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ABSTRAct 

An SCR DC to DC coa"erur is deacribtid vhicb 
will operat& at an output of 275 kW and will su~ply 
current to alectron storage rinc ~gneta requiring 
5 hr. s:ability of 50 ppat. 'The operation of thia 
~odifi&d chopper ia described &ad deaign equation• 
s.re presented, along with the s:,.cs eontrol loop 
:iescription. 

INTRODUC'r!OI'f 

'!'he !iat ional Syttchrotron Light Source (NSLS) 
under conatruetion at arookhaven Laboratorv will be 
a uni~uely copioua suuree of x-r-, and ult~aviolet 
photons with a wide speetrUI'I. Sel.ecte;d (requenciu 
of this radiation wi~h •Javelengtha of the order of 
atoreie arui nl:)l:!cubr dimenaiona wil.l be an impor­
tant tool lQ r.he study of matter. s~ of the 
potefttial uses of ehia light include 9tudiea of 
absorption 3~ctra, photo eai•aioa of ~leetro~•, 
x-ray seatte~ing, biochemic~l studi•• and other 
areu of b.uJ.c research. It caa a l ae be uaed for 
111icro-lithography of integrated circuit• for 
ultra-danae semiconductor devicea . 

'!'his light is generated by elect'!'ona llhieh are 
m.ade to follaw a cloud croit in an f'llectron stor• 
age ring at nearly the speed of ligl1t in vacu:J18 
chu.a underga:.ng centr i petal aceeleratioa .iue to the 
111agnetic gu.i.da fi eld . This acteleratioa cau.aee the 
electron beam t o ~adiace energy ~i:h a ~ide s~c· 
t rum ~ ith & peQk dependent on ~h~ elcc:ton energy 
and the r&d i uiJ of curvature. Thll! ~Sl.S will include 
two electron scorgage rings ; oce operating at an 
ener~7 of 0 . 7 GeV with a peak or character i stic 
'"&velength ill the \"&cuum ultravio let (VUV) reg:i.on , 
the other at 4 , 5 ~EV with a chara~teristi~ ~ave• 
leng~h in the oof~ x-r4y region. The O.aa storage 
duration ia dependent on the sutual re~laion of 
:he electronic chargee, col l ia io~ wieh the reaid­
ual gaa in ~ha vaeu~ and :he stability of the 
·~•gnec ic fir.lci -,t the storage L"ins d:!.po lea, -ng 
other thinga1,2 . 

DESIGN 1\.!QUIR!H!NTS 

'!'he powar soure• r&quired for t~e stcra~e 
ring dipo lea of the Nat ioaal Synchrotron Light 

·.,--·----
Research supporeed by the U.S. Department of 
E:nergy . 

Source must meet a number of stri ngent require­
menu. !t must gellerate a noaain.al 15vOA at 6.5Vdc 
for th• VUV rins (or 1S5Vdc for the x-ray rins) 
vith a relativelr slow rise and decay and with a 
short ee~ (5 hr . ) current st~ility of + 50 ppm, 
IIIG in or~htr t o t~~aintain the be• orbit -;ithin 
rlesirtd lilllita. '!'he requirecl long tem stability 
ia ! 100 p!)la, lii&X, over one IIICinth. 'The peak to 
peak 111apetic field rippl~ aauat be leas than .50 
ppm. '!'hua the power source 111uat be virtually 
i.lldependenc of the 480V , 30, 60 !!• line volt ,sge 
veriatioaa, pbaee imbalancea and t?an•fo~r/recti­
!ier caleTances. Alao a+ 10• temperature varia­
tion at the power $U9~ly ~uat be ant i cipated. 

Oesig~ Alternates 

~haae controlled SCR approachea with varioua 
correction circuita to minimize che effects of line 
vo~ta~e ?urturbationa and line frequency variationa 
as well as ene t~ansistOT bank regul~tOT approach 
wen ~ona idereti. The pr.ob4em of aena i111 the line 
voltage :z:erc creasing of the sea phase controtled 
regulator in the presence ,,f frequency variatioM 
Cllll be sol vltd ~ith 1. phase loclted loop but line 
voltage purturbat ions can only be correct ec1 by 
shifting of the sucaequenct SCR trigg~r. '!'he re­
sultins wobble: itt the regulator output i a attenu­
ated :,ut \'lot eliun.nated by the filtering of the 
inductive u~et l.oad. 

The tr&r.aiator bank regulator can produce 
relatively fast ~eeponse1 to ~iecurbanc~s. The 
inefiici~nc:y of the· trans is tor bank regulator can 
be minimized by different prere~ulator approachee 
• .,n ich add to £ts CO!IIplexic:y and cost. t t is an 
e'ICpena i ve approach but it: is capac le of wide<band , 
effect ivt! contro l . • 

A -:hea~ar, lliOrl! me!."gy effic i el'it altet•natl!i ia 
an sea switching rerculator or chopper . When uawd 
in a typ€ l, 100 R& 'crane! width lcoll> with flied forv11rd 
control co correct for iaput vo Lt.:ge vu·iar. ion a, 
the choppar l.oop haa adequate control agility C-or 
the storage t"ing ap~lication llhila eliminat i ng 
'virtually all the variation• and. i.mperhct i.ona of 
the input a.c. power 3ouree. '!'he chopper a~proa~h 
which wea chosen is baaed on a \'O!Cage c<nm.utate<! 
chopper deecr i beci by Dewan a.nd Jackson because it 
per~~~ita 30re r ap id turnoff of che •eries switch ~t 
the i.natant rl!quired by tne lool' eon ~ro t . I t r-e­
sults in a 9traight forward single i nput-s i ng l e 
output control system wh i ch meets the de~ign goa!s 
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without significant complication• or coat. 

Chopper Operation (See Figure 1) 

8aaically the chopper operate• u followa: 

The lo~ switch turn-on occun u a direct 
result of the clock pulse, eonnectin1 the input 
voltage source to the output filter and load. 
Turn-off occurs u a reaulc of the coaparbon of 
the integral of the load switch output vs, and 
the a~lified error voltage. The OPP switch (Q2) 
is then triggered connecting the load switch anode 
(Ql) to the negatively charged com.utating capaci­
tor, C, forcing the load awitch off. This ia fol­
lowed by a flyback and recovery sequence which enda 
with the C again charged negatively to ground. 

After the ~ontactor closea, the sequence must 
begin •Jith the inhibit ot triggers by the trigger­
ing logic until the input filter capacitor, Cl, is 
charged. A seriea of 01'?' trigaera u then gener­
ated each of which Jtarta • flybeck and recovery 
sequence whi::h proceeds u follove: 

Q2 is triggered causing C to charge to 2v thru 
Ll. The gate or Q3 is held off by the current in 
the diode , o~. aLthough QJ ii torwlrd biased. 
After that first 1/2 sine of current thru Q2 and 02 
ceas~a, Q3 conducts, resulting in a second 1/2 sine 
of current tl\ru C and L4 and a reversal of the 
voltage on C. 

Asauming no loaaes and Ll • L2, on subsequent 
triggers, C, initially charged to -2v, vill tend to 
charge to + 4v. ~ovever, Dl be1ina conducting when 
the volta1e inducee in L2, ~hich ia tightly coupled 
toLl, equals~. t l\ua tanding to cl .. p the voltage 
on C to + 2v. The current in Q2 then decreases to 
zero, disconnecting C and Ll. The current thru 01 
then decreaaes to zero, while returning en•rgy to 
C! and discharging the Ll/1.2 tranafonser while the 
C voltage again returna to - 2v u a reault of re­
covery current thru QJ and L4. 

!he triggering logic then permita the load 
svit ch, Q 1 , to ::,. criggered by the O!f pulse, charg­
ing Ll. The l oop gen~rated trigger pulse to Q2 
later turns off Ql by fo r cing the anode of Ql nega­
tive long enough to allow c~arge recombination in 
Ql so that Ql will re~in off (up to 25 s~c for 
che present l y used un i ts ! , During t he OFF per i od, 
l oad current cont i nues to flow thru OJ. The fly-­
back pro~eeda aa b ~fore except that the initial 
current in Ll adds to ·chtt initial energy in Ll and 
r esults in the mini- ti- for Ql charge recolllbi­
nat ion. 

The output filter with a reaonant frequency of 
t.OO P.z &t!:enuatelf the high frequo~ncy CO!IIponents of 
the resul:ing square at the junction of Ql and 03. 
The \"UV dipole lo~ magnet, with a ti- constant of 
2.07 sec (x-ray, 2.6 see), further reducea the rip­
ple component of the current to acceptable levels. 

CIRCUIT !QUATIONS SUMMARY 

Aa t t1e equivalent circuit and wavefonsa of 
figure 2 ~ndicate, the steady state current thru L5 

2 

changea linearly in the tvo regiona, · "!' 
1 

and t 
2

• 
The change in current in LS is given by 

v- v v 
I2 - I1 • ---2. • __ .... I I o L +L ' 1 ~ 2 - 1 • y- "~'2 

l s s 
The average output current, I

0
, is then 

With "!'l + "!'2 • T, if followa that the peak current 
in Q2, I2, ia 

or 

or 

Now 

I I + 'i-T:..:/ 2::;-..--;-
2 • o L1+LS L5 -+-V-Y V o ·o 

I(a) 

'C 
i(t)•I2co&CII t + (v-v )'"/-t. sillCII t 

0 co l 1 0 

where ~0 • 1/~ 

(l) 

(2) 

di . rr; 
vc(t)-v-L1~,~I2sinw0t- (v-vc0 )coaCII0 t (3) 

Ql is reverse biased f or the period, tq' which is 

found when vc (tq) • 0. 

Then 

Given I 2 and v, 1
1 

and C are chosen such that tq is 

always greater than the turn off time of Ql. See 
Dewan3, 

.. 
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and frOID (2) 

13 • [ !i + ~1 (v- vco)2Jis 

The increasing voltage of v A ( • v") induces a 
decreasing •toltage across 01 via M wu:ll 01 is for­

··warci biased. That point 1& reached when· v • -M ~ 
di v .... 

or dt • - M • Then frOID (3) 

•, (•.-•,). _, :~. +·;) 
or 

(, Ll\ _rr; 
v \l+tJ• v+I2f r silw0 ( t 4-t2) 

- ( v-v c'!O) COSIII0 ( t 4 -t2) , 

Thus 

and 

- (V-V ~~!.·· !!inlll ( t4-t.,) 
co~~ . o · ~ . 

When Dl con~ucta, returning energy tu V, the fol­
lowing ~>quations apply where !.1 ia the current thru 
t.

1 
and C, 12 :!.s the forward current .tn Dl and U. 

The lead inductance, 2.., tni.ISt also be inc.J.udeci: 

v • 
d dil lf <!12 

.1. dt (il-1.2) • 11 dt + C ildt~ dt 

3 

( t+L1Jt4-; ~l • I 1 (a)(s(t+L1) + ~] 

+ I 2 (s}[s(M- t)J 
~t)I4-; • t1 <s>(~<M-t)}+ I2 (s)[s(~+t) J 

frOID which 

v 

2 ( 2 2] s . s + w1 

wbera 

Then 

At Q2 tarn-off, 

The final capacitor voltage is then 

. 1 \ ' t5-t4 

vc (t5-t4 )'" v(l +if}+~[ i 1dt. 



vc(ts-t4) • I4~ si.Dwl (ts-t4) 

+v [1+ M-~ + /tl M-t ) ] 
1.2+1 . \ M - ,+t COI111t(t,-t4) • 

Alte~ Q2 ·~~· conduotiDa 11 • o, 12 • t 5 
the simple first orcl.er equation in 1

2 
yields 

The precediDg analysis does net include core 
loss and copper loss in the coils or losses in the 
capacitors. These losses llill result in lower 
peaks in the maximum v c . and iQ2. However. in the . 

case of the circuit of figure 1 which shows one of 
two choppe~ switches which are switched on alter­
nately, LJ • L~.• 20uhy, C ~ 100uf, Ls·• 75uhy, 

V ;;; 2UUVdc_, vco • 300v M • 19uhy, 1 • luhy, v 
0 

• 

70v and r • 7SUA. 
0 

I 

Il • 556A 

Ii • 94SA 

I3 • 1830A 

I4 • l780A 

Is • ll!?OA 

t 

t 1 • SS~Jsec 

t 2 '" 3851JSec 

t 3 • 4311JSeC 

t, • 4421JS8C 
~ 

t 5 a 477usec 

t!J '" 6021JSec 

T • 7141!Sec 

Feedfor11ard Ctrcuit 

vc'. VA 

vAl • 173v 

_vA2 • 173v 

vc4 • vA4 • 400v 

vcS • vAS • 793v 

At 

~ 1 • t 2-t1 • ZSO~Jsec 

tq ., 35 11sec 

c3-t2 '" 46\.i.Si!C 

c4-c2 • 57\lse.: 

t 5-'=4 • 3511sec 

t 6-c5 • l20~Jsec 

T2 • t 7-t2 • 416~Jsec 

The system operates to keep the average ·talue 
of switch outpu~ voltage, vs, directly 9roportional 
to a central voltage on a pulse to pulse basis, 
virtually el~~ting ~!ne variations. This is 
accomp~isheci by applying a volcage proportional to 
the instantaneous valu~ of t~e switch output volt­
age to an integrator. The output of the integrator 
is compared wit~ the control voltage to generate 
the OFF pulse. See Pigure 1. Variations in the 
line voltage, v, whether due to phase imbalance, 

4 

ripple or line perturbations are integrated to ad­
vancCl or retard the OFP' pulse giving a feedforward 
correction to hold the average value of the switch 
output voltage proportional to the control voltage, 
v2. 

Alta~ b•in& reaet a~ t
0 

• 0 the intagrato~ 
output ia 

occurs at t 2 when v1<t2) • 

• 0 until the next ON 

pulse occurs. The average value of vs' v
8

, is· then 
, ~ 3 -

v8 • ~I ·v8 (t) dt. Thus v1<t2) • a•c• T vs • 
0 

Rl 
- ~ v2 (t2) from which v

9 
ia a linear function of 

v1ct1): 

R.,R.'C' 
v • - _:__TR vz ( tz> s a 2 . 

Control Loop 

The block diagram of ~igure 3 !ncludes the 
approxtmate low frequency transfer function of the 
load magnets and the linearization of the switch 
transfer discussed above. The current to be regu­
lated is sensed ~y a precision Haz~eyer ~.c. cur­
rent tranaformer ~hich. is rated at± l ppm/°C gain· 
temper~tu;e coeffici~nt with an absolute accuracy . 
of + 10 ppm of full scale. The out?ut of the DCCT 
iS Co=p&red vith the OUtpUt of ~ $0lOOtOd 16 bi; 
D/A converter which bas negligible offaat variation 
aud ~gain T.C, of 2 ppm/°C max in a ~h~~p~r $ea~~-
11zed precision error amplifier. ·!he .U integrator 
minimizes static loop gain t!rrors and :;!rovides 
lesd-lag compensati.)n for loop stability. The re­
aultiDg static errors should be within the time and 
temperat~e stability requirements. 

the switch output filter will reduce :he 1.4K 
& 2.8K Hz basic ripple and eliminate the higher 
bar!IIOnics of the chopper output. The ir.ductance of 
the load magnets aud the attenuation aue to eddy 
currents in the magnet lamination~ and the aluminum 
vacuu:u chamber will further reduce the field ri?ple 
seen by the beam t_o acceptable levels. 

The frequency response of the components of 
the system as well as the overall open leap gain 
and phase frequency response are given in Figure 4. 
Analytically, 



for whic:h in the case of the 'IUV dipoles, 

Rn· SOOK Rl • zx 
Ri • 16lt ~- 5.6K 
R • 2. '•K R' .. SlK c 
f" • luf C' • .Oluf vi 

cj • .Oluf a • • os 

! • • 7!Dsee R •• 0440 

1.110 • 628't"!!S L • 91.5mhy 

a .... 605 r • 10v/2000A 

b • t.6 R • A 
SIC 

c •• 87"5 y • 0.6 

The phase margin at thtl gain CT.ossover 1\t 100 Hz is 
chen 68° which =esults in o~e~ system speed of 
response and settling time. 

CONCLUSION 

The .deei~ described meets t~e ~equira~nts 
for th.e syec:em 'l'ith 11ft spproech that redu.cea to a 
straight forvat:d contrttl lo)op. It avoids tht' 
comp'licae ioa o.f IGI&lt illle -:orrect ion loc!)t requi rod 
t~r an SCR phase control loO!) co achieve this level 
c·f ata,.i.liey cr the cost and po"er loes of a C'!'a~­
~istor b~nk cegulac:or. 

It .,resents some ~,ractic&l prable111s, however. 
1'he ~.eakage ir..d.uctance and lead inductance at LL:'I..2 
n:ust· l:e :!!inimized :.n Ot'~er to llliniai?.e tile ca!)dci­
:oY vol:ege aad r.he resulting capat:H:c:.1' iosst!UI due 
to two voltage ~versals per. cyela, Oparation ~t 
audio fx·F.quenr.ies at th:.s :lCIIU!r level cAn prQduce 
o~jccticna1 ~chanical effects ~ich ruu~t be dealt 
wi:h. Also, the <!1ectrical ineerfcrence generated 
ca~.t11es difficulties, nor. the lease: l)f 1lhicn i.s in­
terferenc:e in the !enair.g of tne can-ent by the 
')CCT. !tt:vert.beleu , these are proiJ lema ...n ich can 
~e ~olved, making this SCR chopper rEgulate~ a very 
~nteresr.ing and useful alternate to ~re clasdical 
ac~eleracor magnet power 3up~ly aFproaches. 
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CAPTIONS 

Figure 1. Chopper Control- Loop 
NSLS Dipole Magnet Power 

Figure 2a. Chopper Switch Equivalent · 

Figure 2b. Typical Waveforms L1=L2 M 

Figure 3. Chopper Power Supply 
Block Diagram 

Figure 4. Frequency Response 
NSLS Dipole Power Source 

Figure 5. Switch Assembly 
NSLS UV Dipole Power Sot1rce 

Figure 6. Switch Assembly Semiconductor 
Components 
NSLS. UV Dipole Power Source 
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