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ABSTRACT

An SCR DC to DC coaverter is described which
will operate at an outpuc of 275 kW and will supply
current to electron storage ring magners requiring
5 tr. stability of 50 ppm. The operation of this
modified chopper is described and design eguations
sre presented, along with the system control loop
description.

INTRORDUCTION

The Naticnal Syachrotron Light Source (NSLS)
under constructiom at Brookhaven Laboratory will be
a unicuely copious sourece of x—-ray and ultraviclet
photons with a wide spectrum. Selectwd fraquencies
of this radiation with wavelengths of the order of
atomic and molacular dimensiona will be an impor=
tant tool in the study of mstter. Soma of the
potential uses of this light inciude studies of
absorption 3pectra, photo emission of alectrons,
x=ray scattering, biochemiczl studies and other
areas of basic research. It can aisc be uged for
micro~lithography of integrated circuits for
ultra=dense semiconductor devices.

This ligat is generated by electrons which are
made to follow a clused crbit in an electron stor=
age ring at nearly the speed of light in vacuum
thus undergoing cenmtripecal acceleratiom due tc the
magnetic guida field., This acceleratiom causes the
electron besm to radiate energy wich a wide spec~
trum with & psak dependent on the electon energy
and the radius of curvature. The NSLS will include
two electron storgage rings; one operating a2t an
energy of 0.7 GeV with a peak or characteristic
waveleagth in the vacuum ultraviolet (VUV) region,
the other at 2.5 CeV with a characteristicz wave=
length in the gsofz x~ray region. The besm storage
durstion is depandent on the mutual repulsion of
the electronic charges, collisions with the resid-
ual gas in the vacuum and the stability of the
nagnetic field of the storage ring dipoles, among
other :hiagll'z.

CESIGN REQUIREMENTS
The power sourcs required for the stcrage

ring dipoles of the National Synchrotrom Light

Research supporced by the U.5. Department of
Snergy.

Source must meet a number of stringent require=
ments. IX must generate & nominal 1500A at 65Vdc
for the YUV ring (or 185Vdc for the x-ray riang)
wich & relacively slow rise and decay and with a
short temm (5 hr.) currenc scability of + 50 ppm,
max in ozder to waintain the beam orbit withia
desirad limita. The required long term stability
is + 100 pym, max, over one month. The peak to
pesk magnrezic field ripple must be less than 50
ppm. Thus the power scurce must b= virtually
independ2nc of the 480V, 3@, 60 Hz line voltage
variations, phase imbslances and transformer/recti-
fier cclerances. Also a * 10° temperature varia=
tion at the power supply must be anticipated.

Design Alternstes

Phase controiled SCR approaches with various
correction circuits to minimize cthe effects of line
voltage purturbstions and line frequency variations
as well as the transistor bank regulazor approach
were considered, The probiem of sensing the line
voltage zerc crossing of the SCR phase coutrolled
regulator in the presence of frequency variations
can be solved with a phase locked loop but line
voltage vcurturbaticms can only be corrected by
shifting of the subsequenct SCR trigger. The re=
sulting wobble in the ragulator outpuz is attenu-
ated ut not eliminated by the filtering of the
inductive magnet load.

The transistor bank regulator can produce
relatively fast responses to discurbances. The
inefficiency of the transistor bank regulatcr can
be minimized by different preregulator approaches
which add to its complexity and coet. 1t is an
expensive approach but it is capable of wideband,
effective controi.

A cheaper, more energy efficient alternate is
an SCR switching regulator or chopper. When used
in & type 1, 100 Hz candwidth loop with feedforwsrd
control to correct for input voltsge variacions,
the choppar loop has adeguate control agility for
the storage ring appiication while eliminating
virtually all the variations and imperfect ions of
the input a.¢. power source. The chopper approach
which wae chosen is based on a voltage commutated
chopper described by Dewan and Jeckson because it
permits more rapid turnoff of the series switch at
the instant required by tne loop control. It re=
sults in a straight forward single input-single
cutput control system which meets the design goals
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without significant complications or cost.

Chopper Operation (See Figure 1)

Basically the chopper operates as follows:

The load switch turn-on occurs as a direct
result of the clock pulse, connecting the input
voltage source to the output filter and load.
Turn=-off occurs as a result of the comparison of
the integral of the load switch output Vg, and
the amplified error voltage. The OFF switch (Q2)
is then triggered conmnecting the load switch anode
(Ql) to the negatively charged commutating capaci-
tor, C, forcing the load switch off. This is fol=-
lowed by a flyback and recovery sequence which ends
with the C again charged negatively to ground.

After the contactor closes, the sequence must
begin with the inhibit of triggers by the trigger—
ing logic until the input filter capacitor, Cl, is
charged. A series of OFF triggers is then gener=-
ated each of which starts a flyback and recovery
sequence which proceeds as follows:

Q2 is triggered causing C to charge to 2v thru
Ll. The gate of Q3 is held off by the current in
the diode, D2, although Q3 is forward biased.
After that first 1/2 sine of current thru Q2 and D2
ceases, Q3 conducts, resulting in a second 1/2 sine
of current thru C and L4 and a reversal of the
voltage on C.

Assuming no losses and L1 = L2, on subsequent
triggers, C, initially charged to =-2v, will tend to
charge to + 4v. However, D! begins conducting when
the voltage induced in L2, which is tightly coupled
to L1, equals +v, thus tanding to clamp the voltage
on C to + 2v. The curreat in Q2 then decreases to
zero, disconnecting C and L1. The current thru Dl
then decreases to zero, while recturning energy to
C! and discharging the L1/L2 transformer while the
C voltage again returns to - 2v as a result of re-
covery current thru Q3 aand L4,

The triggering logic then permits the load
switch, Ql, to be triggered by the ON pulse, charg-
ing L1. The loop generaced trigger pulse to Q2
later turns off Q! by forcing the anode of Ql nega-
tive long enough to allow charge recombination in

Ql so that Q1 will remain off (up to 25 sac for
the presently used units), During the OFF period,
load current continues to flow thru D3, The fly-

back proceeds as tefore except that the initial
current in L1 adds to cthe initial energy in L1 and
results in the minimum time for Ql charge recombi-
nation.

The output filter with a resonant frequency of
400 Hz sttenuates the high freguency components of
the resulcing square at the junction of Ql and D3.
The VUV dipole load magnet, with a time constant of
2.07 sec (x-ray, 2.6 sac), further raduces the rip-
ple component of the current to acceptable levels.

CIRCULIT EQUATIONS SUMMARY

As the equivalent circuit and waveforms of
figure 2 indicate, the steady state current thru L5

2
changes linearly in the two regions, t, and Tye
The change in current in L5 is given by
T v
Iy, sc—m=t and I, -1, =21
2 1 L1+Ls 1 2 1 5 2
The averaga output current, Io' is then
e L +1,
(-} 2
With L] + g T, if follows that the peak current
in Qz, Iz. is
T/2
o B v o 1)
18 o -
Eony
At ty the OFF SCR is triggered with a rapid
turnoff of QL. Then the current thru LI’ i, 1s
found from
v, 82 4+ L[5 de : 1(0)eL,,v (0)ww  cw0@E
1ldt C 4 v Aduf' - co, 2
or
Yot {srts)-1, |+ 2 (2500 +—-cv°° Th
3 TUnSEABIDLs 1 & 3 i -
v=-v L,+sl
I(s) = ( ;o i 2
-] ,—-c'
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or
T
1(t)=I,cosu t + (v-vco)#-i-l- sinw t
where w_ = l/,]LIC. (2)
Now

di 1
vc(t)-v-Lla—:-wJ-Y;—-—Izsimo:- (v-vco)cosmot (3)
Ql is reverse biased for the period, :q, which 1is

found when vc(:q) = 0,

Then
1 % o2 '
th cos T
S —112+ (v-v )2
c 2 co
RyARYist
- tan il
v -y
co

Given I2 and v, 1‘..1

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

and C are chosen such that :q is
See



13, the peak value of i, occurs at ity when L, 1
. v
Ve (53- gz) = v, From (3) (9.4-1.1):“- T I_l(n)[n(zﬂ.l) + -s?]
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The increasing voltage of va (- v_ ) induces a I,(a8) = 2
decreasing voltage across DI via M uacil D1 is fop= 1 . s2 + uz
ward biaged. That poiat is reached when v = =M %’z‘ . 1
o:‘g--!. Then from (3)
dt M and Iz(s) -
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Agh + 1
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2Ly, F2M) + Ly, = M

Thus . ) 1 :
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° ! I + (" ) { Then
. . 1
2}/ : " , e
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Whea D1 conducts, returning energy to Y, the fol- ' S
lowing equacionsg apply where ‘.1 ig the current t:hru At Q2 curn-off, : T 3
L, and C, i, 1s the forward curreut in D} and L2 . -1 74- Ef.
The lead inductance, %, must alsc te imcluded: 11'("'5"‘:5) = ( or tg=C, -J]-.-':an " -
4 i, 1y ’ % T,
- —— -d am— - a— e
velg (i)t ot
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L1 The final capacitor voitage is then
where t = O @ ¢t,, 1, (0) ° IA and v, (0) = vil+ o T | . 11\ .. Eget,
In the s plzae, 4 \ ve (ts"cé) = v(l + 7 }+ ¢ ! ildt.



Ve(ts=t,) = II.V:::; smi (ts°%)

L
v e Mo L L _ M=

L2 e t;:? cosu,fty=t, )| .

After Q2 stops conducting 11 - Q, 12 - 13 ’

the simple first order equation in 12 yields

5 Lz + 2

S v

The preceding analysis does not include core
loss and copper loss in the coils or losses 1in the
capacitors. These losses will result in lower
peaks in the maximum v, and 1Q2' However, in the’

case of the circuit of £{gura 1 which shows oma of
two chopper switches which are switched on alter-
nately, L1 - Lz_- 20uhy, C = 100uf, LS" 75uhy,

V & 2UUvdc, Veo ® 300v M = 19uhy, & » luhy, v, "
7109 and I & 750A.

Then
I vc{ vA
I1 = 556A Val 173v
Iz = 945A V" 173v
I3 = 1830A _
Ia = 1780A vga "V " 400v
IS = 1190A vc5 =V 793v
t - _ae
= 55usec Ty e gyt 280usec
cz = 385usec cq = 35 usec
c3 = 431lusec Tty © &6usac
L, * 442usec tymty ® STusec
:5 @ 477usec cs-ca = 35usec
tg ® 602usec. Cg=tg = 120usec
T = 7lbusec Ty % tmty @ 416ugec

Feedforward Circuit

) The system operates to keep the average value
of switch outpuc voltage, v,, direccly oroportional
to a ccatrol voitage on a pulge to pulse basis,
virtually eliminating .Zne variations. Thig is
accompiished by applying a voicage proportional to
the instantaneous value of the switch output volt-
age to an iategrator. The oucput of the integrator
is compared with the control voltazge to generate
the OFF pulse. See Pigure 1. Variations in the
line voltage, v, whether due to phase imbalance,

ripple or line perturbations are integrated to ad-
vanca or retard the OFF pulse giving a feedforward
correction to hold the average value of the switch
output voltage proportional to tha control voltage,
Vza

After being reset ac :o = 0 cthe intagrator
output is

1
v (B)e= oo g‘- av, (t) de= zror g‘vsm de

R The OFF trigger occurs at t, when vl(tz) -
- Ei vz(tz), after which v, " 0 until the next ON

pulse occurs. The average value of Vg 3;, 13 then

- 1.5 a_ .=
Ve 7§ é 've(t) de. Thus vl(tz) v T v, .

R
- Ei vy(t,y) from vhich 3; 13 a linear function of

vz(:z):

RIR'C'
v ==
s uTRz

vz(:z)

Control Loop

The block diagram of Figure 3 Includes the
approximate low frequency transfer function of the
lcad magnets and the linearization of the switch
transfer discussed above. The current to be regu-
lated 13 semsed Sy a precision Hazemeyer D.C. cuzr-
vent transéformer which is rated ac + 1 ppm/°C gain-
temperature coefficient wich an absolute accuracy
of + 10 ppm of full scale. The outdput of the DCCT
13 compared with the output of a sclectad 16 bis
D/A converter which has negligible offsect variation
and 2 gain T.C. of 2 ppm/ © max in a choppar stabi-
lized precision error amplifier. The A2 integrator
minimizes static loop gain errors and srovides
lead-lag compensation for loop stability. The re=-
sulting static arrors should be within che time and
temperature stability requirements.

The switch output filter will reduce the l.4K
& 2.8K Hz basic rippie and eliminate the higher
harmonics of the chopper output. The inductance of
the load magnecs and che attenuation due to eddy
currents in the magnet laminations and the aluminum
vacuum chamber will further reduce the field ripple
seen by the beam to acceptable lavels.

The frequency responsa of the components of
the system as well as the overall open lcop gain
and phase frequency response are given in Figure 4.
Analytically,
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for which in the case of the 7UV dipoles,

|n

RD = 500K R1 s 2%
Ri = 16K Rz = 5.6K
Rc = 2.4K R' = S1K
C1 - luf C' = .0luf
Cj =  Qluf a = ,08

T = ,7msec R = ,044Q

w, = 628rps . L = 91,5mhy

a = ,605 "t = 10v/2000A

b = l,é RA = 5K

¢ = 875 y = 0.6

The phase margin at the gzain crossover at 100 Hz ias
thee 689 which results i{n optimen system speed of
rasponse and settling ¢ima.

CONCLUSION

The desizn described meets the requiramants
for the syetem with an approech that reduces to a
straight forwacrd control loop. It aveids the
complication of multiple zarrection locps required
for an SCR phase control loop to achiave this leval
of stadility cr the cost and power lcsg of a tran-
sigtor bank cegulator.

It preseats some sractizzl problems, however.
ite leaitage inductance and lead inductance at L1-12
must be minimized in order to minimize the capdaci-
tor volzage snd the reselting cspaciCor loasea due
to two volcage reversals per cyele, UGparation ac
audio frequencies at this nower level can produce
odjecticrnal mechanical effects which mnust be dealt
with., Also, the electrical inzerference generated
cauges difficulties, not the least of wvhich is in-
terference in the sensing of the current by the
ACCT. MNeverthaless, these are prodlems which can
5e celved, making this SCR chopper regulafos a very
interesting and usaful altcermace to more clasasical
accaeleracor magne: powar supply approaches.
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