) was _cquired in the attitude signal to

maintain rigid-body response. This was the main reason for using separate

filters in the final system. (C.)

The revised system was satisi'acic,_'y unli_ the first bending mode was included in
I ....

the sirnulationo The blender then had difficult), in operati.ng properly because

of an unfavorable phase lag a[ the: first be:lu:ting I"requency which resulted in a

"- limit cycle ty10e of operation a.t l:lJe first mode f]'equenc.y. Removal of the for-

ward loop lead-lag network corr,:tied the b!endcr problems° This lead-lag was

-.- originally included in the system to help blender operation; therefore, its

removal can be considered a reduction in system complexity. However, removal

-- of the lead-lag reduced rigid-body damping* at ](,w values of K R. The damping

', could have been increased in two ways:

Increase the ,.-)pc, raI:ing c_.-,.nge (>r K,_.

Move the acccte, romctec l'ocwar,.t. (C}

Increasing K R was undesirab].e since it vvott!.d incl_ease the attenuation require-

ments on the higher rno_le bendingt'i.lt_,r. Moviug the accelerorneter fcrward

!o,,vers the frequency of the mode::,] z,_ros, i-Iowc\.'er, tim basic locus is changed

in _ueh a way that, for a given gain, the r':igt<l-l;.od) _ damping is increased

appreciably •witl_ little loss in ft'c:quency compatcd to results obtained with

the original acceleromctcr locati<m0 h_ additi(,r, to providing better rigid-body

r_:-q)onse, the second solution ha(l another l.fn[)o_q:ant advaniage. The open-loop

1300..-FR !
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4,7RPS ' 4.TRPS

4.BRPS \ XA =B2,7

BLENDER K= 0, I5

SEPARATE FI!.T E RS

0.60

SEPARATE FILTERS '_'.96 R PS

SLOSH DAMPING RATIO

1÷Oi3Os

A 0- PRELIM!NARY C©NFROL. [.YSTE-M FILTER: (140333s)2, LEAD LAG-

KA= 0 050, Kp = 0.90, XA= 4 2 M, BLENDER FIXED AF K = 0.5

l*O.5s

I
I+O. Is

B 0 - SPI..II FIL.TER CONTROL SYSTEM - NO LEAD LAG

K A : 0.0,50, Kp= I 5, XA= 42, T I : O -_Oj TA: 2.0, BLENDER FIXED AT K :0.30

C_- SAME AS ABOVE, BuT X A = 82 7 AND BLENDER GAIN FIXED AT K:O.15

NOTE :

VEHICLE RIGID BODY, FAIL-WAGS DOG, FFRST BENDING MODE

AND ALL SL(_SH MODE_S /'_T t : 79SE.CONDS
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phase angle of the system aroundtbe slosh frequency was decreased consider-

ably by relocating the aceeleroi_cter, resu11.ing in a significant increa,_e in

slosh stabilityo The amount of this improvement can be seen in Figure 5

wh_._re curve C represents the re:_u[Is ob*ained with the aceelerometer located

at. X A : 82.7 meters. (C)

A cceler'ometer i,ocation

Tb.e final choice of ac.telt_net:_, i.ocation _a,'_ based cn the to!__o_,_.,.ngconsider-

ations:

1° Magnitude of bending pickup

o Slosh mode s{abi]i_v

3. Rigid-body r_spon,se {C)

Onlyacceleromete_" l.ocatio_,_._ (X A) t)etw(;t_.r_ 61 (iop of the se, cond-stage fuel

tank) and 85 meter's were considered f<.a.:_i.l_l_c,, I_)_it.[ons beyond 85 meters

were unacceptable because all bendhlg m_de pickups _ere excessively high.

These high pickups would cause n01 only higher mode attenuation difficulties

but, in adciition_ if the first mode accel(,_'a_:_m_..ickupbecametoo large, it

would destroy the blender a,laptive act:i__,n. (C)

An X A position of 64 meters was .selected because the third mode bending

pickup was at a minimum and the _se,:':ond mode pickup was not changing

significantly over this range. The sIosh slabili/y at this X A was reduced

slightly because a slosh damping ratio of 0,005 was no longer satisfactory.

Hov.ever, slosh damping ratios of 0, 03 [o 0o 06 _,_ere still usable. The rigid-

body response at this X A was of higher frequenc,_, but lower damping ratio than

ai mor'e forward locations, but this was co_isidered a desirable trade-off, The

nominal rigid-b ody fre, quency with t his acce [e tom e te r ] oca.tion was always

g._eater than the minimum nf 0.1 cps ,_[-,eei.fied l:,y MSFC. (C)

1300-TR 1
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The accelerometer gain (K A) schedule determined by previous rigid-body

studies was satisfactory with the revised control, system configuration. This

schedule of K A versus flight time is shown in Figure 6. The acceleration lag

(T A) of 2.0 seconds was determined by analog computer studies with synthetic

wind shear disturbance inputs a.t the t =- 79 flight time. A 2.0-second time

constant was the maxim.urn value that coul_l be used and still be within the

maximum ceq limit (35,800 kg-de</m 2) und_er all tolerance conditions. (C)

,¢

z

,,_

Z
0

l.-

.J
l.d
o
{3

0.050

0.025

O

Figure 6.

TIME
80 120 160

OF FLIGHT -- SECONDS

Acceleration Gain (K A) Schedule

Rate_ Gyro Locations

The forward rate gyro location was exa.mit_ed using the same guidelines used

to select the accelerometer !ocation. The original location of 85.3 meters was

co_._pletely satisfactory in all respects as well as being conveniently located in

the guidance package. (C)

The aft rate gyro location was selected to be 5 meters primarily because this

satisfactory locatioll available which had the desired bending slopewas the only ' *'_ "_ "-

sign. (C)
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Approximate V'dlues ,:,[ attitude g::in ([<!-:,) and attitude time constan_.t (T 1) were

first calculated analytical] 5, ,:md _hen opl:intJ_'ed on an anMo_ computer. The

optimization goal was to obtain ti_e highest rigid-body frequency with the

,, ,. . ,, , , T1largest damDinff. ._ ratio. N,,mi,,nl_.._._ ...." _-'_.........._" "-_ '_'_*"_'1:' = u. 90 taeg] sec)/deg and :

0. 20 second were sel_,cted f_'om lids stud2/. (C)

The rate gain schedule sh,_wt:_ in PiEuz_c 7 consl,:_ts of a constant K R of 0.8

deg/deg/see until t = 130 second;-', atwhiehtime K R is reduced to 0. 4. This

nominM schedule cou2d b(: se!_,ct_d onl.v after the final configuration, including

the bending filte..r, had bee,_ deteru, nined because the specific values of K R de-

pended upon the value of t<Rcri:t :. The value of KRcri t was understandably

sensitive to the phase lags ]nt±"oduc.ed b), the bending filter and slosh modes. (C)

1.0

4
v
:_ 0.5

w

m-

0 40 8O 120 160
TIME OF FLIGHT- SECONDS

C-._ .

Fi.gure 7. Rate Jam (K R) Schedule

The gains, dynan_ics, at_d sonsc, c].oc:_t:i,.,_s se[¢_cted foL'the Saturn V control

system config_trat:ion show_._ iu I. _u_. ] a.ce .....h.n_naztz:d in Table 1. (C)
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Table 1.

Pa_r.aJ

-17-

])'ina[ Control System Nominal Parannetrie Values

................. -i .... 2-.......

N om :nal
n eter" Units

Value Selec-t-:_ect

Acceleration (lain,

K A

Attitude Gain, K
P

[{ate Gain, K R

A cce].era tio:p. I ,a.g,

T A

Attitude Img, _l' 1

A c cole r or_] tie _"

Location, X A

Aft Rale (3yro

Location, X
P.GA

For'w_rd Rate {]yr'o

Location, XRG_,

See' _ sch.edu:_' .in

Figu re ({

0.90

See s('.hedu[o Jn

Fi.gu _'e 7

2.0

64

5,, 0

85.3

I ac1/sec
- - L =

O

I]l]Nec _"

d 0 _ e C"

<leg

de_

ti,ig/sec

S e C end s

s e tends

n leters

l_leters

t-:ioteFs

c)

t_ENL :NG FILTER _J :_,. _,_

Ben din__ Filter Re q_ui r:__j_ment:". !

The phase and gain requirements of l;h(, bendil_g filter" needed to stabilize the

secc, nd and hig'her bendin.g modes were tabulated for all flight times and

tolerance conditions. Suiiablu phase and g_:i.n margirls were added to these

requirements, and the results we. re plotl¢_d as shown in Figure 8. (U)

':F,mtative filter designs wet',' eva..I.uated ,,m the pl,>l shown in Figure 8. If a

ffl_ter couhl pass tiles(; _'(_quf_'emer:ts, t,]]_?re seen_cd to be little' .chance of

fai].ure on the analog to]erance st:-,iic, s. (I.])
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Tht'ee areas are of concern in ,:Jei(_rminiz_g th_:_ filter requirements:

I. Rigid-body response

2. Slosh stability

3. Bending stabi]i ty

These criteria were used to establish the bending filter requirements for each

of the areas discussed below. (U) '

Rigid-Bo, d2 Response -- It was assumed that the lowest acceptable rigid-body

damping ratio is _ = 0. I0 (74 pe_ _ cent overshoot). The phase margin required

to obtain this damping ratio, 12.8 d(_grees, [s thcret'ore the minimum acceptable

phase margin. The phase margins for' all flight times were obtained from

frequency response plots made using the c:ornp]etc system except for the bend-

ing filter. The differences between these and the minimum acceptable phase

margin are the phase shifts that carl be contcibut¢_d by the bending filter at each

zero-decibel crossover frequency. This infornlalion is plotted in Figure 8(b)

in the frequency range of 0.2 to [. 0 radian per second. (C)

Slosh Stability --. The mint.mun-i acceptable phase margin for' the slosh modes

under tolerance conditions was assumed lobe l0 degrees, A minimum closed-

loop slosh damping ratio of slightly less than 0.1 would be obtained under these

conditions, The allowable bending filter lags at the slosh frequencies were

computed and plotted in the: same n_anne_" described above for rigid-body

response, but in the frequency range of 1.5 to 4.0 _'adians per second, (C)

.Be.ndin__ -- Filler require_nenl.s at the bending frequencies differ depend-

ing on whether the second bending _node i.s phase- or gain,-stabilized. Rigid-body

and slosh tolerances remain [he same ill either case. (C)

The phase margin ranges for the _'_<:_cond b(mding mode for two cases -- without

attermation and with 10 _lecib,:ls of aI:t,:_nualion -- we ce computed for' all flight

i300-TR I
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times with ±i0 per cent frequency variations:,. An additional phase margin of

30 degrees was added to each value and plotted on Figu_,e 8(I)). Only the values

obtained with no attenuation wei-e plotted because the differences were negli-

gible. "_

{

In addition to phase-stabilizing the second bending mode, the bending filter must

gain-stabilize the third and fourth bending modes° The attenuation requirements

were determined by adding i0 decibels to the peak values indicated on the fre-

quency response plot. The attenuation :requirements were tabulated for all

flight conditions with ±I0 per cent frequency variations° The beundary deter-

mined from these :requirements is shown on Figure 8(a). (C)

The unacceptable phase region is quite large, and staying within the acceptable

region requires eithei" a ve_'y 1"al)id phase, drop (21 0 degrees in a little more

than an octave) or a phase lead. ']'he first method is extremely diffict-l_. _o

accomplish because of the rapid phase shift, and the 1.after is impractical be-

cause of its basic incompatibility with higher mode attenuation requirements.

Therefore, it was decided to abandon the phase-stabilized approach in favor of

gain-stabilizing the second mode. (C)

The attenuation requirements for ti_e gain.-.stabi.t[zed second mode were deter-

mined in the same manner descFibecl abow_ for' the third and fourth modes°

The additional boundary fo_' these r(_quirements is indicated in Figure 8(a). (C)

Preliminary Bending Filter Designs

The bending filter used in the final system conf:iguration evc,!ved as the filter

_"equirements became more clea_'_y defin_d. For the nominal system a filter

designated "filter A" was tt'ied. Filte]" A c:onsisIed of two second-order lag

networks in series, each with _ :: 0°5 and _ --_ 10 radians per second. This

filter had the advantage of simplicity; however, it was inadequate for stability

1300--TR I
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when vehicle and filter tol,'rances were included. The frequency response plot

of filter A is shown superimposed upon the gain arid phase requirements in

Figure 9. It can be seen that this filter is not adequate for phase-or gain-

stabilizing the second bending mode if adequate rigid-body performance is to

be maintained. Figu:._e sJindicates the desirability of gain-stabilizing the

second mode because of the stringent requirements for phase stability of this

mode. (C)

A possible filter consisting of seven sharp notches in series was also con-

sidered. This filter could be rnecha_niz,_.'dus_1._,__o seven operational amplifiers.

The frequency response of' a filter with the tr'ansfer function

6 is2 + 0.05 _ <1 _._)'_s + (_.25)''n (%)_]
e°ut = 77" o ° ........................................ _._

I z <I',_)" s + (, :'5)2n (%)2]ein n=O s + _0° _ .

i :
is shown superinlposed upon the gain and phase requirements in Figure 10, (C)

This filter gain-stabilizes the second bending mode, but it is marginal for slosh

stability and requires that filter tolerances be tight. (C)

Final Filter Desi__

Another filter was designed which has improved phase characteristics at low

frequencies and whic.h can be m_,ch.rmized using t'our stages of passive RC

circuits and two active stages° This hlter, hereafter designated "filter B",

was used in the fin.'_vl system c.ontiguration. The nominal transfer function of

filter B is given below: {C)

e I
• "o.u. =

@.
in

, 9 9

(s 2 + 144) (s 2 + ! 763_'}).. ,(5_ +_1 t?ZS){SL_l 8_: 4)(s_"4 {!. 1_4s' + 324)(s_A17. 16S+_ 1024)(365)(S+8._05l_____.

(S2+48s+ 14.1}(s 2 _- [(iS,q + lTG4)(s '2_2.i;Gs+49)(s2+ 68.4s._L_24)(s2+ 12[.6s+ 1024)(s2+ 200s+ 1600)
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A frequency response plot O['this tra_nsfe!_function is sup.erimposed upon the

gain and phase require_nents in Figure 1I. .Filter B can theoretically gain-

stabilize the second and higheF bending modes. This filter is not as sensitive

to component tolerance variations as the previously mentioned active filter.

A mechanization method for filter B is given in Figure 12. (C)

For the analog computer tolerance study, the tolerance on resistors was as-

sumed negligible compared with capacitor tolerances. A tolerance of +_i0 per

cent was used for capacitors. The worst conditions occurred when all

capacitors were high or all !.ow, giving a ±i0 pe_ _ cent shift in frequencies.

No attempt was made to "tun(;" the filter to compensate for loading effects,

etc. Consequently, the filt('rmechanized on the analog computer had some-

what degraded phase characteristics compa red with the theoretical filter.

This can be seen from the e:xpe.rimentally ,letern_ined frequency response

plot superimposed on the gain and phase requirements in Figure 13. (C)
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S_C ]IOn. V

BLENDt_<R _.JL_,,u,_ .AND OPE RATION

GENERAL CONCEPT

i •

!n the basic gyro blender concept, the outputs of two rate gyros, one placed

aft and the other forward of the first bending mode antinode, are attenuated

and summed before hein_g used as the control system rate signal. A block

diagram of this basic sysLcm is shown in Figure 14. The attenuators are

adaptively adjusted until the opposing first mode bending signals (opposing

because of opposite slopes) are equM in magnitude and therefore cancel each

other. (C)

I FORWARD ___ ___RATESENSORGYRO ..................................................... II ]
I

' F . so u EL__I ANO.ASSL|

---_LENDEO
..... L_--__.J I g_l I I i

I L_. /ABSOLUTE L / BANDPASS L / + RATE TO

I ..... l--VA L.----UL-r-q AM.PL, FIER._- 1 _ tICNTTAEOL

GYRO SENSOR

Figure 14. ]Basic Gyro BJ.ender Concept Diagram

if _.:he attenuation of one gyt'o signal is represenied by K and the other by l-K,

it ,',::an be seen that ,si_nals c:ommot_ to b_tl_ chatmels (rigid body in this case)

wi].! not be affected i_. m._.y way by this attenuation-summing proeedrare. (C)
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The adaptive attenuation ad.iustm,,_rH, is obtained by _:o_nparing the magmitude

of the first triode ben_!Jng pickups;; frcnn ea('.h gyto (alter the K and ] .-K

attenuations) and adjusling the value ofK until these signals are cquat, t_--i

'I'oisolate "a_t-,r.:,._............+ bend_ngo mode.__signals_ [rom lhe other system frequencies,

the outputs of K and ]-K are pul through bandpass amplifiers with center fre-

quencies equal to the first /)ending mode frequency. The comparison of

magnitude only is ensured by the use of absolute va'ue, circuits following the

bandpass filters, The error signal. (¢_ resulting f_om the subtraction of these

two bending signal, magniludes is integratt'd, and its output is used to set the

variable attenuators. (C)

P tactical Appli(:ation:_

'l'heblender concept described above can lheor(_ticai].y remove all first mode

bending content from the feedback si.gtlal if the <rely feedbacks are from tile

two rate gyros. Attitude and acce[cr'atic,n feedbacks were desired on the

Saturn V vehicle, but unfortunately these signals are beth 90 degrees out of

phase with the rate signals and, therefore, apparently could not be cancelled

out when summed with the rate signals. One solution te this problem is the

use of lag networks on both i:he acceleration and attitude feedbacks. These

lags were designed to give approximately 90 degrees of phase shift at the first

bending mode frequency, thus bringing these signals into phase alignment with

the rate gyros and enabling the fir;._t mode bending components of all feedback

signals to be self-canceHnt_o (C)

A blender system dcsJ.gn relying on exact bending component cancellation proved

unsatisfactory because of the pot(-mtia].l.y unstabi.e situation obtained when exact

phase alignment was not p,:_ssible bceauseoftol,.cances and other system variables.

(The phase attd amplitude !o!eratmes r_:quir'ed are discussed further in Section

Villi[;) A consi(lerabl.e amount of beneficial adal_t[ve action could be retained,

_owever, even if some bending p[(:kup were al!_wed t_ enter' the control system;
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but stability problems are possib].e i.f the syste_:n is not analyzed thoroughly

with conventional servomechanism techniques and analog computer studies.

These studies are similar to those required for a linear system development,

maximum range of expected parameter vacia[io_s. (C)

This study program has shown that the blendt-_ • is very tolerant to basic system

changes; e. g. , blender imbalanei_ and integrato:t _ gain are the only system pa-

rarneters that require optimization for extensive s_ystem changes. 'This is il-

lustrated by the fact that the basic breadboard circuit design was initiated

before any system work had been startc_d. The only information required at

that time was the range of first bending m{,de frequencies, and these were

used to determine the desired cer_ter frequency of the bandpass amplifiers.

The only changes required throughout the program wece to the blender im-

balance and the integrator gain. Determining the correct values of these two

parameters for any given system is a relatively s t:caightforward procedure

e×plained later in this secti,.)n. (C)

Phase Stabilization

If the bending cc, mpon_:,nts had all been _._xactly opl)ositt: in phase, therefore

allowing the first mod_ signals to the co_tt'ol system to be completely a.t-

tenuated (first mode zt-,t'os directly c,n top of first mode, poles), it would

have been feasible to cor_si'Jer gain stat:,ilizing the first bending mode. This

implies that even though the first mode zc_'os do not completely cancel the

first mode poles, they are ,_o close; t:hat the closed-loop roots at the maximum

expected system gain c:anm)t cross tile ,j_) axis r'c.,gardh_ss of phase field changes

around this dipole. This con be nioFe clearly s..:en in F"igure 15. (C)

i_ t"igure 15(a), the fi_:st mode bci_(tin_; dipol(_s are not completely cancelled,

.yet they are both phas_ and gain stable i)_c:ause t:}ne, firsl: mode zeros are very

close to the pol(: aitd ill a l)_sitior_ float r(:.:_lts ir_ ;:,i'aw>l'abl<, root locus. In

[ 300-I-Ri
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Figure 15(b), t.hese zeros a['e stH.l the same distance from the pol.es, but

their position now results in an _mdesirable lo_:us. The system is sf.ill stable,

however, because the closed-loop poles could not travel very far on this small

locus and therefore did not _et into thp _]g_+ half plane r ±gu "e i5(c) presents

the same general case, except that now the distance between the poles and zeros

has increased. The system remains stable because the zeros produce a desirable

locus. However, if these zeros are placed above the poles, as shown in Figure

15(d}, the locus heads toward the right half-plane; the closed-loop poles are now

unstable because they travel farther on a larger locus for a given gain. This

situation is aggravated in the Saturn 5 for two reasons:

Io The first mode frequem_y is _o low that for a given bending clamping

_) .... v, !_n a bend-ratio (_ the pol.es are not fa_' from the j_, axis; e g,, "'"

ing frequency of 5.0 radians pep second and C B : 0. 005, the bending

poles are (0. 005) (5) = 0.025 ra,tian per" second from the j_c axis,

while poles with a bending frequency of 20 radians per second and

the same damping are (0.0[)5)(20) = 0.10 radianper second from

the j _c,axis.

2s In addition to being closer to the j co aixs, the low-frequency first

mode indicates tba_ this mode will be attenuated less by the system

dynamics than would b('the (:ase at a higher frequency. This

means that the closed-],_<>p }.;c_l.es will travel further along a given

locus, making it _nor'e difiicu[t t_) ensnare gain stability. (C)

Because the basic, root locus in the imnlediateJy vicinity of the dipoles is very

predictable, the maximum possib].e distance be[ween the poles and zeros for

gain stability can be e.stimated quite accurate1:/, in'or the present system at

t :=:79, this distance is 0.06 radian per sc.eond. This maximum distance

should not vary much wit:i_ _.t_: type .of <onl rol system used because the locus

i.n the immediate vicinity of a <ilipole v:tri_..s dit','_ctly wi.th the distance between

tile pol.e and zero for'a constant f_hase field° (C)
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An important system design guide csn be dete_:'mined from the preceding

m_.:-dysis: !f a pair of zeros carl be consistently piz{ced within 0.06 radian

per second of the first bending poles under M! condition_ of tolerance and

change, a very good gain-stab!e system with wide tolerances to bending

variations c_n be designed. If, however, this cannot be guaranteed, a miss

by as little as 0. ]0 radian per second could result in an unstable system, as

i]!ustrated in Figure 15(d). This accuracy requiz:eme_._t is not limited to the

gyro blender concept; it wi]l be an import.ant considet-ation in any system at-

romping to cancel first mode poles. {C)

The present gyro blender cannot maintain the first mode zeros to these toier-

ances without the addition of an adaptive phase-changing device and very close

tolerances on the gain difference between the t_..obandpass amplihers. The

specific phase and gain requir'ements are. discussed zn a later section. Fortu-

nately, the gyro blender concept does not have (o _.'eiyon exact caz_ce]lation to

retain its adaptability to changes in bending cha_'acteristics. All that is re-

quired is to keep the zeros in a position that _"esults ir_-a phase-stable mode,

_=mch as shown on Figure l_c_,_,_,,u<_der a_[._,ie_.'a'_ces............ -a:::dchanging conditions. (C)

A phase-stable mode is defined hete as a ...modewhich has a specific phase and

gain margin. This differs from the frequently used definition in which the mode,

by virtue of its phase, is stable for all v._.]uesof gain and thus does net have a

gain margin. The differences in these definitions is i!?ustrated in Figu..-e 15(c).

In this root locus, the closed-loop root c_,.:- be,:_,nne unstable in two ways:

i. System gain incre_ise.

_o Phase chin<go, at the mode frequency su:(flcientto rotate the locus.
(u)

This example illustrates the definition used in lifts report. The alternate defini-

tior_ would be illustrah_d if the zet'o shown was moved :from the right to the left

half plane. With this corffiguration the c]o_ed.-],,_op root would be stable at an 5,

gain and could be mad_._ unstabl.e only b) phrase change-so (U)
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RECOMMENDED BLENDER i .... _"D}_,bI(J_ APPROACH

The blender design difficu)ties e,,_cou>.l:ered ]{-,d t.() the fo_ ruination of a desig_n

This recommended dcs].b-* _.vt-*n""_'_,,-.1_....,. _._,iep,,,_en/ed...._., in ti,e_, following paragraphs. (c)

The stability of a phase-stabi!iz(:d mode is, by defil_itzo:-.,,, dependent ot_ the

phase ang!e of the complete coHtco], syste_n at tht_ partier.,..: a: o modal frequency.

The phase angle at the first mode fr'e;quep.ey is strongly iniT, ueneed by the basic

control system configuration and the .=ens(_r It.cations. The design procedure

recessary to ensure satisfactor'y bi.e,,d,:,.c operatlon is as follows:

. Design the control systc-m t(, fulfil] alL]. dynamic requirements,

such as rigid-body response, s_osh stalbi.!ity, and bending mode

{second and higher modes} attc>.uation, wi:tho,.,t considering any

of the first bending mode effects. This procedure should be

identical to conve.F_tional, methods of linear svstem design. The

.rOy specia] considerati(m.s r'eq_lJ_'ed a:,:'e:

a. Any sign_.s tt:at arc to be added to the rate gyro signals

for blending must be examh).ed to determine if their

magnitude at the f'i_st mode f,_"eqaer,cy is greater than the

mag_).itude of the ra._,e gyco signal <'pposing the additional

signal. If the added signal _s g2eater than its opposing

rate signal, bendJ.n_ _,car_e_.,!!atior_ will be i.mp.ossibie be-

cause the signals n,,_ longer ]::,ave opposite signs.

b_ The rate signM for the contro! system must come from two

1'ate gyros placed in convenient Iccat.ions on both sides of

the first mode anti:'ode. The sig<'.als are combined in the

same manner as in [}:e actual_ blender; however, the blender

position should be considered fixed at 0. 5. This assumption

introduces some {.u<"o_ i.nl.o the __ti:e;-e,._ation requirements of

the high,.:c bendir).g modes becaus(_, the effectiw.' slopes of the

higher r-,_odes ar'e de_mdent ou _h_. blcpde,,,: p(_sition aud will

r, -1ioC0-TR!
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vary if the equilibrium gain selected by the blender logic

is not close to 0.5, This rest'_iction Js not felt to be serious

because the highe__,bending mode attenuation i'equirements

call be ...... -"- -""_ if _'.......... _ _-_-'- -_" _'*: _" " ' _'""

different from this carl.mate. {C)

Using the basic system deve]oped in (1} above but now including the

first bending mode effects, the w_lues of blender imbalance (U) and

integration gain (K i} can be det(,.mi.cd.

a, To aid in determining the desised blender imbmlance, the

stability boundaries of KRcr.it versus blender position are

dete,_'mir:.ed at each flight condition. These boundaries man

be determi,_.ed by a_.ai[7/ticaI methods or bt, the use of an

analog eomputer simulation.

Typical stability bou!:,Mar'ies obtair_.ed in this study are shown

in Figure 16. Also indicated in this figure are the equilibrium

gains obtained for various blender imb_ances. A desired

equilibrium, gain can easily be determined for each flight con-

dition and a compromise equilibriu.m gain, which is satis-

factory at all Right conditions, can be established.

Orice the desired equilibrium gain has been established, it is

relatively simple 1o determine exper-imental!y a blender im-

balance that wi!;[ give this position, on an analog computer.

go ir_tegrator gain .is selected on the basis of the ability to re-

cover from an in.itialiy m:.stable blendez" position. The ex-

trenle blender" positions (1< = 1 and K -- 0} are usually used

in tins type of investigation. It was found that if the blender

system had the ability to recover from unstable conditions,

attitude commar_d step inputs (up to 1. 5 degrees) were also

har.,d!ed satisfactorily. {C}

i_

1300 -TRI



:,ii _,I_B:_

3 6 -.

l,IJ (,'3

t'-

(J

3.0

20

|.G

t=O

f',,,

j
/

E'QUII.IBRIU# BLENDEq

PL'_ITION.% FOR INI)ICA!_-D

RATIO OF" FORWARD TO AFT

Bt_NOPASS ._MP!_IFIER GAIN

AT K R = OB

BLENDER POSITION , K

L,,Ibl (-)

I-

L_
F

Lz

.30

2.0-

t.O- //_

t= 79

\

0 /_i 0,6

o4 6,0

BLENDER POSITION, K

bJ UJ

CD _" 3,0'
UJ_J
a W

z.o.

0

_: !'_ 3.0'

o_ 2.0'
g

¢2

h_

_.o.o_.o.B _t
_o

0.4 OB 0

BLEND_.'R POSITION , K

t = 155.8

.J

\

0.4 O.B

BLENDER POSITION , K

Figure 16. [!,ffect of Bl_,r_der Position Upon Critical Gain

1300-TR.1



._&

--. 37 -

_ieal RemZlts

The preceding discussion indicates that c,-msiderablc exper_iment-al work is

required to determine the blender parameters needed for satisfactory closed-

loop operation. No analytical methods for determining the stability of the

system as a function of blender parameters are presently available. The ease

and dependability of the anMog c(_mputer methods for solving this nonlinear

problem have made large-scale anMytica/ efforts unnecessary. Dtlring this

study, however, some anMytical work has been done with the blender con-

sidered as an open-loop component. The results are very useful in the hard-

ware design of the blender and will allow the iuitia! design to be much closer

to a final configuration than has previously been possible,, (U}

In the following discussion, a baltic time ccmstu.r_t for the blender loop is

derived. The steady-state blender er_:or resulting from substitution of a

first-order lag approximation fo,- the i_te_rator is then discussed and com-

pared with test results. (U)

[

The blender loop of concern is shown in Figure 17. The sinusoidal signals

_FF and SFA have frequencies equal to the bandpass amplifier center frequency.

Because of this single-frequency input characteristic, the loop can be analyzed

as if it were a d-e loop, The bandpass amplifier characteristics can now be

neglected if it is remembered that B 1 and B 2 are the bandpass amplifier gains

at the input signal frequency. (U)

The absolute value circuits act a:_ rectifiers; therefore, the paak-to-peak

sinusoidal input values must be mu].tip]ied by 2/rr to obtain the average value.

The simplified block diagram is now as shown in Figure 18. The equations

for this system are

,)

[ 1¢ -- 6F F K B,j -- 6 b,A/], - K) 1-32 _ 11)

K,

K- 1 (2)
S

(c)

I .......



':r_!

-38 -,

FORWARD
RATE
SIGNAL

AFT

RATE

4MPLIFIER -----

L........... TP6 ,_ '

I

SIGNAL TP9 F-" _

+

Figure 17. Ble__dcr- Block Diagram

FORWARD
RATE

SIGNAL TPi i--

Cr'F.... _

AFT

...................... LL_I TT£-- ,
I
i

_IAGTNEAL TP 9 F---L] r-------]

_".......\'_11.................I °_j......................_' ............LAJ

*TEST POINTS ('FP) ARE THOSE SHOWN ON HONEYWELL DRAWING

SK8_608, SIGNAL CIRCUITS, GYRO BLENDER BREADBOARD

+

i_

!zigg_re 18. Blender Simptified BLock Diagram
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Since the gyco blcn(t_:r positions itself (dct.el'rnir_.es an equilibrium value of K)

as a function of' the ratio betwec:n d,ta F n.t?d @. % t-he ties]red transfer function

of this system is,

K
(s) : f(s, K i, s_, B 2)

-t$FF/*FA

Combining Equations ( 1 ) and (2),

2K.
:: ....... -> /

K. _ Id, K B] $F¢ (_ - K) b 2 J

. s "] t'_,)
K 4't_'i_ t:il + <brci _'2 " _<i.} 'bl-,'A

+FF B2

K SVF I_2 $FFB1 + $FAB2
(s) .... (a)

rrS I - wS

4_FF00FA q_FFBI + $7cAB2 2Ki. 2K.1 ($FFBI + SFA B2)

Equation (3) is the desired transfer funct:ion from which both steady-siate error

and the approximate lime response c}/aracteristics of the gain- changer action

can be determined, The time response to a sl;ep change in the ratio OaFA]eFF

has a characteristic time constant of

Tr

N<_tice. that K I. or- [41 _nd "2f_ rnu>;_ be negative <,<r'_he system, willbe unstable. (U)

i 300- TR I
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The st:eady-stat{_ _:_ro.," obtain,..(l with t.t_e ._Lv-d{ m

ii-: zer'o becau:_e a pure [l_tegratoc is u:_c.do (U)

r'r,l_r'_.qr_,pimct in -i;",,_ ",,*;,_- tQ',

=_,_,/-= ._,._ cii'oc oui.ained when a fH_st-ot-cler lag is used instead of an

ideal integrator can be fom_d th '(mgh the use of Equation (3) with TB/1 + T B s

substituted for" ].Is:

6FF B 2

K 6FF BI + CF& B.)

--¢FA :: .......... . .......... (4)

CFF 2 K. l-} + _B2_

_t ...... , t_c t'(_lu_l i'_'(.,m lhe following equation:The per cent ,_X:,;,dy-Hta.l( {_Fr()l car_

,,/o Steady_State t_;rror = 100% i1.., 1 T_ -] (5)
l " 2 T1.._Ki (¢Ft?B l + CFA B2)

To obtain meaningful answers, lhe co,.,fficients used in the foregoing equations

must be obtain/_d with care. 'l'hc t'O.[J(_wJJlg procedures and units shou].d be used:

Input Signals CF,,'\ and 6F F ..... Urd.t:[css vaJ.ues are obtained by dividing

the peak-to-peak voltage of both input signals by the value of the largest.

Thus one signal w/ill a.[ways have a value -_t" 1.0 and the other will. be

some fraction of it. The pcak-to..peak voltage used as the normalizing

factor is inc]udud in gains t:, 1 and t_ 2. (U)

/ ..... _ - -i t * {.Bandpass \m h/wr Gains fg. and I_,--- bandpass. .......P ...... :2 ........ 2._ : _._ 2_2__L2. 1 h :, amplifier gains

must be calcutat,,_d at the J.nf)ul signal frequency and have units of volts

per volt. For us(, in q_ese c,qqalions _he gains must include the normal-

izing factor us(:,_! in fin(ti.ng _!_F[P a_d 0[:,, A in addition to the convenlionatl.y

calculated sy:st:_,_n gains. (t!)

1300-iR!
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[ntegrato_ .....( .... l.tt' (K i) ..... Int{'i:,r'atot'. .e(ain _ilu_-;l be ca.l._.ulated in tel'his of

gain units (al.teutmtot gai1_ I() per volt. it a Itvs*--urdcr lag is used

instead of an integrat__ _, *!:-,_ equivalent value of 1( i must be calculated

from the la_trausfev funcgon. ([[)

Sample Calculation

The valUes used in /;IlLs sample calculation we_'e taken directly from the bread-

board blender circuit before an7 bandpass amplifier imbalance modifications

were made (B 1 = B2). (U)

Input ,qigr_al s:

Forward (:bann('l

Aft channel

30 _'<,tls }_c.:d_ 1o peak: at 5.4 rad/sec

'30 \'olt_q _,,:._k _o peak at fi.4 rad/sec

( kk IA'£ •Bandpass Amplifier ' -,

Forward channel

Aft channel

.,..,.

ri'P1, to TI_26 '"

T]:!} to TP26

-0.08 v/v at 5.4 rad/see

-0o 08v/v at 5.4 rad/sec

Integrator Gain:

The. integrator is l',_!'pr( s(_nted l)y the following lit'st-order lag.

gain indicat.,._d is from '1't:,_; !o ll (,.

eout 37,5
.......... - ........ _._ain urri.t s/v_q._c. 1 + (; 0 '_4 -

Lrl

The

'fhis eorrespow, ls to a rat<. g.),r(:, output of 3 .dck*t'ees per second peak to peak.

See "" ,lgur'_. 1.8.

1300-TR1
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Calculation P roc'e dure

30 v 30 v
= -......... ] 0 and _---

_FF 30v " _FA 30v
- 1,0

....Fhe normalizing facto,- used in the foiiov,.ing calculations of B 1

therefore 30.

and B.._ is

i [ qB i .... 0.0_ v/v t 30!:, ..... 2.4 v/v

B2 ! ]f "_= l o.o_vlv L3ui ._ -?.4viv

The ideal integrator Ki/s was __:pia.ce_{ b> the first-order 1.ag K.1TB/1 +TBs

so the equiva].ent value of E i mu:;t bc cah.u]a_ed by dividing the first-order lag

gain by the lag time constant, 'Fhus

37 5 gain unit_-;K. : ......2__ .: 0. 625 -:,-]. 60 vol_t

The effective time ccm:_tani of this syst_,,m's equi].ibriurn gain response to a

step change in dpj/.Flq .['A i::-; then

This time constant aKrees c[oscly wil!_ the exp_rimental value of 0, 5t second

obtained in a"blender t)mfy br_adboa_'d test procedure. {U)

The steady-state er'ror is c'.alc_Lla.tcd as i',,£1ows:

Stea_tv'-Sta.t_, Err(,l' :: 100'}'., I.

I - g6-(-:_)(o:-6:25-_(i)Y-2.4) + (i)(-2.4)_]

0. g3 _,",(w iI, t_ 3CI-volt peak-to-peak input signals )

130b TR1



k

- 43 ....

A specific cornparison with the actual steady-state er'ror was not made be-

cause of the difficulties involved in acc, urately measuring this quantity. (U)

,:)LEN DE i% mR sA I )BOAR]_

A block diagram of the blender breadboard is shown in Figure 19. Drawing

numbers for each functional portion o[ the b!encler a_'e shown on the diagram.

Two primary factors have influunced the design philosophy of the breadboard:

(i) It has been designed for compatibi[ity with an analog computer for simulation

studies. (2) The design utilizes flightworthy compo_ents. Some of the features

of' the blender that have resulted from this two-sided apprc, ach are:

The trait has been designed to a_:cept :input signal levels of i]O0

volts without saturatio_ or component damage.

The integrator cage and uncage re[as' is controlled by a 28-volt d-c

signal from the anah_g ,.:ompul.e:v for simplicity of operator control

and synchronization of all. integrator relays. A panel-mounted switch

is used to uncage the integral or manuaJiy.

@ A p_{nel-mounted [,otentiometer aml swiich aoe l_sed to _e_ the

integra.tor initi a[ c_)n diriono

The b r'eadb<._ard is a self,contained unit with all necessary power

supplies located it1 the cabir_et.

@ Numerous ir_stpoints are located on the front panel for ease in

troub[eshoo!Lug oc signal monitorirlg v,.'[[ht)ul opening the cabinet.

Biende, r parameters (such as loop gain and bandpass filtering) can be

readily rno_hh:,_o if clesil'ed for..... , _ ' pal t,o,,c,_,. Provision has been

made for i nclusio_ of .'amdog c,ompu!e_' networks in the blender loop.

1300- .[ R_
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_FFIN >,----.ID

FORWARD RATE

SIGNAL FROM
COMPUTER

CFAIN

AFT RATE
SIGNAL FROM

COMPUTER

BUFFER AMPLIFIER

VAR,ABLEIi r-,.

ISOLATION

(PHILBRICK K2W}

_FFouT

I BANDPASS
FILTER

q SK81697

T
PULSE

WIDTH

MODULATOR

AND SHAPE R

SK81698

SK81696

AMPLIFIER

SK83585

I

INTEGRATOR

SK8,3383

TO COMPUTER
AUTOPiLOT

SIMULATION

ABSOLUTE

VALUE

SUMMER

SK81698

_r

VARIABLE I r,,,.

ATTENUATOR / _ I "_

SK81698

I ISOLATION
I AMPLIFIER

I SK83383

BANDPASS

FILTER

, sK81697

CFAouT

BUFFER AMPLIFIER

(PHILBRICK K2W)

TO COMPUTER

¢-- AUTOPILOT

SIMULATION

NOTES,

I RECOMMENDED INPUT SIGNAL SCALE FACTOR:

IOOVOLFS :IODEGREE(.; PER SECOND

2. _FFotJT 0 4K _FAouT 0.4(I-K)
............... *7, _ ....... z

@FF'IN 1+O.0022s @FAIN i *O.OO22s

Figure 19. Blender Breadboard Block Diagram
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O The breadboac(] _!ilJ.:;_._ card a::_,_(_ml_ty, prJ.nted circuit, and

we[d_.d module t,._cbni_tu_ that have b,::t_,.n developed and proven on

other prograt_,_s.

@ Solid-state transistorized and magnetic amplifier circuits are used

throughout the biende_" loop to pcovide a reliable and f!ightworthy

design. (U)

A detailed operation manual for the b):eadboar'd blender has been published as

a separate docucnent (t%ef_?rence 3). This manual includes checkout and cali-

bration procedures as well as s,"hema_ic diagt"ams and an explanation of system

o;,eration. (U)

! 300- -I.-R i
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qc'c _ _._,'_d V]

:qYSTF,_ EVA] _ATION

NOMINAL OPERATION

Analog computer traces showinq rest>om_:;es to __tep attitude commands m-id

synthetic wind shear profile disturbances are given in Figures 20 :through 24

for the nominal system with filter B at the five standard flight times. Corres-

ponding frequency response and root-locus p],;'t:s are shown in Figures 25

through 34. These plots are for the ._ystem t_ansfer function ¢/_'e as shown

in Figure 1. The frequency response plots sbowtha% tbe second, third, and

fourth bending modes have beep gain-stabi!ized with a gain margin varying

from 20 to 60 decibels. {C)

2'he gain ar-d phase margins a_ !:he slosh m_d fi,:_t bending mode frequencies

for the nominM system are given in _]'ab].e 2. It was necessary to increase

the slosh dantping ratio to 0.06 to mee_ the !o]eram:e requiremer,_ts, and the

nominal system reflects this ir:.,_reas_.d s;iosh damping ratio° The gain and

phase margins of the first bendit_g n-tc_de at t --_79 an'.] 120 seconds are barely

adequate. However, the v_ue (,f 0. 005 _Jsed for structural damping ratios

has probably been too conservative, especially for the first mode, Nominal

gain and pha._e nla.cgins of _l-J,_ _:;].osh modo.s az_ adequate. {C)

Tab].e 20 Gain and Phase _Mar, gin_,., of Slosh and
Fi,:'st Bending Modes - Nominal System

0
40
79
20

153

7. 0 29
5. !_' 47
3.0 42

r

4. i_ 33
9. (! _ 31

First Bending Mode

Gain

Margin
(db)

18,0
12.0

2.0
1.5

16.0

Phase

Margin

(deg)

55
45
10

, 15
_00

t

(c)

I _O0°TRI
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ANALOG TOLE[{ANCE STUDIES

Tolerance studies were made o,_ a computer to verify the acceptability of

the final system configuraticmo To!cranc:e combinations were chosen to

include worst possible conditions while limiting the totad r:umber of analog

runs to a realistic number. The tolerance combinations used and the

reasons for their selection are given below, (C)

individual Component To] e v a..c es

The following vehicle ar_.d c,on_F.o_te_t t_!,: ['n,_.,c.cs are co_:sidered :ypical and

form the basis for tire to!_-_ranc'_ c<m_t_in_tJcms'

a. Vehicle

i, (.oe_.lc_ent C 1Rigid body: A__rodynamie mom,{_t "-" _ .... _ and

control moment C.2, :t20 per cent°

, Body bendit!_:

Bending frequencies foz _f[l. modes

First mode slopes a_d d(_f!(_cti.o:_s

_MI ot]_er bending mode ::<topesalLd defbet!ons

±I0 per cent

±20 per cent

--_30 per cent

3. Slosh: Slosh mode freqlv_},:ies, _10 per cen:. ,C)

io ..0- TRI
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VW

WIND GUST INPUT

(METER S/SEC)

- 48 -

VEHICLE AND SYSTEM TOLERANCES:

NOMIt,;AL

20.0

-_ F2 SECONDS

KR = 0.80 DEG/DEG/SEC

KA = 0 DEC/SEC/M/SEC 2

Kp = 0,90 DEG/SEC/DEG

T1 = 0.20 SEC

T A _ 2.00 $EC

SLOSH ¢ = 0.0(,0

BENDING _"- 0,005

BENDING FILTER = B

X A = 64m

XRG F = 85J m

XRC.A - 5.0 m

VEHICLE
ANGLE OF ATTACK

(DECREES)

I

deR

ENGINE
DEFLECTION ANGLE

(DEGREES)

CG

PITCH RATE

(DEC/SEC)

CG

PITCH ATTITUDE

(DEGREES)

ACCELERATION

MORMAL TO VEHICLE

(METERS/SEC2. _

ZCG

ACCELERATIONALONG
REFERENCE AXIS

(METERS/SEC2I
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BLENDER BREADBOARD
INTEGRATOR OUTPUT

(VOLTS)

(16 voitl reprml_s •
bl4tndlw position K 0f

_Lp_'e_lreamty 1.0)

VW

WIND GUST INPUT

(METER S,/SEC)

VEHICLE

ANGLE OF ATTACK

tDEGREES)

_R

ENGINE
DEFLECTION ANGLE

(DEGREES)

CG

PITCH RATE

(DEG/SEC)

_' CG

PITCH ATTITUDE

(DEGREES)

ACCELERATION

NORMAL TO VEHICLE

(METERS/5£C 2)

_cc
ACCELERATION ALONG

REFERENCE AXIS

(METERS/SEC 2)

20.0

lO.O,

0

80.(1

G

VFHICLE AND SYSTEM TOLERa_NCE!;:

NOMINAL

- 4 9 -

Y_= 0.80 D[(VDE_,SEC

KA _ 0.05 DEGIbE(_/SEC 2

Kp = 0.9()DEG/SEC/DEG

T 1 = 0,20 SE_

TA = 2.00 SEC

!;:::F:•

5.0'

SLOSH _ , 0.060

BENDING { ::0.005

BENDING FILTER = B

XA = b4m

XRG F = 85.3 m

XRG A = .5.0 m

Figure 21. Ap.alog C'on_put(,r R_ln 1 (t = 40 seconds)

-_i F 2 5ECO_DS _
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8LENOER BREADBOARD
INTEGRATOR OUTPUT

(VOL.T$)

(lb volts represents a
blilld_ llOlltion K oi

ltl_c_lmlt_ly 1.O)

VW
WIND GUST INPUT

(METER S/SEC)

o_
VEHICLE

/UI_E OF ATTACI[.

(U'_GREES)

BE

ENGINE
OEFLECTION ANGLE

(DEGREES)

_CG
PITCH RATE

(DEG/SEC)

@ CG

PITCH ATTITUDE

(DEGREES)

ACCELERATION
NORMAL TO VEHICLE

(METER S/5EC2)

ZCG

_CCELERATIONALONG
REFERENCE&XIS

(METERS/$EC 2)

VEHICLE AND SYSTEM TOLERANCES:

NOMINAL,

f
20,0-

!T)

:::i?

St.OSH _ = O,Ob(3

BENDING ; - 0,005

BENDING FILTER = B

= 85.._ m

= S,Om

. COlnl. utL_' [{un 1 (t = 79 seconds)Figus'e 22 An:_[o_ " " "
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8LENDER BREADBOARD

INTEGRATOR OUTPUT

(VOLTS)

(16 volts rel_'eser!Ls a

bl_ld_¢ posltlor. K of
aOpeclclraately 1 O)

VW

WIND GUST INPUT

(METER S/SEC)

a

VEHICLE
ANGLE OF ATTACK

(DECREES)

.OR

ENGINE
DEFLECTION ANGLE

(DEGREES)

CG

PITCH RATE

(DEG/SEC)

@ CG

PITCH ATTITUDE

(DEGREES)

ACCELERATION
NORMAL TO VEHICLE

(METER S/SEC 2]

_CG

ACCELERATION ALONG

REFERENCE AXIS

_METERS/SEC 2)

KR = 0.80 DEG/DEG/SEC SLOSH _ = 0.060

KA _ 0.20 DE_/SEC/M/SEC 2 BEND{NG E = 0.005

VE_;ICLE AND S'_TEM TOLERANCES: Kp = 0.90 DEG/SEC/DEG BENDING _ILTEN = B
NOMINAL

T 1 = 0.20 SEC

TA = 2.00 SEC

10.0"

q' !

O-

0 o

li;i

i!!*

!1 g
'1 i

1°rt_

rfiil

:iNli_ ::..............

; i

_ N

i

N
I' Jli
• if'

ii.......

X A _ 54ta

XRG F = 85.3 m

Figure 23. /\_c_log (()n_p _,(_:" ;_un 1 (t = 120 s_,conds)
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BLENDER BREADBOARD
INTEGRATOR OUTPUT

(VOLTS)

(16 WIts ¢epre._er_ts 8

blamer pOllt(ori g of
Ippr_lll_Lely 1.0)

VW

WIND GUST INPUT

IMETER S/$EC)

Ol
VEHICLE

ANGLE OF ATTACK

_,DEGREE_)

_R

ENGINE
DEFLECTION ANGLE

(DEGREES)

CG

PITCH RATE

(DEG/SEC)

¢ CG

PITCH ATTITUDE

(DEGREES)

ACCELERATION
NORMAL TO VEHICLE

{METERS/$EC 2)

;_CG

ACCELERATION ALONG

REFERENCE AXIS

(METERS/SEC 2)

Figure 24. AnaLog C'ompute_" Run 1 (t = 153 seconds)
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FIRST

MOBE

l.b

i.O

-0.4 --02

57

5.5.

5.3
0

- 0.09

SECOND

MOOE
5.0 11254

0.8 I.,,,.

_5 ],252

- 0,07' --005

I

THIRD I
qN,K)I)E

_9 276

-0122 -,'_IZl - 0 I/, )

SLOSH_ : 0.06 TI :02

KA:O )CA;:G4 Om

Kp'_ 0.9 8t |-N',;ER K :0 _,q

- 58

h'O

FOURTH _0
NK)[_-

8

X

29.98

29._cWB

_,, t _ ; 29.94

-05 -013

_" 2.0

°.._-
f

L5 1

6 ok'°Is °

SLOSH

MODE S

03 --0.2

l q
-O.l

0.2 ¸

00_

R<;i[

BOD'_

---,0 ...... +--------0-- _ Z
- IO -- 0.5 (_

2?

2.4

2.3

2.2

2.1

2,0

0.5

Figure 30. F_ool:-l.,o(:_s Pk_l:, No__li_al Sb.'_;tem with Filter B (t = O)
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b. Control Sys teln

]. ]} _ t(:' gJ .....

Frequency, i.17 per" cen!

i)arnping ratio, -_:50 per c'en_

2. Accelerometer:

Frequency, i12 per cent

I.)amping Ratio, iS0 per cent

3. Attitude and acceleration feedback lags: T A and T

4. System gains: K A, Kp, KI_., K i, il0 per cent

5. Bending filter:

Frequency, J 10per cent

6. Blender imbalance, :f 10 per" cent (C)

I" ±i0 per cent

I

Tolerance Comblnatlon,__

_ nutnoer of tolerance combin'_tions tested was limited by the amount of

analog running considered feasible at ,:_ach flight condition. This limit was

estimated to be approximalely 60 to 70 runs per flight condition. (C)

All the tolerances listed in-the previous subsection were divided into six groups.

Each group contains a set of tolerances that coul.d be logically combined to form

either a worst-best or _ high-low situation° (C)

'The six groups a:re discussed below° l{easons for selecting the particular

toJ.eranee combination will Lr} ea.ci_ gr()u[) are g:iver}o (C)
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(} ._Po_up_1__, Ri:gid--j____:_|_i].._q'c)le:_F__._n}_(_)_s ,. - '.Fhe w o t's ! com b ination of the rigid- body

parameters C] and (;2 is a high C1. t, ogctl_.ev with a low ("2" Wind shears cause

more than normal " • and the cont_'ol systemca'si, urbances because of the _high C1,

has less than normal authority because of the <educed C,,. The opposite situation

(low C l and high C,)}_ has ,__eod ___,_;t_response but reduces the available high-

frequency gain margin° (C)

The following combir,_ations were tested:

Set A: C 1 increased by 20 t)ez" con1 and C,, ricer'eased by 20 per cent.

Set B: C_ dec-r'cased by 20 per" cent alibi C'._ imrcased by 20 per cent, (C)

C;rou_p 2, Bendin atul S]o_'h Mo, lc, '['oh_ru_ces -- The number of parameters. _ .... 2:2 ..-..I_..[____.2_._Z___ L ?C.. :.L._Z.i.2. i..._L;L_'--'2_ .....

involved in the bending and sloshing d yna,nics require that a careful analysis

be made of the potential effects of the various combinations to ensure consider-

ation of the most critical cases within a limited number of tolerance runs° This

analysis has been performed for the specific system configlaratien under study

using the following "ground rules ".

II The " •, - _._e_"tzequen ....... > of all four' bendi.r,g n_odes wez'e s[mu.ltaneously

decreased° The phi].os,:phy behind this is dmt the major variation

in frequencic,'s wil.1 result from a source common to all the triodes. (c)

2_ The variations Jl[]_sloshing parameters will affect only tb_e stability

of the slosh modc.s themsei.ve,,_. Hence these combinations of slosh-

ing and bending l.,,:l.erances wltich aggravate sloshing stability to the

greatest exi.,:;nt shoul.d l,e emldo_ed. Vor the particular system

under stud-f, thes(_ combination:_ are acMeved by simultaneously

increasing al_lsloshing t'requerwi.es and decreasing all bending

frequencies, or vice versa. It is assumed that the nominal slosh

masses aml da_ni._ingratios have been set at values which reflect

the pessimistic cxtrea_es of" th(I?il" respective tolerance bands; thus

frequencies are l:}m_ only sl_os!ling par'a.,.neters varied. (C)
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from ti_e hTghest cffc,",i.ve net ,-:<_-,_tJ- .k,.[ a:_,._oc:.'.ated with that mode, re-

gardi_ess of the mode st-_:q_c to!erai_cm:_ ai;plicd tc the other bending

_._,,,4,,_. m_,.._ assun-_piLon irnp].ies tha_ the r,-,sJ.due,_ of all modes

are sufficiently .........:_h_.L ;.O avoid significant phase and gain influences

on neighboring .modes,, ActuaLly, since the i'h'st, second, and third

modes of' tl_e sub.lec:t s;stem have the[ t" zeros at f..,'equencies below

the _'espective pole fr',,u,_um,c.[e,:_, a hi;2't_ pickup on a _o',,ver mode in-

creases the. gain at a ..._,..1-,_(,be,,...ru.,:.)de, t ,-.,u_equcn_l,.,,. increasing all

moda.[ pickups si_u[ta,_c:ou._{]> , _'_;f..'._:,.q s a xt_,;_.._, ,.. _,,_:, siluati,.-,__ for' the

gain-:_tabi].ized J.}uLi'd all(! fOt.l_'th _n_Jct'.s;, i)c.!,:.',uir.;_t[,_',n of t.tt.e maxi-

mutt) effective p;,- kt_l_, i._F., o_;,_.,..ilt'._<] ,.... ,','c]tlJ.:i. ,.'s <)x[%iil!liaiit)n :..',f the

magnitude, and s:i<'_,.4 of ,'h,:' [_[_tll. t_.,.:_::_,, t,a._h ._., .,_>u.t'...'x!c,ng _ Lib the

blender position° [h'n,x: [}le 1,() :_t 1)i('_<ut_, t'C.l" a _2t\'Otl PADd¢ %v!-7.

flq_ <.nd on, the ,q.] opts a ut {te [', <:ci ::.ott.......... of tt,e ,;';.,<,',-'+.-,_..mode affe,'*{_.'. _--,. s blende c

position as weil as the shape c,l I:he u;[)r..cific il_,_de .[n quest.{:;,_. The

resu]fs of this e'<arnir}_vi:lon '-)._:t. ;sum_,_a._ i:-:r'.(i ::.n Tab].e 3 (_;

' a.._ modesThe results given ip.. Table 3 a_rc vaK(t at aU. fl;ght condit,_ons for _

except the third, which rcqui:c(-'_ a _'cv<_t'::;ed i_'st mode situation at t'Light times

o2 0, 40. and 79 s_<_,:r_..,!s_. A_ _ ........ : .... '.._.--_ "-' ........... h ....... the

" e-residue of the third n_ocle _-_; so t:;illaTtJ[ i.[}F.{; t,}t,_ l)_!:)Cl{e .....i :,.':I_' i>: nc, t :-&s:_'>u.tcant'....

s!.ability threalo th,ncc b.: avo-.h] < uu,i{ttg, the t...{a' :ut.ttnbe._ o!ioie_'ancc runs,

tJ_e ......... ... . ,',C)con(_Itlons _le.tlllt,ti _ 1]1( la!:,i(. _7_:1",, ;_!_[:J.:..',.t {.) _t[:. r _ , ,t._ _, _,.)M ;.'D._] CO FU.qS.

In accordance with ll,e ab,:.ve t'c:>:u,.:4 z_,_.l a:_,_{u::,_Fi].op,',;_ ihe bending and sloshing

Iolerance group was ,_;lu(I{,,(t i,._ !w,.-, ," ,,tl ........ [._ ..... -

Set A: AII. ben(tiag fr.'qu_.n_ '.:-; iu{-l',:a.se_I, a.].i b<:t_ding pickup inc,'eased,

ant] all sgt<)sb f.I< q.,<.?,(.i,-._ d,?: "-'{t,'.:4{'fl

I 3C;0- Y[II
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Table 3. Di--c:_:,..,ou"".... _-_ of Ch _a.,_,'_,'-'.....(.,? L:._},P--_Mode Skape Parameter

%Phi.-:d

Mode

...................... T .................................

Bending I Fi:r'_t Sc, c:o'_,d

Y{ RGA Incr,._ :'se increas,._ h,crcase

Y[ t{GF Decl'ease Dec _:'ease Decrease

[ A KlC Z _, st_ _fl<_z'C&,<. ',_:? itlc:i e&S _:

x 2 RGA i.':_<::'e as,'

- 2 RG F

Y J.)c c _'c'o.;: c.2A

v, in.--z'ease
"_ o "I-)(-, /_

Y _ F ir.'-c tease" .."3RG.

Y3A Decrease

y,
4RGA

Yt
RG F

Y4A

Fourth

Increase

Decrease

Increase

Decrease

Increase

_-_FCaSC

(c)

Group 3: Cop.t_.ol S_stem (;ail_,s....... -- A,]axir_3um vaiu_::: c:f _m.a.:.e-_<,f attack v._)' are

-' " " ' _........ l 0, the high-ot.,tamea who,_ K H s.r,d K A at,, low aud vvh:;n Kp _,'¢ t,igbo (I:onver <_'-,

frequency ben,:!h_a s_abL:_it7 is lc_:.'s who,_..d l ti;.r (?_ _a_--_ = are high° (C)

The tyro blender iateg':'ator gai_ (t.< i} a,:_u a.];ao _,_:, c__.... _..J__ (..t in this group. One

of the most i.mporta.t_t ,:rit{-r'ia ,,:sed i.q se!","* _ " - t_(" .:;.omina.1 K. was the blender
..... _.....' :'% .... 1

• ' _......... b_ If the blender isposition transient r_-,_:[:or_;q,_ (_'o'n at! ;,-::_ t;_..,[.y '" "_ "_ '_"+_'"'-_

too fast the..........system b_<-om<.s o,:;,.i!lato:r'>., '-._'_*d, i:_ extreme c.:ses, unstable._ The

speed at whJc}/ t}l(: b[!_.,p(}e ;" l,o<;l{,_ot:s l:,,s('.l iv; p_op<,'z't:i(ma] _:o the rate of dh:er-

21unce of the unstaM.e ,'-.:yt_tcrr_ z_*_,:l[}_' ,.i_._]t,t? r,,.t' [<.. {C;}
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Since the rate of div(;r'Ken,.:c for Ll_.(:'mltl.a.,ly uns{:a}g,!es yste.n_ is greater for

large valuesofK_{, the woFst t.o]erance C(:mditi()n will occur when K i is in-

creased along with. ]{1%" (C)

The following combinations of gaLqs were tcst_'d:

Set A: All gains high°

Set B: All gains low except Kp, which rc".,nains l:igh, (C)

(_roup 4, Control S" _tem l) matures -- _, ._t. tolerances in_ltzded tp,. this group7 .... .__.9 "'-

are those which have a direct effe.et ort the phase ;_lignme_ut of the blender input

signals. This group includes all control system dynamics except the bending

filter, which is examined separ>tel.y° (C)

_ " _q< ,'q . The worst case (Se,. A) occursT._o toiorance combinations were mve_._.h,..tcd.

when combined attitude and a.cce!_rati_m- ,q.u[gtmls are furthest from alignment

with the rate gyro sigr._.als:

Set A:

(1) Forwacd rate ,;.:;vro :mtu.va[ f_'c<.tuenc';f hi_t! and damping

ratio low.

(2) Aft J';tte gyi'o n_._t lt'a] f::'c,q;Jenc), low a.n_d damping ratio

high.

(3} T ! and T Aiow.

(4) Acc_Qerornete;: l,_ttl .......ca_ /';-,,_ll_e_-,,,-v_.,.... ,, high and damping

r at io [ o w.

,...,

Set B: • ,............. c..ffl, m the selection'_POl_..l.'d]lCt'S (_tl_(.IS/[(: t{_ S_ 1: A '._'_:''(: ["ill?. _{.)"' "_ "'*"

<_-, (_ ')of . e, A ;-_.s the won't;! (:;_.,_:;,'. .-.

1 _- _''* TRI_.C,v.-



Group 5, Bending Filter -- Tim over-a].l notch width of the bending filter has

been designed to provide sufficient m:tenuation for second and higher Inodes if

the nominal filter frequency shifts J-]0 pei- cent. Over-all notch depth is suf-

critical than f.cequency sh._ The wo:'st case c-,c,,_u.r_...... when the ¢-_'_,:_'_',_ is

10 per' cent low since this causes increased phase la a at the rigid body and

slosh frequencies. Conversely the best conditi(m occurs when the frequency

is 10 per cent high. (C)

Set A: l_requency l0 per cent io_'.

Set B: Frequeor,:y i0 i)eF c,:,_thi,oh, (C)
• . _ <9

G-_oup 6, Blender Imbalan,::e -- The i,]u;;' :_.__,.d:_):iu:ts variation assumed for the

blender imbalance is obtai_ed fFOIT] t_!c f<;iiowi_ta sources:

1. Bandpass filter center fceque>cy rnisn-_atch.

2. Absolui;e value circuit gai.n mismatch°

3. Bandpass filter attenuai:ion mismatch, (C)

Table 4 lists the specific percent:age changes f,o_' the individu.t_,l items changed

in each group. (C)

Computer, Procedure for T<.,]era.,'_ce I{_ns

The analog computer toler;.mce ::d.udy u,_c{i combi___atio.,_.s of tt_e six groups and

the two sets within ench group. A ]is{ of t:he exact combin_.tions run is given

in Table 5, Twenty-seven runs were made foe each flight condition, for a

total of 135 runs, The following p_oc.edu_'e was used for each run:

. A step ,_ttitude. c.onunand was used to establish the blender

equilibrium position, ri_{id-body :._requ__ucy and damping,

and maximum engh__.e an_lc.'o (U)
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Table 4.

-69-

Parameter Tolerance Values DesignaIed

by Sets and Groups

Sei A Set B

Group High ami/(u" Low and/or
Worst Vniue _J.,.,st V.-ah, e

(p_,r cent) (per cent)
-----_- _-'/11:7"--'-7yT_='£_-'LF.---E------_'-_:FE.T._"-ZF'J:_.:tZ-'.-.%2_"T.-_T..-"_._'_-=----.;_Z"._--_- T._E--'.-2"-Z';F ....

:'o

,2 o

.........................

GrotqJ 1 - Rigid Body

Aerodynamic mon_ent coel't'icie,t, C 1

Control moment coeffi_-ient, C.

Group 2 - Bending and Stoah

All bonding frequenciea

All slosh freqummies

Bending mode slopes and defh_ctions:

YI RGA

Y i RG b"

Y
Ih

Y_ IIGA

Y :! RG F

Y
2A

Y !_RG A

5 _ R(', b'

Y3A

"QtRGA

"4R(,F

Y4A

Group 3 - Contro) _;i¢.nten_ Gain.q

Rate _ain, KIt

Attitnde gain ip

Acceleration gain, K A

Blonder tntegrxtoe gain. K i

Group 4 - Control System l_.'na_ics

Forward vat_, gyro frequency

Forward rate gyro damping ra[lo

Aft r_de gyro frequent.,

Af_ flute gyro damping ratio

Aceelerometer frequency

Aceelerometcr darDpill_{ ratio

Attitude lag T I

Acceleration lag T A

-10

_10

+20

-20

+30

+ 30

-30

•_ 30

+30

- 30

30

+30

t__-2...........
f
[ _ll)

I 4.10
"10

+10

_i7

-50

-17

+5(.'.

+t7

- 50

-10

-10

Group '3 - Bending Filter

Bending ITlte _ fr equer:tcy - 1 (I

Group 6 - }3]en(h,r lmba] unc.e _ 10

-20

+20

+I0

-_0

+20

-20

+20

+ a0

30

-30

4 30

+30

-30

-30

* 30

- 30

-i0

+I0

-I0

-10

-17

*50

a-17

-50

--17

+50

+10

41 o

--10
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Table 5. Tolerance Combinatiorls Used in Analog

Computer Tolerance Study

Analog l _ _
Computer i 2 | 3 ! 4

Run No. I | i

1

2

3

4

5

6

7

8

9

i0

ii

12

13

14

15

16

17

18

.t 9

20

2J

22

23

24

25

26

27

.A

A

B

B

B

A

.A

A

A

B

B

A

A

A

A

B

B

A

A

A

A

]3

B

B

A

A

....... i .............

5 6

A

A

A

A

A

A

A

B

B

B

B

B

P.,

B

B

B

B

B

B

A

A

A

A

A

A

.A

Nomincd Conditions

A A

B A

A A

A A

A B

B B

A B

A B

B B

A B

A A

B A

A A

A

A

A

B

B

B

I]

_]3

B

A

A

A

A

A

B

A

B

A

A

B

A

A

A

B

A

A

A

A

A

A

A

A

A

A

A

A

A

.A

B

B

' B

I°
B

B

B

B

B

B

B

B

A

A

A

B

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

B

A

A

't*See X_.b]e 4 for c<m{_ nts of gFC_l.tl)S _*ld sets,
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The blender was preset to at. unstable position so that it would

move approximately to its equilibrium position with no input

before the synthetic wiud shear profile input was introduced.

The maximum angle of attack dtle to this input was observed. (U)

The following parameters were tabulated for each run and are given in Table 6:

l. Maximum angle of attack for the synthetic wind shear input,

maximum.

. Maximum engine angle, _R
m aximum

3. Basic rigid-body frequency and damping for attitude commands.

4. Blender equilibrium position, K.

t Frequency and approximate damping ratio of slosh oscillations

(for the most lightly damped tolerance cases only). (U)

The results contained in Tables 6 through 10 can be summarized as follows:

Rigid-body response -- The rigid-body response was satisfactory.

The worst-case damping raLio was ¢ = 0. 142° This occurred for

Run 22, t = 79 seconds.

Angle of attack -- The maximum angle of attack at t = 79 seconds

for the wind shear profile reached but did not exceed the permissible

limit of 9.8 degrees, At other D_ight times the permissible limits

were not reached.

Engine angle _p_ -- The maximum engine angle reached was I.8

degrees, which occurred at t = 0 for several runs. This was much

less than the permissible limit of 5 degre(:_.s. (C)
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Table 6. Tolerance Study Results (t = 0 seconds)

Corn [lute. r'
Hun

Numbet

2 t.80

3 I. 53

4 :_ I 80

5t t 80

6 I. 65
<

7 I 50

8 I 80

9 l 7 6

10 I 50

1l I 3_;

i 2 ; 80

!3 1.50

!4 i. 8O

15 i 1.80

16 1.44

]7 1.78

18 I. (;2

19 1.40

20 ].. 50

2! I 02

22 1 33

23 1 60

24 f;0

25 60

26

27

......................... T .............................

|{_la:'<l,'_]Ult_, ' '( _1 ('1" I cJ'
• . }.t!iditI_" , l_C)c]\,

l)_,*{r','_es ]':,!uiJibYimn r: tiD. Y,';/:-;c,'o'_J. _'t_igi"'l Body

l'<,,- [Hon K ] ............ ........ __.-

i
{1. 97 0.240.43

0. ,t 3

0.43

0. ,l (; 5

0.45

0. 465

0.43

0.43

0..t 3

o. i 2

l). 42

U..t :e

0. 42

0. ,t2

0.42

0. ,i ! 5

0. ,t 0

O. ,i 2

0.42

(I. 43

0. ,12

0. ,12

0 a2

O. 425)

(L 43 i

*_.7

.09

• OU

.03

I). 75

O. 07

0. }{3

(}. 7 _i

O, !_7

o. 75

O. ,_7

I). 83

0.7 [%

0.83

0.88

0.70

,:). 78

0.87

0. _58

. 04

• 09

.0.i

o. 75

_), 87

-I 5 J

7(;

0.25

0. 325

0.31

0.29

0.22

0.25

0.26

0.23

0.34

0.36

O. 23

0.26

0.29

0.26

0.35

0.35

0.23

0.26

0.25

0.23

0.31

0.31

0.31

0.23

0.26

%

."t_la]Og cDil]ptli_'t' {l_c( iHc:]tl(h',t

[{uu 4 - lCit:ucc :]3

th.,_>_ 7 - lq_ur'(, 34

i'/.J.ghtl,< l)<lP, ipt:<i SIo-;h ', ):;:'il ia=l ,)h,<_

Ir rcqu,:h_ .'/ ! );i n)lliil R
( a, i _,_-;/'.-,', ,mcl) I;;_liO

7-. 4 0, _i39
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Table 7. Tolecance Study Results (t : 40 seconds)

................................ ] .......................... , .................................... . .....................

' _]aXln. i.r) _ " I _ ' I
Comput ":,' t_ . " " • , _.,..ta' . ,

ILLIrl [ ' , _ I ]',qkllllDl'ltil]l "" t " _ "_ " "

l

2 1. (] 1 l. 3 ] 0. 5 O. 65 O. 31

3 1.4 ll.5 ] 0.48 0.53 0.21

4 j 1.6 I!. h !, 0.48 0.75 0.41

5,_ l.fi i1.5 0..t7 0.7 0.4l

i]. 7 O. ,17 0.7 O. 48

I l.h 0.47 O. 6 0.24

i I. ,1 O. [) O. t;})

11. 4

11.5

11. 7

ll.n

II.b

1l. 5

I f. ',i

]l. fi

1.4

1. 3

1. l;

! .(;

I . 35

t. 25

].G

1. 't 2

1. fi

t. fi

1.4

1.42

I. 4-t

t.25

1.5

]. 6

1.3

1,4

l. 6

1.5

1.3

6

7 <:

8

9

10_

! U

12

:4

i5

l fi

17

18

19

20

2l

22

23

24

25

26

9'7

I

11.5

tl.5

II. %

]1.5

)].5

11.5

il. '/

I l! _'
°(*f

l ll.!)

l

*Analog COIllptlt{-ll' ll'ktC,' i_iC)!]<),'(]

Run 7 - !.'i_uve /,i_

Run 11 - l"itmvc 3,;

tL[gh!ly l)aml.,d _q(,_-;h ( Y;cilla!ions

],')'t,rlllOlH,,

I{ un _(_9 LLi_::}Y2{;[?! t_' '!)J)

4 2. _)

5 Z.l'

IO 2. (;

o. -I 7

O..1 F,

O. h I

O..I 8

O. '3

O. h l

0. t 9

O. 51

o. 5

0.45

0.5

O. 4 f)

O. 47

0. ,t({

0. I

().18

O. 5

O. _;g

0. t;5

O. (;:{

O. 7 _{

O, i;5

O. 7

O. {;

0.78

O. 83

0.58

0. 68

O. (;5

0.65

0.78

0.65

0.75

0.65

O. 65

0.36

O. 36

0.,24

0.405

0.41

0.21

O. 34

0.36

0.21

0.43

0.43

0.21

0.36

0.36

0.21

0.47

0.47

0.47

O. 29

0.32

I ;:_n,p)ng
t{al]o

O. 01 J

O. O 14

().027

1 300- TRI
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_r.,_.l_ R Tc_lpP;_nce Study Resutts (t = 79 seconds)

Computer
Run

Number

2

3

4_

5

6

7

a

9

I0

12 t

13

14

15

16

I?

18

19

: 20

21

22*

23
J

24

25

26

27

[ tz . [{l -- A] aNtnl ,n_, I }{ Ru_do r"
, I(,_

.laxHnum, ! !)egre,_'s [ Equilibrium
])egrees '_(wi nd fit!st i_put) ; t_osition, I<

1 6

I 4

l 5

1 53

1 5

1 3

1 6

] b

3

l 45

1 5

1 313

1 59

1 6[

1 38

1.55

i.45

1.3

!.55

1.5

1.3

1.'t

1.5

9.0

9.8

_J. 5

9.5

9.3

9.7

9.0

.5

9.5

'1.5

9. 75

9.0

9.0

U. 3

_. 5

9.4

9.7

8. 95

_L0

9. (;

9.5

_J

Rieid ......

radians]second

0.

0.

O,

O.

(). 3

0.5

0.53

0.

O, 18:;

0.5

O. I 7

(% 5

0. 5

0.53

0.5

0.53

0.5

0.4 ',

O. 5

O. 53

O. 5[

0. 525

!53 O. 87

5 O. 65

5 O. 87

5 O. 97

O, ,'_7

O. 6,':]

O. 83

0. :_3

O. 78

0. S 7

O. 92

0.75

0.33

0.83

0.75

0.87

O. 83

0.7

0.87

0.83

0. (;5

O. 97

9.5 0. 47 0. 92

1.3 '4 5 I).45 0.[)7

I. 3 0.75 (3. A3 O. 65

%.

Analog comi?t_+cr i __'a<:,' in " udcd

[{Ul] 3 - !rI_II!'_' 21"[

}{un I 2 - [:Iglll't? :]_{

Run 22 - ['ig_um, :_!1

?Light b" 19a_q_,:d Slosh ( ls_'i la i_ms

i"l _'q_l','Fl_ ,, ] )at l t) 11_

4 :'. i,! O. _}15

1 I _. 'H, 0. (ll){,

1'2 2. [1£} 0. (10|4

Rigid Body

0.25

0.16

0.46

0.38

0.35

0.2

0.21

0. t95

O. 195

O, 325

O. 3!

0.175

0. 195

0.235

0.145

0. 325

O. 325

O. 175

0.21

0. 275

0. 142

0.38

0.38

0.37

0.145

0.21
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Table 9. Tolerance Study Results (t = 120 seconds)

Com put e r
Run

Number

2

3

4

5

6

7

8

9

i 0

11t

12

13

149

15

16

17?

18

19

20

21

_2

23

24

25

26

27

H%q axim urn

Degrees

1.5

1.4

1.44

1.5

1.6

I. 1

1.4

1.G

1.35

1.78

!.7

1.35

1.58

1.43

1.2

1.4

1 39

I 22

1 4

1 4

1 2

1 39

1 t

1 4

1 32

1 5:5

gg

_rV!_Xlrt] I1_1

Degrc<>s

(wind gust Jnput)

Blender I

EquJ ]ibrium I tORigid Body

Position, K radians/second

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

3.0

2.8

2.9

3.0

2.8

2.7

2.,%

2.95

2.7

2.3

2.7

2.1;

2, ,95

2. 9

2. (;

0. 465

0.455

0.465

0.5

0.45

0.47

(_. 47

o. 411

o, 43

0.43

0.43

0. ,13

0.43

O. ,t 7

0. 455_

0. ,15b

O. 43

0.43

0.44

o. 47

0.4,q

0.445

0. ,t 7

0.5I

0.4 (;

0.4 7

l, 09

0.92

2.6

2. 6

2.2

0.83

0.97

1.04

0.97

0.65

0. (_5

O. 97

0.97

0.97

0. q7

0.87

0,87

0.92

0.97

I. 09

0.92

1.57

1.42

t.3t

0.97

1.0, _)

Pdgid Body

O. 34

0.34

0.415

0.38

0.4

O. 285

0.31

0.31

0. 335

0.54

0.5

0.31

0.36

0.36

0.34

0.45

0.475

0.34

O. 335

0.335

0.34

0.45

0.465

0.5

0.34

0.3(;

AIIS[O,_ Cot-nptlter t,_':tt ,! [ilt,Iti_.], ci

}{'lrl 7 - l'ig'ur,.' qO

Run 1l - Vham'e 4

Lightly I)am,_c,t Slosh ()scillal,o;ls

[" I'(' qthql t '.'_ ] ),'.l [! l[)[il,k_

Kun (_,-:.__9!:',2_!!!._::,_'_%) .....L!!i,:__

1 1 3. 'i O. 0I]2! _

14 3.5 O. 033

i 7 3.5 O. 029

-.- 1300-TR1



m:_hle !0. ToJ.eranco qh_d,, Results (t !53 _o,_r, na_)

Computer I i"_'
Run

Number

I .... r
i "M,'! xirn um t iHend_.r'

- ' klq!iii Ll*rlmr}
Dep;r'ues J l'c}_;iti,m, I;

0.8 " _L 4 l;!;

t 0.8 0.4 fi

j O. 8 O. 455

t 0.82 9. ,t (i 5

6 O. 8

7 O. il

8 {}. 0

9 0. 8

10 O. 7

11 (}. B

12 {}. 8

l 3 ( I 78

14 O, 8

15 I}. !}

18 {}. {,

17 0, 8

18 {}. H

19 {}. fi.l

20 (}. {;,1

21 0. 7!

'22 i {;

23 0. fit

24 0.78

25 _ 0, (il

26 (:. , t'

27 1 _1.8

O. 4 _;5

0. ,t (7:;

O. t35

O. 43

0. ,t 3

0. 1.I 5

0..i 65

O..1 f i :_

u. -t fl 5

0.4f;1i

•_. ,1 .t

0..t 5

O. t _35

0..t ,I

O. 4 _ 5

O. 4 fib

I). -I (;5

Q ,t (; 5

(I. -l{Hi

O. g 115

O. ,!(;5

0 [ {;5

c" }{]g{:i ili.,ix
I'a dian,< t;:<'<'c)!_c!

1. '74

! . ;;7

(1 ',_7

,% :_7

i t}4

{)._I[

}. 3]

i . {),i

It. r_7

1}. ) ii

!. _',i

I , 04

u. 87

q. 87

(J, !_2

O. 78

• '31

.57

(), :7

O. ft'2
............ k_ ........

... _ ........ • ......

Ana!og coiliput.l!i, |1-;£!{,c, ilic Itl,h ,l

th.in 1{/ - l,'_;;ur'+, 42
}{,m 22 -- i"iqul'{, 43

(
}{i,@ d Body

: - 2 _ 27Z'" _"qV;V-7_-Z77-_.7.T--'7_

I . 0! I O. 32

t}. F,7 O. de;

O. 335

0.32

{}. 31

(}, 2 {;

0. 275

0. 295

O. 295

0.36

(}. 3 {;

0.3I

0.31

O. 325

0.31

O. 415

O. 405

O, 255

O. 305

0. 305

O. 2 (i

O. 3 _{

{i.38

O. 38

0.28

O. 32

1 300-TR1
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S].osh oscillations .-- Slosh osei!lat[,.,n.{_ b(,,za_:ne ldghl£y underdamped

for t-tight times 40, 7!-), and 120 seconds, it was necessary to in-

crease the nominM slosh damping ratio to 0. 06 for system stability

at several tolerm_ce combirmtions. VVTmn the damping was inc.veased,

the worst case occurred for Run 12, t = 79 seconds, with a closed-

loop slosh damping ratio of approximately 0. 0014. The magnitude

of vehicle attitude oscillations due to slosh for this ease did not

exceed ±0. 175 degree. The tolerance combination causing worst-

ease slosh osciilations included low bending filter frequency, high

control and feedback gains, low slosh frequencies, and high bending

frequencies. Reference to Figure 13 shows that slosh phase margin

is small for these tolerance combinations. (C)

Analog computer traces of eleven tolet-ance runs are given in Figures 35

through 45. These trace._ we._'_:_ selected to show worst cases of the tolerance

parameters, or any combination which caused poorest relative stabi].ity. (C)

In addition to the tolermlce results already mentioned, the computer traces show

that lightly damped first bending mode oscillations occur for the same tolerance

combinations which cause slosh oscillations. These first mode oscillations are

present at t = 153 seconds also, when slosh oscillations have disappeared.

These first-mode oscillations result in a worst-ease vehicle displacement of less

than +0.07 meter at the first-mode frequency° (C)

Frequency response plots: of the system for four worst-ease tolerapce combi::_a-

dons are shown in }_igurcs -'t6 t:hrough 4.9. rd_,in and phase margins taken f:'cm

these plots a_'e given i:-t ']?able 11. (C)

q"n-TR'i ;,UU



t

Flight
Time
(see)

40

79

79

120

- 73.-

Table 11. Gai> and Phase Mar'gins for Four
Tolerance Combinations

Analog
Computer

Run No.

11

12

22

1]

Gain

Margin
(d b )

3

2. 3

9

1. 4

Slosh

Phase

Margin
(deg)

First Bending Mode

Gain

Margin
(db)

10

40

30

28

0.5

3.5

12

0.4

1
I
J

Phase I
Margin 1

(deg) 1

;)
J

40 I

.I10

(c)

T_-e gain and phase margins for |,hese worst-case combinations show that the

system became marginally stab1, f_)r" tolet.'ance Runs 11 at t = 40 and 120

seconds. (C)

The tolerance study showed that the system is particularly sensitive to toler-

ances at the first bending mode and slosh frequencies. For the particular

bending filter chosen, the second and higher bending modes have been heavily

attenuated with some resu]ting rc, duction of stability margins at the first mode

frequencies. The use of a more realistic first bending mode damping ratio

than the assumed value of O. 005 would have improved the stability with toler-

ances as was discussed previously. (C)

' ')l'),-(( -Tgi



Fi_*ure 35.
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VEHICLE AND SYSTEM TOLERANCES:

TOLERANCE GROUP I - SET B
TOLERANCE GROUP 2 - SET A

TOLERANCE GROUP 3 - SET A
TOLERANCE GROJJP 4 - SET A

TOLERANCE GROUP 5 - SET A
TOLERANCE GROUP 6 - SET A

BLENDER BREADBOARD 20.0"

INTEGRATOR OUTPU'[

(VOLTS)
10.0

(16 _l_ ¢llX_,e_ts a
bl_Jer po_ltiofl K of

JiiDpl'oxI mil_.l y 1.0)

VW

WIt;D GUST INPt_T

(METER S/SEC)

BO.O

vl

a lo.o1!i
VEHICLE

ANGLE OF ATTACK ti I

(DEGREES) 0

_R

ENGINE
DEFLECTION ANGLE

(DECREES)

5,0

'411
PITCH RATE

HJEG/SEC) O

CG

PITCH ATTIIUDE

(DEGREES)

2._

ACCELERATION

_ORK_ _L TO VEHiCt I ;_i

(M; TERS/SEC 2 ) _i_

ZCG

ACCEL ERAIION AL ONG
REFI_RENCE AXIS

(ME TERS/SEC 2)

KA : O DEC,/SEC/VVSEC ;_

K? = 0.99 DEG/$EC/DEG

T1 = 0.18 SEC

_A = 130 SEC

-_1 _--2 SECONDS

,,. iilii

r!_!!iqfi

! !a .i i),,

,l : [J_it ,),1 , 1

!'.,J E

...... ,. t, ,t d:r_

t:,i,i ;r

i',i, =Ti_; _'i_(,1'

!!! '

_ENDING _ _ O.GOS

_ENDING FILTER = B

XA = 64

XRG F = 8%7_ m

XRC A = 5.0

An;_l.og Compute)" Rt)r_ 4 (t : 0 seco_tt._;) - Step A!titude ComL_and

1300-TRt
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_r.J"

BLENDER BREADBOARD
INTEGRATOR OUTPUT

(VOLTS)

IlO volts repre_e.ts a

ble.der pos)tion K of
_p'mcima_ely 1.O)

VW
WIND GUST INPUT

(METER S/SEC)

80-

VEHICLE ANTi SVSI E_A TOLERPN(;ES:

10LERANCE GROUP I SET A

TOLERANCE (,ROiJP 2 SET A
TOLERANCE GROUP 3 SET

TOt ERANCE GROUP 4 SET B
TOLERANCE GROUP 5 SET A
TOLERANCE GROUP 6 SET A

10.0"

0 ~

K R = 03;' L;,_]_./D(!C,/_EC

KA += 0 bE('/'_.t''_,,,._"_c42

Kp :- (}.99 DEG/C, EC'DEG

T 1 = 0.22 $E(.;

T A = 2.20 SEC

S!.OSH :. 0.60

6ENDING _ • 0.005

BENDING FILTER =

X A _ 64 m

XRG F = 85.3 m

XRG A = 5.0 m

VEHICLE
ANGLE OF ATTACK

(DEGREES)

DR

ENGINE
DEFLECTION ANGLE

(DEGREES)

_CG 1.0-

PITCH RATE

(DEG/$EC) 0 _

4' CG 2.0-

PITCH ATTITUDE I

(DEGREES) O"

"FR 2,0-

ACCE" ERATION

NORMAL TO VEHICLE

(METERS/SE C2) O-

Fig_,_re

ZCG 2,0-

ACCELERATION ALONG
REFERENCE AXIS

(METERS/SEC 2) O-

3G. Ana.Iog Cornputer i_un 7 (t : 0 st+con,J.q) - St(::[:) Art iiude C omm and

t300-TR1
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"+.,.

.+.+

BLENDER BREADBOARD
IN1EGRATOR OUTPUT

_VOLTS)

(16 volts repfesen_ •
blender position K o/

apl_,o_Im,M.el y 1.0)

VW

WIND GUST INPUT

(METERS/SEC)

t'e

/EMICLE
A_'_,';L E 01F. ATTACK

BR
ENGINE

DEFLECTION ANGLE

(DEGREES)

@'CG

PITCH RATE

(OEG/SEC)

4, CG

FITCH ATTITUDE

(DEGREES)

%
ACCELERATION

_OR!wIAL TO VEHICLE

(UETERS]SEC 2)

ZCG

ACCELERATIONALONG

REPERENCEAXIS

(METERS/SEC 2)

VEHICLE AND SYSTEM TOLERANCES:

TOLERANCE GROUP I - SER A
TOLERANCE GROUP 2 - SEI

TOLERANCE GROUP 3 - SEt B
TOLERANCE GROUP 4- SEFB
TOLERANCE GROUP 5- SEI A

TOLERANCE GROUP 6 - SEF A

M':h_tl

;! I;-h

,uI

I(,_* 0.77_ OE%'DEG/SZC

K A + 0.045 _[_ 5ZC/_,_S£C 2

Kp _ O.9gO [IEC/SEC'(]EG

T 1 _ 0.220 _;_u

TA =: 2.2_0 SEE

BENDING _ + 0.005

BENIIINC FILYER - B

X A = b4 m

XRG F = _5,3 m

XRG A = 5.0 m

Figure 37. Analog Computer Run 7 (t = 40 seconds) - Step Attitude Command,

Synthetic Win(] Shear l_H)ut
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BLENDER BREADBOARD
IN TEG_ATOR OUTPUT

NOI.T$)

TI_ volts r_l_l_mts a
_We_._' pe_iUem K 'rA

apC,'_imately l.O)

VW

WIND GUST INPUT

( METER .'._SEC)

VEHICLE
ANGLE OF ATTACK

(DEGREES)

BR

ENGINE
DEFLECTIGR ANGLE

(DEGREES)

#' CG

PITCH RATE

(DEG/$EC)

'P'CG

FETCH ATTITUDE

IDEGRUS)

ACCELERATION
NOK_AL TO VEHICLE

¢METE'RS/$ECZJ

ZCG

ACCELERATION ALONG

REFERENCE AX_S

(METERS/SIEC')

VEHICLE AND SYSTEM _OLERANCES:

TOLERANCE GROUP L - SET B
TOLERANCE GROUP 2 - SET B

TOLERANCE GROUP 3 - SET A
TOLERANCE GROUP 4 - SET 5

TOLERANCE GROUP 5- SET A
TOLERANCE GROUP 6 - SET A

82-

I_,.= 0.880 DECv_DECv_SEC SLOSH ; _ O.ObO

KA - 0.q55 OEG/SEC/M/SEC 2 BENDING _ = 0.005
BENDING FILTER = B

Kp = 0,990 DEG/SEC/DEG
XA = 64 m

T I = 0+220 SEC XRG F = 85.} m

TA = 2.200 SEC
XRG A = 5+0 m

NDS

Figure 38. Analog Computer Run 11 (t = 40 seconds) - Step Attitude Command,
Synthetic Wind Sh(_ar I_q)ut
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VW
WIND GUST INPUT

(METER$/SEC)

KR _ /? UI :, L! ,; _ C SLUSH : : 0.060

VE!!ICI. E _NO SYSTEM TOLE!_ANC_'5: h_ • IT)£_,:)5 !)[G/ti._ ,V, SEC 2 BENDING :' ' 0,005

IOLER_NCE _ROt)P 1 . 57 ¸' _ [tENOING FILTER _ B

TOLFRANCE C,ROUP 2 - !_[ I A Fr, O..)"_0 i_(" ,'_ _ _. I)EG XA _ 64 m
TOLEt;'AflCE [iROUP _ .- ",( " B
TOLERANCE GROUP 4 _ SEt a_ "F! 0 _BO _:,)C

TOLERANCE GROUP 5 - Sf:! _ " XRG F : 85._ m

TOLERANCE GROUP 6 - SEr A T A i.L_t)_ _[C
;WRG A _ 5,0 m

!

!

ENCJNE
DEFLECTION ANGLE

(DEGREES)

4' CG

PITCH RATE

(DEG/SEC)

¢CO

PITCH ATTITUDE

(DEGREES)

ACCELERATION
NORMAL TO VEHICLE

_ETER_YSEC 2)

Figure 39.

t

Analo_ Computer I{ull :_ (t = 7!)::_("('Ol!da) - Step Attitude Command,

SynthLtzc Wind Shear JnI_
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K$i _ i:}!:, % ,'JL;I-S SIC SLOSH r ,:0.060

BENiJ_NG F!LTER - B
TOt.ER,_,NCE GROUP -, '.'i I F_ _ , 0 ;'m? ; j_ '4 u/,FG
TOLER'_NCE GROH_ a '- '[ ,_ B

TOLERANCE GROiJp _- 5._ I A 'r, 9 !IkO C X A = 64 m

T,.O.LE_/"_'CE GROU_' '! - 5_:'! A Xoc ; _ B.5.) m

TOLERANCE GROUP "_ - !;( _ A l;, 1.gO0 :L[_ ....

TOLERANCE GROUP 4 - !_E:{ A XRG A = _.0 m

BLENDER BREADBOARD
INTEGRATOR OUTPUT

(VOLTS]

(16 volts r_. esents a
blende position K of

appro_;m¢Lely 1.0I

VW
WIND OUST INPUT

IMETER S/SEC)

VEHICLE
ANGLE OF ATTACK

(DEGREES)

BR

ENGINE
DE/: LECTION ANGLE

(DEGREES)

4, CG

PITCH RATE

(DEG/SEC)

@ CG

PITCH ATTITUDE

(DEGREES)

ACCELERATION
NORMAL TO VEHICLE

(METERS/SEC 2}

ZCG

ACCELERATION ALONG
REFERENCE AXIS

(METER,%/SEC2)

10.0 _

80,D-

O"

I0.(

Fi}_[ure 40. Anctlog Computer Htm _2 (t = 7U :v('_,.::_i,,::} -- .<:rcp
Synthetic Wind S}t_,-::_r' .[iq)t!t

._\ i t i t ud _., C omm and,
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BLENDER BREADBOARD
INTF.GRATQR QUTPUT

(VOLTS)

(16 vMtl represeqtl a
bleNw L_oSlU_:m K of

mwr_lm,ttmty 1.0)

VW
WlNO GUST INPUT

(METERS/SEC)

VEIIICLE AND _Y_[EA_ T9_ FR Ifl;_3

TOLERANCE GROU9 I _£_ _.

TOLERAN(;E GROUP 2 - ":;E' r
TOI.ERANCE GROUP 3 - SE; B
TOLERANCE GROUP 4. '_FT [5

TOLERAtdCE GROUP 5 - sl- III
TOLERANCE GROUP 6 - SET A

kW (i.77: I li{ I;'hFU;I'_EC

K_ O.(i,lb E'! I ,'_r 6/!Ll S!'C 2

Ki, _ 0 '_"IO L)[ t,'SEC/OEG

T l " 0.?20 [_L_;

i A :: _.TUD h?C

SLOSH I; = 0.060

BENI)ING _" = 0,00_

BENDING FILTER - B

X A - 64m

XRG F _"S.5.3 ,_

XRG A " 5.0 m

(1

VEt4ICLE
ANG(.E OF ATTACK

10,0"

0.--

tiR

ENGINE
DEFLE(;TION ANGLE

(OEGREESI

IICG

PITCH RATE

(DECI/SEC)

tl CG

PITCH ATTITUOE

(DEGREES)

ACCELERATION
NORMAL TO VEHICLE

(METERS/SEC 2)

_CC

ACCELERATION ALONG

REFERENCE AX_$

(METERS/$EC')

Figure 41. Analog Computer I{un LI;} (1

Synthetic Wind _ica_ _'i<...._....
- _<,',Iep At.tilude Command,

t 300 -ITRi



VEHICLE AND SYSTE_ T!]L._(_CES:

TOLERANCE GROUP I - SE]'_
TOLERANCE GROUP 2- SET A

TOLERANCE GROUP 3 - SET
TOLERANCE GROUP 4- SET

TOLERANCE G_QUP 5- SE] m
TOLERANCE GROUP 6- SET A

KR = 0.7Z0 DEG'fI_G-'SEC

KA = O,OiB DEI_SEC/&_SEC _

Kp , b,99o DE_'SEC/DEG

II = 0,220 SEC

TA - 2.200 SEC

$10SH _' = 0.060

BENDING _ = 0.005

BENDING FILTER _ B

XA -(,4m

XRG F = 85.3 m

XRG A - 5.0 m

BLENDER BREADBOARD
INTEGRATOR OUTPUT

(VOLTS)

r16 v_ repnlsents •
blloda' position K

•_=Ima_.ely LO)

VW
WIND GUST INPUT

(METERS/SEC)

VEHICLE

ANGLE OF ATTACK

(DEGREE_

BR
ENGINE

DEFLECTION ANGLE

(DEGREES)

'_ CG

PITCH RATE

(DEG/SEC)

¢' CG

PITCH ATTITUDE

(DEGREES)

ACCELERATION

"¢ORMAL TO VEHICLE

(METERS/SEC 2)

i;CG

ACCELERATION ALONG
REFERENCE AXIS

(METERS/SEC 2)

20.0-

10.0-

80.0-

O-

i!;i

, :_, _,

I;i!i ;*i,_!_ !_i

SECONOSI

Figure 42. Analog Computer Run 7 (t = i20 s(;eon(:].,_) - Step Attitude Command,
Synthetic Wind Shear Input
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VEHICLE AND SYSTEM TOLERANCES:

TOLERANCE CROUP Z - SEIB

TOLERANCE CROUP 2 - SET B
TOLERANCE CROUP 3 - SET A

TOLERANCE GROUP 4 - SET B
TOLERANCE GROUP 5-- SET A

TOLERANCE GROUP b - SET A

BLENDER BREADBOARD
INTEGRATOR OUTPUT

(VOLTS)

(16 volt_ _e_resentS a

blender po_itilm K of
app,'oximat.ly i.O)

VW

W_ND GUST INPUT

(METER S/SEC)

VEHICLE

ANGLE OF ATTACK

(DEGREES)

BR

ENGINE
DEFLECTION ANGLE

(DEGREES)

CG

PITCH RATE

(DEG/SEC)

¢ CG

PITCH ATTITUDE

(DEGREES)

:R
ACCELERATION

NORMAL TO VE).IICL'E

{METER 5/SEC 2)

zcG

ACCELERATION ALONG

REFERENCE AX_S
(METERS/SEC =)

K!R = 0.880 OEC,/DEG/SEC

KA = O.022[)Fg/_Er:/M/S$C ?

Kp = 0.9V0 OE_SEC/DEG

T1 _ 0,220 SEC

TA _: 2.200 SEC

SLOSH { =: 0.060

BENDINS _ _; 0.00.5

BENDING FILTER = B

XA = 64m

XRC F _ BS._ m

XRG A - 5.0 m

Figure 43. Analog Computer Run 11. (t = 120 seco_.ds) - Step Attitude Command
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VEHICLE AND SYSTEM TOLERANCES:

TOLERANCE GROUP I- SET B

TOLERANCE &ROUP 2 - SET B
OLERANCE GROUP 3- SET A

TOLERANCE GROUP 4 - SET B

TOLERANCE GROUP 5- SET B
TOLERANCE GROUP 6 - SET A

KR = 0,88 [_E(JOEGISEC

KA = 0 I)EG/SEC/M/%EC 2

Kp = 0.99 D_GISECIDEG

T 1 = 0,22 SEC

TA = 2 _0 SEC

BLENDER BREADBOARD
INTEGRATOR OUTPUT

(VOLTS)

(ib volts represents
blender posiUon K of

approximately 1.O)

VW

WIND GUST _NPUT

(METER S/SEC)

VEHICLE
ANGLE OF ATTACK

(DEGREES)

BR

ENGINE

DEFLECTION ANGLE

(OEGREES)

_CG

PITCH RATE

(DEC/SEC)

_CG

PITCH ATTITUDE

(OEGREES)

ACCELERATION

NORMAL TO VEHICLE

(METER S/SEC 2)

_CG

ACCELERATION ALON_
RE_'ERENCE AXIS

(METERS/SEC 2 )

SLOSH r = 0.060

BENDING r _ 0.005

BENDING FILTER = B

XA =b4m

XRG F = 85.3 m

XRG A = 5.0 m

. O.': : ' ......... '! !T-'5-/!.:.!.-:!:

Figurc 44. Analog Compu_er Run 18 (t = !.¢%:{se,.:_,:_ds) Step Attitude Con:mand
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VEHICLE A[_I) SYSTEM TOLERANCES:

TOLERANCE GROUP I - SET A
TOLERANCE GROUP 2 - SE r A

TOLERANCE GROUP 3 - SET B
TOLERANCE GROUP 4 - SET B

TOLERANCE GROUP 5 - SET B
TOLERANCE GROUP 6- SET A

BLENDER BREADBOARD
)N'fEGRATOR OUl PUT

(VOLTS)

06 volts represents a

blender position K oF

a_oxlm_teLy i .0)

VW

WIND GUST INPL_T

(METERS/SEC)

(2

VEHICLE
ANGLE OF ATTACK

(DEGREES)

ENGINE

DEFLECTION ANGLE

(DEGREES)

_' CG

PITCH RATE

(DEG/SEC)

¢CG

PITCH ATTITUDE

(DEGREES)

eR
ACCELERATION

NORMAL TO VEHICLE

(METER S/SEC2)

ZCG 2.0-

ACCELERATION ALONG
REFERENCE AXIS

(METERS/SEC 2) 0"_

,._,,

ICigur_ 45. Analog Computer l:{un 2'2 (t = 153 _;('(::on_!s) - Step Attitude Command
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ANALOG ADAPTABILITY STUDIES

Any system which adapts itself to changes in a given parameter gives rise to

the question'. What is the largest parameter change for which the system con-

tinues to operate satisfactorily? To answer this question, analog computer

studies were made in which the first bending mode slope and displacement were

varied, and the resulting effect upon blender equilibrium position and critical

gain was noted. (U)

The advantage of a gain-stable first bending mode over a phase-stable first

mode has been discussed. By the definition of gain stability, the first mode

zero has to be so close to the bending pole that first mode stability is inde-

pe,_dent of phase around the bending pole. This insensitivity to phase angle

implies that the bending zeros can have any angular relationship to the poles

as long as they stay witilin a certain radial distance of the poles. Therefore,

since the only possible effect of changing first mode bending characteristics

_,s to relocate the bending zero within the radius, it can be concluded that

changes in the first mode bending characteristics do not affect the stability of

a gain-stabilized bler_der system. {C)

This insensitivity to changing first mode characteristics is not shared by the

phase-stabilized system developed in this study, and it was necessary to

establish the adaptability of the phase-stabilized blender system when subjected

to variations in the first bending mode pickup. The nine specific combinations

of first mode characteristics tested are given in Table 12 together with the cor-

responding ana_.og computeJ:' run number. (C)

The set of nine runs tabulat_d in Table 12 was made twice for the 79-second

f_i#_ht condition. One set was made for nominal values of all parameters except

those first mode paramete_'s listed in the table. Another set of runs was made

for parameter vaiue,s equal to tolerance computer run 12 {see Table 5) except

fo:t the first mode pa.rametcrs. This second set was included because tolerance

_-u_:. 12 {low be_:ding fi}ter frequency, low slosh frequencies, high bending
(c)

i :
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frequencies, high control moment coefficient, low aerodynamic moment co-

efficient, high control gains} presented probably the most marginally stable

system at the slosh and first mode frequencies. (C)

Table 12. First Mode Tolerance Combinations Used in

Analog Computer Adaptability Tests

Computer
Run No.

First Mode Slo

Fwd Rate Aft Rate

)e

Position

First Mode 1

Displacement I

Accelerometer I

1

2

3

4

5

6

7

8

9

Gyro

Nominal

Nominal

Nominal

Gyro

Nominal

NominM

Nominal

Sensor

Nominal

Nominal

Nora inal

50%

400%

400%

Nominal

Nominal

50%

50%

400%

Nomin_

400%

50%

Nominal

50%

4o0%

400%

Nominal

Nominal

50%

Nominal

15o%

0

50%

400%

Nominal

Nominal

Nominal

5"O%

(c)

The results of the analog computer adaptability tests are given in Tables 13

and 14. Each adaptability tolerance test was made for three blender positions:

K = 0.4 and 0.6 with the blender locked, and one run with the blender free to

seek its equilibrium position. The critical value of gain at which the system

became unstable was recorded for each blender position. Three blender posi-

tions were used because of the strong dependence of critical gain upon blender

position (see Figure 16}. The system was assumed to have failed the adapta-

bility test if the value of KRcri t is less than the nominal value (K R = 0.8}. (C)

The two widely separ'ated fixed blender position cases were included in each

run to illustrate the difficulty in selecting one fixed position that will be adequate

under all tolerance conditions and thus indicate the need for an adaptively changed

blender position. (C)
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Table 13. Results of Adaptability Studies, First Mode Variations
wit}] Other Parameters Nominal

A deptability

Fixed Blender

..L

Fixed Blender
K = 0.400 K = 0.6

Wc tit K Rc r it tocrit

(rad/sec) (rad/sec)
, . ,, _ , _:_-- , ,[ .,..: ; : -

3.1

3.1

3.3

3.4

2.9

2.9

6.4

3.1

6.3

i
l
i

!

3.1

3,1

3.3

3.,t

3.0

2.9

3.2

3.3

3.3

K Re tit

l. 39

1. 36

1.41

1.73

1.15

1,03

1.38

1.38

1.73

L .,

Free Blender

Run No.
K Re tit

I i. 39

2 l. 45

3 1,31

4 1.74

5 0.86

6 0. 555*

7 0.07 _!_

8 1.31

9 0. 294*

1. ll

1.11

1.09

1.55

0. '18':,

0. '106",:

1. q8

].]l

I. (i4

I

_erit

{rad/sec}
, ,, ....

3.1

3.1

3.3

3.4

2.1

o 9

3.1

3.3

3.3

Blender

Equilibrium
Position

K

0. 40

0.44

0.34

0.43

0.36

0.17

0.63

0.36

0. 525

Fa_ed

Table 14. Results of Adaptability Studies, First Mode Variations with All
Other Parameters Set to Tolerance Combination No. 12

Adaptability
Run No.

Fixed Bleuder

K=0.4

1

2

3

4

5

6

7

8

9

K Rc tit

0. 43* i 6.9
[

O. 26* 6.8

1.I6 l 2.80. GO:' 6.8

0. 14;" 6.9

0. 68:' 2.9

0; 08" 6.7

1.68 3.3

0.25 _' 6.9

Vixed Blender

b)c tit

(rad/sec)

K Rc tit

l 1.131.10

! __.16

1.21

0. 37'_

i

E =0.6

Ro tit _c tit

(rad/sec)

} 0.53*
t
I

} 1.17

i 1.13

I 1.24

Free Blender

to
c rit

(rad/sec)

,,,:,,,.,,

1.04 2.7

1. 07 2.8

l. 01 2.8

1. !)8 3. 7

O. (;7:: 2.6

0, {;5* 2. 9

O, l 9 :' 6.9

J.0] 2. ,9

1, 19 2. 9

2.8

2,8

2,8

2.8

8.8

6.9

3.1

6.9

2.9

Blender

Equilibrium

Position

K

0.48

0.54

0.33

0.49

0.44

0. 185

0.665

0.37

0.555

? Failed
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The results obtained in Table 13 (nominal parameters) present a strong case

for adaptive action in that three failures occurred with the blender fixed at

K = 0.40 and two with the blender fixed at K = 0.6, while the adaptively

changed blender position was never unstable. (C)

The results presented in Table 14 {worst case parameter tolerances) are not

as overwhelming since the adaptive blender failed twice. However, this was

still fewer failures than obtained with the fixed position of K = 0.6 and a large

improvement over the seven failures obtained with the fixed position of K = 0.40.

Table 13 shows that the blender equilibrium condition varied from K = 0. 17 to

0.64 for variations in first mode parameters up to 400 per cent. Although only

two fixed blender positions were used, the wide range of free blender positions

indicates that no fixed blender position would have been adequate for stability

with first mode variations of this magnitude. {C)

.,.
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SECTION VII

SAMPl ,M-HOLD _T1 _ER ANALYSIS AND
B READBOARD EVALUATION

ANALYSIS

k_

[

Analysis of the sample-hold filter, which was conceived and breadboarded by

MSFC, was an important phase of this study contract. Valid analysis tech-

niques for use with this filter were not available and therefore had to be de-

veloped. Upon deriving these analytical methods, it was found that the filter

caused low-frequency phase shifts very similar to those obtained with linear

second-order filters without appreciably increasing the high-frequency at-

tenuations. Therefore, since the sample-hold filter offered no substantial

advantage over simple linear filters, it was not used in conjunction with the

gyro blender as originally planned.

The sample-hold filter concept has other possible uses, however. The filter

may be mechanized rather easily, although a considerable amount of work

on the design of the internal circuitry would be needed. The analytical

methods developed during the study have been shown to be valid and may be

used in further work.

Concept of the Sample-Hold Filter

The sample-hold filter was originally intended to be a sharp-cutoff low-pass

filter. The basic approach was Lo sample a signal consisting of low and high

frequencies in such a way that the output consisted of only the low frequencies.
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k.hus, the input is of the form

= f, (t) + f2 (t)ein _,

in which fl (t) is said to consist of low frequencies and f2 (t) to consist of

high frequencies° The instant of time (t s) at which

(6)

f2 (ts) = 0 (7)

{

is defined as th.e sampling instant. The fi]ter output at this instant is equal

to the filter input, and at any time which is not a sampling instant the filter

output is equal to the input at th,_, preceding sampling instant. At t s then,

ein(ts) = fl(ts) + f2(ts) (8)

(9)

because f2 (ts) is by definition zero.

..Also at the sampling insta_lt,

e o(t s) = e. (t s)_" 1!1 _.
(10)

(11)

ar, d between sampling, inst:.mts the outptlt is constant at the value of the input

at the precediug samplip..g instac, t. The output is thus a stepwise approxima-

tion of the low frequ(mcy eompcment of the input. An exaggerated drawing of

the input and output vo!tag_;s of this filter concept is shown in Figure 50.
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Figure 50. Sample-Hold Filter, Simplified
Input -Outp ut Relations hip

Block Diagram and Theory of Operation

A block diagram of the filter circuitry is given in Figure 51. The basic

operation is as follows:

When the high pass output goes through zero, the comparator

output changes state.

When the comparator output changes from positive to negative,

the ou_.put of one-shot "A" becomes negative and stays negative

for 0.5 second or until the comparator output becomes positive,

whichever is sooner. When the eomparator output changes from

negative to positive, the output of one-shot "B" becomes negative

and stays negative for 0.5 second or until the comparator output

becomes negative, whichever is sooner.
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i

0

INPUT

6.6K 6 8K
.... _..,%,%,_--- ......... _....,____.__.__..,Vk,,V_-- -

!

ELECTRONIC _S

SWITCH

DRIVE

ONE-SHOT

A

ONE-SHOT

B

]

i 500/_/_ F

W_TCH II t

OUTPUT

.... t ,. ,----.o

INHIBIT i -r

_J_

Figure 51. Sample-Ilold Filter Block Diagram

The 0.5-second period mentioned here is arbitrary corres-

ponding to one h_f-cycle at the inhibit frequency (in this case

i cps). ]By adjusting this arbitrary time period, the inhibit

frequency may be adjusted at will.

The inhibit frequency is defined as that frequency of operation

above which the filter will be in the sampling mode and below

which the filter will be in the non-sampling mode.

0 At frequencies above 1 cps, the one-shots are always turned

off by the comparator, rather than by the built-in 0.5-second

limit. This means that at all times there is a negative output

from one one-shot or the other, and during switching periods
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both have negative outputs. .At frequencies below 1 cps, the one-

shots are aJways turned off b.y tile bui]t_in 0. 5-second limit,

ratb.e._ than by the comparator. This means that once each h_f-

cycle both compacator outputs are zero and that at no time ave

they both negative.

The inhibit circuit is set up so that when both one-shots are

negative the switch wiiJ be put into the sampling mode if it is

not already there° Conversely, when both one-shots are zero

the electronic switch will be put into the non-sampling mode if

it is not already there. Thus, when the input frequency is above

1 cps the filter is constantly in the sampling mode and when the

input frequency is below 1 cps the filter is constantly in the non-

samp].ing mode. Also, when there is a mixed frequency input,

the filter will stay in the sampling mode as long as the input goes

through zero at least every half-second. If two zero crossings

are more than a half-second apart, the filter drops into the non-

sampling mode and stays there until two zero crossings occur

within a haJ.f-second period. It should be noted here that the half-

second periods apply only to a l-cps inhibit frequency, and that

by adjusting this period, the inhibit frequency can be changed.

i

Analysis of the Sample-Hold Filter'

A frequency response of the sample-hold filter cam be determined by _- " ;,-"-'

sing!e-frequency sine wave inpu_:s and computing the resulting phase and am_ii-

_:de of the fundameeta! com.pom-nt of the square-wave output. This analysis

should be of value for studying ._Ccstem stability with the sample-hold filter.

Consider the filter shown m Figuce 52. The filter switching logic closes the

s;_J.mple switch whenever' the higlt-pass output H sin (_t + @h) passes through

zero. Ass_J..nli, rlg that the :_axnpU.r:_g duration is very short compared to the

p,:,riod of the _nDut f_.'equeJ_c¥ c:_, and that the hold circuit has zeroo response
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time, the output fundan-_ental B sin (_0t + [_o) will either be in phase or 180

degrees out of phase with the m_,n-pass output H sin (cot + @h). The presence

of the inhibitor circuiL in the actual sample-hold filter which prevents sampling

for frequencies less than about 1 cps and for small input amplitude will be

ignored for the initial portion of this analysis.

INPUT: t HOLDA sin _f CIRCUIT

--I HIGH-PASS tFILTER

SAMPLE

SWITCH

I
i
I

I
, [ ,.

SWITCHING 1
LOGIC I

J

HIGH PASS OUTPUT:

H sin (oJt+O h)

V OUTPUT:

Bsin (=t+0 O)

Figure 52. Sample-Hold Filter with Sine-Wave Input

The relationship between the phase angles @o and @h is evident from examina-

tion of the wave forms shown in Figure 53.

/

INPUT
A sin _t

HIGH-PASS / ./ \
OUTPUT

Hsin (_t+Sh) /
/

SAMPLE- HOLD _ I
OUTPUT I

I

Figure 53. S,%mple-Hold Filter Phase Relationships
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As defined by this figure,

Oo : _h

where 0 < 0h< + _t

0o= @h

and

where 0 > 0h -

The fact that @o is indeterminant at Oh : 0 and @h : 17 is of little con-

sequence since the amplitude of the output sign_ (B) is zero for these con-

ditions. With the above phase relationships, the sample-hold filter phase

shift can be computed from the high-pass filter phase charaeteristies at a

given input frequency.

The amplitude of the square-wave output will equal the value of the input at

the sampling instant° The sampling instant (ts) occurs when the high-pass

output is zero, or

_)ts + @h : n

(12)

(13)

(14)

where n is any integer or zero.

= A]sin '._t s I
(15)

where B is the amplitude of the square wave output.
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_'_{_'_ E ua_ion_ (14) and (15)

: A !si,- I (n_ - _h)} = A }sin ehI (16)

From Equations (6) and (7), an alternate expression may be derived:

: A Isineoq (17)

The amplitude of the fundament_ component (B) of the output square wave

is found by Fcurier analysis to be:

4B
B - (18)

Hence, the amplitude response of the sample-hold filter from Equations

(16), (17), and (18)is:

_ 4 Isin ehlA
(19)

(20)

It is evident from the above analysis that the gain and phase of the sample-

hold filter are completely determined by the phase of the high-pass filter.

Hence this phase characteristic is a primary design consideration. Note

that the amplitude characteristic of the high pass is important only for

multiple frequency inputs and, hence, for transient system performance.

Consider now the application of Equations (18) and (19) to a sample-hold

filter having a second-order high-pass characteristic with a damping ratio

of 0.2o The phase of this high pass decreases from +180 degrees at t_= 0

to zero degrees at I_ = = Thus, in accordance with Equation (12), the

output phase with respect to the input will vary from zero to -180 degrees.

The gain will exhibit a bandpass characteristic in accordance with Equation (19).

A frequency response plot of this situation is -_hown in Figure 54.
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Figure 54. Sampte-Hotd Fitter Frequency Response for
Single-Frequency Input, No Inhibit

To obtain the desired low-pass characteristic, the frequency-sensitive

inhibitor is added to the sample-hold filter, with the sampler activation point

set at some selected frequency above the high-pass natural frequency. Since

the inhibitor switches the sample-hold filter from the sampling mode to a

regular amplifier when the period between samples increases beyond a pre-

set value, the frequency response will exhibit zero phase shift and unity gain

for all frequencies below the inhibit frequency. Above the inhibit frequency

the gain and phase will assume the values given by the sample-hold analysis.

The addition of the inhibitor to the filter response of Figure 54 is shown in

Figure 55, where the inhibit frequency is set 40 per cent above the high-pass

natural frequency.

The most evident limitation to this type of analysis is the assumption of a

single input frequency. However, assuming a multiple frequency input of the

fo rm

ein(t) = fl(t) + f2(t)
(21)
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where

fl (t) = A sin yt

f2(t) = B sin kt

y < the inhibit frequency

k > the inhibit frequency

k>> y

and assuming a high-pass filter with tr.ansfer function G h (s), then given

Ein(S) = Fy(s) + F k(s)

I

-200
ioo

(22)

Figure 55. Sample-Hold Filter Frequency Response for
Sing [e-Frequency Input Only
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Eoh is) = Ein (s) G h(s)

= Fyis) G h(s) _ F k(s) G his)

and

I_' is) + F k is)
Yl 1

where

eohit) : fY1 (t) + fkl (t)

,F-.

fy it) = A sin (yt + _h )
1

fk it) = fkit)
1

because the frequency of fk(t) is high enough that the high-pass filter has

essentially no effect on f kit).

Sampling instant t
S

zero, or

is defined as tile time at which the high-pass output is

i23)

(24)

eoh (t s) = 0 {25)

so that

fYl its) + fk] (ts) :: 0
(26)

1300-TRI



Since fk (t)= fk{t)
1

- lOf) -

_{I_sl ' k_S' = 0
(27)

and

fk(ts) - (ts)
= f?l '

(28)

At the sampling instant then,

ein(ts) = f¥(ts) + fX(ts)

= fv(is)- f_1(is)'

and, assuming a perfect sample-hold function,

(29)

7

e o(t s) = ein(t: s)

= fy(ts)- fY1(ts)

With k >> y, and assuming that the high-frequency amplitude dominates the

high-pass output so that the sampling interval is always small compared to

the period of y, the output can be approximated as linear, rather than step-

wise, and equ_d to e ° (t s) at the sampling instants. By this approximation,

e (t) = f (t) - f (t)
o a a!

(30)

(31)

.._ _,_UU-]. -_
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= F {s)- F (s)Oh(S)y. • y .
(32)

so that

-- Fy(S) [I - G h(s)]

E {s)
O

= I - G h (s)
F¥(s)

(33)

which indicates that the output wave shape is related to the low-frequency input

wave shape by a funetion of the high-pass transfer function. This function is

plotted in Figure 56 for the high pass used for caleulating Figure 54. Figure 56

is extended to i00 cps, with the assumption that sampling is always taking place

at a much higher frequency than that in question. Combining the portion of

Figure 54 above the inhibit and the portion of Figure 56 below the inhibit yields

Figure 57. This figure shows filter operation below the inhibit with constant

sampling due to a high frequency on the input, and the attenuation of a high

frequency input above the inhibit frequency.

The characteristic of Figure 57 indicates that the sample-hold filter, with a

second-order high,pass, does not give as good operation as would a linear

second-order low-pass filter. A slight delay between the high-pass output

and the sampler can result in greater attenuation for some frequencies but

has deleterious effects at the higher frequencies, as will be seen later.

However, since the attenuation of the filter is dependent on the high pass, a

change of high-pass design to give a phase shift which approaches zero more

rapidly should give better attenuation characteristics. To obtain this aim,

_rld to give more flexibility in high-p_._ss design, the basic second-order high

pass may be changed to

s(s + _2 )
Gh(S) = 2 2

s + 2{] ,_] s ÷ _J1

(34)

1300-TR1



L-.

;{

L_

- 11] -

,20 f T T--------'T------T i ' I i''50- i , I
/ i _ ', I I ! !

, , i I _ Ii i I \, ,_I , 1 I
s.,o..........r.............I.........\! i........_ .....!................t..........._---_ =

FPEQUENC'I ..... I [ I i

-60 --_;,_.MmNc,FACTOR=0.'.............I..............I............I......."_" -'.SO

! I f1
._o_ i _____2__.... L ._

O1 O 2 _5 IO 2.0 50 iO 20 50 _OO

w

Figure 56. Sample-Itold Fil.ter Frequency Response of
Low-l_requency Output to Low-Frequency
Input, with Constant High-Frequency Sampling

,2o_ t T 1--_ l i T i
FREQUENCIES BELOW !I'_iHIBIT I SINGLE FREQLIENCIES ABOVE INHIBIT !

,-WITH CONSIANT HIGH | - _ ........ _ .... _ ........ 4 ......... _---

= FREQUENCY SAMPLING _ / I I i

"J , ]' .... _I! , _ AMPLITUDE i I I

.........T................?........._.........i...................._........-_ .............._-
_ -40 .............. -

• 2C,_,s + _, _ !- i ...... _.............. _ .....

[
-6O

-80
O.I 02

- _1 = HIGH PASS NATURAL

FREQUENCY i

_i= OAMPING FACIOR_02 ,, !

I................I......, !
05 Io 20

+50

0

-,50 _

-I00

' ::i........-'°•; - _.:.: .....,..........
r i : ,

_ i _L_ _ .i__ , -_oo

_NHIBIT FREQUENCY

5 0 _0 20 50 iO0

Figure 57. Sample-Hold Filter Composite Frequency Response

1300-TR, I



.4 ¸

• i

i

112 -

., < <, _;

which is essentially the second_-oeder high pass with alag "-^a -a._,a

21{)s I s+_° 2

2
G h (s) 2 + 2,(1 U_l s + '_I s

as in

(35)

By making this addition to the high pass used to construct Figures 54 through 57,

and by setting _)2 equal to 0.4 w 1, the frequency response of Figure 58 may be

constructed analogous to Figure 54. Adding the inhibitor to the response of

Figure 58 results in Figure 59, a frequency response of the system to single-

frequency inputs only, for the given high pass.

If a multiple frequency input is again assumed, with sampling constantly taking

place at the higher frequency, the previous analysis resulting in Equation (33)

is applicable and the function [ ] -G h (s)] may be plotted for this high pass, as

in Figure 60. Combining Figures 58 and 60 results in Figure 61, which is a

composite frequency response of the same type as Figure 57. It can be seen

in Figure 61 that with a high pass of this type a good attenuation characteristic

can be obtained above the inhibit frequency. However, a slight amount of delay

between the high-pass output and the sampler can result in a great amount of

change in the frequency response characteristics.

The amplitude expression

I3A = l I

as given in Equation (i3) assumes sampling immediately when the high-pass

t-e high-pass zero crossing and theoutput goes through zero° A delay between ',

time the sa_mpl.e was taken would have the same effect as an increase in phase

lag in the high pass. For a delay time Td the amplitude response expression

then becomes

B .. 4 sin _'.'- _o
A rr "@h Td) (36)
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' -,,_{......p_- _,-_mrl b_i_.wre62 shows the composite fre-for frequency ',0 in.............................. _

quency response plot of Figure 60 with the above inhibit portion changed by

the addition of a delay time of 0.0i. per cent of the period of inhibit frequency.

The sharp notch shown here occurs when the effective high-pass phase passes

through zero and the output amplitude is zero. The effective high-pass phase is

8h - _'_d

as used in the expression above. At the frequency where the leading high-pass

phase angle is equal in length ot' time to the sampling delay time, the sampler

takes a sample exactly when the input is zero and thus the output for this fre-

quency is zero. Above this f_'equency, however, the effective high-pass phase

increases with increasing frequency as T d becomes a larger percentage of t,he

period, and attenuation becomes poorer and poorer. Also at this point the

output phase takes a sharp jump of 1.80 degrees according to Equations (12) and

(13). A 100-microsecond delay time is a realistic figure for this device.

If the high pass of Equation (35) is chosen so that the total phase passes through

zero to the lagging side and then approaches zero, this problem of a delay

causing radical changes in output characteristics can be diminished. In Figure 63

the high pass used is of the form of Equation (35) with _o2 set at 0. 247w 1 and a

damping factor ._ = 0. 1. In this case the high-pass phase passes through zero

at _ = 2.48 0aI, resulting in an amplitude notch and an output phase jump at that

frequency. If the inhibit is then set at 2.54wi the frequency response is as given

in Figure 64, fop single-frequency inputs. In this case the transfer function

below inhibit is unity, and above inhibit the phase shift is almost negligible; a_-

tenuation is above 40 decibels for all frequencies. Of course, for _nultiple-

frequency inputs as discussed for the other high-pass configurations, the ex-

pression of Equatio__ (33) holds tz'ue, resulting in Figure 65. Because of the

low damping factor of the high pass, a very high peak is seen at the high-pass

r&tural frequency. If Figures 64 and 65 are combined, the composite frequency

response of Figure 66 is the result.
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The accuracy of this type of analysis can be demonstrated by putting the sample-

hold filter in a closed loop with a first-order lag. If the input to this syatem is

a frequency high enough to cause sampling, the system should perform according

to Figure 67, which is a combination of the composite frequency response of

Figure 66, and the frequency response of a first-order lag whose break frequency

is 50 per cent above the inhibit frequency. This figure indicates that the system

should become unstable at 0.5 cps, and analog studies of the system correspond

with this prediction.

If a delay of 0.01 per cent of the period of the inhibit frequency is added to the

portion of this figure above inhibit, the result is as shown in Figure 68. The

sharp amplitude notch is not seen in this case because the delay is only adding

a little more lag to an already lagging phase. This decreases the attenuation some-

what, but does not radically change the shape of the curve.

A comparison of the composite freque_lcy responses include here (Figures 57,

6!, and 66) with linear low--pass frequency responses of the same order and

with the same damping factor as the particular high passes, shows that little

is gained by using a nonlinear instead of a linear filter.
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A__. attempt w.,_J J__:_,t,. t.,., u:.:_: z-l;ia_c a._ul,/sis _ the samp]e-ho!d fi!te:', in

tJddition t.'._ the abow' dus,::._'ibi.ng • function analysis, but no usable way was

found to take the high pass into account. Since the above analysis and analog

results indicated that performance was critical with i_espect to the particular

high pass being used, the z-p].ane analysis was discontinued. A description

of the z-plane methods tried is i1_cluded in Section VIII.

B READBOARD EVAL UATION AND MODIFICAX I(. N S

&.,

Several problem areas were discovered _turir.'.g ev_luation of the sample-hold

filter breadboa_'d: (a) tim_: del_._y in sampling zero e_'ossings of the high-pass

filter output, (b} static m,d d.y_mmic imbalar,.ce in the gate circuit resulting in

d-c output bias and sampling ec_x>_-s. Sevecal filter modifications were made

for ev_uation purposes:

Bias adjustments and t_'im potentiometers were added to the

comparatoc input, gating ciccuit, and reference shifting ci1"cuit.

The differentiat*,.m cir'cuit was modified to reduce the sampling

time.

o The gating cir'{:u.{, was redesigt'ed to improve operation, mainly

by elimir.,atir_g large c_ anges in output., volta_'e as the inhibit

relay o F e_-_ted.

The c:omparatc'J._s wecc' modified to eliminate time delay and

mir_.,_ni>, :_ t_ m:._i< r_t c,,=:(:i]);:tioris.
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:; E C.TI()N VIII

DESIGN I)IFF[CUf./I]ES ENCOUNTEI_tED

The purposes of this section a_c (]) to describe some of the difficulties

encountered that required extensive system ctlar,.ges to correct and (2) to

describe the "blind-alley" approaches tried so that future study programs can

take advantage of the. knowledg(:_ gained° This section discusses the following

items:

a, Instability ('a.usc,! b)' b!e_clcr'

b. Fir'st mode gain stability

c. Sample-hold fil.lcr z-piane anal>'Iic lcchniques

d, Recommendations for conducting futt_re studies (C)

INSTABILITY CAUSED [3Y BI LNI),,I,.

The very firs1 attempts to operate the system with a simulated blender gain

changer operating s(laptiw_ly we_'e unsuccessful because the basic control

appeared to be too sensitive to [{yrob!ender position° This situation had an

undesirable effect on the gyro b[ende_- ga.[n-<:hanging intelligence because biender

gain changes affected _he bending content of the feedback signals more by the

change in oscillation frequency than by the change in si_,nal magnitude provided

by the blender ga.ins (K a._.t l--K)o A ,'_'requency response test was run on the

analog simulation b3 _ ins(_'ling _ :_inus(:,idal engine angle (_) signal into the

closed-loop system (r'igid bod_, _.ail--wa_-(tc;g zc_'os, first bending mode)

operating at nominal gains, anal with l,}_e gyr'o blender gain fixed at 0o 5. The

eutput signals observed corresponded to forwa._'d and aft sensor signals,

] :+_F !/ I _F-_, [ ' is shov,n in l,'igur'e 69, whe_'e the critical frequencies f'ol-'

bi.ender gains of 0.5 and 0., 6 aft., also _oted. (C)
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Order Model, Tail-Wag-Dog Zeros, and First Bending

Mode at Maximum Dynamic Pressure

Assuming that K is at equilibrium at a value of 0.60 and that Iq_FA ! is equal

to 1 so that IC_FF j is equal to the ratio ICOFF! / IC0FAJ, then (from Figure 69)

I¢0FFI is equal to 0_ 67. Thus, the gaiD-char,.ging logic equation,

Error sign.al = I_FFI {K)- I_FA t (1 K)

gives

Error signal = (0.67)(0o_30) - (i.0)(0.40) = 0.40 - 0.40 = 0 (c)

Now if the blender were transiez_tly disl.qaced to 0. 5 and if. as is normally

the case, the, ratio ICF_,,I/ l"q_,Al w_,r,_ not a _unction o_ blender position,

the error signal would be

Error signal = (0. 67)(0. ,5) -- (I.0)(0.5) = 0. 335 - 0.500 = -0. 165 (C)
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ir_ thj_.. ,:,a;._e_ h,,w,,v,:_.', tt_,. rr, ti<., ]:_I;FF / [c-_FAt is a function of blender position.

The spec.ific ,/e,]ue f{.,_.__ b lc_),:h_:v l)osit, ion of 0. 5 can be determined fr_onq Fig_re 69

by first determir_ing the S?ysttm_ crossover frequency using a root-locus plot made

with a blender position of 0. 5, This frequency was 3.0 radians per second as

i_dicated on Figure 09, arid tbe_.'ef'ore I{_,FF ! / IC_F.AI at this frequency is 1.65. (C)

Substituting this value into the et'ror signal equation gives the following result:

Error_ . signal = Jl,_, 65){0.5) - (I,0}{0.5) = 0.825 - 0.500 = +0.325
(c)

Thus, in the normally _-:xpected case for this t_×ample, the error signal is negative

and tends to drive the blender J._ one dircctiou; but in the given ease it is positive

and tends to drive the b]ende,r i._ the oiH_osite dhzectiono Obviously, both cannot

be correct. Since the fault was that tile ratio Iq0FFI / ]q0FA 1 was a function of

blender position, the remedy lay in makitlg the basic system stability points less

sensitive to blender position. This sensitivity to blender position was found to be

a function of the phase near the first mode frequency (neglecting any phase varia-

tions due to the first mode itself),, A lead network, providing about 40 degrees

of phase lead at the first mode frequency, was added to the forward loop and the

problem disappeared. (C)

•While in this instance the phase field was such that the blender position was

_II . .- 1_ tlstaucaily unstable , the same reasoning process could be applied to a system

to show how this sensitivity to blender position is beneficial because it is forcing

the blender position to go to its equilibrium gain faster than it normai!y would.

This would have happened if in Figure 69 the ratio or iq0FFi / lq0FAi at 3.0

radians had been lower than at 5,, 6 radians. {C)

No firm design guidcqine caF_ b_' l'orm!.Hated tc_ circumvent this situation. The

system appareni;!y si_outd be designed _,,ithout regard to it, as suggested pre-

vious!y; and tt:er', if a problem exists, th,_ phase field about the first mode can be

_ff.tered either by chauges in sy_tem fi!tering or by sensor relocations. (C)
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Frt-{ST MODIC C-AiN STAB:] !: py

First bending :node ga n _:'.abF,:,:y is very desirable hi that the range of aUowab!e

first mode s!ope._ and def_ectier._{is increased as the bending pole is moi'e nearly

"_^d it • r' :"5 that __rst _,_,_"cance±_: . _.a__ readi_ , he se,.-,n _f the f_ ........... poles are completely

cancelled, the control system will be unaffected by infinite changes in first

mode bending charactcristicso (C}

The present study indicated tha_: [be n_echa_nization problems involved in con-

verting the blender into a device which could reliably gain-stabilize the first

nlode were too formidable to permit such conversion at this time. (C)

The specific problem areas a_ro summarized below, Gain stability can be ob-

tained only if both of these probl.ern areas arc resolved:

The bandpasa amplifier must have a tracking gain accuracy

of between i)o 5 and 1.0 per cent, which must be maintained

over ,';he entir'e environmental r'angeo This degree of ac-

eura,,,y is preser:!:ly u_',_btainab]e it, p.cacticM hardware designs.

2_ An equ'_ly stringent r_:quiremeu[ is placed on the phase align-

men _. between the feedback sigm<ls being blended. Examination

of System I indicated that th,, phase angle between the blender'

sign<__s could r._ot be g_eater than:J22 are-minuteso This value

is tl:,_ tota 1 _::n:ge, mearing thai: mea._urement and phase changing

device ac<.:t,ra:._ies must be considerably better° The pra.ctic_.J

diffi::tdtics tLvo!ved in measu riL'..g and changing phase angles of

thi_ _n,ag_'.L.,,j_; a_-e bobend the preser, t state of the art. (C)

The phase accuracy r_:qu_r,,mc_'[ }s stro-,.gly dependent on the control system

used; eo g., __.fno attitude (.:.:c :::,(::,.:,:_]e,,_c::l_eter signals were used, no strong out-

of-phase ber_d.mg co,,npor;(H).tS wou]d b_..' p_ese3._to Therefore, no universally

._pplicab!e a.c,:ur"acy requireme!d. ,:an be [o._.'mulated, although it is fe!t that the

pr.ob]em would Pot be changed sig,:ificant!y e_:en if an order-of-magnitude

increase it, phae'e a..-'.gle _:_,le_,.'ar:(:e w_:'_-_ c-btai,_'d, (C)

1 h_'O0-TEl



Z-PI_ANE ANAl .....SzS

•-' ] )'-_ _. b -

tnitiM ar, aly_dca! efforts to des( ;._ibe the sample-hold filter were directed toward

z-plane tec:b,_iques used _r_ _mJ,¢_ted--aata stability studies. This method of

analysis was discontinued tot the following reasons:

The variab]e.-samp!ing-rate approaet_ was too complicated and

i_det c:r m i.n a,t e,

The _ior_stant -sampling-rate approach did not correspond to

actual filter operation; i. e. , it did not take into account high-

pass effec:ts or the spe,:':ial relal.ionshi.p of sampling instant to

input phase, which is the main point of the sample-hold filter, <u)

These attemp'ced approaches ar,,z described below.

Variable Rate Investig_ation

The sample-hold fi!';er is a variable s_amp!ing rate device because each

sample period may be of a diff,,_:'ent length, tIowever, even though con-

secutive periods may differ in length, the. arr-angement of different lergth

periods may in itself be periodic. Therefore, if the output of the high-pass

filter is assumed to be periodic with period T, and to be zero at times

e_

0, '1' q'2 ..... 'r k, 'Tk+ 1 .... "ru" T, q'+r 1, . . . T+_n ' then the fi]ter caz?

be represerted as a group of s:m_pl.ers, holds, advances, and delays as

shown in. Figu.?e 70. (U)

tn this figure._ the ti::ter is represented by a gr:oup of samplers: one ior each

zero erossie.g du!:ing oz)e period° The advances and delays are anMyticM

devices used to _make the s;amp!ers operate i,_ synchronism. As an exa_mp!e,

tike the k th _ _--,_nio,- which J s pr(-ceded b:v" a tictitious advance e srk and cnr-

e o,_ to k th
1,. sp __ds the zero crossing, which occurs Tk seconds after' :*.he start of

TT"
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INPUT

' I
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--! eS_l,,,,_-----_T

OUTPUT

Figure 70. Sample-Hold Filter Representation

the period. In this ease, when the sampler operates (at the start of the period),

the sample it takes is equM to the value of the input k seconds after the start of
s_k

the period, because of the advance e . The value of this sample is held for

(Tk+ 1 - _k ) seeonds, delayed Tk seconds, and then added into the output. In

this way the output consists of a succession of pulses, the first representing

th$ value of the input at the first zero crossing of the high pass and lasting

until time rl; the second representing the value of the input at time TI, when

the high-pass output goes through zero again, and lasting from T1 to _2; the

third representing the input value at time _-2" etc. (U)

This model would accurately represent the filter if the times _i' _2' '_3 ....

could be accurately determined. However, these times depend on input fre-

quencies, amplitudes, phase relationships, and the high-pass transfer function,

and are hence indeterminable in general form. Even if these times were

determinable, the expressions for the system would be so involved as to be

practically unusable. For these reasons it was decided to assume that the

system would be dominated by one frequency at a time and the filter would

therefore be sampling at a constant rate° (U)

i800-TRI



Const _it iZatu in vesti!_a[i_,,rt

I .%'7-,.

Using the assumption that the fi!ter is operating at a constant rate, a simplified

approach to the anMysis and testing of the sample-hold filter was advantageous
for several reasons:

, The basic operation of the filter, attenuating high-frequency

signals in a closed-loop situation, coLild be analyzed and

evaluated without the additional complexities inherent in the

actual vehicle simulation.

, Comparisons between linear filters and the sample-hold filter

could be more readily made, with less chance of ambiguity.

3. Analytical methods ar'_: _ ._a_qicr t,) use and verify. (U)

(_2 + 2_I _°l s + _i 2
, , _022+ 2_2_2s +

The simplified vehicle used had a tra_sfer function of

(u)

"_' _ chiult:: i_ a mo,:ed-loop situation.Figure 71 is ablock diagram of this v, '_ _ _ ._ (u)

f 'I

___p.(_ _.____D__ ! FILTER I :I LOCATION I .... i
I.. _J

"( + #.,

Figure 7]. Simplified Velficle in a Closed-Loop Configuration
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A general root-locus of this sy_t(:.m, withov_t ,,'_filter, is shown in Figure 72.

As can be seen from this figure, the dipoles closely resemble the dipoles due

to bending while the first-order- pole can be thought of as representing the

rigid-body response. Tbe damping rat.io of the dipoles was selected so the

system became unstable _t a relatively low gain. (U)

Kcrit =1.4

_crit = 15.1rps

-20 -12 --4

4

-4

-12
-20

Figure 72. Root-Locus of System of Figure 71

The constant rate studies were made in an effort to determine what effect a

change in sampling frequency would have on system critical gain and frequency.

The sample-hold filter was assumed to be a constant rate sampler plus a zero-

order hold. The z-transform of the :-_ystem transfer function plus the sampler

and zero-order hold was determined for varying values of the sampling period.

It was determined that when half tile sampling frequency was close to the natural

fcequeney of the high-frequency pole, a slight change in the sampling period

_u!d produce a noticeable change in the system critical gain. This indicates

that if this approach is to be used in ant_yzin_; a system in which the sample-

hold filter is to be placed, the assumed sampling frequency must be very ac-

curately picked or the results will not be accurate. All of the above accuracy

(u)
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. ,hi._.-ro {This :.'ssumption w.'._s sub-

sequently shown to b_" f'ais_, bv tt_e describing function analysis peri'cr_ned. ) (U)

When this system was tested on the analog computer, the frequency of diver-

gence seemed to be a. combin;-_tion of the linear system critical frequency and

a frequency of about 0. 5 cps. The operation was one in which the filter dropped

in and out of sampling due to the i_q_erent amplitude thresholds and therefore

did not meet the provisions of tlm constant rate assumption. Thus, system

operation did not correlate well with the z-plane studies because it did not

correspond well with the L'nposcd condition, s. (U)

RECOMMENDA i_I.NS !_O t{ C()NDI](:T] N(., I I. I [l[_i!. STUDIES

At the beginning of the study program, considerable effort was expended on

defining a control system f'or the rigid body on]y because the basic control

configuration, sensor locations, and [(air_ ranges could be optimized more

easily with this simple problem, tt _'as >mticipated that the addition of the

slosh and bending modes would det_'act appreciably from system perfor,.nance,

but it was reasoned that a given loss in performance would leave the greatest

operating ma:zgin if it started [kom ar_. optimized system. Unfortunate!.)', this

i_ not the case; the inclusion of additional deg_'ees of freedom so alters the

control proble,n that the optimum conditions no lunger have any relationship

to those selected as optin_urn for' rigid body alone. This effect is pro_-abiy

caused mainly from the low b<n,.ting and slosh f_,_'equeneies, which result

_n a tighte._" coupling of rigid, b_..r_ding, a_,_.t siesh tootles merely beeau-._e of

their proximity t.o e_ch oth,er. {II)

The suggested futur,.:_ p:_ocedut'< with si!,_ila_," b.',_'ob]erns zs to:

1. Conduct riffi.d--body st,_<hcs, but direct them tovear.d obtaining

an understanding of t!_c }.)asia p__oblc, ms and determining the
(u)

i300 -TR l



13() --

o

_ .......... para_leter chan_es. It is also e×t_e _"

!mpo." _"_a.._'+_'_:...,include a_ a.r_pcopria.te bending mode filter, even

through_ the bending modes themselves are not _.,,_,.,_,_u._n_''_-_ _'1r_e ±ow-"

frequency phase introduced by this filter is a very important con-

sideration.

Include the additional degrees of freedom, such as bending and

slosh, int.oth.e an_.ysis progr.arn as quickly as possible. This

does not imply, however, that they should be included a!i at once.

Adding one degree of freedom at a time and examining the effects

of the variab].e s ysten_ parameter o_l this added mode seems to be

a satisfactory method. The gains, dynamics, and sensor!oca-

tiol_s should thel_ be doter'mined, taking into account all th.- ef-

fects previously si:udied. (U)
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"A Model Vehicle for Adaptive Control mr<enos , G.orge C. Marshall
Space Flight Center.

', ,q"Natural Environmental Design C_-iteria for the C-5 Vehicle ' M_..FC

Memorandum M-Aero-G-10-6'2 dated 22 May 1962.

"Operational Manual for the Gyro Blender Breadboard", Honeywell
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APPENDIX B

SATURN V EQUATIONS OF MOT.,_,_

Angle of Attack Relationship

a = a w + 4C G -0;
V W

_W = V--;
O

i

Z
V

O

Rotation of the Vehicle About Station XCG

_bCG = _SR + 6B + Cs + _"E

o,

-- -c_ a c2 _R

- E y. ni
4B Ixx i l(x_) Ixx

oB I _
4 _ -- -!: .... z %,iz _J

Ixx j
m

sj

Acceleration Normal to Vehicle Hefe.rence At Station XCG
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i -\ 13

,\3,11 ! 0
-;\<t-'J ! I. {.)
•-A:_4/I0
:\ 13
- .\ 25

_:\i5

(}. 14 'i O
0. "i_ 27
U. 'j (_(}lt
(). 08 f}5
0. 27 {}(i
O. 0782
0. 0_)21
0. i 0{}<_

0

0. 3 f_t_;',
0. L7-!8 I
O. ,r} (,i 0 0

0. {),i13
0. ;49{}{l

{}
O

l). :4":;I (J
O..I ,;;_)',_,
0, ()Sql
(J. i !9!)
{}. {)3 l)'7

0
0

o. 4 I)(}0
O. {},129
{}. h LI0(I
0.0£_2l

O, 0 '. {J{}
(}. (} If}0

(i. {.i:,39
0. (J !52
0. {_if}()

{}. 0290

0. 't 035
0. ;'i } 0{)

O. (}!52

O. J,I '} {J
0. I ;! l 3

{}

(!

0. {;i;('.C

{%)22
{,023

Q30
q:),l

{;,_38

(_;_4

PiG
I>17

I>I 8
I>10
PL}5

l}2{j
l'"7

I)28
1'29
1_:t5

I}30
i >3 '7
I)Nll
t'3!}

()l 5

{..)t 7
() 18
Q 1 !}

q) 25
C72{;

(_27
Q28

Q 35
(_)3t;
Q 37
(73i_

Q3_}
t }40
}_-t [

I).12
i }t3

10535

-A35

-A46/1 0
-A4311 0

[li;!20
- A24/2
EL_/57.3

A35/10
1)6/5'7.3
l Ol'_l 7

l--I18

1J37
--10537

G 3
t_'.!o
-tl;10
t 0B30
1 0_31}

:\ Ill

117120
I_.t0
2.8{;5 _27
-2. 865

200l)7/57.3
-t527
- 1 01J 2P
--i,_38

113/1 ot)o

2OOly}/5'7.3
I)1 o/r_73
t14/2000
A4d/t0

G71 tO

G 4
0.1773A 37

-0. 1432A47
- ! OIJLD
[ (J }'_ ] ,q

t{ii_29

- 10! 129

0.5 L43
O

0
0

0. 2281

0. 1470
0

0. 1,I00

0, 4405
0. i;,99
0. 0501
O. 0622

0
0. 1813
0. 1429

0. 2215
0

0. 0972

0, 0735

0. 228t.
O. 1250

O. 4871
O. 3380
0. 0760
0. Ol {)9

0.8350
0. 0239
O. 0190
0. 3286

0
0. 1781
0.04!6

0.4.='62
0. 1287

0. 0252 ';;

O. 2954
0

O. 05S?
O. 02:'-

0

O, d Liqt7
0

$,};ILc i3, !. : {.} S,,c,}nds

1300- ,_'R,1
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L,,._

> (

i

X A = 64.0

Pot

PO0

P01
P02

P03
P04

P05
P06

P07

P08
P09

Q00

Q0_
Q02

Q03
Q04

Q05

Q06
Q07

Q08
Q09
Pl0
PII

P12
P13

P14
p20

P21

P22
P23

P24

P30
P31
P32
P33
P34

QlO
Q11
Q12
Q13
Q14

XR(3A : :h. 0 Nlh.; F, Li5.3

Quantity No_il,;_t l [h)t

Q2O

Q22
(223

(,_:>4
¢_30

Q31
_32

Q33
(23,t

IJ]6
1'I7
1'18
t_l!J
P25
t '26

P27
1>28
P2.q
P35

P3(;
1_37

P3B
P39

(_l 5
Q16
(2 J 7
q) l 8

Q19

Q25
Q26

Q27
Q '2,q
Q29

Q-_.q
%)3_;

',_37

Kp : 0.9

Quant _ty

K A : 0.05

Nominal

K I-.'..

C2/10
5.73A56
5.73A6G
2. 865A76
0. 573A86

57.3Bl 1
57.3B12
-573B4

57.3B21

57.3B22
-57.3B31
57.3 P_3 ::',

100D1
I 0D2

12:4/57.3
57, 3FI

-CI/10
114.6F1

-0.573A19
2. 865A29

-2. 865A39
0. 573A3fl

-0. 1432A49

-E5/57.3
E5/57.3

-ASl/10
A52/10

-A72/10

AGI/1 0

A(;2/10

AT] ]10
-A71

A72/!0
C3/57.3
c.4/57.3
I 01_ 1
[_2

0.2i0
0. 0300 : ::

0. 0945

0. 0892

0. 1705

0. 1225
0,042h
0. 1778

0. 1403
0

0. 0388
O. 220H

0. 145f_
0, I 244

O. J the:}

0.0(},q 4
0.00_ O

0.2T0l
0.3 G5 l

0. 00fi3
0. 7302

0.0848

0.4412
0.444[

0

0, 2,93 (;
0. 5990

O

O. 0520
O. 1,t/)tl

0.22:t 7)

0. 1300
0. 18(;2

0
O. 1000

0

0.0272
0. 21 !_!)

O. 5 73o

0. 0m)3
0. I)bt)g

5.73A87

5.73¢t57

5.73A67
5.73-'_77

5.73,\87

ASI/10
.-A81

A82/20
5.73:\38

0. 573A48

A55/10
At;5/10

A75/10
A35/I0

I 001311 /57. 3
B 1 't
-101_23

10[_23
B24

-B33
-0. 573AI7
0.573A18

5.73A28
5.73KA

_E2/10, 000
5.73.3,57
5.73A67

5.73A77
Ki

Blender
B a] an c e

/334

2001)3/57.3
O4/573

ill / 100
G]

t,(;I 1 o

KP/10

2 d:';_o,E / 10
a4c / 2000_' E
10B13

O, 5730

O. 2865

0. 3553

0.4183
0, 5730

O. 1800
0

0. 1251

0,4527
0. 0573
0. 0787
0. 0976
0.1150
O. 1575

O. 0345
O. 0959

0.4134
0

O. 1i63
O. 0856
0. 08480
0.02865

O. 3782

O. 2865
O. 1887

O. 2865
O. 3553

0.4183
0. 020

O. 800

O. 0082
Ah 1661

/ 0. 0457

0. 2789

0. 05210
0. 1628

O. 090
O_ 0036
0.,_089
0.7331

Breadboard btender

*':_Sirnulated b],,ndc r

r-. :2

i{; .

[ •

Board 3, t = 4() See(rods

1300-TRI



- t]4 ..

_, . : B4.0
"-A

". !_ fl \" = fir, 2 R" : n n k" n 05
1_(i,'_ .... RE; I'" ......... P "" " "'A ""

Pot

PO0

PO1
P02

P03
P04

P05
P06

P07
P08

PO9

QO0

OOl
Q02

Q03
Q04

Q05
QO_;

Q07

Q08
Q09
plo
pll

P12
p13

p14
P20

P21

P22
P23

P24
P30

P31

P32
P33

P 34

QI0
Qll

Q12

Q13
Q14

Q2o
Q2t

r

Quani ii y N o_rl 1hal Pot QuantJ ty

A4_Ilo
A32 / 10
-IOA4I

A31

-[325
B16

-1336
- 10[335

H2/400

H5/z0
A 11

At2]lO
A21
A41

H2G

I 0FI 15
- 101E_5
1 001}51r_7.3

G2

E 1 [ 573
,'\44 / I 0

A24110
A43

A14/10
A25

-. E 3/'.;,73
A45] 10

-A20/20
-A36[ t0

(i;8t 10
-A23/10

-A33/10

-_0E2157.3
-,\13

c, 5 / 1o
A34/10

-A44]10

-A34/10
A 13
-A25

-A 15

D. 1548

0. 1352
0

0. 1083
0.4 000

0. 1174

0. 1 f146
O. 1431

0

0. 3822

0.2O53
0. {;150

O. 0B05
O. bOtlO

0.2000

0. Of; ',.',0
0.7600

0

O. 1095

0. 1237
0. 0342

0
0. 0263

0

0. 0619

0. '3 000
0. 031(_

O. 1500

O. 0550
0. 0542,

0. O288'
0.0.190
0, 0g00

0

0. 2200,
0. O288

0

O. 2 l (;7
0. ()[J I !)

0
i)

I). 3 t _!(I

Q22
Q23

Q24

Q3O
Q31

Q32
Q33
Q34
pt5
P16

P17
I ) t 8

I}19
1725
P26
P27
p98

P29
P35

P 36
P37

P38
P39

Q15
Q16

Q17

Or8
Q19

Q2{;

Q27
Q28

Q29

Q35
Q3{;

Q37
Q38

Q39
P40
P41

P.I 2
I)43

10B35

-A35

-.A46]I0
-A43110

ns/?,o
-A24/2
E2/57, 3

A35110
D6157.3
IOB17

1318
t337

- 10B37
G 3

1320

-P,30
101130

10B39
A 1 {;

[17120
B40

2. 865A27

-2. 865A37

200117[57.3
-I_27

- 101328

-B38
D8/573

H 3 [ 1000
-B40[10

200D9/57.3
DI01573

H4/2000
A46110

OT/tO
G4

0.573A37
-0.1432A47
-10B19
101319

10P,29
- ! 0B29

Nom ina I

0. 4044

0
0

0. 0400

0.2953
0

0.0474
0.!430

0.5834
0.1943

0.0662
0.0616

0

0.1813
0.0153

0.0338
0

0.1318

0.0774
0.2953

0.0272

0.4412
0. 4441

0. 0719
0. 0459
0.4740
0.0233

0.0186

0.3287
0

0.0039
0.0038

0.4688
0.3095
0.0288*
0,3062

0

0,2936

0
0.0198

0
0.0625

_s = O. {1{>0

Boar(i 15, I = 40 Seconds

1300-TR1



- [f5 -

iXA = 64,0 XII(;_,_ = %.0 _NRG[,.:: 85.:3 Kp = 0.9 K A = 0.05

Pot. Quart t ;,,,_, ,N(wT: i Iia] Pot

P00

P01

P02
P03

P04

P05
P0O
P 07
P08
P 09

Q0O
Q01
Q02
6403

Q04
Q05

Qo_J

Qo7

Qo9

P[ o
Pll

P12
Pl3
P14

P2O
P2l

P22

P23

P24

P30
P31

P32
P33

P34

QIo

Qt2
QI3

QI4

KH/] 00

'211 o
5.73,\5d

5.73A_;i;
2.8G5:\7fi
0. 573 A,B_;
57.3}¢11
57.3i:L2
--573. 1L*.]
57. 3j_'21
57.31',22

-f,7.1";}_,:-;1
57. 314:J2
1001}l
10D2

E4/57.3
57.3FI

--C ]/ i 0
t 14. {;l"l

-0.573A19

2.86A 2.q
-2,885A39
0. 573A39

-0. 1432A49

-F,S/FVT. 3

E5/57.3
-A51/lO
A52110

-A7Z/10

At;a/I(}

A7111o
--.A7 [

A72[10
('3/57.3

(:4t57.3
10}31
__2

B3

0. 2 ;0::
(}. 0;;09 : ::
O. i _38
O. I059
0. 2264
0. 1589
0. U_,:J0
0. 1 !KJ4

0. I P,(}!_
{}

O. 0882

O. 2i!3d
0. _.:',3,_
{}. 1 ;;{;_
0. 1831

0.0!21

(). 0U40
0.3{;,t5

(}. 1129
0.02 ] 7
0. :!258
0.08 _'_0

O. 343B
0.3438

0
0. 422{;

(}. b'; 42
0

0.0d{J0

0.2 005

0. 1834

0. _ 200

0.27ii
0

0. i000
0

0. 1 t81

O. 3 ():_2

O. _;700
0. I 0(;0
0, 0{,t8

Q20

QP, 1
Q_2
Q23
Q24

Q :{ 0
{_:_]
Q32

{._33
Q34
1'15
P} !i

t'17
P 18

PI9
P25

1:'2 {_
P27
1}28
I}29

I)35

P'3{;
[73i"
P38
1.739

,_, 5
Q1 {_
QI 7
O18

Q t 9

Q25

Q 2 {;

Q::7
Q28

Q2!}
Q35

Q3_
Q37

Q38
{:43,_}

Quantity

5.73A87

5.73A57
5.73A67

5.73A77

5, 73.\87
A 81 / l 0

- A 8 l
A82/20
5. 73/\38
0. 573A48

,\55/iO
A85t10
,\75/t0
A851i0

i00Dt1157.3
I_[4
- 1 0B23

1{}H23

B 24
- 1433

-0,573A17
0. 573A18

5, 73A28
5.73KA

D' JZ2/10, 000
5.73A57

Nominal

0,5730

0,2750
0,3667

0.4240

0.5130
0.3300

0
0.37!5
0.4584

0.0573
0.1060

0.1413
0.1634

0.2207
0.0447

0.1225

0.2484
0

0.!520
0.0921

0.0860
0.0275
0.3954

0.2865
0,1887

0.2750
5, 73A67
5, 73A77

Ki
Blender

Balance

B34

200D3/57.3
1)4/573
H1/t00
G1

,vc/i o

KP/t 0
2fEtE/10

_oE/2000_E
10131 3

0.3667

0,4240

0,020

0.800

0.0281

0.1720

0.0516
0.2981
0.0546
0.1628
0.0900
0.9036

0.2088
0.7628

Breadboaz{! b]_'nder

Simulated blervl{,P

}B{}aP{t 3, t = 79 Seconds

300-TRI£



- JIG -

X A (;4.0 >'f_(;,'k 5.0 Xi(t_F =- 85.3 Kp 0.9 K A : 0.05

Pot Qvani i* ,y N onx fnal Pot Quantity
t

P00

P01
P02

P 03
P04

P05
P06

P07

P08
P09

_Q00
QOl

QO2
QO3

Q04

QO5
Q06

Qo7
QO8

Q09
plo

pl !
p12

P13

p14
p2o

P21
P22

P23
p24

P3o

P3 t
P32

P33
P34

QlO

Qll
Q12

Q13
Q14

Q2o
Q2I

A421 i 0

A32/t0
- 10A 41

A22110

A31
-B25
t316
- B3(¢

- ! 0B35

H2/400

H:_/20
A i1

A12/10
A21
A4t

B26
10B15

-10R26

I001)5/57.3
G 2

}_ ].1573

A44110
A24/to
A43

A14110
A25

-E3/573
A45110
-A26/20
-A36/t0
G_;/10
-A23/!0
-A3a/_0
-10E2/57.3
-AI3

G51io
A34/10

-A44110
-A341_0
A[3
-A 25
-:\I 5

....I

0.21/98

0.1713
0

0. 1462
0. 4800

0. 1238
0. 2434

0.1_324
0

0.4225

0. 3564
O. 6_;00
O. 1003
0. 5300

O. 5000

0. 1540
0. 81122

0

0.1332

0, 1300
O. 0389

0
0. 0585

0

O. 0,%G
0. 1300

0. 0290
0.2(;00

0. 062G
0.0_)82

O. 0324 <¢

O. 0470

0.0(;80
0

0. 1400
O. 0324*

0

0. 1462

O, 0209
0
0

0.3_00

Q22
Q23

Q24
Q30

Q3[

Q32
Q33

Q34
P 15
P16

PI7

PI8
PI9

P25
P26

P27

D28
P 29

1)35
P36

P39

Q15

Q16
Q17

Q18

Q19
Q25

Q26

Q27

Q28
Q29
Q35

Q36
Q37

Q38

Q39
p40
p41
P42

p43

....,_.a.._.

101335
-A35

-A46]I0
-A43110

H6120
-A24/2

E2157.3

A35/I0
D6157.3

IOB17
B18

IB37
-IOB37

G3
B20

-B30

10B30
10B39

AI6

H7/2o
B40

2. 865A27

-2. 865A37
200D7157.3
-B27

-IOB28

-B38

DS/57a
H311000
-_40110
200D9/57.3
D10/573
H412000
A46]10

G7]10
G4

0.573A37
-0.1432A47

-10B19
10Bl9

10B29
- 1 0.r_ 29

Nominal

0. 1996
0
0

0. 0500

0. 3599
0

0. 1123

0. 1130
0. 7656

0. 2987

0. 1066
0. 0648

0

0. 1828

0.0074

0. 0074
0

O. 0770
O. 2715

0.3651
0.0249
0. 3438
O. 3438
O. 1020

O. 0669
O. 2056

O. 0563
O. 0286
O. 3343

0

0. 0056

0. 0015

0.4710
0. 8355

0. 0324 *<
0. 3069

0

0.4226
0

0. 0161
0

O. 0254

Cs : O. 0_50

Board 15, t = 79 Seconds

1 300-TRI



5

a

4_

;<

i

• " • !i

G

J

;. !A

N.

| (

H7 -

", 0 :: 85.3 Kp 0.9X A 64.0 XRG A ,. X f_(,l:,

P ot Quanti!y Nominal Pot Quantity

P00

P01

P02

P03
P04

P05
P06

P07

P08
P09

Q00

Q01

Q02
Q03

Q04
Q05

Q06
Q07

Qoa

Qo9
plo
pll

p12

P13

p14
p2o
p21

P22
P23

P24

p3o

p31
P32

P33
P34
Qlo
Qll
Q12

Qt3
Q'4

KR/100

C2/_0
5.73A56

5, 73A6{_
2. 865A76

0.573A86
57. 31311

57. 31312
-5731321,

57.3B21
57.3 B22

-57.3F,31
57.3B32

1 001)l

10I)2

F4/57.3
57.3F1

-c1/_o
114.6FI
-0. 573A19

2. 865A29

-2. 865A39
0. 573A39

-0. 1432A49

-E5157.3
E5[57.3

-A51110
A52/10

-A72/10

A61 / to
A62/lo
:x7[!1o
-A71

A72/10
C3/57.3

C4[57.3
I0131

B2

B3

0,210: .....
0.0'_00 ......

0. 1567

0, 2189
0.4656

0. 3058

0. 0780
0.15 (;7
0.1767

0

0. 1305
0. 3216

0. 1214
0. 3172

0. 243(;

0. 022[
0. 0040

0.5{;88
0. 0429

O. 0061

0, 0859
0. 0791
0.4813

0. 0430
0

0. 3552
0. 5010

0

0. 07200

0.2613

0

0. 1070
0.5715

0. 0260
0

0. 0825
0. 0322
0.4569

0.5280
0. 0943

0. 0930

Q20

Q21

Q22
Q23

Q24

Q3O
Q31
Q32
Q33
0-34

P 15
[' 16

1'17
1:'18

P19
t'25

1_2[;

t' 27
I'28

t'29
I'35

P36

P37
P38

P39

Q15

Qt 6
Q_7

QI8

Q19

Q25
Q26
Q27

Q28
Q29

Q35
Q36

Q37

Q38
Q3.q

5, 73A87

5, 73A57

5.73A67

5.73A77
5.73A87

A81110
-A81

A82120

5.73A38
O. 573A48

A55/1o
A65/lO
A75/10
A85/to
] 00D11/57.3
B14

-10B23
10B23

B24

-B33

-0. 573A17
0. 573A18

5.73A28
5.73KA

odE2/I0, 000

5.73A57
5.73A67

5.73A77
K.
B_ender

Balance

B34

200D3/57.3
D4[573

H1/100
G1

+C/lO
KP]I0

2_Et_E/10

_oE]200_E
10BI3

Breadboard bten,ler

Simulated blende :"

Board 3, i. = 120 Seconds

K A
: 0.02

Nominal

0.5730

0.2865

0.4126
0.4871

0.5730
0.1800

0

0.2615
0.5157

0.0573
0.1636

0.2356

0.2782
0.3273

0.0648
0.1217

0

0

0.2044

0.1091
0.07907

0,02865
0.4469
0.1146
0.1887
0.2865

0.4126
0.4871

0.020

0.800

0.0600
0.2260

0.0646

0.3288
0.05734

0.1628
0.090

0.9036

0,2089
0.5890

{

1300-TR1
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XA = 64.0 XRGA

.Pot [ Quantity

P00

P01
P02

P03
P04
P05

P06
P07

P08

P09

Qco
QOl

Qo2

QO3
QO4

QO5
QO6

Qo7
Qo8
Qo9
PlO
Pll

P12
P13

P14

P20
P21

P22
P23

P24
P3O

P31

P32
P33

P34

QlO
Qll
Q12

Q13
Q14

Q2o
Q21

-S

A42/10
A32/J0
-10A41
A22110
A31
-B25

B16

-B36
-10B35

H2/400
H5/20
All

A12/10
A21
A41

B26

10B15

-IOB26
100D5/57.3
G2

E11573

A44/10

A24]10
t%43

/*,14110
A25

-E3/573

A45110
-A26/20

-A36]I0
G6/10

-A23/10

-A33/10

-10E2/57.3
-A13

G5/10

A34/10
-A44/10

-A34/10

At3 I

-A25 I-A15

k

O. 060

5.0 X !-{GF 85.3

l Nominal

0. 7376

0. 5327
0

0. 2500
O. 5700

O. 0020

O. 0179
O. 2242

O. 6303
0.6149

O. 6412
O. 9000

0. t598
0. 7800

0. 4000

O. 0235
0. 0557

0
0. 0996

0. 1568
0.0688

0.3114

0.2049
0

0. 1229
0

0.0044

0. 0100
0.0942
0. 6516

0. 0444'::

0. 0170
O. 1100

0
0

O. 0444 :'
O. 3401

0
0

0.3200

0.5300
0. 3800

Q22
Q23

Q24
Q3o

Q31

Q32

Q33
Q34
P15

P 16
P17

P 18
1) 19

L)25
P26
P27
P28
F'29
1)35
P36

P37
P38

P39

Q15

Q16
QI7

Q18

Q19
Q25

Q26
Q27

Q28
Q29

Q35

Q36
Q37

Q38
Q39
P40

P41
P42

P43

KP : O. 9

I 0[{35
-A35

-A46/10
-A43110

w_/2o
-A24/2
E2/57.3

A35/10
r)f;/57.3
lOB17

B18
}337

- l 0B37
G3

B20

-B30
10B30

IOB39
AI6

H7/20
B40
2. 865A27

-2. 865A37

200D7/57.3
-1 0B27

- 10B28
-B38
D8/573

H3]1000

-B40/10
200D9/57.3

D10]573
H4/2000

A46/I0
1/10G7
G4

0. 573A37

-0.1432A4-7
-10RI9

10B19
1 0tB29

-10B29

KA : 0

Nominal

0
0.2900

0.4836
0.1800

0. 6827
0

0.4283

0

0.4694
0.0252

0.0236
0

0.2136

0.2934
0.1262

0

0.8574
0.2852

0.6966
0.9344

0

O. 5014
0

0.1439

0.0078
0.2418
0._800

0.0291

0.8606
0.1379

0.6127
0.1125

0.7583
0

0.0258
0.3894
0.3438

0.0354
0

0.0684
0

0.4955

Board 15, t = ]53 Seconds
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