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Abstract

Based on measurementsof the A.C. dectrical characteristics
of prototype magnets, synthesised computer models of the
principal, individual, superconducting magnetic el ements of
the Large Hadron Collider have been elaborated. The mod-
els consgtitute the basic elements for the determination of
the transfer functions of the magnet chains. Thistool pro-
vides the possibility to evaluate the resonance spectrum of
the chains and to determine the needs for additiona damp-
ing. Resultsof theanaysisof transmissionlineeffectsinthe
LHC main dipole chains are presented. In particular, data
from ripple cal culations and ramping studies are discussed.
Computer simulations of the quench protection circuit pro-
vide information about the transient phenomena occurring
in the dipol e chains during normal operation of the fast de-
excitation switches and under abnormal conditions.

1 INTRODUCTION

At thisearly stage of the LHC project, simulation appears as
the only possible method to obtain vital information about
the dynamic performance of long chains of magnets. For
operational purposes it is mandatory to determine the res-
onance frequencies of the transmission lines. More sub-
tle problems, related to low frequency tune modul ation due
to power supply ripple, reducing the dynamic aperture in
presence of strong nonlinear fields, must be studied. The
possible need for and consequences of individual damp-
ing, choice of ramping procedure, location of the earthing
point and the location, performance and operation of the
fast energy extraction systems are other important issues,
for which solutionscannot wait for the avail ability of acom-
plete octant of magnets. Fortunately, today’s powerful sim-
ulators allow handling of electrical equivalent circuits con-
tai ning thousands of components. For the present study the
SABER smulator was used. All presented data are related
to the dipole chain of one LHC octant, containing 212 first-
generation dipoles.

2 ELECTRICAL DIPOLE MODEL

For the measurements of thefrequency dependence downto
themHz range of thee ectrical characteristicsof thedipoles,
atransfer function analyser was combined with afrequency
generator. Both Closed- and Open-ended A.C. characteris-
tics measurements were made on a prototypedipole.
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Figure 1: Best First Order Fit for an A.C. electrica Model

Following the theoretical derivationsin Ref. [1, 2, 3] a
synthesised el ectrical model was concocted and fitted to the
measured data. Thetotal dipoleinductance, taken asthefig-
ure obtained from avery low frequency spot measurement,
was divided into three parts in order to take into account
the effect of theinter-strand and theinter-filament eddy cur-
rents. Thetotal capacitance to ground was divided into two
identical lumped components and placed in either end of the
model circuit. The measurements are compared with the
first order modellingin Fig. 1. The measurementswere done
with closed and open circuitry (earthed measurement) asde-
scribed in Ref .[4].
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Figure 2: Amplitude of Impedance

To achieve a satisfactory agreement thesimplefirst order
model of Fig. 1 had to be extended to second order. This
becomes apparent when the detail of the resonance zone
at about 5 kHz and above were studied: the curves of the
first order model start to deviate above 10 kHz and the mea-
surements indicate that there is a secondary maximum (the
data points cross over) which requires at least a second or-
der system. However, for a modelling of a full octant of
the LHC comprised of 212 dipolesthe first order model is
fully sufficient as the frequency of the first resonance isre-



duced to roughly 12 Hz. The full octant had a spectrum
of unacceptably large resonances. An additional damping
with aresistor in parallel with theinductance of some 20 ©2
reduced these resonances appreciably without causing too
much troublewith respect to tracking precision or overheat-
ing of the resistor.

3 RIPPLE ANALYSIS

The basic power circuit for theripple, ramping and transient
studiesisshownin Fig. 3, each dipolebeing represented by
its synthesised model.
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Figure 3: Template form of the power circuit.

Four principal configurationswere systematically consid-
ered in each study: earthing at the centre of the mid-point or
the centre of the end-point dump resistor, natural damping
or additional damping with 20 Q/dipole.
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Figure 4: Total load impedance w.r.t. frequency.

The closed-circuit, total chain, impedance spectrum of a
complete octant (Fig. 4) is the starting point for any cur-
rent ripple calculation. The shift towards higher frequen-
cies for the mid-point earthed system will double the res-
onance frequencies for this configuration, compared to the
end-point earthed circuit. The attenuating effect of the ad-
ditional damping resistance is more important with mid-
point earthing. The frequency dependent total ripplecurrent
through the converter as function of the output voltage rip-
ple(Fig. 5) strongly depends on the earthing and damping.

Thesignificant reduction of thetotal current rippleintheres-
onance region and above in the case of mid-point earthing
isafirst result. The observed attenuation in the resonance
regionwithincreased dampingisexpected. For frequencies
above 200 Hz, however, thetotal ripplecurrent will risewith
increased damping. Thisrise does not lead to higher ripple
in the dipoles, but is entirely caused by an increase in the
current through the damping resistors.

MAG(A)
18m

FRA
Sl )

2m

5 100 200 s00 i 21 B 10k

[l 24
MAG(a) : F(Hz) @)IppUpp=10mV) (2)Ipp(Upp=500mYV) Ié A7)

Figure5: Total current ripple as function of frequency.

The current ripple in the coils of the individual dipoles
along the string give a precise picture of the loca pertur-
bations. For very low frequencies all the dipolesfeature the
sameripple. Differences begin to appear around 2-5Hz and
the current amplitudesfollow atypical pattern, inwhich odd
numbered resonances provideripplesuppressioninthemid-
dle of the chain, whereas even numbered resonances give
ripple suppression at the quarter and three-quarters points.
Thispatternistruefor both mid- and end-point earthing with
the difference, that in the former case the pictureisvalid for
one half-octant. For frequenciesabove 1 kHz theripplecur-
rents drop to zero after just a few magnets from the begin-
ning of the chain. As the higher-frequency current ripple
of the first dipolesin the string is practicaly independent
of the damping, the significant increase in the total ripple
withincreased damping can only beattributedto ariseinthe
damping resistor currents. Calculations show that it is the
damping resistors of the first few magnets which accounts
for thisincrease. For frequencies below 10 Hz the damp-
ing resistor currents are identical throughout the chain. The
most favourablerippleconditionsare obtained withthe mid-
earthed configuration. For atypical 500 mV converter volt-
ageripple, thecorresponding current rippleishere 0.06 ppm
at 600 Hz (12-pulse, thyristor converter).

4 RAMPING STUDIES

The transmission line effects related to various application
profiles of the ramping voltage were analysed in order to
determine the instantaneous differences in the currents be-
tween the individua dipoles. In case of asimple step func-
tion the delay for the voltage wave to reach a given dipole
in the chain isindependent of the amplitude of the step and
of the damping, but doubles in case of end-point earthing.



The oscillating behaviour of the current rise is presented
in Fig. 6. The dipoles, for which the current isin the lead
change with those, for which the current is lagging behind,
until full attenuation of the oscillation. The periodicity is
9.5ms.
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Figure 6: Dipole currents during start of a current ramp.

Defining the current error as the difference between the
current in a given magnet and the current in thefirst dipole
of the chain, the relationship between the error and the am-
plitude of the voltage step is linear. However, the error
depends on the damping and the location of the earthing
point. The attenuation of the voltage oscillations by addi-
tional damping will cause smoother transitionsof the current
oscillation, resulting in reduced errors. Typical error val-
uesare: End-point earthing: 37 ppm (no damping), 23 ppm
(20 Q2/dipole), Mid-point earthing: 18 ppm (no damping),
11 ppm (20 §2/dipol€). Such figures are unacceptably high.
However, considerable improvements can be achieved by
replacing the voltage step by a voltage ramp, providing a
parabolic current rise. In this case the current errors are
only determined by the capacitive and resistive conduction
to ground. After ashort oscillation the capacitive current is
constant during the voltageramp, proportional to dU/dt, and
will disappear at the end of this. The resistive part, propor-
tional to theapplied voltage, ispredominant. Thetotal max-
imum errors are now reduced to 0.45 ppm for end-earthing
and 0.1 ppm for mid-earthing. The current errorsarein this
case independent of the damping. More complex voltage
profiles (e.g. including parabolic beginning and end of the
ramp) will only give a very marginal improvement of the
error.

5 TRANSIENT EFFECTS

Thispart of theanalysisisdevoted to the dynamic phenom-
ena occurring during the fast extraction of the stored mag-
netic energy. By simultaneous opening of the two switches,
voltage waves of opposite polarity to ground will penetrate
into each haf-chain from either end, with amplitudes cor-
responding to half the voltage rise over the dump resistors.
Thetransmission lineinduced voltage oscillations (104 Hz)
are particularly violent in the region between magnet no.
20 and 40 from either end of each half-chain, as the poten-
tial here varies from zero to amost full amplitude, but at
no point the oscillations result in voltage overshoots. Be-
cause of theintrinsicdamping the oscillationsdieout in less
than ten periods of 9.5 ms. For the dipoles adjacent to the
centre the voltage rise is small and occurs with a delay of

2.5 ms. By additional damping with 50-20 £2/magnet the
oscillationisefficiently and rapidly attenuated. Thisconsti-
tutesthe most important argument in favour of applying ad-
ditiona damping. Aslong asthe earthing point is placed at
the centre of one of thedump resistors, thereisno difference
between mid- and end-earthing. However, traditional earth-
ing of one of the converter terminalsresultsin catastrophic
voltage levels to ground as the voltage waves in the two
half-chainswill superimpose, giving amplitudes as high as
1620V at the centre of the octant. Additiona damping will
only dlightly improvethissituation. Because of the symme-
try, both the resistive and the capacitive currents to ground
dueto switch openingwill cancel inside each half-chain, this
being true for both mid- and end-earthing (but not for ter-
minal earthing). Consequently, the resulting earth current
flowing back into the power circuit through the earthing re-
sistor of the converter is zero. The earth currents, caused
by a sudden fall-out of the converter, will cancel only inthe
case of mid-point earthing. Abnormal cases, where one of
the extraction switches are stuck initsclosed position, were
simulated. Although the oscillations change form (double
wavelength and delay), the maximum voltageto ground re-
mains unchanged. Further consequences are aslower atten-
uation of the oscillations and the risk of overheating of the
dump resistor, which must absorb almost the doubl e energy.

6 CONCLUSION

For the elaboration of the LHC dipole model, information
from both open- and closed circuit TFA measurements are
required. A circuit of at least second order is needed to ob-

tain aprecise description of anindividua magnet, whereas a
first order circuit is sufficient as basic element for the study
of thestatic and dynamic effectsinthechains. Thetransmis-
sion line analysisresulted in an abundant harvest of useful

information and recommendations, of which the principal

are: 1) current ripplevaues are well within acceptable lim-
its even at the resonance points, 2) linear ramping voltages
are necessary, but a so sufficient for reducing instantaneous
current errors between dipoles, 3) earthing at the mid-point
of the central dump resistor provides significant advantages
in all aspects, 4) damping with at least 50 ©/dipoleis rec-

ommended, 5) accidenta blockage of one extraction switch
does not cause any risk of damage by over-voltage.
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