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Abstract
2 EFFECT OF SUBHARMONICS ON RESONANT

In a 50 Hz rapidcycling power supply, theesonant ac CURRENT

current ofthe synchrotron magnet isodulated by the

subharmonics of the source voltagetified in 12pulses The pulsedsupply and its resonant network fit into the
with SCR. The modulation isfound to becaused by the category of linear time-varying networkBecause of the
fluctuation of thepulsed powethat is transferred to the periodicalswitching operation, the circuieduces to the
magnet circuit via a choke transformer due todhele-to- special class of linear, periodically time-varying networks.
cycle unequatharging of thecapacitor locatequst after The response y(t) of a linear time varying system to an
the rectifier. This phenomena abservedvhen there is a input x(t) with Fourier transform Xg) is defined by
mismatch between f_rquencies _ofthe power line and . y(t):ijf’ H(w,t)X(w)ejwtdw

resonant magnet circuit. In this paper, the modulation 2 ®

behavior is analyzed and the experimental results are giwghere H¢o, t) is thetransferfunction of the system [5].

as well as those of the circuit computations. For linear periodically time varying networks périod T,
the system function iperiodicwith respect tothe period
1 INTRODUCTION T: H(w, t+T)=H(w, t). Therefore, it may be expanded in a

. . Fourier series,
In fast-cycling synchrotrons, a pulsed powsrpply is

[0 .
commonlyused aspower source for resonant network as  H(,t)= >3 Hn(m)el(zmt/T)_

shown in Fig.1. —00
Vs L R Lp Ro 14 H, may be regarded as averagedtime varying system
Al o ' function. Evidently the remaining Fouriezoefficients
% I I Lch Cm Lm represent system responses atsidebands around
2 c - v, | nw=n(2rvT). The analyses on periodicakyvitched linear
3 f== | Vs %‘ len i | e networks can be found in [6-9]. Thimperfollows Liou's
o approacH7]. We first present the system response to an
8 P-SCR sinusoidal or exponential input in time domain and
i<t describethe properties of the response. Then an analysis

. in frequency domain shows the sidebands containing in the
Figure 1: Pulsed power supply and resonant network for,g|se currentJand resonant current, |

fast cycling synchrotron.

. _ 2.1 Time domain
Generally, the resonant magnet currentnist easily
affected bythe source voltagelisturbancesowing to the 2-1.1 Approach

large stored energy in the resonant network, butiéi®r - Generallythe circuitcan bedescribed bythe following
immune from the disturbances. In a S50Hipid cycling  gifferential equationswith respect to the periods of
powersupply system [1, 2], modulation of thiesonant syitching-off and switching-on as follows,

current was obser\{edand found to be (?aused by the X k O=ALX K O+Byu(t) (1.2)
harmonics, especially the subharmonics of Huirce ’ —C. X ’ +D 1b
voltage generated by d2-pulse SCR rectifier. In this Yk O=CXp k OFDyu(t) (1.b)

paper, the investigation on the effect of the source voltagdere X, is a state vector, u an input vectof, yan
on the resonant output ferformed byboth computation output vector, n the n-th operatiandk=1, 2 means the
and experiment. To the best of our knowledge, thestate of switching off and on, respectively.Fig.2
existing analyses [3, 4jvere all carried out on an illustrates the notations for the n-th switching period.
assumption of harmonics-free sourcevoltage. This

suggests a nevapproachthat has to bedeveloped to -~ 7 >
investigate the system response to source voltag ——— @7 —#&f< i
harmonics. Thepproachdescribed inthis paper isbased tn off 2 on s

on thegeneral method on the analysis of linear circuitgigure 2: Notations for n-th switching period.
containingperiodically operatedswitches. Theproperties

predic'ted bythe comp.utationare well justified by the At the switching instants 4 and 1 the boundary
experimental observations. conditions can be described Hye state transiemnatrices
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F, and F as follows.

Xn2(th 2)=FX 1ty 2)*+Goulty )
Xn+1,1(tn 3)=F3Xp 2(tp 3)+G3ulty, 3)

Assuming u(t)=v&, where v is aconstantand p is a
complex number, the solution is given by

Xn,k(t) = exp[Ak(t - tn,k)]
WXk (i) + g (1 =y ()
O(k(t):(Ak—pI)_leptBkv
The solution (3), together witlf2) can becomputed
successively from a given initiavector to get the

response, but a useful
conditions is obtained as follows by manipulating further:

X n1(MT)=M"[X g 1(0)-M+%"" Ty
where J=[ePT1-M]1H, M=F3e212Fe 1ML (5)

and

H = e 22, (A - py L T - B,

3

+F3(Ao-pl) L(e”272ePT1-ePT))B,

3

It is noticed from (4) that x(nT) consists of two terms.
The first termrepresentsthe transientmode while the

second is the steady-state moder n— o, M N_0 and
we get the steady-state result,

Xn1(M)ss=3PTv.
From the repetitive computations efjuations (2)-(7), the
response in time domain is obtained. 0

2.1.2 Numerical results o . ‘ o2
2.1.2.1 System parameters 'DM o2

Considering the circuit of Fig.1, we have: ool 2 4 & s

iL Vml

Xn1=lif Vs

Xn2=lif vi ip i vy
where j=igy+i,. In charging period (k=1),

[TRf/Ls —LLs
O e 0
A0 0
0 o 0

+F eAZTZGZepTl + G3e

[ 0 0 of
(2.a) m10o7d 390000
2.b) ) g. 10000
. Fo= OOODFg— OOlOBGz—Oand
0 1 0g 00 o {M
® 0 0 1f a

G3=0, where L=0.268H, G=0.6mF, L=1.86mH,
(3.a) Ly=10.4mH, L,=4.7mH, L=L,L./(Ls+L,), R=5mQ,
R,=1mQ, k=2, G,=3.2mF,and R~70. Re is gpseudo-
(3.b) resistance representinthe ac loss. Accordingly, the

resonantrequency(i.e. switchingfrequency) is $50Hz,
1,=51, and 1,+#1,=T  (=switching period). Resonant
result about theundary network quality_ facto_n's: Q:ooS_CmR;?O. Theres_onant
condenser (; is adjustable in both calculation and

experiment for our purposes.

4)
2.1.2.2 System response to source voltage harmonics

The source voltage igprovided by al2-pulse SCR
rectifier, of which output contains bottharacteristic and
non-characteristic harmonicthat arise from “unideal”
converter operation. The non-characteristic harmonics
called subharmonicsare the components withlower
frequenciesthan the converter's fundamentarequency.
Assuming thepowerline frequency §, the subharmonics
are of frequencies hfwhere h is an integer. For tineodel
system under discussion, §£50Hz and h<12. The
calculation shows that the subharmon@gpear as a
modulation withfrequency f=hAf in resonantoutput as
shown in Fig.3,where Af=|f-f,| and { is the switching
frequency.

©6)
pT

™

Responses of Im Cerreponding modulations in Im

l

[}
N
I
@
©
c

2 4 6

®

l

o
]
o
@
@

0.2
-0.01 - o2

1,

l

am
N
&
@
»
o
[§]
a
o
@

0 0 |:| " . 2 t(se:ond) & 8 é z I(se:ond) s s
0 0 O Figure 3: Modulations by subharmonics. Scalesbonses
0 U (left) to unit amplitude with f(n=1,2,3and 4from top
U to bottom) in resonant current for f=49.85Hzare added
_]./Cm _ﬂ(CmRe)D ) rH: "

to the unperturbed, lin the exaggerated ways (right).

Bi=[ULs 0 0 0], andj=0.

In pulse period (k=2),

[TRf/Lf —1Lg
U 1/Cy 0
AZ:B 0 UL
0o 0
g o 0

B,=[ULf 0 0 0

Modulation frequencies can be determinedrbestigating
the variationmode in the boundary condition. For an

0 0 0 ] hoTft
-1/Cs 0 0 00 input subharmonicvS:eJ 0 according to(7), the
-Rp/Lp 0 ~1(kL p) U state vector is given aeach beginning instant of
0 0 mw g switching period for steady-state operation as:
jh2nrto/f
U(KCm) -UCm -U(CmRe)d X2 (M) = Je/eNMo’ls
o]T, It is seen that X,(nT) varies at a quasi-periodic mode with

frequency f=hAf, accordingly the system outputswill
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also vary with the same way, fs not arigid frequency
but always holds a value close thfh |
0 p

2.2 Frequency domain

Frequency domain formulations are obtained by
performing thelaplace transform of the stateector
given by (3) therderiving the Laplacetransformation for
output y(t). Finally the following results are obtained,

Y(s)|§:=jj(;oo =Y (w)=T(w)

0
a8

.—VI
j[w=(wp+nws)]

2 .
T(wp+nws)= 3 {Cye 1 (COHNWS)MK-1R, (g +nwg)-

20
L]

k=1 Jdtv
e InWsNk—1 (1-g~INCsTk y ]
oo [C, (A — i) By =D I}/T
for n20, and
2 .
T(wp)= {Cke 1¥0Mk-1Ry (wp)
k=1

-170
dam

of the firing circuit for the 12-pulse rectifier, whiOHz
is verylow and alnost unchangedThe measured spectra

and |, in Fig.6 support thanalyses mde above.

Sidebands of | appear atboth sides of nf (n=1,2,...),

while those of J, at both sides of only.fThis is because
the lattersidebands ahigher frequency issuppressed by
the decreased amplitude response of the transfer function of
[l 1
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d8n

1, [C (A — jwyl) 1B, =D J}/T
for n=0, wheren,=0 andn,=t1,. R, is complex matrix
comprising the circuit configuration matrices and
switching transformation matrices in (1and (2),
respectively. It isconcludedthat for a subharmonics J
the output containssidebands: rEhAf plus lower-
frequency ®f, where n=1,2,3,... Fig.4 is atypical
calculation result showing the spectra of |
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Figure 4. Calculated spectra gffi=49.85Hz.
[4]

3 EXPERIMENTS

The modulation in resonastirrentwas measured and the [5)
relation to the subharmonics of 100Hz vedained as in
Fig.5. Inthe model pulsed powesupply, the prominent
subharmonic frequency is 100Hz due to the configuratio
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Figure 6: Measured spectra gahd |,.

4 CONCLUSIONS
lytical model based on the Liou&pproach is used to

adaptfor the periodicallyoperatedSCR switch in the
linear time-varying circuit whosdrequency is different
from the line frequency. This approachexplains the
experimental observations on the amplitidedulated ac
current of the fast cycling synchrotron magnet quite well.
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