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A rotating magnetic probe testing system has been designed and constructed for
the purpose of establishing a technique of the plasma current measurement on a
steady state tokamak. An air turbine is employed to drive the rotating magnetic
coil from the viewpoint of avoiding the use of an electric motor in the vicinity
of the tokamak device. The signal induced on the rotating probe is transmitted
to the amplifier through a transformer coupling. A long term testing on mechanical
as well as electrical characteristics has been carried out to find key technical
issues on this system. A continuous operation for more than one week has

successfully been achieved.
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1. INTRODUCTION

The magnetic probe is one of the important basic diagnostic techniques on a
tokamak. With an increase in the duration of plasma sustainment, it is urged to
develop a technique which can measure the steady state magnetic field, in order to
obtain the magnitude and the position of the plasma current in a long pulsed tokamak
fusion experimental reactor such as ITER.

For this purpose, a hybrid magnetic probe system has been proposed, which is
based on a combination of a conventional magnetic probe for the measurement of fast
varying magnetic field and a rotating magnetic probe for that of slowly varying field
(1,2].

It is preferable to employ a non electric as well as magnetic power source to
drive the rotating magnetic coil (rotor) in the vicinity of the tokamak device. Itis also
preferred not to use any mechanical contacts to pick up the electric signal induced in
the rotor from the viewpoint of maintenance-free long life time of the system.

For the purpose of testing the principle of the hybrid magnetic probe system for
long term operation, a testing magnetic probe system has been designed and
constructed. The system has been operated continuously for more than one week, and
technical problems which should be solved when applying to an actual tokamak device
have been found.

In Section 2, several different types of the probe to pick up and transmit the
magnetic field signal are compared from various aspects. A circuit to compensate the
fluctuation of rotation speed is described in Section 3. A mechanical design of a
transformer-coupled rotating coil and its testing are presented in Section 4. In Section
5, the long-time testing results are shown. Tt is concluded in Section 6.

2. COMPARISON OF PICK UP SYSTEMS FOR THE MAGNETIC FIELD
DETECTION

The following three pick up systems for the magnetic field detection have been
investigated; (a) rotating coil, (b) rotating conductor and (c) transformer-coupled
rotating coil. The structure of each system is illustrated in Fig. 1 to show the

operational principle.

(a) Rotating coil

This system is the simplest and ideal in principle. For the application to ITER,
however, it is necessary to develop a good electric contact with a long life time. The
output V, is expressed as below when the magnetic field intensity B is present. It
changes with the rotational angular frequency ®, and is proportional to @.

V.=BN S osinwt, (1)

where N is the number of turns and S is the area of the coil.

(b) Rotating conductor

Although the mechanical structure of the rotor is the simplest, the analysis of
electric characteristics is complicated. The output is expressed as below, because the
mutual inductance M between the rotor and stator changes with time approxi-mately as
M oc M, sin @ t, where M, is the maximum value of M. It changes with a frequency

-1 —
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2w, and is proportional to @ * The sensitivity of this method is low because the
mutual inductance M is small.

V.oc BM, o’ sin 20 t. | (2)

(¢) Transformer-coupled rotating coil.

This method has an advantage that no mechanical contact is necessary to transmit
the signal induced in the rotor, even though the electric characteristic is similar to (a).
The output is expressed as below. It changes with the frequency of , and is
proportional to @2 Here, M is mutual inductance of the transformer.

V.oc BSM w?sin ot (3)

A comparison of above three methods is summarized in Table 1.

3. COMPENSATION CIRCUIT FOR THE FLUCTUATION OF
ROTATION SPEED

In order to attain the accuracy of magnetic field measurement, it is necessary
either to keep the rotation speed constant, or employ a compensation circuit which has
a proper frequency response, because the sensitivity is proportional to either @ or @™

Assuming that the transformer coupled rotating coil method will be employed,
the following compensation circuits are investigated, instead of designing complicated
feedback control system to keep the rotation speed constant. The circuit should have a
frequency response of inverse proportional to the square of frequency, because the
output voltage is proportional to @°.

(a) Two-stage RC circuit

This is the simplest circuit which has a characteristic of inverse proportional to
@?. The circuit diagram and its frequency characteristics are shown in Fig. 2 (a} and
(b), respectively. The operation frequency of this circuit with a frequency response
required should be sufficiently higher than the cross-over frequency 1/ 7. In this
frequency range, however, the gain of the circuit is two orders of magnitude smaller
than that in the flat characteristic range. Noises of low frequency component give a
significant effect on the operation of this circuit. From these reasons, no good results
were obtained with this compensation circuit.

(b) LC circuit

The circuit diagram is shown in Fig. 3. The output signal from this circuit is
expressed as below, so that the required frequency response is obtainable in the
frequency range of w?LC > 1, w’LC > w L/R .

1% )

aut

= : (4)
1% {(1 -w?LC) + joL/Rj

in
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= (4)

1% {(1-w’LC}) + jwL/RJ
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Figure 5 is the numerically calculated results based on the equivalent circuit
shown in Fig.4. In this case, the maximum gain at around 70 Hz is only 2 to 3 times
that at around 130 Hz.

Effectiveness of this compensation circuit is verified experimentally. Output
voltages with and without the compensation circuit are shown in Fig. 6 (a) and (b),
respectively. Here the output voltage of [ V corresponds approximately to 7 Gauss.

-4, MECHANICAL DESIGN OF THE PICK UP SYSTEM

The detection head of the rotating magnetic probe consists of one-turn coil for
pick up and 1.5-turn primary coil of a coupling transformer as is shown in Fig.7. The
rotor is driven by a high speed air turbine operated at an air pressure of 6 atms. An
air bearing operated at a pressure of 3 atms is employed for long term operation with
high revolution speed as high as 10,000 rpm. The actual rotation speed was 130 t/s at
an air pressure of 6 atms. The air consumption on the air turbine was 2.6 lit/min, and
that on the air bearing was 6.3 lit/min at an air pressure of 3 atms.

It is necessary to keep the air pressure constant as possible, because the rotation
speed is sensitive to the air pressure supplied. A high precision electronically
controlled regulator is used to control the air pressure to drive the rotor.

A detail of the mechanical structure is shown in Fig. 8.

5. LONG TIME TEST

The testing device has been operated for 170 hours without any serious trouble,
under the condition of the rotation speed being 7,800 rpm, and a uniform magnetic
field intensity of 25 Gauss generated in a Helmholtz coil with a coil current of 1. The
full recorded chart of the output signal from the magnetic probe system and the room
temperature is shown in Fig. 9. Because no rotation frequency compensation circuit is
employed in this stage, the output signal shows a drift of one-day cycle, probably due
to the change of rotation speed with the room temperature. This variation is small
enough to be cancelled with a rotation frequency compensation circuit.

There found no serious problems, such as abnormal change of rotation speed,

heating, noise and others.

6. CONCLUSION

In this fiscal year 1994, a research activity was concentrated on developing
mechanical structure of the rotating magnetic field pick up system. A transformer-
coupled rotating coil energized with an air turbine was employed. The variation of
output signal dependent on the fluctuation of the revolution speed is shown to be
compensated with a circuit which has a frequency response of the gain being inversely
proportional to the square of rotation frequency.

The rotating coil system constructed was tested for over seven days, that is 170
hours, without any serious problems.

A typical sensitivity of 0.1 V/Gauss with a resolution of 0.05 Gauss is obtained

on this system.
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On the basis of the investigation carried out in the fiscal year 1993 on the hybrid
magnetic probe system and this research on the rotation probe in the fiscal year 1994,
we are in a position to be able to design a prototype of the hybrid magnetic probe
system for ITER, after establishing some critical issues, such as stability, reliability
and measuring accuracy, related to actual applications to the existing tokamaks in

operation.
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Table 1 Comparison of three pick up systems for rotating magnetic probe.
Transformer-
Rotating coil Rotating conductor{ coupled rotating
coil
Mechanical problems on . . :
. simple a little complicated
structure electric contact -
Life time short long medium
Electric : . : complicated in not simple in
L simple in analysis : .
characteristics analysis analysis
Detection frequency f 2f f
Detection sensitivity high low medium
Temperature 16 e es
dependence Y Y
Frequency
dependence of f f? r?
sensitivity
Frequency response
of compensation 1/f 1/f 2 1/f 2

circuit

Direction of the
magnetic field

perpendicular to Z

perpendicular to
both Z and stator

perpendicular to Z

detected coil axis Y
(rotation axis : Z) (X, Y) (X) (X, Y)
tic field
magnetic field MAgnEte e
. component linked
Effect of component linked
. . to the secondary
fluctuating low to stator coil . ;
. coil of the coupling
magnetic field
) transformer
(Z)
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stator
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‘Kcontactor rotating conductor
(2) (b)
. coupling transformer
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.
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-
b
-
-
.
-
.

stator
rotor

(c)

Fig. 1 Schematic diagrams of pick up systems for magnetic field detection.
(a) rotating coil. (b) rotating conductor and {c) transformer—coupled
rotating coil.
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Fig. 2 Circuit diagram (a) and the frequency response (b} of a compensation circuit
with 2-stage RC ladders.

Vin cC =

Fig. 3 Circuit diagram of a compensation

circuit with L. and C.

Co L Ro
o] o
Vin R — C Vout
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Fig. 4 Equivalent circuit for the

numerical caleulation.
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Fig. 5 An example of numerical calculation result with a circuit shown in Fig. 4.
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probe.
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Fig. 9 The full recorded chart of output voltage from magnetic probe system and the
room temperature for the long time test.



