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Abstract made to evaluate the known limitations of our present

methods and to propose an overall strategy for the low-
The LHC will require an unprecedented precision opower electronics which can meet the LHC

a few ppm in the control of the current in the majorequirements. The high-power aspects are dealt with in

magnetic circuits. As a result of the optimisation of th@nother paper to this conference [2].

machine design, the machine will be powered in eight

sectors with separate power converters. This scheme, 2 TECHNICAL LIMITATIONS

along with other operational constraints, has led to a re- The technoloai d todav f |

evaluation of the methods needed to ensure adequate e technologies used today for power converter low

performance. An overview of the strategy envisaged pwer _electronlcs are typically _baseq on an ar_‘a"?g“e
gulation loop, using a proportional/integral/derivative

; A . [
meet this new challenge is presented, along with detal . . )
of digital control and correction methods, newggID) control. The reference input to this loop is from a

techniques for analogue to digital conversion anfrecision digital to analogue converter (DAC), which is

improvements in DC current transducers above 10 KA. set from a digital func_tlon generator_ (FG). The FG
normally accepts a series of current/time vectors, from

which it calculates intermediate values using a straight
1 INTRODUCTION line approximation. The output current of the power
The present design of the LHC requires the magnebnverter is measured by a precision current transducer,
structure to be powered in a non-conventional mannessually a Direct-Current Current-Transformer (DCCT),
Earlier accelerators normally powered all the principalvhich provides the feedback signal for the control loop.
dipole and quadrupole magnets as either a singlhe interface to the accelerator control system (ACS) is
electrical circuit or as three separate circuits. Due fourely digital and consists of the current vectors as input
optimisation of the overall machine, separate poweringnd the digitised value of the DCCT output (via a
of each of the eight sectors of the machine has becomeecision analogue to digital converter or ADC). A
necessary [1], where each sector will be powered Hypical structure is shown in Fig 1.
three individual power converters. Today a practical system can provide setting and
The superconducting magnets do not have a curremeading of output currents to an overall accuracy of
to-field characteristic similar to conventional steel-coredbout 15 ppm of Imax., although the short term stability
magnets and require the use of a number of fielchn be about five times better. This performance limit
correction methods. Additional time dependent effectscludes errors due to drift, overall linearity, temperature
also occur. As a consequence, very careful control effects (controlled environment) and the basic resolution
the magnet currents will be required in order to minimisef the analogue/digital converters. Measurement and
these effects. analysis of all error sourceshows that it is improbable
The LHC will need very precise and stable fieldgdhat analogue technology will advance sufficiently to
(and therefore magnet currents) in order to set aralercome the major errors and therefore the power
maintain the orbit and tune. These accelerator physicenverters could become a significant source of error in
requirements translate into an overall precisiothe LHC machine. However, many errors remain stable
requirement of 3 parts per million (ppm) of maximumover time and are therefore termed “reproducible
field for the main circuits. During injection anderrors”. Such errors can in theory be removed by
transition to the nominal acceleration ramp, the powesuitable means. In addition to the above problems with
converter performance requirements are the most sevéraditional methods, the LHC magnets operate at a
and dictate an ‘essentially infinite’ resolution in thecurrent level above 11 kA and their electrical circuits
setting of current. Any deviations from idealhave large time-constants (the dipole time-
performance between the 24 principal power converteonstant = 23000 seconds).  Unfortunately, DCCT’s
currents will result in beam errors and must be reducedbove a few kA have additional sources of error, and
to the minimum possible. control-loops for very large time-constants are difficult
Analysis of techniques employed for presento realise using analogue electronics.
accelerators, which are based on analogue methods, havdt was therefore evident that if the power converter
shown that it is highly unlikely that the abovesystem was not to become a limitation, improved
performance can be achieved reliably with the sanmaethods would be needed in a number of areas.
methods. Therefore, a considerable effort has been



3 THE OVERALL STRATEGY smooth and extremely high resolution output functions
. . - can be generated (< 1ppm of Imax). Clearly, the ADC
Having quantified the existing error sources

It e thod ) tiqated  both _gerformance must be monotonic and linear to the
alternative methods were investigate 0 Vi equired precision (see below).

simulation and limited laboratory tests. The resulting Using a DSP ashe function generator (FG) allows

strategy has emerged, ”am‘?'y : o .more complex functions to be realised as well as simple

- Forthe 24 (or_more) major magnetic circuits, Obta'% aight line vectors. Since the desired output value is
the best possible transfer fgnctlo_n_between demar&glculated on each iteration of the loop algorithm, it is
and output cur_rent by using digital, rf':lt_he_r tharleasy to evaluate a mathematical function, thus giving
analogue techniques. This approach minimises ths(?noother and more progressive changes of slope. Tables

number of critical (analogue) components and aIIowgf correction coefficients for “reproducible errors”, (e.g.

Ese (I)f morel_advancedt_controltlr?odp ngeth%ds. K linearity of the ADC and DCCT), can also be included in
’ mploy on-lin€ correction metnods to reduce Knowiy, loop algorithm. This can considerably improve the
residual errors in the control electronics and the locg|

environment as well as feedback of field and beam | addition, the on-line corrections, derived

related errors. externally from field and beam errors, can be

’ Incqrporate ext_enswe calibration methods both fo|rncorporated on each iteration. This mechanism will be
on-line and off-line use.

For the (>1600) | d di tic circuit essential to keep the machine tune within the desired
+ rorthe (. e ) less demanding magnetic CIrCUimits. The accelerator control system must of course be
employ simplified (and therefore cheaper) cwcwtry,abIe to supply data to each power converter at the

but using essentially the same basic electronics. desired rate and within an acceptable delay.

asic precision of the output current.

4 DIGITAL CONTROL LOOPS 5 ANALOGUE TO DIGITAL

The basic structure of a digital control loop is shown CONVERTERS
in Fig 2. It can be seen that the feedback loop uses the _ ) _
output of the ADCj.e. in digital form, rather than the _1NiS key component is not yet available from
analogue signal shown in Fig 1. All the functishewn industry Wlth the desired pgrformance but it is likely to
inside the dotted box of Fig 1 are realised by a digitdlECOMe SO in & few years time. As a consequence, some
signal processor (DSP), which removes the errors of tgdfort has been invested in evaluation of pos_S|bIe ADC
comparator and the DAC. By comparison, the DA¢N€thods. — The charge balance or Sigma-Delta
shown in Fig 2 can be a less precise device, since it §@nversion methods as well as multi-slope systems are
inside the feedback loop (a cheap audio DAC, as usedGapable of prowdlng the required precision in theory but
CD players, is adequate). For ultra-high performancd’® 100 slow or inaccurate at the present state of
the ADC becomes the limiting factor and must be able €velopment.  One manufacturer of precision digital
deliver an essentially perfect digitisation of the outpuf©ltmeters has an expensive product which can almost
voltage of the DCCT. However, the performance of thB€ considered adequate but has a number of interfacing
DCCT is equally important in both types of control Ioop.problems. Practlcz_;ll investigations have resulted_ in a

The advantages of the digital approach, apart frofrototype ADC which has demonstr_ated that the Sigma-
those mentioned above, are that the algorithm definir%elta method can deliver the required performance. In
the closed loop corrector can more easily handle lardB€ Present state of development it has a small non-

time-constant loads and can be made to automatica?i?earity for positive input signals. This reproducible

adapt to follow variations in the time-constant. This wil€T0r ©of some 5 ppm, (which can be corrected by the
be essential, as the loop response must be ndaSP), is the only major source of error which exceeds
overshooting and identical for each magnetic circuit"® desired 1 ppm objectives.

otherwise dynamic errors will add to the static errors of
the system. To minimise dynamic and tracking errors, a 6 SIMULATIONS AND LAB. TESTS

predictive (or feed-forward) loop will be needed, again A number of simulations of digital control loops and
benefiting from the auto-adaptive characteristics of thapc's have been performed and practical laboratory
digital approach. demonstrations have confirmed that the entire system
A major advantage of the digital control loop is thatan perform as predicted. Tests with a small power
the resolution available is, in theory, limited only by theonverter have also been made. These practical, proof
mathematical precision of th®SP algorithm. In of principle investigations have served a very useful
practice the noise from the ADC degrades this somewhgtrpose since, at this level of performance, considerable
but it remains possible to operate well below the rmgncertainty exists and a great deal of relevant knowledge

noise of the ADC, since filtering is provided by thenas been acquired. In particular, the feed-forward and
current-loop cut-off frequency. This means that verygaptive loops show great promise.



7 CURRENT TRANSDUCERS tracking between power converters and closed-loop
control via external inputs can be achieved reliably.

. The measuremgnt of ma_gnet current_ is the mo esign and tests of the global calibration structure for
important process in the entire system since any errar, power converter system will also be made
sources are unobservable. The use of DCCT's to

measure the magnet currents is universal but a number
of errors are associated with their use in power 9 CONCLUDING REMARKS
converters. As a consequence, an extensive series ofAs a result of the work completed to date, we believe
evaluations was launched, in close collaboration witthat a strategy based on optimisation of power converter
industry, to quantify and ultimately improve theperformance, regular system re-calibration and field plus
performance of these vital components. Above 6 kdheam related feedback mechanisms will permit a
little experience exists and measurement accurasyccessful operation of the LHC machine. As far as the
decreases, since Standards Laboratories do not haver converter system is concerned, these stringent
methods of measurement suited to such current levefgerformance requirements now need to be proven in a
In parallel with our evaluations it has therefore beereries of full-scale tests.
necessary to develop improved techniques for such
measurements. A program was started to upgrade the 10 ACKNOWLEDGEMENTS
CERN Standards Laboratory, providing increased _ .
accuracy in basic voltage and resistance measurements.T_he authors wish to than_k the many CE_RN’ academic
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the ppm level at 15 to 20 kA, through a collaboratiof'®! have been made.
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The main sources of error in the DCCT’s needed fqn] Electrical Powering Strategy of LHC. First Design
LHC are due to the non-linearity of the burden resistor Study by P. Proudlock, CERN. EPAC’96
and the magnetic fields existing in the volume occupied Contribution.
by the DCCT coils. These fields, which can be both2] High Current, Low Voltage Power Converters for
external and self induced, result in severe non-linearities LHC. Present Development Directions by F. Bordry,
at high output values. In particular, it has been CERN. EPAC'96 contribution.
demonstrated that it is essential to place the DCCT coils
outside the main power converter cubicle (in which
many strong AC and DC fields exist), and also in a
busbar structure which reduces the effects of self 1
induced field. ~ These measures have resulted in>H FG —DAC
prototype transducers which have a non-linearity error of |
about 5 ppm of maximum output. Both stabilty and 2
noise are below the 1 ppm level. It is hoped that g
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improvements can still be made to the basic performancé

but use of correction methods, as outlined above, can be FEEDBACK

employed successfully at this level of error. —<— ADC — J/'

DCCT

8 OUTSTANDING PROBLEMS AND
FUTURE PLANS

The foregoing has shown that the major sources of
error in the power converter low-power electronics have’
been identified and quantified. Any improvements 5 | DSP DAC PC
which can be made in reducing the remaining errors will
be of value in ensuring that the power converter system, ‘
as a whole is not a major source of error in the LHC%

Fig 1 Typical Analogue Control Loop

machine. Clearly, every attempt must be made to reducé MAGNET
these remaining uncertainties and we expect that our FEEDBACK

external collaborations will be of considerable benefit in __ ADC \LI
this area. This initial work will now be used as input to /

the detailed design of full-scale prototypes which will be DccT

tested on superconducting magnets in an operational tg$§ 2 Basic Digital Control Loop
environment. These tests aim to demonstrate that



