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A Tool for Simulating Rotating Coil Magnetometers

L. Bottura, M. Buzio, P. Schnizer, and N. Smirnov

Abstract—When investigating the quality of a magnetic mea- the system must allow the exchange and enhancement of
surement system, one observes difficulties to identify the “trouble all elements describing the experimental systems.
maker” of such a system as different effects can yield similar influ- « Simplicity: The code must offer simple interfaces to the

ences on the measurement results. We describe a tool in this paper to allow handlina th t ithout having to k
that allows to investigate numerically the effects produced by dif- USEFo allow handiing the SySteimn without having to Know

ferent imperfections of components of such a system, including, every detail of the total implementation.
but not limited to: vibration and movements of the rotating coil, This paper describes schematically the implementation possi-
influence of electrical noise on the system, angular encoder imper- pjjities and the basic physical principles used. The validation of

fections. This system can simulate the deterministic and stochastic . . L
parts of those imperfections. the system will be shown and finally examples of applications

We outline the physical models used that are generally based on will be given.
experience or first principles. Comparisons to analytical results are
shown. The modular structure of the general design of this tool Il. M EASUREMENT OFFIELD COMPONENTS
permits to include new modules for new devices and effects. ] ] ] ] ] ]

The final aim of a rotating coil system is to measure the field
of a magnet and to describe its multipol€s. The magnetic
field B of accelerator magnets can be expanded in a series as
follows:

Index Terms—Harmonic coil measurement, LHC magnets, mea-
surement system simulation.

|I. INTRODUCTION

. = . z \"

AIN dipoles and quadrupoles being built for the LHC B(z) =By +iB, = Z [Br + iAy] <R ) 1)
will be measured magnetically at CERN using equip- n=1 Ref

ment mostly based on the rotating coils technique [1]. WhilghereB,, +i4,, = C,, are the multipole components [4], and

searching for the source of errors (e.qg., electrical noise, impegrine transverse position. The fluk seen by a rotating coil is
fection of the rotation of the coils, spurious marks in the anyjen py [5]:

gular encoder) in rotating coil magnetometers one can see that

different malfunctioning components can produce similar ef- M
fects. The aim of this tool is to identify the weakest points of o(t) = > KnCycos[nB(t)]. 2)
the measurement system and to improve the quality of series n=1

LHC magnet tests. An analytical treatment of nearly any effegy is the highest harmonic taken into accoyhis the angular

is available and only perfect magnets are considered. Howeygisition andk,, the coil’s sensitivity to the.th harmonic given
considering more than one effect renders the analysis alreggy
more difficult. Previously codes were developed using a purely N N
numerical approach [2], [3]. This tool, however, uses a semi-nu- K — <NwLRRef) [( 72 ) _ < 1 ) } ©)
merical approach which calculates the effects of coil imperfec- n Rpey RpRey
tions (e.g., coil vibration) analytically. . -

The key design features of this tool are modularity, flexibilit)\/NhereNl” Is the number Of wmdmg_sL the length and? and
and simplicity: 71 the inner and outer radii respectively of the céilz. ; is the

i reference radius (for LHC 17 mm). The voltab€¢) induced
» Modularity: Follow the “real system” setup as closely a8 the coil is given by:

possible. The preferred design is that an independent el-

ement of the experimental system is described as one en- . N
tity in the software. Each element of the real system is a V(t)=—np(t) Y K.Cpsinns(t)]. 4
module encapsulating its description and key parameters. n=1

* Flexibility: Not all effects can be foreseen during thgqyation (4) is obtained applying the induction law on (2) as-
design stage. Some effects can become important dfiming a magnetic field which is constant in time. The systems
future systems which are negligible nowadays. Therefogge for the magnetic measurements at CERN is based on dig-

ital integrators. Th&”,,s are obtained as measurements:
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[ll. APPROACH 2) Mechanical connectiorthat couple the coil to the motor.

These connections can vibrate with their eigenfrequen-

cies which can influence the measurement. This can be

modeled ag(t) = 6(t) + >, e~%*a; sin(c;t +1;) with

[ the angle of the connection on the coils si@lthe angle

on the motors sidey; the amplitude of itgth eigenfre-

) ) ) quencyc; with phasey;. This torsion allows a simulation

1) A pure numerical approach in the time domaihhe of a system consisting of similar coils with connections
movement of each winding of the coils is traced and the  j, petween. (Such a system is described in [6].) There the
radii [z2, z in (3)] are corrected at each time step to  grsjonal vibration of each coil can be simulated using one
describe non ideal behavior. The induced voltage is then ;| with different connections.

calculated numerically by differentiating (2). This allows 3) Rotating coils their voltage is given by (4) for the ideal

Equation (5) can be solved using different approaches, a
pure numerical approach in the time domain, a semi-numerical
approach in the time domain, or in the frequency domain. The
main advantages and disadvantages of these approaches are
given below:

a simple modeling of the coil's motion irregularities, but case setting(t) = wt with w the nominal speed of the
the calculation is compgtationally expensiv_e. Moreovgr, motor. A torsional vibration is modeled settirift) to
the geometry of the coils must be known in full detail. B(t) + T(B(t)) with T(3) the function describing the

In a compensated system each induced voltage has to \;ipration.

be calculated separately for each coil and compensatedy) The angular encodehat triggers the measurement. In the
afterwards. _ _ simulation itis used to determine the appropriate times for

2) A semi-numerical approach in the time domaiather the trigger. These events will then be used to calculate the
than the coil geometric parameters, in this approach the  ,x .

sensitivities K, are directly used. Coil imperfections 5y caplesthat transfer signals from source to receiver and
are then described calculating a correction to the voltage ~ can pick up electromagnetic noise from the environment.
given by (4). Therefore the sensitivities need not be i5 output voltagd/s, is given aslo = Uy + Uy with

differentiated. In addition a compensated system can U; the input voltage and@y the electromagnetic noise.
be simulated using the sensitivity factors obtained by  ap example of such noise is given later.

calibration. 6)
3) In the frequency domainThe magnetic fieldB is de-
scribed by its multipole§’,,. Considering each harmonic
in (2) individually it can be interpreted as a spectrum of
n/3. Electrical noise can also be described by a spectrum.
So it seems natural to calculate in the frequency domain.
Each component affects the spectrum of the previous one.
However the imperfections of certain components such as
an angular encoder with a missing mark, a non linear inte-
grator or a drifting power supply can be difficult to model. V. IMPLEMENTATION

_The fact that sensitivitie&’,, are well known and can be used | the real system the behavior of each component is influ-
directly was considered a sufficient advantage of the semi-rshced by the attached devices and the surrounding environment.

merical approach to accept the tradeoff of the more complicatgthrder to reflect reality as closely as possible an object oriented
formalisms. The approach in frequency space was not consigkrarchy was chosen. In Section IV the parameters allowing

Electronicsconsisting of compensation circuitry, pream-
plifier and integrator. The ideal behavior is given as

tt(,f)-i—P Gp Ez GCZ- UICZ- dt WhereUOE is the
output voltage Gp the gain of the preamplifier/;¢,

the input voltage and:, the gain of theith channel of

the compensation circuitry. These devices can have input

and output voltage offsets and non linear amplification.

Uor =

ered further as some components are difficult to model. to simulate imperfections were described. These parameters are
encapsulated in each module and allow a simple switch between
IV. PHYSICAL MODELS “ideal” and “real” behavior.

We are mainly interested in the effects on the field at the level
Using physical models for the simulation, first principles argf the higher order harmonics. These are generally of the order
used to describe each element and its imperfections. The imge< 00 ppm of the main field. Therefore the accuracy of the
mentation of each element was kept as simple as possible gfculation must be in the range of 1 ppm or 6 digits. Equation
still allowing input of experimental experience. As an exampl@)) shows that the contribution of each harmonic is summed
the torsional vibrations of mechanical connections are modeI@g in the time domain. This means that the contribution to the
using a series of decaying frequencies. In the following the coRpsitage of any non main harmonic starts at the forth digit of
ponents of a rotating coil system are described which typicaliife main harmonic. The accuracy requirements can be fulfilled
consists of rotating coils, a motor, an angular encoder, meCh@atculating with a 15 digits’ accuracy.
ical connections, cables and electronics: From the numerical point of view the most challenging part
1) The motorthat drives the coil shaft following a time de-is the implementation of the integrator because an accuracy of
pendent anglé(t) = wt+ 31| A; sin(a;t 4 ¢,;) where better than 10° has to be achieved. It was found that an Ordi-
the first term describes the ideal case and the secomary Differential Equation solver matched best our needs. Using
term adds a motor vibration with; the amplitude of the the functionlsodafrom the ODEPACK package [7] it is pos-
ith eigenfrequency of the system with frequengyand sible to achieve a precision better tharm 1Owith an eight byte
phasep;. floating point representation. This routine offers internal quality



1682

control of the calculation which allows a fast integration at a
known accuracy. A typical run of one turn of the coil takes only
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a few seconds on a Pentium 111 600 MHz. The computation time
scales roughly linearly with the highest relevant frequency. The ;|
aforementioned number is valid for a frequency ofd2n as

the harmonics are normally only considered up to this value.

By [0 T gy

VI. COMPARISON TOANALYTICAL RESULTS -~

To validate our system we have compared the numerical re-
sults to known analytical solutions in the case of a coil vibrating
either in the transverse direction or torsionally during a mea-
surement. These calculations were done considering only on
coil. In this case the system is more sensitive to mechanical im-
perfections compared to a system where the main harmoni&ig 1. Example of the influence of a torsional vibrating coil on the

; ; ; asurement of the octupole in a pure quadrupole field for a vibratien2.
pompensated by an,array _Of C,OIIS' The goal of this Compans?ﬁepresents the maximum amplitude of the vibration in radians and B4 the
is to show that the simulation is accurate enough.

normal octupole due to the coil vibration in Tesla at reference radius.

[ 1] o [ i1

- ||

TABLE |
CALCULATED REQUIREMENTS TO THEAXIS VIBRATION.
unit = Cpn/Chrain * 102

A. Transversally Vibrating Coll

The coils movement was assumed td si@(pd(¢)) with [ the
amplitude, ang the frequency index of the movement. In a pure
guadrupole field the harmonics generated due to the vibration
are given by [8]:

Alensurement. type [ T
10 |

tnrged |wnit

roain bl svEbamatie a

.||:|.i||. ||| | ::|||||||l.|| ] - | -I lll ..'“
K ! | harmonics systeatic | O] ¢«
Cpi1 =K -::-1 —2RRfCQ (6) harmonles random 001 [ A 10|
p e
K, l VIl. EXAMPLE OF APPLICATIONS
Co_1= — (. 7
p—1 Kp—l 2RRe,f 2 ( )

We have used the calculational tool to explore the sensitivity
the quadrupole measurement system described in [1] to me-

Variables with a bar denote the complex conjugate. In accelé){]— . . .
anical and electrical perturbations.

ator magnet measurement systems the coil movefhemust c
be at Igasﬂum to produce a signal comparable to the typlca}i. Transversally Vibrating Coil

resolution &1 pT @Rg.y). Forl = 1 pm andp = 1 and ) ) ) )
C» = 1.5T @ Rp,; we obtain that the analytical and numer- Due to mechanical tolerances in the support, the coil can vi-
ical values match for the first six digit€ /C, = 1-10~6 and Prate during a measurement. We describe such a vibration by a

C3/Cy = 1.3 -1076. horizontal displacemerit+- Al and we compute the maximum
allowable amplitudd and the spread\/ that give systematic
and random errors comparable with the accuracy targets set in
[1]. The targets are reported in Table | together with the results
Assuming a torsional vibratioi’(¢) of the type7’(¢) = of the calculation assuming a coil vibratigh+ Al) sin(wt).
¢ cos(78) and substituting(t) in (4) withwt + T'(wt) and ap- The table values were calculated assuming a quadrupole field
proximatingsin(n + 1'(¢)) = Imlexp(in{f + T(6)})] with  of Cy = 1.5 T @ Rg.;. For the random parts the limit seems
Im[exp(in6){1 + nT(6)}] [8] one gets as spurious harmonicsto be very tight. However we remark that they were calculated
assuming only one frequency. Typically the vibrations affecting
the random error consist of a whole spectrum of frequencies

B. Torsionally Vibrating Coil

nk,

Cryn~—"(C, (8) which affect different harmonics resulting in a much softer re-
Krin guirement to the total maximum deviation. Therefore the results

nK, - discussed here must be taken as pessimistic estimates. The fig-
Cronm— K n CCh. (9) ures of Table | broadly comply with the mechanical tolerances

set for the moving components.

7 is the frequency index. For the numerical cé$® is set to ) ) ]

wt + T(wt). In Fig. 1 the comparison between the analyticaf- Torsionally Vibrating Coil

formula and the calculation of the fake octupole is shown. The Due to the size of the LHC cryostated magnets the shaft of
two curves match well for realistic cases (typically in the ordehe system [1] is 15 meters long. Therefore torsional vibrations
of mrad torsion). The deviation of the analytical solution frorhave to be considered. Only a frequency index 4 can influ-

the numerical one is due to the aforementioned approximati@nce the absolute measurement (9). Using the targets shown in
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Fig. 2. Noise in the cable.
TABLE 1l

INFLUENCE OF THEELECTRICAL NOISE ON THEHARMONICS
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series contains low frequencies as well. Due to aliasing [9] (the
maximal resolvable frequency in the system [1] is 128x)
these frequencies are amplified and therefore an influence on the
harmonic measurement is visible. However in a realistic range
(1 to 5 mV) the effect on the harmonics is still within the targets
given in Table I.

VIII. CONCLUSION

A system, simulating a rotating coil magnetometer has been
described. It allows to study the main components and imper-
fections of such a system. The basic structure is given and com-
parisons to analytical results were shown. Due to its modularity
it is straightforward to add new components to study additional
imperfections. It was shown that for a system as described in
[1] the mechanical vibrations of the coils need a tight control as
their transversal vibratiohhas to be controlled to 10m. The
maximal acceptable torsional vibration between the angular en-
coder and the coils is 0.1 mrad. These requirements are barely
fulfilled by the aforementioned system. However these numbers
were obtained using assumption based on worst case studies and
conservative estimates. An electrical noise as discussed above
is acceptable as long as the peak to peak voltage is smaller than
2.5 mV.

l.|.|l:|l_l|| [ — my .1 | | | 111}
._i__.l.l-l.-r___-l. :..I..;.I.r_ —_— =T =7 _I.”. -
Oy = LET i Ry

CnjC2 . 107 [7 10~ F [7-10 7 | 7-10-2
Oy = 02T % g

Table | one obtaing += A¢ = 0.1 £ 0.02 mrad for the absolute
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vibration contains a whole spectrum of frequencies. Therefore
the requirement to the maximum amplitude can be much softer.

C. Noise Coupled Into the Cables [1]

A source of spurious measurement results can be electrical
noise coupled into the cables feeding the coils signal to the elect2]
tronics. Here the influence of a switching power supply gener-
ating medium range frequencies is considered.

A thyristor driven power supply can induce a voltage noise asi3]
shown in Fig. 2 inside the cables. This voltddg is given by:

N
Un(t) =3 qie 0 sinfsi(t — o). (20) 1
i=1 [8]
We have chosen the parameters for (10) to reproduce Fig. 2. W,
have injected this noise after the analog compensation, where
the signal is smallest and the effect largest. The influence Of[7]
this noise on the system described in [1] is given in Table II.
The influence on the harmonics is correlated with the maximum
amplitude of the noise and shows roughly the same amplitudg®l
for all harmonics. As Fourier series need the whole spectrum ofg,
frequencies to describe discontinuities as shown in Fig. 2, the

REFERENCES

N. Smirnov, L. Bottura, P. Schnizer, and P. Sievers, “System for the LHC
main quadrupole series magnetic measurementd,7ih International
Magnet Technology Conferend@eneva, September 2001.

W. C. Li and M. W. Coles, “Systematic error analysis of rotating coil
using computer simulation,” iith International Industrial Symposium
on the Super Collider—IISS®. Hale, Ed. San Francisco, CA, USA,
May 1993, 1994, pp. 6-8.

J. DiMarco et al, “Influence of mechanical vibrations on the field
guality measurements of LHC interaction region quadrupole magnets,”
in 16th International Conference on Magnet Technology (MT-16 1,999)
Tallahassee, FL, Sept. 26—Oct. 2, 1999.

A. K. Jain, “Basic theory of magnets,” iBAS Magnetic Measurement
and AlignmentS. Turner, Ed: CERN, August 1998, pp. 1-21.

——, “Harmonic coils,” InCAS Magnetic Measurement and Alignment
S. Turner, Ed: CERN, August 1998, pp. 175-217.

J. Billan et al,, “Twin rotating coils for cold magnetic measurements
of 15 m long Ihc dipoles,”IEEE Trans. Appl. Superconductpp.
1422-1426, 2000.

A. C. Hindmarsh, “ODEPACK, a systematized collection of
ode solvers,” in Scientific Computing R. S. Steplemanet al,
Eds. Amsterdam: North-Holland, 1983, pp. 55-64.

A. Devred and M. Traveria, “Magnetic field and flux of particle accel-
erator magnets in complex formalism,”, 1994, to be published.

S. K. Mitra, Digital Signal Processing, A Computer Based Approach
McGraw Hill, 1998.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


