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The TCV Tokamak was designed to create a large variety of plasma
shapes. Such a large flexibility requires high precision magnetic measure-
ments with a good spatial coverage. This paper gives a detailed description of
the magnetic sensor geometry, fabrication, calibration, the associated elec-
tronics and the diagnostic operation and monitoring. A substantial effort has
been made to quantify the precision in the measurements and a novel method
has been developed to derive corrections in the sensor position and calibration
which optimise the consistency of the entire measurement set. Accuracy of
0.5 mWb in the poloidal flux and 1 mT in the magnetic field with a position

error of a few mm have been achieved.



1. Introduction

TCV (Tokamak a configuration variable) was built to study the influence
of the plasma shape on tokamak physics and plasma performance [1,2].
Planned shapes include limited and open divertor configurations with an elon-
gation up to 3, with upper or lower single null or double null divertor, or even
more complex configurations such as doublets. The machine was designed to
keep a flexible control on the exact contour of the plasma column and on the

divertor leg geometry in all these configurations.

Such a large flexibility has important implications on the required pre-
cision and scope of the magnetic measurement set used for both real time con-
trol of the plasma shape and discharge parameters and off-line reconstruction
of the magnetic topology. A detailed description of the magnetic measurements
available on TCV is given here, covering the sensor geometry and location,
their fabrication and calibration, the electronics providing the required signal
processing, the operation of the diagnostic and its continuous monitoring
which taken together guarantee the quality of the measurements. A substan-
tial section is dedicated to the effort made to quantify the precision of the
measurements and to derive the corrections which optimise their consistency.
The conclusion is written as an objective evaluation of the system, listing not
only the positive aspects but also the difficulties encountered and the various
points for which small or significant improvements could or should be

brought.

2. Layout

2.1 Ohmic transformer, shaping and toroidal field coils

The plasma current induction system of TCV is an air core transformer
made of two coil sets, coil A and coils B1, B2, C1, C2, D1 and D2 connected in
series, shown in figure 1. Their positions and numbers of turns have been cho-
sen to minimise the magnetic field inside the vacuum vessel. Each set has a

separated power supply, labelled OH1 and OH2.



TCV poloidal cross—section
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Fig. 1 TCV poloidal cross-section showing the ohmic transformer coils A, B,
C and D, the shaping coils E and F, the toroidal field coil connections
T, the poloidal flux loops (x) and the magnetic field probes plotted as

to scale rectangles in the vacuum vessel.

Flexible shape control requires a large number of poloidal coils and is
provided on TCV by two stacks of eight coils located on the high and low field
side of the vacuum vessel, labelled respectively E1 to E8 and F1 to F8 (figure

1), and connected to 16 independent power supplies.



The toroidal field is produced by 16 coils surrounding all the ohmic and
shaping coils. Of particular interest for the magnetic measurements are the
bars between these coils that run toroidally and thus produce a poloidal field.
Coils are connected together with U shaped bars to withstand mechanical de-
formations. The resulting toroidal current can be represented by two coils la-
belled T1 and T2 in figure 1; the current follows 26/68 of a whole turn in the
first coil and the remaining 42/68 in the second. Return current is carried by

the complete turn coil T3.

2.2 Vacuum vessel

To accommodate highly elongated plasmas with a large variety of
shapes, the vacuum vessel has an almost rectangular cross-section with an
aspect ratio of 3:1. It is toroidally continuous and is made of stainless steel,
15 mm thick for the cylindrical parts and 20 mm thick for the top and bottom
parts, giving a toroidal electrical resistance of 45 mQ. Such a low resistance
helps in passively stabilising highly unstable configurations. The inner wall of

the vessel is covered with 24 mm thick carbon tiles.

2.3 Magnetic measurement location

The control and the instrumentation for such a wide range of plasma
shapes imply a fairly dense set of sensors. Therefore magnetic probes measur-
ing the component of the poloidal field tangential to the vacuum vessel were
mounted inside the vacuum vessel at 38 almost evenly spaced positions. Their
exact location and orientation can be consulted in figure 1 and in table 1. 4
poloidal cross-sections toroidally separated by 90° are equipped with such a
38 probe array. The signals from two opposite sections are acquired and used
for equilibrium reconstruction. The same signals are averaged to cancel any
toroidal asymmetry and fed in real time to the plasma shape and position con-
trol system. In addition, two toroidal arrays, located in the equatorial midplane
at probe position number 1 and 20 and made respectively of 8 and 16 probes,

are installed for MHD mode analysis.

Poloidal flux loops are wound on the outside of the vacuum vessel. Their

position with respect to each of the 38 magnetic field probes was chosen to fa-



cilitate flux extrapolation towards the plasma last closed flux surface by pair-
ing one magnetic probe and flux loop (see figure 1 and table I). In addition all
ohmic transformer coils, except the A coil which by construction remains rath-
er inaccessible and all shaping coils were equipped with a poloidal flux loop
(figure 1).



Flux loops Magnetic probes Flux extrapolation

R[m] Z [m} R[m] Z[m] alo] distance [m]
001 0.584 0.000 0.606 0.000 90 0.022
002 0.584 0.115 0.606 0.115 90 0.022
003 0.584 0.230 0.606 0.230 90 0.022
004 0.584 0.345 0.606 0.345 90 0.022
005 0.584 0.460 0.606 0.460 90 0.022
006 0.584 0.575 0.606 0.575 90 0.022
007 0.584 0.690 0.606 0.690 90 0.022
008 0.600 0.772 0.629 0.746 45 0.040
009 0.695 0.791 0.695 0.764 0 0.027
010 0.790 0.791 0.790 0.764 0 0.027
011 0.885 0.791 0.885 0.764 0 0.027
012 0.980 0.791 0.980 0.764 0 0.027
013 1.060 0.755 1.042 0.735 -40 0.027
014 1.136 0.691 1.119 0.671 ~-40 0.027
015 1.176 0.575 1.154 0.575 -90 0.022
016 1.176 0.460 1.154 0.460 -90 0.022
017 1.176 0.345 1.154 0.345 -90 0.022
018 1.176 0.230 1.154 0.230 -90 0.022
019 1.176 0.115 1.154 0.115 -90 0.022
020 1.176 0.000 1.154 0.000 -90 0.022
021 1.176 -0.115 1.154 -0.115 -90 0.022
022 1.176 -0.230 1.154 -0.230 -90 0.022
023 1.176 -0.345 1.154 -0.345 -90 0.022
024 1.176 -0.460 1.154 -0.460 -90 0.022
025 1.176 -0.575 1.154 -0.575 -90 0.022
026 1.136 -0.691 1.119 -0.671 -140 0.027
027 1.060 -0.755 1.042 -0.735 -140 0.027
028 0.980 -0.791 0.980 -0.764 -180 0.027
029 0.885 -0.791 0.885 -0.764 -180 0.027
030 0.790 -0.791 0.790 -0.764 -180 0.027
031 0.695 -0.791 0.695 -0.764 -180 0.027
032 0.600 -0.772 0.629 -0.746 135 0.040
033 0.584 -0.690 0.606 -0.690 90 0.022
034 0.584 -0.575 0.606 -0.575 90 0.022
035 0.584 -0.460 0.606 -0.460 90 0.022
036 0.584 -0.345 0.606 -0.345 90 0.022
037 0.584 -0.230 0.606 -0.230 90 0.022
038 0.584 -0.115 0.606 -0.115 90 0.022
A_001 0.446 1.076
B_001 0.500 -0.936
B_002 0.500 0.936
C_001 0.655 -1.110
C_002 0.655 1.110
D_001 1.144 -1.170
D_002 1.144 1.170
E_001 0.530 -0.700
E_002 0.530 -0.500
E 003 0.530 -0.300
E_004 0.530 -0.100
E_005 0.530 0.100
E_006 0.530 0.300
E_007 0.530 0.500
E_008 0.530 0.700
F_001 1.250 -0.770
F_002 1.250 -0.610
F_003 1.250 -0.310
F_004 1.250 -0.150
F_005 1.250 0.150
F_006 1.250 0.310
F_007 1.250 0.610
F_008 1.250 0.770

Table 1. Flux loops and magnetic probes geometric location.



3. Coil current measurement

Coil current are measured with LEM modules. These are basically iron
transformer whose secondary current is adjusted to cancel the magnetic field
produced by the bus bar current. The field is measured with hall effect sensor.
Modules must be carefully placed away from knees in the bus bars or other
bus bars to avoid parasitic field effect. The precision of the measurement quot-
ed by the manufacturer is typically 0.25% of the nominal current, which cor-

responds to 100 A for the OH currents and 20 A for the E and F currents.

4. Poloidal flux loops

4.1 Construction

Vessel flux loops are made of one turn of 1 mm diameter THERMO-
COAX®, mineral insulated coaxial wire, compatible with the 400°C baking ca-
pability of the vacuum vessel. Coil flux loops are made of one turn of adhesive

copper band applied directly on the coil outer insulation.

Not all of these vessel flux loops can run on a constant radius around
the vacuum vessel and some of them must bypass the ports. These deviations
are kept as short as possible and when possible distributed equally either side
of the ideal path (figure 2). Because of the presence on the top and the bottom
of the vessel in sector 11 and 12 of ports with a large poloidal extension, 6
loops, number 10, 11, 12, 28, 29 and 30, were chosen not to cross these sec-
tors and to return following almost the path of loops 11, 12, 13, 27, 28 and 29
respectively. Thus these partial flux loops do not measure the full poloidal flux

but only the flux enlaced by one loop and its neighbour.






Fig. 2 Arrangement of the flux loops wound on the vacuum vessel and their

path around the ports.

4.2 Signal selection

Only the coil loops and a selected set of 10 loops almost evenly distrib-
uted around the vessel (1, 4, 8, 13, 17, 20, 23, 27, 32, 36) are used to measure
the full poloidal flux. These signals are dominated by the ohmic transformer
flux and in order to maintain a good dynamic range in the amplifying electron-
ics and data acquisition, the signal from the reference loop number 1 is pas-
sively subtracted from the signal of the vessel loops number 2 to 38, except the
6 partial loops.

The exact area of each loop segment can be evaluated from the construc-
tional dimensions. Under the assumption that the normal magnetic field is
constant between two adjacent loops, coefficients can then be derived which
allow to compute the flux measured by each loop as a linear combination of
ideal fluxes from perfect loops. These coefficient can be packed in a square ma-
trix T, defined by

Y, = Tr;f\Vf (1)

where y (is the array of the 38 ideal fluxes and y, the array formed by the ref-
erence full flux from loop number 1 and the 37 relative fluxes. The inverse
transformation matrix is simply defined as T = T;} and used in converting

the measured fluxes in ideal fluxes:

Wf = TfrWr (2)



The elements of both these matrices are listed in Table II and III. A better es-
timation of these transformation matrices based on real measurements will be

given in section 8.4.

Trf - Transformation from ideal to relative fluxes

r{i 1 r-4 r-3 r-2 r-1 r r+l r+2 r+3 r+4
1 1 1
21 -1 -1 1
31 -1 -1 1
4| -1 -1 1
5] -1(-1 1
61 -1 1
71 -1 1
8{ -1 1.00
9] -1 0.11f 0.87| 0.02
10 0 0.07f 0.56|-0.47(-0.13]-0.01
11 0 0.01] 0.50|-0.50(-0.01
12 0 0.01} 0.76|-0.64|-0.13
13| -1 0.78]| 0.22
14| -1 0.11] 0.89
15| -1 1
16| -1 0.18] 0.64] 0.18
17| -1 1.00
18( -1 1
19| -1 1
20 -1 0.19{ 0.63] 0.17
21| -1 1.00
22| -1 1
23¢( -1 1
24| -1 0.20] 0.63] 0.17
25 -1 1
26| -1 0.89] 0.11
27 -1 0.15| 0.85
28 0 0.15] 0.741-0.88(-0.01
29 0 0.01| 0.62]-0.63
30 0 0.02| 0.59|-0.57{-0.04
31| -1 0.01] 0.90( 0.09
32| -1 1.00
331 -1 1
34| -1 1
35| -1 1
36| -1 1
371 -1 1
38| -1 1

Table II. Matrix coefficients of the transformation from ideal to relative fluxes.
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Tfr - Transformation from measured to ideal fluxes

f| 1 f-4 £-3 £-2 f-1 f f+1 f+2 £+3 f+4
1 1 1
2 1 1 1
3 1 1 1
4 1 1 1
5 1l 1 1
6 1 1
7 1 1
8 1 1.00
9 1 1.15
10 1 0.01 1.76] 1.65| 1.40| 1.21
11 1 1.94) 1.27| 1.08
12 1 1.30| 1.08
13 1 1.32
14 1 1.17
15 1 1
16 1 1.57
17 1 1.00
18 1 1
19 1 1
20 1 1.58
21 1 1.00
22 1 1
23 1 1
24 1 1.58
25 1 1
26 1 1.15
27 1 1.20
28 1 0.02] 0.98 0.01
29 1 0.02| 0.98
30 1} 0.02] 1.06 0.01
31 1 0.02( 0.02] 0.02( 1.11
32 1 1.00
33 1 1
34 1 1
35 1 1
36 1 1
37 1 1
38 1 1

Table III. Matrix coefficients of the transformation from relative to ideal fluxes.

5. Magnetic probes

5.1 Construction

The design of the magnetic probes was subject to five technical con-
straints:
1. They should be bakeable to 400 C.
2. The maximum thickness of the protection tiles was limited to 24 mm to
allow the plasma to be close to the wall and the passive stabilisation by
the vessel eddy currents to be efficient. On the other hand the minimum

tile thickness was estimated from thermal load calculation to be 12 mm.
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This leaves 12 mm in which to house the magnetic probes.

3. The minimum required signal level implies an effective probe area of a few
hundred cm?. Details on the expected signal level can be found in section
6.4.

4. The signal cables of a 38 probe array has to fit in 4 signal feed-through.
Thus the corresponding 20 cables torch had to be small enough to run
behind the tiles.

5. The frequency response of the probe should be adequate to allow the same
probe to be used for MHD activity studies, that is a few 10 kHz. More on

the probe frequency characteristics also to be found in section 5.3.

The selected solution is a moulded ceramic core (figure 3) on which two
layers of 20 turns each are wound. The wire is made of 0.5 mm diameter
THERMOCOAX® with a copper central conductor and an Inconel shield. The
wire is continuous from the probe to outside the vessel so that no connection
is required inside the vessel and the vacuum-tight shield does not need to be
broken. Each probe is spring loaded against special fixation rails welded onto

the vessel walls and protected by a graphite tile (figure 3).

Fig. 3 Drawing of the moulded ceramic core and the magnetic probe assem-

bly on the vacuum vessel.

5.2 Calibration

The aimed precision of the measurement from the magnetic field probes

is a fraction of 1%. To obtain this, each element must be calibrated with a pre-
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cision of the order of 0.1%. The probe effective area can not be known within
these limits, mainly because the wire has a very small curvature and can not

be tighly wound. Thus the area of each probe has to be calibrated separately.

This was done using a pair of Helmoltz coils 0.3 m in diameter separated
by 0.15 m. In the centre of this coil, the axial magnetic field varies by less than
0.1% over the volume occupied by the probe and this variation has been ac-
counted for in the calibration process. Position errors and misalignment with
respect to the Helmoltz coils produce an error of 0.1%. The transfer function
between the current in the Helmoltz coil and the voltage on the probe is meas-
ured between 125 Hz and 16 kHz. This function is then extrapolated to O Hz
(see section 5.3 for details) and the probe area derived. Figure 4 shows the dis-

tribution histogram of the area, which ranges from 346 cm? to 366 cm?2.

Probe area distribution
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Fig. 4 Histogram of the calibrated magnetic probe area for the 168 probes.

5.3 Frequency response

The measured frequency response up to 16 kHz plotted in figure 5 shows
that already in this frequency range it can not be reduced to a simple first or-
der transfer function. Therefore the equivalent probe circuit was chosen to in-

clude also the capacitance of the cable and shield circuit, as sketched in figure

- 13-



6. The transfer function between the magnetic field and the probe voltage is
then given by

U A
H,=-—L= P (3)

p sB L L L
1+ s(—§ + RpCp) + sZRpCp(ﬁg + R_s)

Rs P s

where the symbols correspond to those in the figure. The measured data

points are consequently fitted to a transfer function of the form

H, = Ap 4
P (1+sT))(1+sT,) (4)

using an algorithm described in [3] to extract the probe area Ap, the probe cut-
off frequencies 1/(2nt;) and 1/(2nt,). Typical values for these frequencies are
134 kHz and 390 kHz. The statistical error on the estimation of the probe area
by this fitting is typically 0.05%.

Probe frequency response
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Fig. 5 Magnetic probe frequency response. (stars: calibration measure-
ments; dotted line: fitted first-order transfer function; solid line: fitted

second-order transfer function.
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Fig. 6 Equivalent circuit of the magnetic probes.

6. Signal processing

6.1 General block diagram
Figure 7 shows the block diagram for the signal processing of each type

of signal. Signals from the LEM modules measuring the coil currents are sim-
ply amplified. The flux loop signals are either amplified to be used as loop volt-
ages or integrated to obtain the poloidal flux. Magnetic probe signals need first
to be preamplified near the machine before the long transmission line. They
are also either amplified to be used as the time derivative of the field or inte-
grated to obtain the field itself. Some magnetic probe signals are also attenu-
ated to study fast events such as disruptions. Each signal is low pass filtered
before being acquired or fed to the shape and position control system. Each of

these elements will now be described.
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Fig. 7 Block diagram of the amplifying electronics for all magnetic signals.

6.2 Amplifiers

The signal fed in an amplifier first passes through a first-order low-pass
filter at 80 kHz which is latter compensated in the second amplifier stage. It is
then amplified by a programmable amplifier with gains of 1/4, 1/,, 1 or 2, and
then by a second stage with a gain of 1 or 16, giving an overall gain range of
174 to 32. The amplifiers have a common mode rejection of 40 V, an automatic
compensation of the global offset and a saturation detection that can be read

after each tokamak discharge.

6.3 Integrators

The signal fed into an integrator first passes through a first-order low-
pass filter at 3.5 kHz in order to remove spikes in the signal that would satu-
rate the input stage. It is then amplified with gains of 1/4, 1/5, 1 or 2, and in-
tegrated with a time constant of 12.5ms or 200 ms, giving an overall
integration time constant from 6.25 ms to 800 ms. The feedback circuit of the

integrating stage compensates the low-pass input filter so that the overall
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transfer function is that of a perfect integrator. The integrators have the same
common mode rejection, offset compensation and saturation detection as the

amplifiers.

6.4 Magnetic probe amplifying chain

The magnetic probe signal amplification needs particular care because
of the large frequency spectrum and the wide variety of signals that they de-
tect. The low frequency signal components that come from the coil or the plas-
ma current are of the order of 10 mV. Mirnov oscillations with a typical
amplitude of a few percent of the poloidal field at 10 kHz give a 10 V signal. In
addition, fast MHD events have been observed with spikes up to 300 V. There-
fore, in order to prevent saturation of the preamplifier, but maintain a reason-
able signal level, it was necessary to precede the preamplifier by a first-order
passive filter with a cut-off pole at 100 Hz and a zero at 3.5 kHz, giving an at-
tenuation factor of 35 for the high frequency signals. The transfer function of
this filter is combined with the input stage filter of the integrator and the inte-
grating stage itself to give a global transfer function of a perfect integrator, as
seen on figure 8. Differences in zero-pole cancellation produce no error in
steady state conditions and a dynamic relative error at most equal to the rel-
ative error in the zero-pole pair divided by the ratio between the integration

time constant and that of the implied pair. This ratio is typically 20.
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Fig. 8 Amplitude of the transfer function of the successive stages of the mag-

netic probe amplifying chain.

6.5 Filters

Filters . are made of second-order Chebychev, 0.1 dB ripple, low-pass
cells with a programmable cut-off frequency from 1 kHz to 25 kHz. Anti-alias-
ing filters consist of two cells usually set to half the sampling frequency. This
yields a group delay close to 0.7 sample at low frequency, increasing to almost
2 samples at half the sampling frequency (figure 9). The signals used for real
time shape and position control are processed by one cell filter to avoid a too

large phase lag that would impair fast instability feed-back.

- 18 -



Anti-aliasing filter delay

Group delay (in samples)

1
moretd6_lrp521_10

0.6 : ST : R
10 1072 10
Normmalised frequency (Shanon = 0.5)

-1

Fig. 9 Group delay of the anti-aliasing filter.

6.6 Calibration

Each element of the amplifying chain has been calibrated separately to
fulfil the following two goals: get a very precise value of the DC gain and meas-
ure the transfer function in the relevant frequency range. To do this an appro-
priate test signal has been programmed in a wave generator and fed into the
element to be tested. Then both input and output are recorded in an ADC. This

test signal is a superposition of sine waves:
N
Y (-1)sin(w,t) (5)
n=1

The w,, are chose between 5 Hz and 20 kHz with a separation of approximate-
ly one third of an octave. The exact frequency value however is selected so that
the test signal has a periodicity which is an integer submultiple of the acqui-

sition duration, which means that it fulfils the relationship:

— = == (6)

-19-



where K is the total number of samples, T the sampling period and k an inte-
ger. The sign of each sine component is alternate to avoid signal pile up at time
t = 0. Typical signal length used is 128 x 1024 samples. The transfer function
is then given by the ratio of the fast Fourier transform of the output to that of
the input, where only the peaks of the spectrum have been retained (figure 10).
The wave generator and the acquisition are synchronised to avoid peak broad-
ening. No window is required for the Fourier transform since the test signal

was selected with the appropriate periodicity.

Preamplifier transfer function calibration
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Fig. 10 Amplifying electronic calibration. From top to bottom: input signal
spectrogram; output signal spectrogram; ratio of the output to the input

peaks together with the low order fitted transfer function.
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A reduced order transfer function is then fitted to the data points, firstly
to extrapolate it to zero frequency to get the DC gain, and secondly to express
it in terms of zero and poles, a form that can be used for further compensation
of the signal (figure 10).

6.7 Cabling

Signal transmission from the machine area to the electronic bays uses
12 twisted differential pair cables with individual pair shielding. Cable length
varies from 30 to 50 m. The sensors and the preamplifiers located near the
machine are connected to the vessel earth. Earth separation is placed on the

entry of the electronic bays together with a 50 V protection spark gaps.

7. Diagnostic operation

7.1 Control and acquisition

All preamplifier, amplifier and integrator gains, as well as the filter cut-
off frequencies are remotely controlled via the TCV control system. The same
system monitors and archives possible saturations in the amplifying chain so
that machine operators are warned of inadequate gain setting and invalid ac-
quired data is flagged. This represents an overall set of about 2000 variables

to be controlled and monitored.

Signal acquisition is performed by 12 bit ADC's usually at a sampling
frequency of 2 kHz during the 1 to 2 s pulse duration. These represents of the
order of 1 million samples which are archived in a compressed format by the
MDS+ data acquisition system [4] in a 0.5 Mbyte file.

7.2 Signal verification

The whole detection chain of each signal, from the probe, cabling, elec-
tronics to the acquisition and the real time control system, is checked every
morning with a specially designed test. This is done by consecutively firing
each ohmic transformer, shaping and toroidal field power supplies. The re-
corded signals are shown in figure 11. The expected poloidal flux and magnetic

field produced by these poloidal currents are computed for each loop and
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probe and compared to the real signal to detect any fault in the diagnostic. The

current time evolutions are slow enough and vessel eddy currents can be ne-
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Fig. 11 Test signals used for daily check of the entire diagnostic.

8. Consistency and precision

8.1 Expected, required and measured precision

The entire diagnostic was built to guarantee a precision better than 1%.

Coil current measurements have an error much better than 1% of the nominal
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current, leading to a tolerable error for the used current range. Flux measure-
ments do not require any detector calibration and suffer only from electronic
errors; they should therefore be the most precise. The magnetic field measure-
ments are the most complex and therefore the least precise. As described be-
fore, the error in the probe area calibration may reach 0.5%. The amplifying
chain is also more complex since it is done in two stages. Nevertheless an over-
all precision better than 1% looks still feasible. These precision ranges are
thought to be largely sufficient for real time control of the plasma as well as for
equilibrium reconstruction, especially because of the large number of meas-

urements available.

A more detailed study of the precision of the magnetic measurements
would however help in using the data safely and optimaly. To this purpose the
following experiments are carried out: each ohmic transformer coil set, shap-
ing coil and toroidal field coil system are separately powered by a given cur-
rent. This yields for each magnetic signal a set of 19 independent
measurements that should provide basis to infer the level of correctness of the
diagnostic. Compared to the daily test designed to detect only the rough faults
in the system, these experiments have been given special care to ensure low
and adequate experimental errors:

1. The only current or in other words the only flux and magnetic field source
must be the powered coil. In particular the experiment must be long and
stationary enough to make sure that the eddy currents in the vessel or
any other massive conductive structure of the machine has vanished. To
obtain flux and magnetic field measurements with a precision of 0.1 mWb
and 0.1 mT respectively, the current in the coil should not derive for more
than 100 A in 1 second. In practice the current in the coils has almost a
1 second flat top during which the current is controlled within 10A, as
shown by the example of figure 12. The same figure shows that the drift is
also negligible compared to the sought precision for the flux loops and the
magnetic probes.

2. The gains in the amplifying chain must be chosen to use the full available
dynamic range because the required precision corresponds to 10 mV for a

10V signal or one quantification level in the digitised data.
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Fig. 12 Experiments used to check the consistency of the magnetic data set.
The figure shows the current wave form, one typical flux signal and

one typical magnetic field signal.

In addition the signals are time averaged to reduce noise and statistical
error. The experimental values of the fluxes vy s and the magnetic fields B,
are then compared to the expected values obtained from the geometrical di-

mensions and position of the coils and the sensors:
v f= M faI a’ (7)

B = Bralg- (8)

m ma

Here M g, is the mutual inductance between the coil and the flux loop, B ,,
the tangential magnetic field at the magnetic probe location produced by a unit
current in the coil and I, the coil current. In the computation of these quan-
tities, each coil is divided in its individual turns whose size is typically 1 to
3 cm. The spatial extension of the magnetic field probes along their measuring
axis is also taken into account since this modifies the value by almost 1% for
the probes located close to the considered coil. Figures 13 and 14 present this

comparison: the expected values M, and B, and the differences derived

a

from the measurements:

AM g, =y /I- Mg, (9)
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AB,., =B, /I,~B,__. (10)

The conclusion is clear: the discrepancy in the measurements reaches 2% for
the flux and 5% for the magnetic field, both exceeding the expected and toler-
able error. Only these loops with no detours around the ports are included in

this exercice, the other loops will be treated separately in section 8.4.

#6921-7035 Mfa dMfa x50 dGa db dRe dZRe deGf dRf dzf

L]

%

Tty L

i

morei_bighs_kpS21_14

Fig. 13 The expected flux values and their difference with the measurements.
Each curve consists of the values as a function of the loop number for
each 19 coils or coil sets. M fa are the expected values, multiplied by
500 for the toroidal connections. Dots show the differences with the
measurements on an expanded scale (50 x). The solid line superposed
to the dots are the differences explained by the derived corrections on
calibration and location of the coils and loops. Follows the individual

contribution of each implied correction plotted separately.
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Fig. 14 The expected field values and their difference with the measurements.
Each curve consists of the values as a function of the probe number
Jor each 19 coils or coil sets. Bma are the expected values, multiplied
by 500 for the toroidal connections. Dots show the differences with the
measurements on an expanded scale (20 x). The solid line superposed
to the dots are the differences explained by the derived corrections on
calibration and location of the coils and probes. Follows the individual

contribution of each implied correction plotted separately.

8.2 Sources of error

The explanation for these differences is to be found mainly in small cal-
ibration and geometrical errors: the actual location of the coils, flux loops or
magnetic probes may not be exactly the design location. Cumulated difference
due to small errors may explain the observed discrepancy. Possible sources of

error are listed below together with their effect on the flux and magnetic field:

Error in the calibration of the coil current measurements. This was spec-

ified to be less than 1%. It gives rise to a flux difference of
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Mfa(AGa)Ia (11)

where AG,, is a relative calibration error. The corresponding magnetic field dif-

ference is
Bna(AGHI,. (12)

Misplacement of the coils. Given the overall size of the machine, this may be
of the order of a few mm. A radial and vertical displacement of a coil of respec-

tively AR, and AZ_ produces a difference in the flux and in the magnetic field

of respectively

aRfC(AR )1, +§ZfC(AZ ), (13)
and

gimc(AR ), +aBm°(Az ). (14)

Indexing of the coil current has been changed from a to c to treat separately
coils which are connected in series to a single power supply. I. and I, are

linked by the connection matrix T,

Error in the calibration of the flux and magnetic field measurements.

As mentioned before, this error is thought to be much less than 1% for
the fluxes and should never exceed 1% for the magnetic fields. This yields a

difference in the flux and magnetic field of respectively

(AG M 4,1, (15)

(AG,)B, ol (16)

where AG ¥ and AG,, are relative calibration errors.
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Misplacement of the flux loops. Given that the TCV vacuum vessel is made
of a single machined piece, this error should not exceed some mm. Note how-
ever that the thermal expansion of the vessel at 400°C is 5 mm and must be

taken into consideration. A flux difference of

M oM g, aM
R, R, (ARp)I, tm (AZf)I (17)
would be produced by a radial and vertical displacement of the loop of AR £

and AZ ;. Any angular misalignment of the vertical axis of the loop with re-

spect to that of the coils would lead to second order corrections.

Misplacement of the magnetic probes. The same argument on the vessel
construction limits this displacement to some mm. An error of AR, and AZ_,

in the radial and vertical position produces a difference in the magnetic field of

0B,
(AZ )I,. (18)

oB
=—=—(AR I, + Yoz

dR,,

Any misalignment of the measuring probe axis in the poloidal plane should
also be taken into consideration. A difference in the orientation of Aa,,, would

produce a field error of

dB,,,
3o (Aol (19)

Since the measured field is given by the combination
B, qc0s0,, + B, sino,,, (20)
the angle derivative is simply

oB :
55’-’-“1 = - B, pgsin0,, + B, ,coso . (21)
m
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Note that this is also the expression for the poloidal magnetic field perpendic-
ular to the probe axis and that any orientation misalignment can not be dis-
tinguished from a parasitic sensitivity of the probe winding in the normal

direction.

Distribution of the current in the toroidal field coil connections. The

connection between two adjacent toroidal field coils has been modelled by two
separate coils with a given distribution of the total current in both coils (sec-
tion 2.1). This distribution is quite difficult to establish and a possible varia-
tion should be retained. If AP is this variation, the flux and field differences

are respectively

(M pri =M prp)(AB) (22)

and

(Bir1 = Brra) (AB) 1 (23)
where I is the toroidal field current.

8.3 Determination of the corrections

To recover a good consistency level in the magnetic data and reach the
required precision, all the small corrections listed before must be determined.
Even if this represents a large number of parameters, 539, this is feasible since
typically each signal must be corrected for 3 to 4 parameters but provides as
mentioned 19 independent measurements, giving a total number of 2603

measurements.

The corrections in these parameters are determined by making the flux
and magnetic field differences as small as possible. Scanning the possible

sources of error, these differences are:
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oM
A\I]f=\Iff—[Mfa'FMfa‘AGaa""é?fC'ARcc'Tca (24)
C
M re AZ. T, +M,, lea AB+AG ;- M
t=mmT cc'teatMp g - B+ I fa
oZ, op

oM oM
fa fa

and

AB,, = B, - [Bma + B, AG,, : (25)

0B 0B
+ a—R’C”“ ‘AR - Teq + E_Z:‘C AZ . Teq

oT 0B
+ B '3T3'6a AR+ AGm - Brg + ARy - 5
m
0B 0B
"‘Ame'a—Z"T'a"'AO‘mm'gaim] 1,
m m

Matrix notation has been used in this set of equations and twin indexing sym-
bolises a diagonal matrix. y ; and B,,, represent the flux and the magnetic field
as they are measured. The correction parameters are determined by minimis-

ing a cost function combining the residual errors:
xz = z w%‘fA‘Vﬂc2 + 2 wIZBmABme (26)
fik m, k

where k is an index running over the data points and wpy and wpg,, are
weights, set to the inverse of the experimental error, typically 1 mWb and
0.5 mT. Note that for this equation set to give a unique solution, the vertical
position of one element and the absolute gain of one measurement must be
fixed: AZ_ = 0 for coil A and AG s = 0 for loop number 1 have been chosen.
The resulting corrections are shown in figure 15. They are remarkably small.
This means that event if no signal had been calibrated except one and that no

coil and probe position were known, it would still be possible to get a meas-

- 30-



urement precision within a few percent and to place the coils and the sensors
within a few mm. This is not true for the toroidal field coil connections, whose
field, by its dipolar nature, is 500 times smaller than the other induced field
and escapes the experimental precision. The improvement brought by these
corrections can be quantified by the root mean square of the residual errors in
the flux and magnetic field: these drop from 4.6 mWb and 2.1 mT to 0.5 mWb

and 0.3 mT, which is clearly visible in figures 13 and 14.
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Fig. 15 Value of the corrections in the coil current calibration and on their lo-

cation, on the flux loop calibration and their location and on the mag-
netic probe calibration, location and orientation. These corrections

were derived without imposing any constraint on their amplitude.

The magnitude of the corrections however exceeds expected values.
Moreover some corrections are statistically correlated and in that sense, a cor-
rect determination is much more difficult. This effect can be quantified by the
covariance matrix of the corrections computed when minimising the cost func-

tion, plotted in figure 16. For example there is a dominant and obvious corre-
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lation between the signal calibrations: any decrease in the coil currents

implies a positive compensation in the flux and field measurements.

1.00

0.10
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Fig. 16 Colour plot of the covariance matrix between the corrections. Upper
half matrix represents the free correction fitting, lower half matrix is

for constraint correction fitting.

Reduction of both the correction amplitude and their correlation may be
obtained by explicitly imposing small corrections. This is done with a new cost

function that includes a contribution for non zero corrections:

ZwFfA\pjk2+ 2 wg AB_ . +zw AG2 . (27)
+Zw§zCAR 2+2w2 AZ 2+w§A[3+ZwaAGf
+2waARf2+2wzfAZf +Zw(2}mAG 2

+Zw,22mAR 2+Zw2 AZ 2+Zw2 Ao, 2

The new weights are chosen to be the inverse of the expected error in the cor-
responding parameters, as listed before and in Table IV. All deduced correc-
tions, shown in figure 17, are now limited to a tolerable amplitude. This new
cost function of course implies an increase in the residual errors of the flux

and field measurements, but the appropriate choice in the weights limits these
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residues to respectively 0.8 mWb and 0.4 mT. This represents only a slight in-
crease compared to the free parameter case and corresponds to measurement
precision much better than expected. This can be visualised in figure 13 and
15 where for both the flux and the field measurements, the experimental dif-
ferences and the individual contribution of each correction to the overall dif-
ference have been plotted. The improvement in the parameter decorrelation is

significant as can be seen in figure 16.

Wrys 1 mWb
Wgm 1 mT
Weq 1%
Wre Wy, 5 mm
wp 10%
War 0.5%
Wy, Wyt 2 mm
Wam 1%
Wpm Wam 2 mm
w, 1.8°

Table IV. Inverse weights used in determining the corrections.
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Fig. 17 Same as figure 15 but with a modified cost function that imposes the

corrections to remain small.

It is important to note at this stage that this covariance matrix does not
depend on the measurements, except for a scaling factor. It depends only on
the geometry of the coils and the sensors and on the expected calibration er-
rors. Thus the improvements that can be expected from such a coherence
analysis on a future device can already be calculated during its design phase.
- This exercise would give useful information on the ability of the planned sen-

sor set to reach a desired precision.

8.3 Linearity

It could be imagined that the corrections to be applied to the various cal-
ibration arise from a non-linearity in the sensors or electronics. In this case
the corrections are not valid for the entire measurement range. To check this
the same exercise has been repeated with all currents in the coil divided by

two. Both correction sets are plotted on the same graphic in figure 18. Within
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the error bars there is no difference in most of the derived corrections, con-
firming the good linearity of the system. This however is not strictly true for
some current measurements and that reinforces the fear that the current sen-
sors which are based on a ferromagnetic circuit are not adequate when highly

linear measurements are required.
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Fig. 18 Superposition of the corrections derived with two coil current ampli-

tudes.

8.4 Partial flux loops
All flux loops that bypass ports have been excluded from the above ex-

ercise, because these detours would obviously impair an exact determination
of the loop location. The data recorded for these loops can however be used to
experimentally derive the coefficients used to combine them into an ideal flux
loop set (section 4.2), simply by searching for those coefficients that give the
combination of the ideal loop fluxes as close as possible to the measured fluxes

for all data points. The resulting coefficients, shown in figure 19, are not far
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from the crude calculation based on the constructional dimensions but are

certainly more precise.
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Fig. 19 Transformations from the relative flux loop measurement to the corre-
sponding ideal fluxes. For each flux loop, the coefficient for that loop
is centrally plotted together with those of its neighbour. The coeffi-
cients derived from constructional dimensions are plotted as solid
lines while those derived from measurements are represented by

dots.

8.5 Toroidal field compensation

As mentioned before, the connections between the toroidal field coils and
their return loop produce a poloidal magnetic field. The associated flux is prop-
erly detected by those flux loops that make a complete turn (figure 20). For
those loops that bypass ports, either their complicate path and the fact that
they may not average the toroidal field ripple to zero certainly produce a par-

asitic sensitivity to the toroidal magnetic field itself that must be compensated.
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The picture is less clear for the magnetic field measurements because
the parasitic sensitivity to the toroidal field is much larger than the associated
poloidal field. This is due to misalignment of the probe windings and to the
separation in the vacuum feedthroughs of the otherwise twisted pair cable.
This however remains a small fraction of the effective field, about 1%.
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Fig. 20  Poloidal flux and poloidal magnetic field produced by the toroidal field
coil connections at the position of the loops and probes. The solid line
represents the values derived from constructional dimensions while

crosses and circles are the measured values.

8.6 Magnetic triangulation

The original idea for studying the coherence of all the magnetic measure-
ments was to verify the location of loops and probes using the fact that, as seen
in figure 21, the iso-flux surfaces for all the coils cross themselves with very
different angles at each loop location. Thus the determination of the exact lo-

cation of the sensors by magnetic triangulation was thought to be possible. A
!,
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zoom in the crossing area (figure 21) shows how a geometric resolution of the
problem would be difficult. The formal approach used proved itself much more
suited. In addition it allows to introduce corrections other than geometrical ef-
fects, such as calibration errors. But just for the fun to see it, the corrected
flux surfaces are also plotted in figure 21 to show to which extend the crossing

area has been shrunk.

‘ Flux loop #1 and E and F coil flux surfaces
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Fig. 21 Magnetic triangulation. Contours of constant flux at the flux level
measured by loop 1 due to each E and F coil currents. On the enlarged
plot these contours and the loop location are shown before applying

the corrections (dotted lines) and with the corrections (solid lines).

9. Plasma current estimator

Since no continuous Rogowsky coil has been installed around the vacu-
um vessel, the total plasma current must be estimated with an appropriate
combination of the poloidal magnetic field probes. The disadvantage of such a

discrete measurement is that it may not be precise and is certainly to some
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extent sensitive to currents flowing outside the integration path, especially the

coil currents and vessel eddy currents.

A first simple choice for the linear combination coefficients can be based
on a polygonal integration contour given by the probe locations and a trapeze
approximation of the integral. The error in the estimated total enclosed current
mainly comes from currents localised near this contour, as can be seen in fig-
ure 22. In practice however, no significant plasma current density is to be

found in this region and the total plasma current estimator is excellent.

moret96_lrp521_23

Fig. 22 Contours of the error on the discretised plasma current estimator for

currents inside the integration path.

Sensitivity to coil currents is substantial, especially to those coils near
vertices of the polygonal integration contour, namely F1, F2, F7 and F8, for
which it reaches 0.8 A/A. This effect is however easily measured and compen-
sated. The experimentally deduced compensation coefficients together with

their constructional estimate are given in figure 23.
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Fig. 23  Contribution to the discretised plasma current estimator of the coil cur-
rents: derived from constructional dimensions (+), including calibra-

tion and location corrections (x), measurements ().

The influence of the eddy currents in the vessel to the trapezoidal plasma
current estimator has been modelled for each up-down symmetric vessel ei-
genmode. As it can be noticed on figure 24, this influence is small for low order
eigenmodes, but it peaks around mode numbers 38, 76 and 114. The current
distribution of these eigenmodes coincides with the probe array discretisation,
giving a resonant contribution. Fortunately these highly spatially structured
current distributions are difficult to couple to and their excitation amplitude
remains small and does not significantly perturb the plasma current estima-

tion.
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Fig. 24  Sensitivity of the discretised plasma current estimator to the symetric

vessel eigenmodes.

10. Conclusion

The most useful conclusion for this presentation of the TCV magnetic
measurements is certainly an criticism of the whole system, the positive fea-
tures that would be repeated if TCV had to be rebuilt and the negative points
that cause minor or major difficulties and that would or will have to be im-
proved. The most salient points are listed here, categorised by v and X sym-
bols:
¢’ The number and location of both the flux loops and the magnetic probes
has been found to be adequate even though the extreme flexibility of TCV
poses severe requirements on the system. Up to date, no difficulties have
been encountered that would be simply resolved by an expanded set of
magnetic measurements.

X This positive statement is soured to some extent by the partial flux loops
on the top and bottom of the vessel. Of course detours around the ports are
unavoidable, but the partial flux loops exacerbate the difficulties. In order

to estimate the flux in the region covered by these loops, it is necessary to
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interpret exactly the signal of each partial loop and to sum them up to the
point of interest, thus accumulating errors. Full turn loops even with large
detours around the biggest ports would much less suffer from this prob-
lem, only in a proportion given by the ratio of the detour area to the loop
separation. The estimation of the flux in these regions could also be
improved by measurement at some positions of the normal (vertical) mag-
netic field.

v Flux loops wound directly on the coils are not necessary either for real time
control or for equilibrium reconstruction. Fast variation of the flux near the
coils makes the measurement very sensitive to the exact loop position and
to the conductor distribution within the coils.

X The specifications on the precision of the coil current sensors were not suf-
ficiently severe. The consequences of this lack of precision and linearity are
problems when using this data, for example, in the reconstruction of the
equilibrium and of the magnetic field topology during breakdown. In both
cases this uncertainty has been to some extent balanced by the large
redundancy in the whole magnetic data set.

* Major problems have been encountered with the somewhat fragile wire
used to wind the magnetic probes. Firstly, the electrical isolation of the
wire is guaranteed to only 250 V and as previously mentioned, very fast
MHD events can give rise to voltage spikes exceeding 300 V. Secondly, the
mechanical strength of this wire is incompatible with the severe con-
straints of a tokamak environment. Wires have been broken during the
installation process and short circuits have appeared between the central
conductor and the shield, which are attributed to crushed wire in the bind-
ings. To correct these problems, more robust replacement probes with a
1 mm diameter wire and a reduced area are under construction.

X The magnetic probes have only been calibrated along their axis. This cali-
bration should be extended to three spatial directions. This is a minor
point that does not compromise the measurements, but the consistency
analysis and the associated determination of the diagnostic quality would
be easier if the parasitic sensitivity to a transverse field was known.

v The precision and the reliability of the amplifying electronics have proved
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to be excellent in all respects. The absolute precision associated with an
extensive and low error calibration, the linearity or the offset and drift level
are largely adequate. No systematic failure has yet appeared that would
jeopardise the use of the system, except a first version of the preamplifier
that was not equipped with the high frequency signal attenuation and
whose input stage was sometimes destroyed by the mentioned high voltage
spikes.

v A high level of consistency and a high precision in the magnetic data set
has been reached, typically 1 mWb and 0.5 mT for the flux and magnetic
field measurements respectively. Although a preliminary analysis indicated
higher errors than expected, it has been possible to reduce these errors to
an acceptable level by determining small corrections in the system calibra-
tion and in the coil, flux loop and magnetic probe locations, compatible
with the known parameters of the system. The formal analysis method
developed for this purpose yields a very precise knowledge of the magnetic
measurement characteristics and a high degree of confidence in the data

that this diagnostic produces.

Appendix 1: Sign convention (figure 25)

The cylindrical coordinate system (R, ¢, Z) is chosen as follows: the Z
axis points towards the top, the Z = 0 plane coincides with the equatorial
mid-plane; to keep a right hand coordinate system, the toroidal angle ¢ is

measured in the trigonometric positive direction seen from the top.

Integration contours of the flux loops run along the positive direction.
Thus a positive flux is produced by a vertical field pointing towards the top and
a radial field pointing towards the outside leads to a positive flux difference be-

tween a given flux loop and its neighbour located above.

A positive plasma current produces along the vacuum vessel a tangential

poloidal field that is defined positive.
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Fig. 25 Magnetic measurement sign convention.
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