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. . ~~~--r;t:vn~~. . _ _ - _ ~n .. H~-~----=-~t · The basic scheme under consideration in this research- · -:1-'tt~~ 
of closed-loop operation -of the &.rk I machine is one in which a vol.t'age -·. _ 
propor~ional to the ni~gni.tude of the rf fields in the caVity acts. to control 
rectifier voltage outpUt. It is recognized that su.eh is %lOt the only abheme 
for maximization of·out~t which m~ be conceived, but only what seems to be· 
a logical and direct way 1of attaining sueh an objective. ·: - · 

1 
The program und~r discues~o~ c~nsi8ts of exper~ental ahd ·theore~ical ' 

attempts to devise a model, which for purpo$es of this work, will disclose : 
the dynamic behaVior of the Mark I .MTA •. It would seem that the 1110St direct 
approach would be to see~ .a model having the form of an eleotricGl network, 
and this approach has been used. Thus, since in the sense of this problem ' 
the Pf.ark I machine is a··tl'IO-termintil·pair network1 the substitution of a . 
model of the same generlo class makes possible the production on a laboratory . 
scale of the anticipated characteristics of the large __ machine. · · 

. ' . 
It has for many years been customary; · in dea.li..ag TZi th .feedback eys<i; · 

tems, to use as a guide the stability ariterlon of Nyquist (I)·,. wherein . 
stability is judged by~he behavior of the open-loop transfer function of . ' 
the system on the complex plane. This cri.terion defines the tarm "stable" 
to mean that oondition'wherein the transient response of·the &Yste~ to ·an . 
input signal pertUrbation will event'ilally decay to z ero, i.e., the transient · 
term will have a negative.,· rather than a positive exPOnent. Such a Cl'iterion 
does not yield eufficient information, fora.ltbough,it recogn1z•&.ttblack" as 
being black, it groups "ith.ite" and "grayn into a cl~'of' things ttnot bl~ck" ..... 

-Indeed, under the conditions outlined in the first paragraph,, .1 t is found: 
that while the Mark I machine can be, with a fair degree of ·confidence, 
expected to be "not black", it seems fairly .certain to be "not white". To 
be explicit, the work to date indicates strongly that there are to be expected 
overshoot and damped oseillator.f responses to perturbations in operating 
variables ari-e:i.ng anywhere within the system. P' . 

The sbove remarlte should not be interl:>reted in a pessimistic sense, 
i.e., the writer is not predicting the disintegration of Mark I the moment 
it is turned onl Dif.fioul ties of the nature of those likely to be encountered 
are well subject to reduction by means of electri~al networks (phase-correc
tion networks) appropriately loaated-in the loop, ther't!lby making available 
the refinement of control obtainable in an r-£ stabilized s,rstem, while 
maintaining adequate stability. ' . · · 

Performance of' the system under elosed-loop' conditions must be cal- -
culated by means cf the relation(a) · ; · 

, - v(w) 
v(w' a • '( ) · · (1) - ~ l+vw , 

where v(w) is the transfer function (ratio of· output voltage to input 
voltage) for the system under closed ... lcop. conditions, and -v(w) is the open ... ______ ._ _____________________________________________________ ____ 

·(1) Nyquist, Bell System Technic&! Journal, JJ=, 126 (19.32) 

(2.) "Electronic Inst~ents" _, M.~ .T. Rad. Lab. Series-, Vol. 21 (McGraw, 1948) 
Chapters 9 to 11, (i~ partiCVIar Sea. 9.4) '. 
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loop transfer .function. 

; This calculation may bo performed grapbieally by sUp-erposing' on- the·-:.· 
plane of the open-loop transfeJ:: function ·c the v-plsne) a set. of bipo+ar. ' .:' 
coordinates which are appropriately normalized (see fig. 6). 'Such a plot ~ · · 
has the cons.iderable advantage ~f not only shoWing that Sofi!ething is wrong"· · ~ 
(asstlming for ths moment that sontething J.! wrong) but eval~tee both the . · 
trouble, ·and projected remedial measures quantitatively .• -

' . 

. ' ~ ' ,, 

Ha~ing mentioned briefly- the method of predieting'"~i~~ed ... loop · .. · _ · · 
'performaneo, one turns now to. discussion of. open-loop perfordlilnee, <from ~JJhioh, 
as has he~n noted, closed-loot,> performance is directly predictable. 'In ·the ·· . . . 

'system under .di~oussion. the rectifier equiV&l$llt eircui t has been tempararlly. . .. . 
. asSUmed. to be .a black box m th uriity transfer function ... i.e., the .intei-nal;. . 
·impedances of . . energy souree and reoti~fel' ruive been neglectep. Tbie na~- been: 
done because a .firm decision regarding the exact natUre of. the reotitier''and .. 
energy source has not _l)ee!;l reached -":' the 'data ·~:)1'1~:this subj~ct ·has ·only·~ ~t · .• , .. 

· ·recently become avail!:ible. .. ': · · ' · · 
. I ·• 

- ... Our experiments 'inaicatd to a considerable degre~ of certainty . 
th~t. a small signal eq~valont circuit fOl'-the .os~illators and cavity, ·~ 
valiB in a time•domain whose. units are such that a Derlod 'of oacillat1oil ,_ .. 
at the ca.vi ty :r'.esonant ... frequenoy, (approxtmttteJ.Y. 10•7 see.)· is negl:tgibly, · • ;-, 
sma.ll compared therewith, 11!1 the resista:ncc~capae.i tance combination shown . · 
in figure 1. · . . . ·. ~ ' · · · .. ~< : _ 

,.,.. ' 

. ' 
' 

t. i. 

J • 
• 'I • . ~ • ~ 

c O/.I.,.P~<~1'-+. I 

(~~R&> -AI>/>1/TTA-NU/!'" \ ·~ ... . ' ......... ..... 
L/;;.p) . . ' .· 

, Figure 1 
. . 

. · Small-signal equivaient cireui ~ u~ed for . 
oscillator and cart ty in time-domain defined . ' -in text. . - · .. · · · 

. ' 

R1 aooourits for oscillator losses-, and Bz far ca:Vi-ty loseo_s, R~ is just 
tnetime eonstant·of the cavity under whatever loading conditions are 
being eons1derecl. (i.a. b~am ... on or· beam-of'£). Discussion· of the reasons 
behind such .a c,onelusion are s~lll<!wha~ lengthy, ~ will be dealt 1¥'1th · 

·in a more complete _·repor-t; to follow. · · 
. . 

'!'he complete network, to which th;e curves apply,· is shown. in , 
. figura 2, which is. identical 1tl th figure :1 except for the add1 ti-on of a· 
series inductance element, L, which is the smoothing reactor. Derivation 'of -. 
the transfer'-function of 1ihis network, and an outline of the calculations . 
of the parameters thereof, from Vthich the curves were calculated, are to 
be f~d in the appendix.· · .. · 

- '._ .... 

. : 
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Figure 2 Small-signal equivalent oireui t used ·for 
calculation of open- and elosod-loop performance 
data (preliminary) • -

In examination of the curves it will be noticed that three ve.lues of X. 
- are ueod, 8, 12, end 20 m1.llihenries, representing induottince values for 

the three possible modes of cormection for the iilduetor ill question. Beam
off and beam-on conditione are distinguished b)r grouping the .elirvess 
curves number 1, 2; ~nd 3 are for beam-on·conditionj curves 4, S, and 6 
are for beam-off\ Curves 1 and 4; 2 and 5, 3 and 66 are tor 8, 12, and 
20 millihenries respectively 11 • as noted in the figure. 

E!planation-gf_the CJFJes followp 

Figures 3, 4 and 5 show the transfer functions for the equivalent 
circuit of figure 2. under .the conditions pr~ously ou.tlined. ·It shoUld 
be noted that nor~alization is such that the ·curves as s~own.apply to unity 
gain with bae.r.n--on, 1.05 gain With beam-off. The number 1..05 is the approxi
mate predicted change in output -voltage for the ac'tual system when the ; 
beam is turned• off. 'l'o consider the system with any value of gain g r. l, 
the critical point on the Nyquist diagram.{i.e., the-.'point •.1 + iO) is · ... '" .. 
here transformed into the point --.1 . + 10 • . · 
. . g - . 

. It is to be noted that since for all oases the -phaee-sbift'~"'· . 
asymptote is •n- the loci .cSill'lot encircle the Critieal point. J'or gains 
equal to or greater than five the phase margins are aliif.ye l•ss than . 
approximately 30 degrees. With this observation. we discard the eesentiallr 
qualitative ooncept of· phase m.argin and deal witlttho elosed-loop transfer 

. function, which gives a quantitative aeeount of system behavio.r under . 
closed-loop conq_i tiona. · · 

Figures 6 and 7 shol'f t~e superposed equal-amplitude and equal-phase 
c_ontours for the function· 

1
! v .: .superposed upon the opon ... loop transfer 

function (v),. :Le., theV-PJ.ane is transformed-into the v-plsnt!l (see eq. 1). 
Only the critical region is shown, and1 of course, the function v is no 
longer normalized. Shown are loci of v for two values o£ gain; 5 and 10, 
between which, it is estimated, the necessary value o£ system loop gain will: 
lie. lvl and A.rg(v)'may be tabulatod from intersections of these contours 
with the loci of v. 'These functions are displayed in figures 8 to 1~. 
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SUBJECT ,, 'ProliJtlinary< Corie1derstio.n"S regarding NA~E J. p. Waddell' 
'• Stability of m· .Mark I as. a Clos~-loe)p System D,t.T£ i Novembe1"'l951' . ' 

. ' ........ .. '. . ~ ~ . ' 

' .• .· :· ... ' '·. · .... ' . ' .. · . ~--.;...~·'';., ·~ .. _,.:. ;_·. 
. . • . ·. . .• . ~-.,:;.'! · r:~,.;~r it · .. "-........ ~·:: 

• ,• ': • .- ~ j ~:~_ < ' •• ~ ••• ~·=:...:.::.."'"*·~· . ... ~~~{ ~~· ~ .. :~.-:_ .. 1....,· 

Figures 8.~ 9, .. io,· .and :li compar.e· .(w)' f<&r·gains of·; imd ~'"Vitl1 v(w)'~~-~;·:!.~-- ·•· ~-::_:,: 
It is re~dily s~n tha'{j Wbi:iteve-r tro~ble arises in tho . clo'Sed-loop system,· : -:, , . -
1 t i.e in that ·:ra·gion. of .. the ·trequener domain occupied b1 th!! critical regi!)n .. ·•: · : 
of the v-pl!lDel ·or· ~uist .di~SJ!i~ a, frequency region where ,v is "doWD. .in _ ·: ,- · 
the mU.d" if loop gain is fiven moderate ...... fbe phase ... £unctiC!tt1 Arg\i) ·is _ , .. 

· :confined to small, values until·the· critical. reg1Qn of v·ts. reached, whe't~pOn. .· · ·-. 
• l • • rapid increase . of pha s$ .. $hif't vd th trequ~rieyr occurs.. The .fteqtiel\cy o:t. peak , : , . . · \ · ' 

· ·amplitude sn~ oft ph~t:JG;..shi~ ar~: o~se, the more eo ~t.:hi~her_gsin$. :~J:le.,',,:. _. 
whole thing adds up .to a .qurasi.'!resonant. type of behavior in whi'ch the ttstabl~"' : 

. system, ·.Le.)· ~$system in :wh:i..ch oe~Uona will not build. ~:1s'yei :' ... ·· · .. -'- · ~ 
. ' . 8n uz;derdamp~ ,:system Which' '.when pulse~ Will .. "ring•• • DeeJ:>ement of· '.the ' <, • ::.. • . ' • ~.· . •• 

oscUlati~ns .ts ·d~te_r.inined ·by dam¢.:ng of the, qat~~ ttaelt (!!J~e ·Fig •. -·12 ~o :1.5) · · 
as well as .by 'the loop gain. From tho rola,t~Qll q . .-·..!k11he:re;:.a ie;~. the : . · ' , 

·resonance tr~~,,ney and$~ is. the freq.ue~cy. inte. rv!il, ctet~·.·.e,n. tJ:t~ P91~ts. f. or , . 
~hich J'l ~ + Jie fi~ tha~ .~o:t: beam-a~, QlO .~ .. 3.75, Q?:~ ?.25 an? ,for . · 
beam.-off Qfo 9!1 .3.so, Q5 ~ 2.93 •. ·Since critie'al damping _occurs for Q = l/2, ~ · 
the t!YStem ··is clearly ui14erqamped' ,for all conditione. · Experiments_ peri'ormed 
on a model show th~. ·e:rlste!).ee of. damped ;OSCi~letions in respo_nse to any · .. .. ...,. SJliall perturbation.of', -the·· ~tem.. : · ~ : · · · 

' • •• ' ~ ~ ~ :· " ' \ '•\': ·_· .. - . • • ~ t : 

. - As· hAs been .mentioned previously; this ·situation is subject "to· · . ',. 
correction. One remedy.f'irst suggesting itself is a "phase-lead" netttork. ·· .. :.;._ .·· 
~aving tune-constants 'so ~adjusted as to· warp· the. critical region o.t .~be " 
v-loeus in the direction ··or decreased V. fhe situation Will be dealt 
w1 th at length in the 'repcirt to fellow. · 

.. ·~ . 
It i·~· hoped that .. these. notes will show that :ther~ may be a p:f.obiem'~ . 

tog~th~ Wit,h a. semi..qu~titative notion as to its magidtude. Work o~ .· · 
the equivalent'-oiroUi t .#oblem ie continuing apaee, preparations are. 9eing · .. 
made to collect data .. on ;E\ la,boratory-seale oseill~tor using ~e l2 mc/se.o . ' · 

.. reentrant ~avity made up for the Q-meaau.rement group: Remaining ye~ 1s a· "'' ·· 
~: series of .data to' be .takeri.i;n .the' 'frequency domain \ei'nusoidal mpdul~tion . ~; 
,~ of plate 'Voltage) to be .performed on both the lumped-circuit and cavi,ty , ·· ·.~. 
- apparatus~ 'To date ·~11 data baa been taken in the. time domain (pulse· ·., . · 
, modulation),. . · · · . ·· ' · . . ' - · .. -· 

._ . ' , 
'• 

· · · · .,.... Present plans ·tor s~art up of Mark I include only' ste.bilizstion . · 
of O$cillat<;>r (de) plate. voltage.. ~he scheme herein discussed is· one 
suggested by fanof'sky prilnarily, for application to Mark II. It goes wi tli• . 
out s~Ying that the logical way in. which to start such an inv.estigation with 
regard to Mark II is to.· investigate the propet-ties .of Mark' tin this res·p~ct 
and if possible make ~:e~erimenta+ cheek on the machine itself. 

·. It should be here pointed· out that little difficulty should be en
countered in conversion, on eith.er a temporary o~ permanent basis, of the 
initial system for regulation of oscillator (.de) plate voltage to the scheme 
under cpnsideration. Any rf l~vel monitoring s1gnai from' the eavit.y ma;r be . 
used, with the requisite loop gain proVided by the vertical amplifier from 
an;v:dc osc.1ll~~cop~1 which wotild have mora than sri.fficieri.t output neceas.arr 
to drive the ··eXJ:sting equipment. 
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Appendix - Derivation of Transfer-Ftu1ction 

The transfer-functions used in the calculations v1ere derived in the following 
manner a 

Given the circuit of fieure 2, 

L 
'('0(0 

0 Avc}of 
Figurel? Circuit of' figure 2 showing choice of meshes for analysis. 

Tbe mesh equations are (dividing out tbe time-factor 

[R1 + i (XL + x0 )] 11 - iX0I 2 = 1 

-ix0I 1 + (R2 + iX0 ) 12 • o 

e-iwt): 

} 
Solye for 12 by use of Cramer's Rule (or by su1Jstitution) and recall 
that v(w) ~ I2R2 

v(w) 

nhere 
R1 + i(X1 t Xc) 

-iY-c 

-iXc 

e:xpanded and simplified, 

To put into readily computable form, rationalize equation 
(2) and get 

v(w) Im (Ll) + i Re(Ll) 

where Re(Ll) and,Im (Ll) are, AS is usual, tbe real m1d imaginary 
parts of 6, and Ll* is the complex conjugate. 

(1) 

(2) 

(J) 

(4) 

(5) 
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The function v(w) is normalized such that for the beam on case its value 
at zero frequency is unity; i.e., the norma1i~ed transfer-function is 

v<~> =. 
for cases 1, 2, and 3 (beam), and 

v'(w) "'. * v' (w) 

for cases 41 5, and 6 (no beam). 

• 

(6) 

(7) 

Separation of each type of operation into three cases arises from con
templated use of any of three values of filter inductor L1 namely, 81 12, and 
20 millihe~ies, which correspond to cases 1 and 41 2 and 51 3 and 61 
respectively. 1 

In order to proportion the network parameters in the matter to be outlined 
below, and yet account for an experimental result showing (tentatively) an 
increase in steady-state rf voltage output of approximately 5% when the load 
losses are halved, the factor 1.05 is included in equation 71 making the 
normalized beam-off transfer-function at zero frequency ~'(0) = 1.05. 
Further remarks on this matter are to be found below. 

Q!lJ,.Qulatj.o:gs of Network Parameters 

Designate cases thuslyl 

Table I 

Table II 

. 

Case 1 
2 
3 

"· 5 
6 

L = 8 X 10-3 
12 x lo-3 
20 x lo-3 

8 x lo-3 
12 x lo-3 
20 x lo-3 

Stored energy Us = 

Beam on 
Beam on 
B~m on 

Beam off 
Beam off 
Beam off 

3.11 x la4 joules 

Power-loss 
Pi= 8.77.x 106 watts Beam off 

Bearrt on P1 = 17.5 x 106 watts 

Cavity frequency v., = 12.26 x 106 sec·l 

Applied de plate V(O) d 2.0 x 104 volts 
voltage 

J (UCRL 1173) 

(200-lO,M4~) 

(UCRL 1173) 

'(EED design 
figure) 

,..... .. - "'. ~..,. ,___ ,.._,.._ 
--~ - "".'~~~ --~ 
...:.__---...:,':)v_:!I-~ ..-~. , : 
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From Baker's data on operation of the Mark I osc~s at tull3-!-7Qad .. 'and 
full voltage, their plate efficiency is approximately 0.75. The only 
data availabl.e on half-load, near-full voltage operation of the Mark I 
oscillators is that the rf output voltage is approximately 5% greater than 
for fUll load, full voltage op~ration. This for only one p~ticular 
oscillator, tried only once, and there wa.s no measurement of plate losses. 
The data for this one e.gperirnent, when used to find a figure for tube rf 
output from curves obtained from older data on these same oscillators, yields 
a figure for efficiency •vhich is much lower than the experimental values. for 
the 5831, which clustered rather closely near 0.75. Moreover, the volt• 
ampere figur~s do not agree with previous data. 

In the absence of any data :regarding plate losses for half-load full-voltage ·· • . 
operation, it is necessary to estimate an efficiency factor for this type of 
operation. The Mark·! type of oscillator, being a self-biased dev.ice, should 
exhibit a normal sort of behavior for a class C oscillator under conditions 
where the load impedance is doubled, i.e., the grid biasos itself until 
equilibriun1 conditions obtain with slightly increased rf voltage output 
a little more than half rf current output, and tangible increase in efficiency. 
Rough calculations based upon the tube characteristic curves indicate 
a fairly good estimate for efficiency in the beam off condition to be 0.85, 
arrl for the ratio of rf output voltages to that in beam-en condition 
approximately 1.05. 

It might be interesting to bere mention the fact that the stored energy to 
power-loss relationships wbich hold for the cavity also hold for its low 
frequency RC equivalent circuit. Recalling the definition of Q as 2n- times 
the ratio of energy stored at resonance to energy lost in each period of 
oscillation, we write 

The time-consta-nt for decaying oscillations is 

t. • 

Yielding for the cavity 

Far the RC shunt circuit, 

so 

u8 ::r ~ cv2 

v2 
PL = -

R 

(8) 

(9) 

(10) 

(11) 
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the time-constant for decay of the voltage V for the circuit isolated after 
charging Q£ the capacitor. Thus the equivalent circuit we are using will 
store th~ same energy per unit applied voltage at the input terminals as 
will the oscillator-cavity combinations, and will display the same time
constant upon decay. 

From table II we calculate: 

Beam on == 3.554 x lo-3 sec } Beam off = ?.092 x lo-3 sec 
(12) 

.. The driving-point impedance at zero f.requency is 

Z(O) "'~ + R2 • ~ (Beam on) } p 

Z'(O) = Rj_ + R2 '"' y3~o) (13) 
(Beam off) pt 

Since 

} PL = 0.75 p 

0.85 P' ' 
(14) 

pt = L 
I 

Making ...-..., 

R1 + R2 = 0.75 t 
PL (15) 

~ 

R' + R' = 0.85 Y.2 
1 2 PL 

-
Moreover 

~ ' 
-h· 

R2 
= 0.75 

R1 + R2 
>- (16) . 

~- = o.85 . 
R' t R' 1 2 

Thus .... .. 
v2 

R2 = 0 .. 5625 p 
L 

i 
(17) 

R' = o. 7225 2 P' 
L 

.... 

-

-
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·R :a 0.1875 v2 
1 -PL 

' . . V2 ) 

lj. = o.~75 P' 
. L 

We are now in position to calculate values for all of the parameters 
which are tubulateda 

Table III 

Ca,F!e ..k. Rl ~ ·s mh -1 4.24 ohms 1.2.90 ohms 
2 12 mh 4.24 ohms 12.90 ohms 

~.· 3 20 mh 4.24 ohms 12,90 ohms 

5~,8 ohms 
R~ 

4 8mh 32.98 o)lnna 
,5 12rnh 5.78 ohms 32.9$ ohms 

6· 20 mh 5.78 otnns 32.98 ohms 

From equations (4) and.(5) we have 

'n .. ~e ~(w~ .. -. ·.to~~~~~ 
Im ~(w~ • ~llp~t] [ ~ Ow h.* w 

Re~(o>~ • R1R2- X1Xo 

a R:J.~ t k 
c 

a constant independent of frequen~~ 

c -275.5 Jlf 
275.5 ~ 
275.5 ; ,jlt 

C' 
215.0 .1-tf 
215.0 ~ 
215.0 IJi' 

These are the computable forms from which; using (6) and (7) the Nyquist 
diagrams.ampll:ttlde va: £requeiicy.~~and .. ~phaae,ws· fri!quency curies:· were cal• 
~u;Lated·d~~e'Qtl7,:' and from, which thl3. closed-loop responses (figures 8 to 
15) were calculated using equation (1) of the text. 

(18) 

-.. ~ 

'' 

(19)' . ,. 

(20). 

(21) 

(22) 
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