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Some Notes on the Analysis. of the Pulse Power Supply Performance~ 

1 .o Summary 

These nates describe the preliminary analysis of the pulse power 
supply for the at:celerator guide..,.field magnets and form the basis 
from which an analogue computer study will be made to confirm the 
pulse-circuit operating characteristics and:-

(a) Optimise the frequencies Wf, Wp and hence the 
circuit component ratings for minimum magnet network 
disturbance 

(b) Determine the effe.ot of non-linearity in LF and I.-I" 
and the inherent voltage harmonics in the rectified source 
voltage V., • 

(c) Investigate transient fault conditions:-

(i) Failure of ignitron to conduct 

(ii) Failure of ignitron to extinguish 

. (iii) Advance and retarding of ignitton 
firing signal 

(iv) Capacitor fault. 

2.0 Required conditions of operation 

It is required that the excitation of the guide-field 
shall have a· constant frequency and amplitude, for a given 
energy level, during an operation period of some hours. 

1 magnets 
accelerator 

Since the resonant magnet 1-C network is designed to maintain 
its natural frequency within extremely close limits and inc¥>pendant 
of temperature changes in capacitor dielectric, stability of frequency 
can be achieved by supplying the network AC losses in time..,.phase with 
the magnet excitation cycle, Similarly, apart· from the .bias-current 
which is supplied and controlled independantly, the required accuracy 
of magnet excitation amplitude will be. achieved if the supply of AC 
power. to the network equals the cyclic AC loss power, 

Provision of th~s loss-power to the network by continuous 
excitation from an external source (i.e, motor-alternator set) wo~ld 
require ali elaborate speed control system in order to avoid force- \ 
resonating the magn\3t·. network ·during the random "mains" frequency 
variations. 

The prefe=ed· method is ·to isolate the res~ant.network from the 
"mains" and ~pply the .. cyclic. AC losses as an ·impuls<!>. This impulse 
of energy is applied during the descending portion ot the magnet current 
waveform and the disturbance introduced must be completely attenuated 
before the next particle accel~ating period (rising portion of the 
magnet current waveform). 

1 See EL/S-1 , "Specification of scale-model energy storage choke" for 
a full description. of the resonant magnet network. 
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This pulse-power. supply compr~ses an energy stora~ capacitor, 
an associated charging circuit and a pulse.dischargj3 circuit 
triggered from the resonant magnet network. 

The_ derivation of the. appropriate equations an_d boundary con­
ditions Will now be described, based on a piece-wise linear analysis 
in whiohno·saturation occurs. 

3.0 Analysis 

The guide~field magnets are excited with a fully biased 
sinusoidal waveform to give a magnet current of the form:-

Lw. ~ T~'- - 1""" ~ w .. .f:: 

where w .... ~ :ul 

-= :2 r. '5 » 

times accelerator 
frequency 

., j. Lt.!.+ L-
l.J.,L.,. (c.~+ c .... ) 

The magnet voltage is written as:-

cr...,-=- Y""" .,...... w.._t 

and the choke cu=ent is given by:-

I 

L,_!, '" 11><- + J11'- ~w.._t 

where 
I ..-

"[ = 0·'5 lAc:. A<-

since Lt..~ is chosen to equal 2 L. ... 

3.1 Assumptions 

(a) The primary and secondary windings of the energy storage choke 
l.d, ar.e closely coupled and the leakage inductance is negligible. 

(b) The circuit resistances are negligible except in the magnet net­
work which is considered to have an ohmic loss, in shunt, equal 
to a magnet network Q of 100. 

(c) The pul-se current causes no disturbance in the magnet network. 

(d) The half-c,cle discharge of pulse current is sinusoidal and 
timed tooccur symmetrically about the positive peak of the 
magnet vol-tage. 

(e) The ·:oc bias current is constant. 

(f) The~energy storage choke turns ratio is. unity. 

(g) The. supply voltage Ys ' is constant and. contains no harmonics. 

(h) The mapt voltage \)'.., is constant. ·during t)le current pulse~ 
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3.2. Bo~~.T:J_Gonditions '' 

Consider the -pulse circuit shown in fig •. 2, It is assumed that 
the half-cycle of pulse· current i. p occurs symmetrically around the 
peak of· \1.,. • Hence, since this voltage referred to the choke 
primary is. in oppos!i t.ion to that developed across CF at the peak of 
the charge then for full discharge_ of capacitor C.F (economically 
necessary), VF must equal ~ V..., 

This could be achieved by making V5 ,. :l V..,. 

Hawever; this. would le_ad to an excessive RMS/peak ratio of 
current Lf' , hence a larger charging uili t. , More impo:t!tant, firing 
of the igni tron would effecti ve.ly shor~circui t the_ supply, 
drastically distorting and lengthening the current pulse ~f result­
ing, -for certain values of Lp in failure" of igni tron to extinguish. 

~' 

Consequently some degree of decoupling between charge and 
discharge circuits must be achieved by the insertion of a filter 
inductance LF'. 

1..;:: 

ODQ!U> f l 
t..L /) V . C.F •t, 'c,,! (T T ~ 

Now' · Lf: -~ + Olf -= 
.,Lt '-F 

Vs ------------{1) 

also ~F -= J ~ ll: ----------~-------------w 

and ~F = CF lJt :;u- -----------------------4~ 

hence LF C:F J)t -+- .S(! -= Vs 

Giving a solution of the form1-

\)~ -= 'J$ -t- A (4) lo)Ft ..... B ~ o.JFt ----(4-) 

where I 

WF : J Lf' CF 

substituting for Jf-

i.F = - AwfCF ~wfl:" + 13wf'Cf' c.nwFI:---{5) 

Assume that the boundary conditions::aret-

'-F ,. o J ITf c o .,1-··. t .. o 

Hence A= -Vs and 'B= 0 

Therefore 15~ s Ys [ 1 - c,.,. ..:>ft 1 
-= '), Ys ~ """" t = };!)F 
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Physical argument. Now VF ~ ~ 'Vs ( 1.e. = ~ V-) is the required 
voltage condition- for COI!IJ;>lete discharge of CF when opposedj at the 

- instant of discharge, by voltage - u.,.... • - However, the above 
equations are not a solution for cyclic operation since althou~ 
for the first charge cyqle i.. F'"' 0 at t;-: o and I:;= .Jt>F , i:. f: :F o 
during the pulse and hence the succeeding charging cycle. commences 
with. a finite value o:f l. f 

Cons.equently, for true cyclic conditions a. F must have the 
same value at the. commenc.,ment of each succeeding charging cycle 
and mu-St aiso have identical values at the end of each charging 
cycle_._ 

Therefore,, let:-_ 

i.f .. = 

l..f = 

• I 
l.F = 

the initial:value of filter circuit'current at the 
commencement of the charging period, 

the .. -value of filter current during the. charging 
peri:od-9 

the final value of filter current. at the end of 
the charging p"'riod, -

an_d le_t us define the boundary conditions for the complete circuit 
as 

•' 

-~ 

' ' (: 
0 I 

'4f' 

\IF = ?.\)s 

v .. : 0 

'-f :: 0 

l:f -= Lf"o 

' ~ •. -- ·~- '· t 

-'£:"" 
~;!I' 

Wa. 

wr:~ J LF C.F 

I 
Wf'" [Lp '-F 

x-YL f- w 

,.}- t = -<'if 
•. -= ~f-

" " : -.!off-
.. I• ~ Jofr-
.. .. ~ 

oi 

j.._J..: 
f .. <Jf-

' - J.-' 'f.. <ff-

cyclic period of accelerator 

I 

f ... 

ane;u]:ar fre.quenoy of fil t.er c:ircui t 

angular frequency of pulse circuit 

.!-+.I­
f .. Iff 

(BC.1) 

(BC,2) 

(BC.3) 

(BC.4) 

. ~ j j 

cyc:lic period of the pulse discharge ( ~ -fr) 

-4~ 



-3.3 ' Charging Period I /I; / I J... 
iff~ ~ r .... -lff 

Equations (4) and (5) give the ge11eral solution form of ~£­
and .:.F 1-

\Sf--= Vs+ Ac...wFt--+- s...,:..,ft ------~--------M 

'-f .. - wf c.f' A,.;... wfl: -+ wf'-f "B.""" wfl: ------/~) 

where p. apd "B are constants 

From (BC.4) 

i..f. "" - Wf CF A~ ~f + wf C.F "3 c.., !i"k>f 
2~o> 2w 

-----(1.) 
where 

I ~.,_.!t. 
2W 

From (BC.2) 

o"' Vs + A c..t> <iwF + ~ .0...:.. f'fwf 
1.~o> Zw 

~------17) 

Solve (6) and (7) for A and ~ 

L..fo c.... ~f - 'lis Wp CF ,.;,..,. ~F = B Wf C.F ( W: I'IIA?f -1- ,.;..'l ~) 
2w 2w lw 2~o> 

Therefore 
__ / "S = i..F, c..o4 ~ 

c;;:;¥ l~.o> 
\fs ..M. ~f 

2W 

Substituteoin (7) 
,, 

A e.. If~ = -Vs - ~F• """"~F ~ l'iwp .+ \j.,_,.;,..t. «.Jt= 
2~.o> C F o.>p ::l W -:lw :2 w 

Therefo?e 
d ffWf ' ' r.: A-= - V!> (.d> - -~ -.... ·~ 

2W Cf'Wf 2-.> 

Substituting for ~ and "B in equation (4) we obtain:-. 

\JF"' '/5 - ._.. wft r \f,"" l§.!f + ~ ,..;..~1+ )).\;.."''=!:[if! ~If~-\},,;._~ l l 2w. Cf'Wf 2w j C.fWf< 2~o> 2w·1 

-= 'Js-\}s [c...w..t..,. ~+~Wft" ...;,.1<~ l +, ~f• [,..:.. ~..., ~ -u.·-•Y,..:. u""fl 
-, 2w :z.., j Cf "'f :zw ""~'' :z;. J 

Q.,: Ys [1-"-">(Wfk-~)j+i:fr ~(lo>ft-rfwf) 
r 21ol C f" I.Jf" 2'i:> 

---(~} 

Using equation (3) and differentiating:-

~f: Y,c.fl<>f ~(<->ft:-- ¥.!)+~f .. t<.o(~.¥t- ~)I ("1) 
h.·, 

We know from (BC.1) that Vf"" '2'./s when t= 1:" .. -..!cfr- = 1i_- fw 
If we substitute this into equation (8), it enables us to calculate 

• 
l..f,. -

l " - " - Vs ...,. r w.-( u - !L )-~ l + .:F. ~ r Lo>F(!.!!- !I ) - (("~ 1 S - s L~,. ..,._ 2w :zw j ~f' L W... 2o.> :lw 

V = -V '"""(~"-~F) +i:&. ~(2~- ~F) ~ S lr+ Lo> C F ""f' ...:>.._ w 

-5-
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Therefore 

'-f.,= 

where a< : ~J!-~f 
w~ 

I + c...r>o/. 
M:-ol 

Giving 

Vs CF' W(- ( l+ Cd>ol) 
~..<. 

liWF -w 

=-. 2U>.,..~ 

, :::? '-<t'> IX/>..:... *' ....... , 2 

:~t 

l F~-= Ys CF wt= c:J- .If e~:-~) -------- (t~ 

We 9~ now write l.F in alternative form by substituting equation (10) 
ln \9):-

i.. F -=- vs cF ~F [~(~L--cro.>t= )+ 4') 'f('-.!::!F- ~)wo(-...Fe:-- ~'\1 .,_.., ....... ..., 2U>) 

~ lf (1..~- '.%~") 
~ ..., 

I ,_ ~- ~F' + {l"..>f) 
·= Vs Ca: wF GrJA l \Uf'-- zw w• -;;;, 

~ f(2~-tt=) 
Therefore 

1.-f ~ Ys cf" w,.. • .:¢ ( wl'"l:- ~~~ \ r- WA. ) 

~1I(2~- ~) 
-------(11) 

:a I.><> '"'"' 

3,4 Pulsing circuit -·t} ~ 1: ' -ltt 
;·;' 

We will now consider the circuit characteristics during the 
discharge of C 1=. The· igni tron switch conducts at t = --'l;:F-
and ceases to conduct when the current pulse ~P reaches zero, 

Lf" Lf 
_ n " ... ,..,.. .... 1'\ n.ri'l 

y+! ~.5_1_ ~ , T c d , Tc, .1-' ~~~KEnergy storags choke primary 

The fundamental differential equations of the circuit' are:-

l-F b ... Ys ~ IS.= 
.ell' 

--------~----~~--~~~--62) 

Lp ~ , 'VF- Vs 
.JX 

. . c ~IS"f' '-r"' '-F- F lF 

(11) 

(let) 
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We eliminate Lp and ~f a,nd obtain a differential equation in Uf 

Substitute from equation (14) into (13): 

Lt [ ~- c.-~f1 = Vp-Vs 

Substitute for ~ from equation (12): 

Lf [ Vs-Vf _ (p .t\sfl = 'VF-\Is 
LF Jlt. 

Therefore 

LrCF~ + (~-+ !:f\vf: {l+V)~ 
,... l-F) Lf 

a,nd 
,;\auf + w~ ( •+ !:!).sF = ~.>; {•+ Y) V. 
A.t'~ LF I.F S 

since. '1 I 

Wf "'J..., £F 

Putting 

""( '=~) ....:;, "- .., Wf I 4- l..f' ----~-----(1~) 

~F + w,_'l/f .,. w"' Vs 
Ak" 

so JF-= Vs + A Co') w\:" -1- B....;..\A)l' (lb) 

where A and 'i3 are arbitrary consta,nts. 

Integrating ~quation (13): 

l..f ~I' = c, + .! ~ wt-- J! Go') ,..t' . \l) 

Integrating equation (14): 

lf .:F -= C2- ~ .DW,,,A' + !!, c... wl: 6 ii) 
where ~, and C2 are arbitrary constants 

Since, in solving equations (12) - (14), equation (14) was 
differentiated; it is possible that c., and c 2 are related. So we will 
now substitute equations (17} a,nd (18) back int.o equation (14) and 
check. 

~f'-"-F"' t--(,. -1- ~~w~(f,.+f"r:)- 2;~j-([-, +l:t=) (v1) 

We require this to be equal to~ 

.· -CF~ = CF~A>A.eW.wl:"- CfwR ~..,~ . . .u- . -------ll~ 

Compai-e coefficients in (19) a,nd (20) 

Coefficient of ~ ..k in ( 1 9) - ~ {t+ !::P) 
~Lf L-f 

-7-



Coefficient of ~lo)t in (20) = &L,(~)::: &/•+~n using ( 15) 

Similarly coefficients of t..1> wl:" are equal, 

For the constant terms to be equal, we must have:-

;..• '= ~ in (19) ----------~·) 
Lf Lf 

Hence the most general possible solutions are:-

i.. f "' SJ + ...l. ( A ....:., wr- 8 c.., w~) (22) 
Lf, LfW 

,. 

'-F = 0 - .!- (A..;.,. ~1.:" - IL."' wl) (1.1) 
L-t> Lp•.l 

15r -= 'lfs + A ~ ~r + B...:.. wl.:" ----------Lw) 

where C
1 

, A and 13 are to• be determined from the boundary conditions. 

From (B0,1) . 

so 

Using (BC.4) 

I VF:J..Vs. at 1:-.,- .... a. 
,. -1fw 

B= -Vs ----------------------~~~ 

\..f .. -= c, 
Lf 

fi.... 
LfW 

----------------·'--- {ll.) 

and Cr:: o at the beginning of the pulse (BC-3), so:-

c, A 
0=- ---1-f l..fl..) (21) 

therefore, solving (26) and (27) for A and C:. 1 

. ~(..1--.L\ 
. '-f' ... =- w l..f LF J 

Hence A: Ly"W [ttl')(·-~)]_, 
ioeo 

A ,. ~f .. ~ Lf ---------- (l!t) 
{ \-~) 

From equation (27) and substituting for A given in (28) 

c., .. ~: w 
ty-.. Lf 

{·-~) 
l...f 

-a-

--------{2'1) 



. 
Thus, the solutions for Lp 1 '-F 
are:-

and VF over the time -fw ~t,$. fw 

I.,. I' = 

LF-= 

- y ( 1 +.....;.. wt) + 

'-f' 

'-f~ (t-Y~w'0-
1- 1.. ( 1-l" ') -1-f' 

'1/s 
Lrw 

c..J> \o)t 

v s c...s- wl:­
l.f w 

sf ~ ...;~ ( , - -:... ... t-) + Lf W L.fo 

(•- Y) 
""" I.)\' 

L.f' 

--~-~o) 

------(31) 

------(1'1) 

3.4.1 Comments 

\ 

The following comments need to be made re.garding the analysis 
so far:-

(a) From equation (9): 

\.f - Vs c.F wF ~ tX. --1- ~F. c... d. 

1:::: t .. -;f 
where o/= 

Substitute for l..f
0 

from equation (10) 

'2nWf 
\Jo.)e. 

l..f ~ 'Is Cf'&.>f' ( ~ J + ..)- t c..n d) 

o..- !- I 
• - f· -"Iff- = \Is C.p wf c.k !1. 

~ 
~.-f'., 

tro..¥ 
w 

Thus from section 3.3 we expect ~F,. Lf0 at both ends of 
the charging perio(l, and so also at both ends of the pulse period. 
However,. the solutions of section 3.4 indicate that:-

l.f = ~"' (' + .!::P) ro L.f 

1- !:1 

at. the beginning of the 
since ~F (<. I 

(b) At t "'J.ff-

(.. 1 ~f• 
('"" 

L.f 

pulse (i.e. end of charging sequence). 
, the discrepancy is small. 

from equation (30) 

I- '-f/ 
//...f 

But 

and we should expect it to be zero (end of pulse). We note 
however that the dominant term:: of equation (30) is the last one, 
and although this is zero at t',.+J1ff, it is negative for 

1::- '> .!(f- and so (. (' is probably zero fractionally later. 
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(c) 
• 

Note that sin(le the current C..t= • i~ not z~ioo during' ~~e pulse 
period then tl}is component' of c.F · oontri butes to tB:e .,Supply 
of AC loss P-~~:- (fA,) t<:>. the- resonant ma~et ne~work. · 
Consequently; th~.m!<gJ!Ie,t netwoxk ener~ loss, ~ ..... · PAc.. '" 
joules/cycJe,-is equal to-:•the sum.-of the.Gapacitor 
stored energy, •~ C V 1 plus 

''1 F F 

-~ Vs 
w 

I ' l [ r.:~~r;:] 
-i#r- ~f-

w... -21'1" 

J,. 
"2. 

3-;5 Peak:, average' .a.hd ·BJIS values of C..f .and '"F 

lie vi 11 now derive the -peak, average and RMS values of t}l;e 
quanti ties ~f and '-F t and, in order to simplify the_se deriva_tio_ns 
we will use the approximation 

wr ~I..> 
This is justified since LF is much greater th,an Lp for. _the 

range of circui-t pa;tall)eters that wilL be used and hence equ~ion (15). 

'\.. "'-( '=~-)- ,_ ~ 
W -:: Wf I+ 1.-f' : teads_ to \..> '= Wf 

io&o ( i + !:::1) --- LF 
-A. 

3. 5 .1 Peak vhl ue of current I. f 

Using the above approximation then eqa~tion (30) give&:~ 

- '-f .,. ~f., (I+ ,..;...W~) + );_ c., W(l(:-
'-fwp 

-----(3oc..) 

lie note that from equation (10) 

.:.F .. ..., Vs c.F ~->r: J..- ~ 
where 

.n.-= !!('hJf- ~) 
I~_ '2 WA W(l 

.,..-------------(·n) 

hence 
~fD :::, 

Vs c..J-~ --------(~If) 
l..t= WF 

Therefore, using ... _!_ 
wf' ""' L¥Ct= 

i. -.:: -Vs ' e.}~ (I+ ......;. ... ,.~:-) + j ~ '1. 1!4> wrl:" 
f1 Lf Wf L..f Wf 

:z. .. 
and using l f Wf ::: LF Wi< 

• 

i. f' = .:fL [ cJ- (? ( 1 + ~-~~) ~ ~ Go'> w,.l: \ 
l..f' WF - , Wf" J -------13~) 
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J~ ~ec:Wa.)i; ,value of 1.. f is reached when J = o , ieee when:-
.... 

~ ~. ~(' c..., wet - ~ ~ ..u"'~-= 0 

i.e. I l- -1 t=-w,. ..... ¢ 

where cf::. ~ c.)- n 
wr 'J 

Substitute back into equation (35):-

t..p -::. ~ [t.)-~(l+~·~'t)+~ ~ ~-· nt] 
I...FWF Wf T 

)\ . 

91~ 
I 

Therefore [ { _j_) + ':df 1 1 
~ .., Vs cJ- ~ ! + J 1 + yt~ Wf J I + 1/'" r....f Lf'Wf 

now ~ ~ ~ 
'f'. = ..!o!f c.J• ~ ; I+ ,,(:z.-= I+ ~ .. <J'(3 
. o.>p .,. wr 

8'::' 

o;,o ~(J ) o.> I h 'V . ~ ' +-' .. ' .), ..... ,~ J. rt.st"f![.+~c.+~~..t"Y~ ... f' b+~ J 11)2. ~~~ ~ ~ 

-::: Vs [L)-~+ c.J-(? + ~ I J 
~ (~~ + ~'-~)t l..>f" {~:+c...t"tJ) 

Hence:-

~ 
Lf -: 

Vs 
LfWf 

[ J-~ +j ~: + c.J-L(? 1 

3.5.2 Average value of current ~f 

We define the average to be:-

J 
fo.~p 

~f~) = l.r JK /if .. 
.g:: 

- 7-M>f 

---(?k} 

Now ~ is the cycle time of the accelerator, but the 
integral is taken over the pulse time ~f since t f 
is zero during the charging of period of c:F'. 

So, using equation (35) in section 3.5.1, we can write '-r as:-

L.!J -= -.Js c:)- (? (1+~ w,~:-) + V$ • ~ '-<~> u,t 
I 4=WF Lj=k)f !.If 

---{3')) 
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so t.~~{~) -= . r .. e-ll-.-~ 
. ~~ 

-= f . [ tJ' ~ ( •+...:.. ~-~);'" ~"" ""'r"l ~ ... .»-. ~ ·'l""-7 ""' 

. 1~..., -: ~. Vs [cJ-n (t _ ..!- c.cr>w!" )+ .!-~ wtl::: 
'1 If" I-to Wf 1• Wf Wf 

-~ 
tWf 

- ~-"-'1/s [J:a.:!i=+J.. ·1 . 2.r . '-f: wt= r wr wf 

~~re.f'ore 

(t'(...r) := Vs. . [ .!.2 ~ ~ .R + ~ *1. . 4 WF Wf ,~ .. Wf : 

3. 5.3 iuiS:va:Jiu.e, or current Lf . 
j 

We def:ine:'.tlre/BJIS v~lue to be 

'-t~) = [~ f q n-T\: 
Using, equation (35) 

t>/) 

• "1. l v!_ \"l. f [ " ( · ·... )1 " '" ( · :\ l l.f := u;-...,., l .)t f I+ 2 ,_..,f + .._ '-'¥" I! + ~._'-> o.¥' + 2 '-" (l l"f'_,Wfr} ~ W>wrl-J 

.... 

2 c-"-9..,.. I 

using lAP 1f-= { \ .... 2M-'"{> 
; _,.,.:_ 2 tf ... 2 ,..:_ f "" f 

l..f -= ( :::.S f .l H ,. 2 ...... ,. + H•- ~2...,1-)1 
+ '2 c)-(1 ( 14>~ +!...:. 'tlo>ft--) ~ + ~-- (tot c:.;, tt.¥' l .. 2.Wf . ) f 

so 

if· (~)' fPir •t ~· ..:t,..:.4+• ~.;t--":'".,.,.~""..,.:.'...,.r 
. . . -12- +(~w; -~) w-. 'twrl--1 



We require 

r !f.., . 
J. ir ~- , and only the ·first, second and fourth 

-~ ....... 
terms inl;!id~ r . ._, l 1 contribute to the integral, therefore:-

§. ..!-

~,{ft<f)-= [ 'f:r(~~Y ~ J"(1l-+i_~:t- t~.l~f~wfl' 1:; }2 
1.Wf 

: Vs [~(~~"'R :rr,. +J.I('~ +~.1f~8]~ - 1. r· w 1 ... _r 
Lf"we 1.rr r '"'~" wt= w, 

Hence 

' = ... f (~HI) 
Vs [ 3 ~ r.A'-a. +..!- ..:...wl +.!: ~ c), n] { I 3¥) - ~.., ,. u . ·"'¥~ rr l&lf 1 
l.f'->F t . 

• 
3;~.4 ~eak value of current lf 

The expressions for ~F during the charging and pulse 
periods are given in equations (11) and (31), Making the 
same approximations as used in sections 3.5.1 - 3,5,3, i.e. 

lA> ~ ~, 1 I-+ '=.£ ~ I ·, we may rewrite ( 11 ) and (31) as:-
l..f" 

l F ,. 'Is 
Lf' L.>F 

Gcr> (wei:--({~) 
~13 

--------(n ... ) 

for .;;-f,. ~ l"' {,. t._- tr,. 

and 
-:_f = .:.F' - L """' w .. t 

o '-FW( ' 
----------(~1 .. ) 

for - ~(- & 1:- ~ -lff' 

substituting for l.r. (equation 34) in ~quation (31 a) gives 

~F-!J... [~~- ~ w.w,l:-1 (31A-) 
l..fWf . . ~(' 

During charging 

using equation (11a):-

'Zf(.t>.--)-= ::!£. . ~ [c...->(Wfl:-- .r~)l 
.........,.. LFWf ...._p We. 'j "'"""'· 

-JL._!_ 
Lflo>F ......;.jS 

-------('3"1) 

the maximum occurring at ~ ~ Jf;~ 
-13-



_..-. 

\ 

Du.::inqt the pule~ 

using equation (31b):-

/\ . _ 'Js [ c..} (f - ~ c..s> wl1 
l...f Wf' Wf 1'\A)( i..f(~) 

-: YL [c> f! 4-~ 1 ('P) C..fWf Wt 

the maximum occurring at Wpl:: -::: - 11 • Now this 
is outside the range of the pulse, and we can therefore 
conclude that the peak during the pulse is less than 
this. Consequently since equation (40) is less than 
equation (39), then (39) gives the peak value required, 
i .. e.:-

I }\ Vs 
1 1 '-r = t:;:;"F · .....:.. f3 --------(~~) 

where fS"' !t ('I.IJf - Wf' ) Z Wto. W{' 
from 
equation (33) 

3·5·5 Average value of current ~F 

. w ... r·h-'-f (A..rj ~ ~ ~F M 

r
~ ~~-~,. -~ f _,._"F£.1.1.) ll- + J/' I.J...,.J .1>.} 

.,_..., . 'UJf 

Using equation (31b) 

r%. .. 
) "f(~ »-- ~ 
4 .... , 1

~1o>p 
Vs [c.J- jS.t _ ~ ... ......:... wpt-

Lr Wr Wp .r · 

-~ 

'is -
l..fWf [ !f J-R- Z..wt:1 ('1-1) WI' y· Wf 

Using equation (11a) 

1Ji_11: 

f
~e. 2.lolj' 

c: .. l-4) »-. 
ji: 

- Vs 1 U.. 'I.W(' 
,, [ ~-:It 

4"'F '-"'"'-, . ...:_{..,.--K~F~ 
1-Wf 

-14-
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at the upper limit: wFt- rr'->f ., ~f _ ~ 
We. We. l..Wf 

- (J 

at the lower limit: ...,pi:'- If~ 
w.. -:. -~ 

I<t-::. so ~!=(~)».=- \J.s . 2~(1 
L pwf.....;.. f1 

.!t ......, 

- 2Vs 
L 

l..p Wf 
------ (q:t) 

·-·· .... 
s~~stituting back to ~f(~ from equations (41) and (42) 

Lf(._,).: ~. :!.L [.!!' ~~- ~ +; l 
2 It' l..f Wf Wf Wi"' Wf 

Therefore:-

t,_f (u) .,. Vs [). ~ ~ n +,!... ~ -).. w.,wf1 
l..plolf t. W, ,- II" Wf r<" Wf'" ---llf-1) 

. 
3.5.6 RMS value of current ~F 

(i: ~ - .!f j. f r- .., r ~ ,., ') ll 

• W<l •L ..>A 't. 
'-F («"s) -= i'"rr \ l..f l+J..J .U- + «- \ Lr (~) l-'' 

)_(£ /!I 
1Wf 'l.l.>f 

Using equation (31b) 

. .. Gv. ;.. [ .... ~- . .. .. ] l..f (~) = .....!... c.J-(1-"lt..r(t·::!ft..r>wr'<-t- ~ ........ w,':' 
Ft.> Wf W( 

-::~~~y f £J-"p+!~-2J-(l·0eu>Wpl-+i~ ~2~~~] 
.-

-15'-



Therefore Jr 
"'¥ 

f
~, 

.:.tq . .L) ... .,. 
-!): 

\)~ ..... r£J-~~ +! i 1:" -2~p. "¥', ~ ... {-1"~:i~2o.~p~ 
Lf wr r "¥ -r 'J 

........ 
-.!!: 

,_ [ ,_ '- '- Wf] 1.~ = Vs .!i' ~~ + 1L ~.- 1.1-~ (' w-... w) 
- ...... , . 21..1f {'. 
~Wf . 

Using equation ( 11 a) 

' .... 
'-F (-4) = 'Js 

t. 

--;::- ... 
l..f wf 

4?'"(1UfLrl~) 
~"-(1 

. .,., Vs" ._!. f 1 + ~ (t.wF~::- ... ,~_f)] 
L f'" w;- ?. ,.,.;... ... (I 

Therefore 

w: _11: 
...... 'I.Wf I c,' (.1...,)·1>­

f..., 

.., Vs . e .~ ..... ·r I ~-_!r 
- ' /, ~ 1-Wf 

'-""f"":.:-p • ...... lz~~-'-:!:'~ ,_ ,_ . ..... + 
?.LF' wf ,.._ (l 

at the upper limit: 

2..,pt-t.~F = lf.rt"~-~1' -~f 
We. 1..\o. w.p w.._ 

-:: '2rt"Wf t\Wf ---"->4 v.Jr 

- 2~ 

at the lower limit: :. ""*' - 'l.~f 

so 

r~ .. -ttl' 
J tf"-(~ .U·. 

.!]: 
'l.Wp 

wr w.. 

: -2(? 

,t r!!f-.:!L .... J -= s !.)" wr 1 • ,_._ n .... ""' + ~ \.- ,. 
21..FWf ~"-p Wf......., {J 

§:. 
......... 

-= Vs..... [ ~- { ~' + ..L c.)- (?l (Lf~) 
Lp"up'" ~.,_(J Wf 

-16-
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Therefore, adding the integrals together (equations 44 and 45):-

[ 

<-,, ... .. 
, _ ~ ...!!. 11 J +.!L ~ _ 1+<-k~.~ + ...L sr _ J.. rr 
'-F ( ,11J) - 1.1'1' L..F...,J [ wf (3 ?. .... ,~ '"'I'" ......:.. ... f3 ( u... 1 wp) 

+.ZfeJ-(31} { 

~ Vs [1- ~ J"'p+~ ~~ _ 2~wt" c.J- ~ + __!__ 
4Wf 2. ... ,. wp$ rr wr" l ~ p 

J.. 
I WA. I w..c.)-11}2. 

-1j wr....:.!'~ + 2$ Wf" .· r 

·'·\,;,.. Renee:-

l..f (t"s} 
,. Vs [.J_ (.!.-,.!.., ~ )+t ':*c)-._~+ (..L ~ -,l.W..Wf\ J-11 r.;;:>f ~~ " "f wp ,.., 'Zf1' I.Jf . rr wf ) ,-

+..!.- IJA.WF'-] 
If wr 1 -(qi.) 

3.5. 7 Comment . 
On the basis of energy conservation '-f {6-4) should 

equal '-F (H:) • However equations (37) and (43) show that 

~f ( u) :j:. ~I' ( u) l,Jy the ternw - 'Vs • ..1- • o.Jo.lo.)F = _ Vs • .L . ~ 
l.cFWf' If' Wf" rr l.cp wp2 

The discrepancy probably results from the approximation 

I ± ~ -i:::: 
Lf 

3.6 Circuit voltages 
The voltages developed across the circuit components during the 

charging and pulse periods will now be considered, using the 
approximations detailed in section 3.5. 

-17-



3. 6.1 Qapaci tor C f 

The capacitor voltage Uf is given by 

SF -= !if -= .L r ~f»­c., <=-e 

During the charging period Xff-, ~ 1:- ~ -f .. - -lft, 
and using equation (11) for ~F we obtain:-

1:" 

t>f(~) -= ft= I Vs c.F we . c..,t(wft'- rr.!([) . .,\~::' 
~~(1..~-~) 

jJ 'L- WA Wf' 

~wr 

I ... -
1: 

'1/sCfWf [.!.- _...:..(wF~'-rt~)~ 
• Q WF """" 

= 

<:.F 

Vswf 
....M (3 

""""',~ §. 
z.W(' 

( 
..!.. .....:.. { l..)f~ - 1f" *) + J_ ,...;,. (f1 
Wf 1M<>. Wf 

Ut:- -::. Vs [I + I ~ (::. ~ lfJef!) 11 ('+7) 

and during the discharge period -~tl' ' t" ' {f..,. ' 
(i.e. pulse period) Uf is given by equation (32) 

[ IS'r ~ 'Vl ( ,_ ......:_ wft-) + t...ewp~f. c.n wf\."1 ~'l) 

3.6.2 Filter choke Lf 

The filter choke voltage VLF is given by:-

Lt> ~f »-
During the charging period, ~tl' ~ ~ £. l .. -~f-t , and 
using equation (11) for (.F we obtain:-

tfLe"' LF·lf.[vse.Ewf c..r:c'-*- rr~) 1 ........ !f(t.~- \=If'. ) w.. o.)r 

U.:e-:::. - Vs """" "-t· ...... , 
.......... 

where 

-18-
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and during the pulse period, -1fr, 4 t ~ {-r, 
us.ing equation (31) this voltage is:-

Ur..f := l..f ~ [- '\Js c..-.w/l 
;u- ~..fur 

' and 

I V._, ~ ~' "'- w,t I I -l;!...;. ..,,,.,,.~11) 
(If"!) 

(since 

3.6.3 Pulse Choke Lp 

The pulse choke voltage U1.r is given by:-

L .l~r 
'W 

, ....... 

therefore during the pulse period, -J-~f ~~ ~ ~f- we have:-

U~,.l" ,. J...p ~ [ ~fo (I+......;.. wpt) + ~ '-«> Wft"l 
l...fo.Jf 

U1.r .... l.f,. '- wrl:" - ~ ~ wrl"" 
LfW(' 

------(.,;o) 

3.6.4 Ign.itron 

The voltage developed across the ignitron during the 
charging period),;. (lc- '--\r-)., .. is given by:-

if•P " '" 'f•P 

s~-= sF _s ..... 

using equation (47) and noting that s .... ., v- ............... ~..' "Bnd 

V-w. ~ Vs we obtain :-

[ 
. (~l--- ~f") ~ 

U<.-., .., SF- S.,.. -= Vs I + """"' .....;... {3 ....,.. - G<J> w.._J ~- -~sl) 

During the pulse period the voltage 15~':1 equals the 
ignitron arc-drop voltage. 

3.6 •. 5 Average primary voltage during pulse period 

The.' energy storage choke secondary voltage V.,.. 
to the primary is:-

v~ = [2 ~~ \) .... '"""w .. '<-

referred 

where ~~ = primary/secondary turns ratio • 
.... ~ 

-19-



b\-..., ~ ~ ~ ~ ~' ~ ~(' ;, 

r ~:- §: 
'UUJ' 

o..:,..J ~ f r. 
-.!!= 

~ V._ c.n w,J·. ft 

'I.Wf 
.~ 

~ ''*f [ ft "'' ~,_ 

d I · ~ z.w v .... W.. ,.._ w .. t--J t' 

_!t 

I -
c5.,..f~o{ 

ii !!.' . we · :Z 
r-1.... W<~.'il · 

'Lt.)( 

~ 11--> .. -ZWf 
-----'----....,.--( ~1) 

3,7 Pulse power supply values 

·Th~ 6ifi:?u'H·parameters are dependant on the values 
chosen for WF and Wp and these frequencies will be 
optimised, by an analogue computer study on the basis of:-

(a) minimum introduced disturbance to the magnet network 
during normal operation, 

(b) economic circuit component ratings, 

(c) acceptable transient fault values. 

However, as an indication of the general current and 
voltage relationships in the pulse power supply circuit 
under normal operating conditions, the following values 
are ·tabulated (assuming unity turns ratio on the energy 
storage choke) for:-

.&,., 

wd.: '2rf 5'0 radians/second 

WF -= wt~. -;::;: 
Wp .,. "'3 W<~. -=- I :Z wF 

'-f(u-)= ~ fA, 
~ 

neglecting pulse power supply 
losses 

~F~) -= I •U'\'1 V s from equation (43) 

LpWf' 

Lf
0 

-: 1•'3<>'3-.Jr :. o • ~7l.Y"(.....s-J 
l.pWf 

/': - t·bi~-< VJ '"' 
Lf - i..p Wf 1-1 l. F (w) 

l..f {(lnJ) = ,.(.p Vs = t·o:Z ~ .:Ftw) 
lpWf 

-20-
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from equation (46) 



'- = l·lf•ll Vs ~ '-f(U) 
f (u) L.po.ip 

from equation (31) 

.A. 
1"3-"37"3 Vs ,.. ~·"\3 ~F (~) l.p :: 

L..F Wf 

from equation (36) 

'-fu .. s) "" 1•'1~ Vs -= :l·l.'f i..f(u) 
Lpwf 

from equation (38) 

LF = l•'f.,'i Vs 

wf ~F(w) 

I 
CF = Lpw/· 

I 
Lr = 4w; 

o...:(u) "' o.<;(((J' .. ~\.v .... ) during pulse, from equation (52) 

N.b. The above values compare closely with those given in Cambridge 
Electron Accelerator report CEA-68. 

oc.-(~BP"Il I"\ b ·~. 
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