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Preface 

The General Electronics Division of the Central Electronics Laboratory of the Jülich Nuc/ear Research 
Centre (KFA-ZEL) has taken over the task of measuring the position- and time-dependent magnetic 
fields as weit as their eddy current effects in the TEXTOR Tokamak machine in cooperation with the 
Institute of Plasma Physics. 

The measurement work was already completed after only nine days owing to the automated mode of 
operation of the computer-control/ed measuring equipment for large-area measurement of the 
magnetic fields occurring every five minutes for approximate/y 3 seconds. 

On the other hand, extensive work was required for the design and construction of the measuring 
machine and for the development of the measuring procedure adapted to the properties of the 
machine. 

This Jül report describes the measuring procedure applied as well as the measuring machine. 
Examples of the measuring results are presented in this report for each measuring task. 

We would like to warmly thank the statt of the KFA Institute ot Plasma Physics and, in particular, Dr. G. 
Waidmann, Dipl.-Ing. 8. Giesen and Dipl.-Ing. M.H. Lachter for their valuable cooperation. We are also 
especial/y obliged to Professor A.C.R. Newberry of the University of Kentucky (USA) who assisted in 
solving a number of mathematical problems in his capacity as a visiting scientist at the KFA 's Central 
Institute of Applied Mathematics. 

We would final/y like to express our thanks to the statt members of the Central Electronics Laboratory 
of the KFA for their efficacious cooperation, in particular to 

• J. Hoffilter and K. Dilling who carried out the design work, 

• N. Kress, R. Hesse, H. Müntz and C. Noteborn who manutactured the mechanical parts of 
the measuring apparatus and installed the measuring machine in TEXTOR, 

• G. 8reuer and U. Sieling who carried out the programming, 

• H. Larue and H. Roeder who pertormed the electronic work 

• as wel/ as Mrs. M.L. Klein who was responsible for the extensive secretarial work involved. 

The authors are also grateful to Dipl.-Ing. K.F. Rittinghaus, head of the General Electronics Division of 
the ZEL, for his generous support in the execution of the work. 

They furthermore wish to thank Ms. M. Heinz, head of the Translation Service at the KFA Jülich, for her 
meticu/ous translation of the Jül-Report 1816-1982 into English, as well as for corrections and 
proofreading involved. 

Jülich, November 25, 1982 

Hp. Eulenberg 8. Steffen H. Thyssen 
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Abstract 

This report describes a measuring apparatus controlled by the PDP-11140 process computer and used 
for measuring the transient magnetic fields in the Jülich TEXTOR tokamak machine. The measuring 
results were moreover used for numerical off-/ine computation of the amplitudes and time constants of 
the exponentially decaying fractions of the magnetic field which are caused by eddy currents in the 
meta/ parts of the machine. 

Six Hall field probes mounted an a rail-guided fest van were placed by computer command in 29 
measuring positions evenly distributed an the machine periphery. The time-dependent vertical and 
radial components of the magnetic induction were alternatively measured in the horizontal and vertical 
direction using a Hall field probe in three equidistant measuring points lying on the cross-section 
surface of the toroidal vacuum vessel of the machine. 

Examples of the measuring results are presented in the last chapter of this report. 
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1. lntroduction 

The present report describes the methods and 
measuring devices used for measuring transient 
magnetic fields in the TEXTOR TOKAMAK ma­
chine and shows the measuring results ob­
tained. lt is furthermore demonstrated how the 
amplitudes and time constants of exponentially 
decaying magnetic field fractions, produced by 
the eddy currents flowing in the metal parts of 
the machine, are determined from the measured 
data acquired. 

The time-dependent vertical and radial compo­
nents of magnetic induction produced by the 
vertical coil, the magnetizing coil SM and the 
correction coils K2 and K, were measured in three 
preset points on the cross section of the vacu­
um vessel of the machine at 29 measuring levels 
evenly distributed over the periphery of the ma­
chine (underneath one and between two toroidal 
field coils). 

The time dependence of six components of 
magnetic induction (3 vertical, 3 radial compo­
nents) as weil as that of the field of the feeder 
cable carrying the excitation current were meas­
ured during the three-second magnetic field in­
jection using AC-excited Hall field probes of the 
type SBV 585-S 1 *. The measured data of the 
measuring voltages sampled at timing invervals 
of 4 µs and digitized with 12 bit amplitude reso­
lution were stored in an eight-channel transient 
recorder. One digital storage device with a stor­
age capacity of 8192 measured data was allocat­
ed to each of the eight measuring channels. 

The data accumulated in the storage devices of 
the transient recorder during a measuring cycle 
were taken over for further processing by the 
PDP-11/40 process computer during the 
five-minute pause. 

• Siemens make 

The computer also performed the demodulation 
of the seven amplitude-modulated measuring 
voltages (6 magnetic field, 1 excitation current 
measuring voltage) with the aid of the time func­
tion of the AC drive current of the Hall field 
probes stored in the eighth channel of the tran­
sient recorder. 

The measured data sequences obtained by 
measuring the ripple of the vertical magnetic 
field caused by the current converters and by 
measuring the time-dependent ignition field SM 
were displayed graphically using a plotter. 

The measured data sequences obtained by 
measuring the time constants with which the ed­
dy current magnetic fields decay were used to 
compute a complex transmission factor whose 
frequency dependence describes the magnetic 
properties of TEXTOR and from which the time 
constants and the amplitudes of exponentially 
decaying eddy current magnetic fields were 
computed. 

The entire measuring operation was automated 
by means of the process computer. The compu­
ter not only ensured the evaluation of current 
measurements required for control purposes, 
but also the proper positioning of the test van 
built from nonconducting material and carrying 
the Hall field probe supports on the circular rail 
of synthetic resin-compressed wood in the vacu­
um vessel of TEXTOR (Figure 2). 
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Figure 2 

Experimental set-up of the rail with the test van carrying the Hall field probes 
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2. Measurement Techniques Applied 
Hp. Eulenberg 

This chapter describes the methods used for 
measuring the transient magnetic fields with ut­
most accuracy and for determining the time con­
stants of exponentially decaying eddy current ef­
fects via transfer locus measurements. 

2.1 Methods of measuring transient 
magnetic fields 

The transient magnetic fields were measured 
with Hall field probes. Two field probes of a 
measuring point in the TEXTOR vacuum vessel, 
offset by 90° in the surface normal, were ar­
ranged in such a way that one of them served to 
measure the time-dependent radial component, 
and the other one for measuring the time-de­
pendent vertical component of magnetic induc­
tion (Figure 3). Three of these dual field probes 
could be built optionally onto a probe holder 
mounted horizontally or vertically on a test van 
(Figure 19, Figure 20). In both cases, the probe 
arranged in the middle was on the mid-plane and 
on the mid-radius of the machine. The distance 
from the other two dual field probes was 47 cm 
in the horizontal and 20 cm in the vertical direc­
tion. 

lt is a well-known fact that quite a number of er­
ror voltages[1

J must generally be taken into con­
sideration when measuring with Hall field 
probes, which can distort the measuring result if 
their influence becomes too !arge or if they are 
not suppressed. 

The Siemens Hall field probe SBV 585-S1 was 
used for measuring the transient magnetic tields 
of TEXTOR. The signal obtained was basically 
distorted by the zero residual voltage and, in 
particular, by the inductive error voltage, so that 
these had tobe suppressed. Amplitude-depend­
ent errors, such as linearity errors and measur­
ing errors caused by the planar Hall effect, were 
negligibly small due to the very good linearity 
characteristics of the Hall field probe employed 

and, above all, due to the relatively low maximum 
field strength of about 100 mT. 

The zero residual voltage is a voltage occurring 
at the signal terminals of a Hall field probe in the 
absence of induction, if the signal contacts of 
the probe are not exactly on a potential line of 
the flow field produced by the drive current flow­
ing through the electrical system of the probe. 
The zero residual voltage superimposed on the 
measuring voltage was measured before starting 
the magnetic field injection and taken into con­
sideration in the later evaluation of measurement 
results. 

The inductive error voltage is a voltage induced 
by the magnetic field to be measured into the 
feed wires of the Hall field probe and into the 
wiring of the preamplifier located in the measur­
ing field. The 40 m long lines carrying the amplifi­
ed measured signal were dragged along behind 
the test van carrying the field probes by means 
of a cable transport device (Figure 2). 

The inductive error voltages could be sup­
pressed signiticantly, however not sufficiently 
(residual fraction: approx. 20 % of the measuring 
voltage) by twisting the feed wires of the Hall 
field probe and of all signal lines, by forming con­
ductor loops as small as possible during wiring 
ot the preamplifier and by their appropriate or­
ientation with respect to the main direction of 
the transient magnetic field to be measured. 

For suppressing the remaining inductive error 
voltage, a very effective method was developed 
utilizing the modulator properties of the Hall field 
probe. 

The AC drive current of 10 kHz and 2 kHz flowing 
through the Hall field probe modulated the 
measured signal of the transient magnetic fields 
to be measured in the amplitude, so that the in­
formation was contained in the sidebands of the 
measured signal grouped around the frequency 
of the AC drive current. 

11 
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In this way, it was possible to spectrally separate 
the measured data in the spectrum of the termi­
nal voltage of the Hall field probe from the fre­
quency fractions produced by the inductive zero 
voltage in the base band. 

These disturbing frequency fractions of the 
spectrum of the terminal voltage of the Hall field 
probe could be suppressed by means of an ade­
quately dimensioned synchronous demodulator, 
so that the influence of the induced error voltage 
on the measuring result could be eliminated. 
Synchronous demodulation could be carried out 
by a computer program since the sampled val­
ues o'f the measuring voltage were stored in the 
computer in the form of numerically given sam­
pling sequences. The advantages as compared 
to demodulation with hardware demodulators 
was, among other things, that the extensive ad­
justment and symmetrizing operations otherwise 
required for multichannel arrangements could be 
omitted. 

2.2 Demodulation of the 
measuring voltage using 
a process computer 

The mode of operation of a synchronous demod­
ulator of analog design and its basic configura­
tion are shown in Figure 4. By multiplying the 
measuring voltage by the AC reference voltage 
of the drive current frequency fT in the multiplier, 
as shown in Figure 4c, the spectrum of the 
measuring voltage (Figure 4b) was converted in 
such a way that all disturbing frequency fractions 
could be suppressed with the RC low-pass filter 
installed behind. The realization of the multiplier 
was very simple when simulating the synchro­
nous demodulator in the computer. A single 
command was sufficient to carry out the multipli­
cation of the measured value sequence of the 
sampled terminal voltage of the Hall field probe 
by the measured value sequence of the sampled 
sinusoidal reference voltage which was also 
used to generate the AC drive current flowing 
through the Hall field probe. 

,----, ,-----, 1------, 

L--~I~ ~~l~I~ >~l:--:.-1~ >-l'-------1~ 
measuring 
voltage 
of the Hall 
field probe 

1 1 1 1 1 1 

1 1 1 1 1 1 

1 t1 I 1 1 t2 I 1 1 t3 I 1 

L-----~ L-----~ L _____ ~ 
reference 
voltage 

• a) basic circuit diagram of the 
synchronous demodulator 

• b) spectrum of the input voltage 
of the synchronous demodulator 

' c) spectrum of the output voltage 
of the synchronous demodulator 

measuring voltage 

-f 

Figure 4 
Design and mode of operation of a synchronous demodulator 
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Figure 5 
Simple RC low-pass filter 

The three-stage low-pass filter installed behind 
the multiplier had been simulated as a digital fil­
ter using a process computer. 

In search of the topology of the digital filter cir­
cuit and the associated run of the simulation 
program, the transfer function of the RC low­
pass filter shown in Figure 5 and applicable to 
continuous signals 

A2(p) 
H(p) = -- = 

A1 (p) 
1 

1+p1 1 = R•C 

was used together with the bilinear transforma­
tion 

p 
2 Z-1 
6T z+T ö. T = sample time 

to obtain the Z transform applicable to sampled 
functions 

H(z) = 1+z- 1 

(2 1 1 -1 
6T+1)-(2 6T-1)z 

Ä1(z) 
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The factor z-1 implies that the value of the sam­
pled function delayed by one clock pulse should 
be used for computing the actual sampling value 
at the filter output. The structure required for the 
digital filter could be read from the above equa­
tion transposed as follows: 

1 2 l>T- 1 -1 1 -1 
A

2
(z) =-,-.z ·A2 (z) +-

1
-·Z .A1 (z) 

2 l>T+1 2 t:T+1 

+ - 1
-·A (z) 

2 ~1 1 
6T 

In this way, the circuit of a low-pass filter de­
signed as a digital filter, as shown in Figure 6, 
and the relation of the filter coefficients C1 and C2 

with the limiting frequency or time constant r of 
the low-pass filter were found. 

The program for computing the measured value 
sequence of the sampled output function of this 
filter, which executed the computer operations 
preset by the circuit of the digital filter, is ex­
tremely simple. As can be seen in the flow chart 
(Figure 7), the sample result of the output time 
function A(2) must be zeroed at the beginning 
(M = 1) of sampling the input time function 
A( 1). This is necessary because the output volt­
age of a low-pass filter is zero at the moment of 
turn-on. For all M = M2 sample results of the in­
put function A(1) the sample results of the out­
put function A(2) = UA(M) of the filter are com­
puted, and the sample result delayed by one 
clock pulse (z-1

) in the next program run is 
stored in the memory S1. 

Ä2(z) 

Figure 6 
Circuit diagram of a digital 
filter low-pass 



measuring voltage sampling sequenee 
reference voltage sampling sequence 

IU IM 
IEIMI 

M=1, M2 

A(2)=C1•A(1) + 51 

UA(M)=A(2) 

NEXT M 

memory 

filter input­
demodulation 

filter output 

A(2)=Q. 

initialization 

memory 

Figure 7 
Flow chart for simulating the digital 
filter of Figure 6 in a computer 

l = 1,M2 grid point counter 

K= 1,2 initialization indicator 

M=l•K-2 
initialization 

I=O ~F+ 11=& UAl1)=!'.l 

A(1)= 2• IUIMI •IEIM) 

K=1 

J=1.J2 

A:J+ 1)=C11J)•A(J)+S1(J) 

NEXT J 

UAI 1•11=AU2 •11 1 

,_____ __ J 
J=1,J2 

demodulation 

computation of the sample 
results of the output signals 
of the filters 

readout of the sample results 
of the demodulator output 
signal 

51 IJl=C11J) • AU)•C2Ul•AIJ •1) storage and delay 

Figure 8 
Software synchronous demodulator with 
J2 low-pass filter stages 

NEXT J 

NEXT K 

NEXT 1 
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A(1) A(2) A(3) A(J2 +1) Figure 9 

1 
J=1 

1 1 J=2 I 
........... ·---- J=J2 Iterative network 

of the J2 
decoupled AC 
low-pass filters 

Such a filter fulfilled its function without any 
problems provided that its input signal did not 
contain any jumps. However, since the measur­
ing voltage could contain voltage jumps due to 
the induced error voltage, the starting conditions 
in the memory S1 had to be set anew with each 
voltage that occurred. lt was not known, of 
course, when this jump occurred. 

This difficulty could be overcome by generally 
recomputing the stored value S1 when comput­
ing the sample result of the filter output time 
function following next, irrespective of the oc­
currence of a voltage jump. As can be seen from 
the flow chart in Figure 8, this initialization was 
carried out in the memory S1 (J) in the K loop 
with K = 1. With K = 2 the program then com­
puted the next sample result UA(I + 1) of the fil­
ter output signal and determined the storage va­
lue S1 (J) for subsequent computation of the 
sample value. Both S1 (J) values were identical 
as long as no voltage jumps occurred. 

The low-pass filter required for sideband sup­
pression in the synchronous demodulator con­
sisted of J2 decoupled RC low-pass filters 
whose transmission behaviours were simulated 
in the J loops of the program in Figure 8. A(J) re­
presented the input, A(J + 1) the output of an RC 
low-pass filter (Figure 9). 

2.3 Transfer locus method for 
determining the eddy current 
time constants 

When processing statistically disturbed measur­
ing signals, the disturbances are largely sup­
pressed by integration of the measuring voltage 
with respect to time. For the investigation of 
time-dependent field fractions generated by the 
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eddy currents flowing through the metal parts in 
TEXTOR, an integral transformation - the Fourier 
transformation - was therefore used with which 
the time function can be reproduced as a trans­
form in a complex plane. The quotient of the 
Fourier transform of the time-dependent output 
variable - here of magnetic induction - and the 
Fourier transform of a suitably selected input 
variable gives a complex transmission factor de­
pending on a variable frequency whose graphical 
representation is known as transfer locus. Pro­
vided that the TEXTOR machine behaves like a 
linear system with regard to magnetic field gen­
eration, the transfer locus completely describes 
its transient behaviour and, thus, the influence of 
the eddy current effects involved. 

The equivalent circuit shown in Figure 10 is in­
tended to illustrate, as an example, which com­
plex transmission factor should be selected to 
ensure that only the eddy current effects are de­
scribed and that the factor is not influenced by 
the internal resistance of the generator produc­
ing the excitation current ip(t). 

When using the regularities of multiply coupled 
magnetic circuits for computing the complex 
transmission factor it may first of all be assumed 
that the magnetic field is measured in the meas­
uring point by means of a pick-up coil whose no-

rt?::, parl 

Lp )Ms 
o------.J ~ measuring 

TEXTOR M~ o point 
coil b(t) 

Figure 10 

Equivalent circuit diagram of the magnetic circuit wlth an 
eddy current circuit 



load voltage um must be integrated. However, a 
Hall field probe measures the magnetic induc­
tion 

D.A = winding area of the pick-up coil and active area of the Hall 
field probe 

n = number of turns of the pick-up coil 

The equations for the magnetically coupled cir­
cuits 

0 = 

di (t) di
5 

(t) 

Mp~+M5~ 

( eddy currrent 
circuit) 

eq. 2.3-1 

(measuring 
circuit) 

eq. 2.3-2 

were used for computing the time integral of the 
induced voltage Um (t) 

y(t) = s llm(t)dt 

which is a measure of the magnetic induction in 
the measuring point. 

Eq. 2.3-2 is used to obtain 

eq. 2.3-3 

lt is possible to measure the excitation current 
ip(t) but not the eddy current i5 (t). However, the 
latter is linked with the excitation current via eq. 
2.3-1. The following is obtained for the Fourier 
transform of u(t) using eq. 2.3-2 and eq. 2.3-3 

F{y(t)} 

MMS 
(1- MLJ 

p s • F 

The complex transmission factor 

- F{f(t)} = M 
- F i (t)} p 

p 

L MM
5 

1+jw rss (1- ML) 
p s 

eq. 2.3-4 

satisfies the condition imposed at the beginning 
that the internal resistance of the excitation cur­
rent generator has no influence on the trans­
mission factor. The transfer loci measured on 
TEXTOR are defined by eq. 2.3-4. 

lt is also of general interest to know what the 
t_ransfer locus for an eddy current time constant 
looks like. Eq. 2.3-4 shows the ratio Lsfrs to be a 
time constant of the eddy current circuit. The 
quotient (M · Ms)/(Mp · Ls) contains information 
about the position of the measuring point with 
respect to the field excitation coil (Mp) and the 
eddy current circuit (Ms). M/L5 is a quantity fixed 
by the design of the machine. 

X = 
MMS 

M1' p s eq. 2.3-5 

the position-dependent parameter x, can as­
sume values between zero and one. 

0 < X < 1 eq. 2.3-6 

lf there is no field disturbance by the eddy cur­
rent, then Ms = 0, i.e. 

X = Ü 

applies in the absence of eddy current influence. 

In this case, the transfer locus is degenerated in­
to a point because of 

which lies on the real axis of the complex plane 
and is determined by MP, that is by the distance 
of the measuring point from the field excitation 
coil. 

1-x 

r------1 Re 
w-~-;=:.._~..---~~-.-~~-r-w--o:---+-~ 

x = parameter 

Figure 11 
Normalized transfer locus for an eddy current circuit 

The points of the transfer locus A0 (jw) meas­
ured on TEXTOR were normalized in such a way 
that the locus point lying on the real axis at the 
circuit frequency w = 0 always assumed the va­
lue 1. 
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The complex transm1ss1on factor for an eddy 
current circuit (eq. 2.3-4) normalized to this ef­
fect, 

A. (jw) 
1+jwT

5
(1-x) 

1 +jwT S L 5 eddy current 
T s = r 

5 
time constant 

whose transfer locus can be seen in Figure 11, 
shows the magnetic field system of TEXTOR to 
be a minimum-phase system with low-pass filter­
ing behaviour. 

2.3.1 Fundamentals for experimentally de­
termining the Fourier integrals 

Transmission factors are usually measured by 
means of AC voltage generators with adjustable 
frequency. This method could not be used for 
measuring the complex transmission factor f or 
cost reasons because of the field excitation cur­
rents lying in the kA range. 

In order to avoid additional investments, the 
transmission factors had to be measured using 
the current converters envisaged for the opera­
tion of TEXTOR. They generate field excitation 
currents containing harmonics which were used 
for measuring the frequency-dependent com­
plex transmission factor. The latter was comput­
ed by quotient formation from the complex Fou­
rier transform of the measuring signal which is 
proportional to the magnetic induction and from 
the transform of the signal which is proportional 
to the field excitation current. 

The existence of periodic time functions was as­
sumed for the Fourier analysis required for de­
termining the amplitudes and phases of the har­
monics. However, this assumption only proved 
to be true initially for field measurements in the 
correction coils K, and K,. ln addition to a steady 
field, the field excitation current of these coils 
produced a periodic magnetic field obliterated 
exponentially in time during the three seconds of 
field injection with a repetition frequency of ap­
prox. 25 Hz. The computer programs with which 
the Fourier transformation of these time-de­
pendent fields was carried out are characterized 
as '„. according to the full-pulse principle (VP)'. 
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ip; b t 1 symmetry axis 

ip(t) 
-------t't"" - -·~-·-

· '', b(t") 

1 
', ' mirrored 

. \ \ fuction 

1 ip(t") ',~, 

f-- mesured half-period. constructed half-perio~ 
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Figure 12 . 
Method of complementing the measured section o~ t~e 
excitation current and field function to form a period1c 
signal according to the half-pulse principle 

The periodicity of the signal to be anal~ze?, 
which is necessary for the Fourier analys1s, 1s 
not provided for examining the eddy current ef­
fects effective upon turn-on of the three-second 
vertical field. In order to be able to use this ana­
lytical technique despite this deficiency, tw~ 

methods were developed for constructing a pen­
odic signal from the dependence of the magnet­
ic field on time occurring during turn-on of the 
field excitation current, exploiting the symmetry 
properties of periodic output signals of linear 
time-invariant systems. 

With the so-called 'half-pulse technique (HP)', 
measurements using the transient recorder had 
to be extended beyond the pulse top after turn­
ing on the linearly rising field excitation current 
until the magnetic fields produced by the eddy 
currents had decayed to about 10-4 _ 

lf ip(t) describes the excitation current and b(t) 
the time-dependent magnetic field recorded dur­
ing the measuring time Tm• it will be possible to 
compute the function values ip(t) and b(t*) ac­
cording to 

and 

ip(t*) = 1 -i (t) p p 

b (t*) = b-b (t) 

eq. 2.3.H 

eq. 2.3.1-2 

o < t < T (measuring 
m cycle) 

O < t* < Tm (mirroring) 

which are necessary for complementing the 
functions to obtain a full period of an imaginary 
periodic function. This was based on the as­
sumption that the excitation current is lowered 



to zero with the same time dependence as dur­
ing its increase upon turn-on. The even-num­
bered harmonics are not present in the Fourier 
spectrum of these functions because of the 
pulse duty factor of two selected in this way. 

The ramp technique (RA) permitted a periodic 
signal to be composed with a pulse duty factor 
of two from the field pattern produced by an ex­
citation current ramp. The fraction growing ex­
ponentially with time - dashed fraction in the 1 st 
quadrant of Figure 13 - was determined from the 
field pattern b(t) measured in quadrant 1 

l(t) = d~~t) lt=:"' • t - b(t). eq. 2.3.1-3 

This function was used to compute the field pat­
tern in the 2nd quadrant at constant excitation 
current 

eq. 2.3.1-4 

The fof lowing applied to the 3rd quadrant with 
time-proportional reduction of the excitation cur­
rent: 

T T T 
b(t) = [b(t= /l + l(t= 4"'>] - b(t-3 4w). 

b( t );. 
ip (t) 1 

T T 
2!<t<32! 
2 4 

eq. 2.3.1-5 

The field pattern in the 4th quadrant was deter­
mined from 

" T Tw 
b(t) = b(t=3 4w) - l(t-3 -;r-l 

eq. 23.1-6 

T 
3 4 w < t < Tw 

because of the absence of the fiefd excitation 
current iP. 

Now that the conditions for a Fourier harmonics 
analysis were established, the task was to ascer­
tain the relationship between the coefficients of 
the Fourier series and constants of the Fourier 
transform and the manner in which the complex 
transmission factor can be determined from 
measured data. 

The Fourier transform of a time function f(t), for 
which f(t) = 0 with t < 0, is generally defined by 

"' 
F(jw) = sf(t)l-jwt dt. 

0 

The following results when described in the real 
and imaginary part 

"' "' 
F(jw) = sf(t)coswt dt - j s f(t)sinwt dt. 

0 0 

0 1 st quadrant 2nd quadrant 2 3rd quadrant --t 
Figure 13 

Tw 
T 

Method of complementing the field pattern produced by an excitation current ramp to form a periodic function according 
to the ramp principle 
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F(jw) applies to all frequencies, i.e. also for the 
excellent discrete frequencies 

n =·{1; 2; 3 •.. } 

T = period 

of the discrete Fourier spectrum, so that the fol­
lowing applies to the frequencies Wn: 

F(jw )=

00

jf(t)cos(n ;lT•t)dt_j5"' f(t)sin(n ;lT•t) dt. 
n w w 

0 0 

Discrete points of the transfer locus A(jw) could 
accordingly be determined with respect to 

A(jw) 1 
2lT 

w=n T 

Re F { i ( t) } 1 _ 
p 2lT 

w=n -
Tw 

j Im F{b(t) )1 w=n ;lT 

w 

Im F {i (t) }I 
p 2lT 

w=n T"' 
w 

eq. 2.3.1-7 

lt remains to be checked under which conditions 
the real and imaginary parts of eq. 2.3.1-7 can be 
determined with a harmonics analysis of the field 
and excitation current function. 

Except for the factor 2/T w• these integrals are 
identical with the integrals 

Tw 

and 

s = ~ 5 f(t;)sin(n 2lT•t;) a~ 
n T T " 

w 0 w 

"' 
cn =; 5 f(t;)cos(n ;lT•t;) dt; 

w 0 w 

for determining the coefficients of the Fourier 
series 

f(t) = E Sv sin(v ~lT·t) + E Cv cos (v ;lT•t) 
v w v=o w 

when all transient processes of the system have 
decayed and the integration over the time range 
therefore coincides with that up to infinity. In or­
der to keep the error produced by premature 
truncation of the integration below 3 · 10-4 - reso­
lution of the analog-digital converter - the inte­
gration of the measuring function was extended 
over a time approximately corresponding to the 
eightfold time constant with which the slowest 
magnetic field fractions caused by the eddy cur-
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rent effect decay exponentially. The imaginary 
part of the complex Fourier transform of b(t) and 
ip(t) corresponds to the negative values of the 
sine coefficients of the Fourier series under the 
conditions assumed. 

For a numerical computation of the points appli­
cable to the frequencies 

2lT w = n • -
Tw 

of the transfer locus defined by eq. 2.3.1-7, a 
Fourier analysis of the time function b(t) and ip(t) 
had to be carried out, with the cosine coeffi­
cients Cn representing the real part and the neg­
ative coefficients of the sine coefficients Sn the 
imaginary part of the complex Fourier transform. 

The numerical integration required for comput­
ing the Fourier integral was carried out accord­
ing to the Simpson integration technique. This 
method provided most accurate results for inte­
gration of the measured values featuring statisti­
cal errors. This was found by investigations in­
corporating the errors of the measuring equip­
ment, in which the integration was carried out 
according to the Romberg method containing as 
a special case the trapezoidal and integration 
technique as weil as the integration method ac­
cording to Simpson. 

2.3.2 lnfluence of demodulation errors and 
of induced error voltage on the trans­
fer locus 

Since both the magnetic induction b(t) and the 
excitation current ip(t) were measured over the 
magnetic field of the feeder cables of the coils 
using the same type of Hall field probe measur­
ing equipment, the frequency response of the 
measuring equipment has no influence in a first 
approximation on the measuring result due to 
the quotient formation of the Fourier transform 
when computing the complex transmission fac­
tor A(jw). lt must therefore be checked whether 
the induced error voltage can also be sup­
pressed in transfer locus measurements using 
the modulation technique. 



Both the measured signal for the magnetic in­
duction b(t) and that of the excitation current 
ip(t) have the time dependence 

s(t) = b* (t)sin w t + A db*(t) • 

~~ 
measured signal inductive 

error voltage 

eq. 2.3.2-1 

for Hall field probes operated with alternating 
drive current of the frequency fT and in connec­
tion with simultaneously superimposed induced 
error voltage. The multiplier of the synchronous 
demodulator multiplies this signal by the so­
called reference voltage which is sinusoidal and 
phase-locked towards the drive current of the 
Hall field probes. 

m(t) = 2•s(t) •sin U\i:t eq. 2.3.2-2 

will then be the output signal of the multiplier. 
The voltage m8 (t) is on the multiplier output 
when measuring the magnetic field and the vol­
age m

1
p(t) when measuring the excitation cur­

rent. For determining the complex transmission 
factor, the quotient of the Fourier transform of 
both voltages 

F{mB(t)} 

F {m. (t) } 
l.p 

eq. 2.3.2-3 

had to be formed. The transmission factor A(jw) 
measured in this way should differ as little as 
possible from the transmission factor to be mea­
sured 

A(jw) 
F{b (t) } 

= F{ip (t)} eq. 2.3.2-4 

describing the magnetic transmission properties 
of TEXTOR. lf the influence of measuring errors 
is described by a complex error function F(jw) of 
the type 

Am(jw) = A(jw) • F(jw) 
eq. 2.3.2-5 

measurements involving a m1nimum of errors 
should be based on the condition that 

F(jw) % 1 
Q < W < CO 

is satisfied. The properties of this error function 
will now be studied with the aid of the Laplace 
transform using the complex variable 

p = a + jw. 

lt is known that for cr = 0 the points of the La­
place transform are on the imaginary axis of the 

Laplace plane on which the searched complex 
transmission factor is then reproduced. Conse­
quently, eq. 2.3.2-5 can be computed using the 
Laplace transform from 

Am ( p) 1 . = A ( p) 1 . F ( p) 1 
p=J w p=j w p=j w. eq. 2.3.2-6 

For the Laplace transform of the multiplier out­
put signal, the following is obtained using eq. 
2.3.2-2 

L{m(t)} = M(p) = 2 • L { s (t) • sin wTt} 

with eq. 2.3.2-7 

S(p) L{s(t)} -
1

[B B ] - J (p-j.J T) - (p+jwT) 

+ pA0 B(p) 

being the Laplace transform of the multiplier in­
put signal s(t) (eq. 2.3.2-1). With the aid of this 
transform and the relation eq. 2.3.2-7 the La­
place transform of the amplitude-demodulated 
output signal of the multiplier is obtained 

M(p) B(p) measuring variable 

sidebands of the 
demodulator 

sidebands of the 
inductive 
error voltage 

eq. 2.3.2-8 

lt may be seen that in this relation, in addition to 
the transform of the measured signal B(p), the 
spectrally separated fractions of the undesired 
upper sidebands caused by demodulation and 
the sidebands produced by inductive error volt­
age occur. The sidebands produced by the de­
modulator are grouped around the double fre­
quency 2fT of the drive current of the Hall field 
probe, while the sidebands around fT are caused 
by the inductive error voltage. 
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By means of the relation derived from eq. 2.3.2-8 
for the transform to be measured 

l • BB (p-j2wT) BB (p+j2wT) AB B8 (p-jwT) BB (p+jwT) 

1-2 BB(p) + BB(p) + p )"" BB(p) BB(p) 

~ '-----~~~~~~~~~~------..~~~~~~~~~~~~...../ 

eq. 2.3.2-9 
A(p) 

the error function F(p) is obtained which indi­
cates the influence exerted by the sidebands 
produced by demodulation and by inductive er­
ror voltage on the transmission factor A(p)p=iw of 
TEXTOR tobe measured and, above all, whether 
and under which conditions the inductive error 
voltage can be adequately suppressed by means 
of the modulation technique used for magnetic 
field measurements. 

The denominator of the complex error function 
features the ratios B1P (p±jwT) to 8 1p(p) and 
B,p(p±j2wT) to B1p(p). The magnitude of these 
ratios is solely determined by the spectral prop­
erties of the field excitation current ip(t). A con­
verging signal spectrum is the necessary condi­
tion satisfied in this case that the spectral ampli­
tudes are substantially smaller at the frequen­
cies w ± wT and w ± 2wT than those at the signal 
frequency w, so that 

eq. 2.32-10 

Consequently, the frequency of the drive current 
f T flowing through the Hall field probe should be 
as high as possible in comparison with the fre­
quency of the excitation current iP, for this is the 
condition under which the denominator of the 
complex error function approaches the value 1 
on the real axis of the number plane and the val­
ue 0 on the imaginary axis. 

Besides the signal properties, also the trans­
mission properties of the object to be measured 
enter into the ratios of the Fourier transform of 
the numerator of the error function. The Fourier 
~ra~sform of the time-dependent induction b(t) 
1s llnked according to eq. 2.3.2-4 with the Fourier 
transform of the excitation current via the com­
plex transmission factor A(jw) by 

BB (p) 1 . = A (p) 1 • B 1 

p=Jw p=jw Ip(p) . 
p=Jw. 

eq. 2.3.2-11 
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F(p) 

The Fourier transforms of the sidebands of the 
amplitude-modulated measuring voltage are ob­
tained by shifting the frequency scate to: 

n = {1;2} 

eq. 2.3.2-12 

As was shown by the example in chapter 2.3, 
A(p) takes the course of a minimum-phased low­
pass filter. tn the example discussed in this 
chapter, the transmission factors 

n = {1;2} eq. 2.3.2-13 

decisive for the sidebands converge with suffi­
ciently large wT toward the value ( 1-x) which de­
pends on the measuring position. Since the con­
dition established by eq. 2.3.2-10 also applies to 
the numerator of the error function, the numera­
tor's value also tends towards the value 1 with 
sufficiently large wT· 

lt is thus demonstrated that the complex trans­
mission factor A(jw) of TEXTOR can be deter­
mined by measurement techniques via quotient 
formation of the Fourier transform of the ampli­
tude-modulated magnetic field measuring vol­
tage superimposed by induced error voltage 
with the Fourier transform of the excitation cur­
rent. 

The selection of a sufficiently high frequency of 
the AC drive current flowing through the Hall 
field probe is a prerequisite for optimal suppres­
sion of the sidebands produced by demodula­
tion and of the error voltages coupled into the 
feedlines of the Hall field probe by induction. 

In order to make quantitative statements on the 
size of the measuring error, the error was corn­
puted for a time-proportional excitation current 
increase in a magnetic field system with 1 time 



constant with the eq. 2.3.2-14 derived from eq. 
2.3.2-9 with due regard to eq. 2.3.2-13. 

1-z
1 

(p=jw) + p• z
2 

(p=jw) 

F (p) = 1-N
1 

(p-J'w) ( + p•N
2 

p=jw) 

Z 
1 

(p=jw) 
p=jw 

z
2

(p=jw) 
AB [ A (p-jwT) • BIP (p+jwT) 

j A(p) BIP(p) 

A (p+jwT) • BIP (p+jwT) 1 
A (p) BIP (p) 

RUN FEHLMO 
PROGRAM * FEHLMO.FTN 
PROJECT TEXTOR 

N
1 

(p=jw) 

N2 (p=jw) 

p=jw 

p=jw 

ERRORS IN TRANSFER LOCUS DETERMINATION DUE TO DEMODULATION 

POSITION FACTOR (0 <X< 1.0000) X = 1. 
TIME CONSTANT [MSEC] TAU = 8. 
CARRIER FREQUENCY [KHZ] = 5. 
ZERO COMPONENT - FIELD [CM**2] = 20. 
ZERO COMPONENT - CURRENT [CM* *2] = 0. 
FIELD PROBE SENSITIVITY [MV /T] = 50. 

N FRE ABS FIM ABS 
1 O.OOE+OO O.OOE+OO 
2 -0.12E-OG 0. l 9E-08 
3 -0.48E-OG 0.73E-08 
4 -0.83E-OG 0.15E-08 
5 -0.14E-05 0.23E-08 
6 -0.ZOE-05 0.28E-08 
7 -0.25E-05 0.30E-08 
8 -0.30E-05 0.22E-08 
8 -0.31E-05 -0.41E-11 

10 -0.30E-05 -0.42E-08 
1 1 -0.21E-05 -O.llE-07 
12 -0.83E-OG -0.21E-07 
13 0.17E-05 -0.35E-07 
14 0.54E-05 -0.53E-07 
15 O.lOE-04 -0.77E-07 

TTO STOP 
' .> 

ARE AIM 
1 . 0000 0.0000 
0.8759 -0.1533 
0.9102 -0.2859 
0.8183 -0.3856 
0.7170 -0.4505 
0.6185 -0.4858 
0.5286 --0.4881 
0.4527 -0.4978 
0.3877 -0.4872 
0.3335 -0.4715 
0.2884 -·O. 4530 
0.2509 --0. 4335 
0.2188 -0.4140 
0. 1934 -0.3950 
0.1713 -0.3768 

p=jw 

eq. 2.3.2-14 

t.1RE t.JIM 
1. 0000 0.0000 
0.9759 -0.1533 
0.9102 -0. 28~i!:J 
0.8183 -0.3856 
0.7170 -0.4505 
0.6185 -0.4858 
0.5296 -0.4981 
0.4527 -0.4978 
0.3877 -0.41372 
0.3335 --0.4715 
0.2884 -0.4530 
0.2509 -0.4:335 
0.2196 -0.4140 
0. 1934 -0.3950 
0.1713 -0.3768 

Table 1 
Program for computing the errors in transfer locus determination caused by amplitude modulatlon of the measuring sig-

nal 

23 



The computational results shown in Table 1 ap­
plied to a ramp rise time of the excitatio~ current 
of T = 80 msec, to an eddy current time con­
stant „ = 8 msec and to an inductive zero com­
ponent in the field measuring channel of Ao = 

20 cm2 *. The position factor x = 1 indicates that 
the point where the magnetic field is measured 
lies in the immediate vicinity of a TEXTOR metal 
part carrying eddy current. The Hall field probe 
has a sensitivity of 50 mV/Tesla, the frequency of 
the drive current being fr = 5 kHz. 

The exact values of the real part ARE and the im­
aginary part AIM for N = 1 to 15 transfer locus 
points are printed out in the two central columns 
of Table 1. The two columns on the right repre­
sent the real and imaginary parts VRE, VIM of 
the complex transmission factor determined ac­
cording to the m·easurement technique de­
scribed. A comparison of the two columns 
shows that both the real and the imaginary part 
of the two columns are identical up to the fourth 
place. FRE ABS and FIM ABS only show a devia­
tion of + 10-5 in the real part and -7.7 x 10-s in 
the imaginary part at the 15th transfer locus 
point. 

The computational results obtained demonstrate 
the high efficiency of the described method for 
suppressing the very high induced error voltage 
(A0 * = 20 cm2). 

• A 0 = inductive zero component = effective area producing the 
inductive error voltage 
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2.4 Computational determination of 
the time constants of eddy 
current effects from the 
measured values of a transfer 
locus 

B. Steffen 

As was shown in the preceding paragraph, a 
transfer locus can be computed from the data of 
a coil configuration. Configurations which are 
more complicated than the one described above 
will lead to more complicated analytical repre­
sentations of the transfer locus, e.g. higher-de­
gree rational functions for systems with more 
than one eddy current circuit. Conversety, the 
data of the configuration can be determined 
from the representation of the transfer locus. In­
dividual points of the transfer locus can be de­
termined by measurement. The task of mathe­
matical processing consists in computing the 
analytical representation of the transfer locus 
from the values measured and in deriving from 
this representation the characteristics required, 
such as the time constants of the eddy current 
circuits formed by the TEXTOR vessel. These 
cannot be measured directly. 

The TEXTOR vesset is too comptex in its geome­
try to permit a restriction to a single eddy cur­
rent circuit for its description. There onty existed 
vague indications as to the least complexity re­
quired prior to beginning the measurement se­
ries. These suggested that - depending on the 
position of the measuring point - one to three 
current circuits would be sufficient for describ­
ing the magnetic properties. This results in a 
third-degree rational function for describing the 
transfer locus. Initial test computations also re­
veated that the resutt would be greatly distorted 
by measuring errors if higher degree approxima­
tions were attempted. The mathematicat tasks 
are therefore as follows (P1): 

The following are given: 
a) a vector of measuring points x, 

xk = (2•k - 1) •i•w
0

, eq.2.4-1 

k = 1, ••• ,n, 



b) a complex vector of the length n of 
measured values f 1 , 

c) an error bound E:. 

Required is a real parameter vector ä of the 
length m :5 3, so that for 

r(a,x) 
1 + am+, X + 

1 + a1 X + 
eq. 2.4-2 

the following is true 

k = 1, ••• ,n 

eq. 2.4-3 

The measured values fi are known to lie approxi­
mately on a semicircle of the shape 

lz-MI = 1-M with 1/2<M<1. 

Consequently, the numerator of r(ä,x) has for 
the most part smaller coefficients than the de­
nominator. 

For actual computation purposes, it is appropri­
ate to replace the condition P1 by (P2): 

Required is a parameter vector a', so that r(a' ,x) 
approaches the measured values f in the sense 
of the least squares method, 

eq. 2.4-4 

and to verify in retrospect whether a' also satis­
fies P1. P2 gives a normal nonlinear least 
squares problem. There is some standard soft­
ware available for its solution which, however, 
could not be used for reasons described further 
below. 

Since the TEXTOR construction program re­
quired speedy measurement and evaluation op­
erations, the evaluation software had to be 
established prior to the beginning of measure­
ments. In order to ensure realistic tests despite 
this requirement, series of test data were pro­
vided by the ZEL (Central Electronics Laborato­
ry) where one data set was computed in each 
case from known coil properties and a second 
determined by measurements on these coils. 
The measurements were optionally carried out 
according to the full-pulse, half-pulse or ramp 

technique. In this way, it was also possible to 
<;:heck the sensitivity of the transfer locus coeffi­
cients to measuring errors. 

This procedure revealed that the unavoidable 
measuring errors of about 5 x 10-4 at m = 3 
lead to an uncertainty of about 2 x 10-2 in the 
coefficients, depending on the position of the 
values measured, and that for m = 4 even the 
first place after the decimal point was not se­
cured for these coefficients. The influence of er­
rors could even be substantially higher for parti­
cularly unfavourable series of measurements 
which, however, are not to be expected in real 
measurements. 

P2 leads to a global nonlinear minimization prob­
lem. There is at present no practicable solution 
approach to this problem, but there does exist a 
solution for the associated local problem (P3): 

Required is a vector a', so that the approxima­
tion of r(a',x) to f cannot be improved by minor 
changes in a'. 

Unfortunately, there are generally several and in 
unfavourable cases even an infinity of solutions 
to this problem which do not all satisfy also the 
condition P1. By careful selection of the starting 
point for search of the minimum and by limiting 
the search steps it must now be ensured that 
the solution of P3 found by the method selected 
will also solve P1. This could not be achieved 
satisfactorily using the software methods avail­
able, so that specific programs had to be deve­
loped. This was done in two different ways. 

The first program solves P3 iteratively with re­
spect to m = 1, 2, 3 until eq. 2.4-3 is fulfilled. 
The starting value for the case m = 1 is the solu­
tion of the interpolation problem which results 
when considering only the measured value with 
the smallest imaginary part which is located in 
the transfer locus pattern at an elevation angle 
of about 90°. This point constitutes a good com­
promise with regard to accuracy. On the one 
hand, it is well determined by measurements, 
which are increasingly difficult and less accurate 
with rising frequency, and, on the other hand, it 
is sufficiently far away from 1 in order to permit 
an exact interpolation. 
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The solution of m = 1 is taken as the starting 
value for m = 2, and that of m = 2 for m = 3. 

The iteration is carried out in each stage as a 
strongly damped Newton iteration in which, un­
like customary practice, the damping factor is 
not selected so as to achieve a maximum step 
length; it is rather selected firmly as a function of 
the goodness of fit attained so as to be very 
small at the beginning and to become 1 not be­
fore a very good fit is reached. This eliminated a 
convergence towards solutions of eq. 2.4-5, 
which do not solve eq. 2.4-4, execpt for one 
case. 

In this case, the measuring errors were particu­
larly \arge, on the one hand, and f1 was by more 
than a quarter circle away from 1 along the trans­
fer locus, so that even the initial approximation 
posed problems. 

This revealed a general problem of rational ap­
proximation: The multiplication of numerator and 
denominator with 'almest equal' linear factors 
considerably changes the coefficients, but not 
the function values in the places considered. 

The second program makes use of the fact that 
the coefficients of the numerator of r are sub­
stantially smaller than those of the denominator. 
The program therefore interchanges the numer­
ator and denominator in eq. 2.4-2 and approxi­
mates the values 1 /F by a rational function. 

This procedure has the advantage that the 
nonlinearity of the problem caused by the de­
nominator becomes far less apparent; on the 
other hand, particularly critical measured values 
belonging to large indices now assume greater 
importance. Consequently, the method failed in 
one case involving large measuring errors and 
measured values near 0. The further procedure 
in the second program also differs from the first 
i~ that m = 3 is assumed right from the begin­
ning an.d the starting approximation is computed 
by an 1nterpolation to two points of measure­
men'.. T~e a.ctual computation of the best ap­
prox1mat1on 1s then carried out using the Harwell 
VOA04 program, which is an implementation of 
the variable metrics algorithm. 
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The solution will be a vector ä. In general, ä is 
not equal to a', but ä also solves P1 in most in­
stances. 

Each test problem was correctly solved by at 
least one of the two programs. When the pro­
grams failed, this failure was apparent so that 
there was no danger of further operation with er­
roneous values. The transfer locus found in this 
way now permits the characteristics of the mag­
netic field to be computed. For this purpose, a 
decomposition of the fraction into partial frac­
tions is carried out for the transfer locus: 

This permits a simple interpretation: 

The magnetic field in the measuring point is 
composed of m components 8 1„„Bm in the 
steady state, whose amplitudes are proportional 
to Ak/A.k and whose response times are given by 
A.k. 

This interpretation requires the A.k to be real and 
positive. Negative or complex A.k can only arise 
due to the influence of measuring and rounding 
errors. In this case, the associated amplitudes 
are small. The first program provided real posi­
tive A.k values in all cases, but this advantage is 
obtained at the expense of langer computing 
times as compared to the second program. 



3. Measuring Equipment 

H.P. Eulenberg 

Extensive hardware and software were required 
for carrying out the measurements. The software 
did not only serve to control the operation of au­
tomated measurements , but also to process 
measured signals , which is a task normally per­
formed exclusively by hardware in conventional 
measuring systems. The measuring equipment 
therefore consists of hardware and software. 

3.1 Measuring equipment hardware 

The test van carrying the assembly with the field 
measuring probes travelled on a circular two-rail 
configuration through the TEXTOR vacuum ves­
sel (Fig . 16). 

The double rail manufactured from synthetical 
resin-compressed wood (Fig . 2) consisted of a 
multitude of individual segments bolted to each 
other and fixed by alignment pins. This type of 

Figure 14 
Test van on ralls with its traction device 
and position measuring systems 

construction was selected in order to bring the 
rail into the interior of the TEXTOR vacuum ves­
sel piece by piece through the flanges . The rail 
featuring a mean diameter of 3.5 m had been 
worked in one piece on a vertical turning lathe to 

keep its out-of-roundness as small as possible . 
An out-of-roundness of 0.02 mm was measured 
on the outer vertical surface of the rail clamped 
onto the turning lathe. 

Two guide rollers rigidly attached to the test van 
were running on this rail surface (Fig. 15) ; these 
rollers were laterally pressed against the vertical 
surface of the rail by means of a spring pressure 
roll in such a way that the test van could be 
moved on an almost exactly circular path. The 
rail was supported on and bolted to eight pads 
extending into the vacuum vessel through the 
flanges from below. These pads were again sup­
ported on the TEXTOR mounting plate. The cen­
ter of the guide rollers was aligned with the cen­
ter of the vertical mid-plane of the TEXTOR ma­
chine with an accuracy of a few 0.1 mm. 

The position of the test van was measured ac­
cording to the potentiometer method (Fig . 14) . 
For this purpose, two vertical metal strips were 

inserted into the upper surface of the rail. A 
stabilized current of approx. 1 A flowed through 
one of these strips. The DC voltage proportional 
to the conductor length covered by the test van 
was transmitted to the neighbouring second 
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metal strip via a small wheel attached to the test 
van, so that the measuring voltage applied at the 
end could be fed into a six-digit digital voltmeter. 

A status signal was generated in a CA MAC· cas­
sette from the target position of the test van 
preset by the computer program and the actual 

Figure 16 
Magnetic field measurement 
configuration in the interior of 
the vacuum vessel 

position indicated by the digital voltmeter. This 
signal informed the computer that the test van 
was about 1 cm in front of the target point. The 
speed of the test van , which had been approx. 

• CAMAC is a modular interface system standardized according to 
EUR 4100 and independent of the type of computer used 
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2 cm/sec, was then reduced to about 2 mm/sec, 
so that the test van did not travel beyond the tar­
get mark when approaching the position value. 
This had been a danger because of the relatively 
large mass of the test van and its field probe 
holding devices. 

Figure 15 
Rollers for moving and guid· 
ing the test van on its bottom 
surface 

Fou_r different types of measuring probe holding 
dev1ces were mounted alternatively on the test 
~an , depending on the measuring task. In addi­
t1on t_~ the Hall field probes, they also carried the 
~mpllf1ers necessary for amplifying the measur­
ing voltages. Their output voltage was supplied 
to the measuring rig set up at a distance of 



Figure 17 
Measuring team in the compu­
terized measuring room 

about 10 m from the TEXTOR machine via heavi­
ly twisted two-wire lines of approx. 40 m length. 
The measuring voltage lines as weil as the 
cables required for operating the transmitter­
amplifier were tracked in the vacuum vessel by 
means of a cable transport device attached to 
the vessel above the double rail (Fig. 16). 

As is also shown in Fig. 17, the measuring rig 
consisted of a PDP-11/40 process computer 
~ith CAMAC interface, the measuring electron-
1cs and numerous terminals. They were connect­
ed to the process computer and the large com­
puter of the KF A. The latter served to monitor 
the measuring equipment during measurement 
of the eddy current time constants by computing 
the entire transfer locus just a few minutes after 
measurement from the points of the transfer lo­
cus of the complex transmission factor ascer­
tained by the process computer, which indicates 
the influence of the eddy current effects in the 
~requency range (picture range), and by display-
1ng it on a graphic terminal. 

3.2 Measuring equipment software 

H. Thyssen 

3.2.1 General remarks on data acquisition 
and processing 

The EDP system used consisted of : 

a) PDP-11/40 with 124 kW memory, 
b) 4 disk drives RK 05, 
c) 2 display terminals HP 2640 and 2649, 

1 typewriter terminal LA 30, 
d) line printer, 
e) plotter, 
f) 1 CAMAC crate 

( standard process interface). 

The operating system used was RSX-11-M. The 
software package of the Hahn-Meitner Institute, 
Berlin , was used for operating the CAMAC crate 
and all connected process hardware. The driver 
contained in this package was firmly built into 
the RSX-11-M operating system upon genera­

tion . 

The programming language used was FORTRAN 
IV. Time-critical transfer routines were realized in 
the MACR0-11 assembler and called up as sub­
routines of FORTRAN main programs. 
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The modular programming technique was largely 
used for the sake of clarity. 

This report only describes the main programs. 

A detailed program description is given in an in­
ternal reportr51 of the ZEL. 

The memory requirements of the machine code 
did not exceed the maximum range of 32 kW en­
visaged in the RSX-11-M system for always 1 
main program with associated subroutines. 

Only 1 main program, i.e. the program for col­
lecting the data, 'TEXD', was linked in overlay 
structure because this limit had been exceeded. 
In this case, only the part of the program just be­
ing executed was resident in the memory, while 
the other program parts were stored externally 
on the disk and loaded into the memory as re­
quired. 

There existed two further main programs on the 
TSS system of IBM 370 for computing the time 
constants from the transfer locus points. These 
programs were installed on the large computer 
at the KFA's computer center because of time­
consuming computation. Data transmission from 
the PDP-11/40 to IBM 370 was effected off-line 
via a data cartridge which was written by the car­
tridge drive of an HP terminal connected to the 
PDP-11. 

The cartridge was read in by the cartridge drive 
of a further HP terminal connected on-line with 
the IBM. In this way, the data could be further 
processed in the two programs installed on the 
IBM: 

'TAU1' and 'TAU2' . 

3.2.2 Description of the main programs 
for measuring transient magnetic 
fields and preparing the data 
measured 

3.2.2.1 Program TEXD tor controlling the 
measuring apparatus and the acquisi­
tion of data 

This program serves to measure the magnetic 
fields in TEXTOR. 

Six modes of operation are distinguished: 

a) ramp technique for determining the transfer 
locus plot, RA 

b) half-pulse technique for determining the 
transfer locus plot, HP 

c) full-pulse technique for determining the trans-
fer locus plot, VP 

d) field time function with time-dependent con-
stant field, OH 

e) demodulator ripple of the toroidal coils, TR 
f) demodulator ripple of the vertical coils, VR. 

The program positions the test van, operates the 
transient recorder, brings the measured data on­
to the disk, demodulates upon request the re­
corded data of sampled signals. 

The output of data of the demodulated sampling 
sequences is optionally on 

a) display 
b) plotter 
c) RK 05 data medium. 

3.2.2.2 Program TVPL for the graphical repre­
sentation of measured data 

This program reads the data off the disk which 
had been provided either by TEXD or by the sim­
ulation programs SVDRA, SVDHP, SVDVP. The 
data are prepared for plotting and the plotting 
process is initiated. The program is self-explana­
tory upon call. 

3.2.2.3 Program TRSVD for alphanumeric 
representation of the measured signal 

This program reads the data which had been 
brought onto the disk (RKOS) by either TEXD or 
the simulation programs SVDRA, SVDHP, 
SVDVP and issues them as number columns on 
a random output device such as LP or Tl. The 
header line is also issued and can be used for 
data identification. 

The quantity of data to be issued can be con­
trolled by input parameters. 
The program is self-explanatory upon call. 
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3.2.2.4 Program DEMRH for demodulating the 
measuring signals generated accord­
ing to the ramp or half-pulse method 

This program demodulates the amplitude-modu­
lated measuring signals generated according to 
the ramp or half-pulse method and stores the 
sample results obtained in this way on a disk. 

The program can also process the synthetic am­
plitude-modulated measuring signals generated 
with the simulation programs SVDRA and 
SVDHP. The user can control by means of an in­
put parameter whether a 'large' or a 'small' re­
sult file is brought onto the disk. A large file 
means that all the data obtained from the de­
modulator are brought onto the result file. A 
small file means that every 8th value obtained in 
the demodulator is brought onto the result file. 
(The data are reduced after demodulation.) 

The program queries the input parameters upon 
call. The values in brackets are indicative of the 
demodulation of a simulated data set generated 
with the program SVDRA. The results are re­
duced to 1 /8 before being brought onto the disk. 

The process for demodulation used in this pro­
gram is described in detail under item 1.2. 

3.2.2.5 Program DEMVP for demodulating the 
measuring signal generated according 
to the full-pulse method 

This program serves to demodulate the data re­
corded in the program TEXD as far as these 
were ascertained using the full-pulse technique 
(VP) and stored on a disk. 

Furthermore, the program furnishes the demod­
ulated measuring signals generated with the 
simulation program SVDVP. 

Only the period measured last is brought onto 
the disk after demodulation. lt is necessary to 
ensure that the digital filter of the demodulator 
has assumed its steady state when generating 
the result data. For this reason, the input data 
run twice through the filter before the output da­
ta are accepted. 
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After fi\tering, the length of the period and thus 
the number of grid points for a period are deter­
mined in a subroutine. 

The process used in this program for the de­
modulation of data is described in detail under 
item 1.2. 

3.2.2.6 Program TNPL for the graphical 
representation of demodulated 
measuring signals 

This program serves for the representation of 
demodulated data on the Tewidata plotter. The 
data are prepared, depending on the selected 
mode of operation, and plotted with the asso­
ciated coordinate system. 

A reduced data set (8 records per channel) is 
assumed for the modes of operation RA, HP, 
OH, TR, VR. 

A distinction is made between VG (large data 
set, 64 records per channel) and VK (small data 
set, 16 records per channel) for the mode of op­
eration VP. Four periods of the full pulse are re­
presented when selecting VG and one period of 
the full pulse when selecting VK. 

3.2.2.7 Program TRSND for alphanumeric 
representation of the demodulated 
measuring signal 

This program reads the data which had been 
brought onto the disk by the programs DEMRH 
and DEMVP and issues them as number col­
umns on a random output device, e.g. line print­
er or display terminal. 

The header line is also issued and can be used 
for data identification. 

The quantity of data to be issued can be con­
trolled by input parameters. 



3.2.2.8 Programs ORTRA, ORTHP and ORTVP 
for determining the complex trans­
mission factor of TEXTOR 

These three programs serve for the evaluation of 
demodulated and possibly reduced data. First of 
all, the measured ramp is combined to form a 
complete pulse in the program ORTRA accord­
ing to the method described in chapter 2.3.1 
(RA). The measured half-pulse is complemented 
in the program ORTHP to form a complete pulse 
(HP). In the program ORTVP, four complete peri­
ods or one complete period are optionally fur­
ther processed. This is followed in all three pro­
grams by a Fourier analysis of the field data 
measured and a Fourier analysis of the sampling 
sequence of the excitation current. The real and 
imaginary parts for each harmonic are divided by 
each other. 

The resultant transfer locus plot points of the 
complex transmission factor of TEXTOR are then 
printed out or brought onto the RKOS data medi­
um for further processing or representation. 

The algorithm underlying these programs was 
described in more detail under item 2.3. 

3.2.2.9 Program OPLOT for the representation 
of transfer locus plots 

This program reads the data sets provided by 
the programs ORTRA, ORTHP, ORTVP off the 
disk. The data are prepared for plotting on the 
Tewidata platter and the plotting process is in­
itiated. 

The program is self-explanatory upon call. 

3.2.2.10 Programs TAU1 and TAU2 for time con­
stant computation from the complex 
transmission factor of TEXTOR 

These programs read data, which are on an IBM 
VS data set and contain the transfer locus plot 
points as weil as further identification parame­
ters, and compute from these the time constants 
ot the eddy current effects. 

Upon request, the transfer locus is plotted and a 
document with the results provided on the line 
printer. 

The programs TAU1 and TAU2 differ by the type 
of algorithms used and can be used alternative­
ly; they should provide equal results. 

The results can differ, however, in the case of 
extremely disturbed input data sets. A meaning­
ful selection of the correct transfer locus plot 
can be made in such cases by considering the 
plot. 

These programs run on the TSS system of the 
IBM 370. The algorithm used is explained in de­
tail under item 2.4. 

3.2.3 Programs for the generation of test 
functions 

3.2.3.1 Program EXACT for computing and 
representing the theoretical 
transmission function of TEXTOR 

The resultant transfer locus points are issued 
numerically on the line printer. On request, the 
points are additionally brought onto the Tewidata 
platter. Plotting is made without coordinate sys­
tem in this case. 

This serves f or comparing a plot of the meas­
ured transfer locus points by superplotting with 
the theoretical points using the program ORT­

PLO. 

The program is self-explanatory. 

3.2.3.2 Programs SVDRA and SVDHP for 
testing the software used for the ramp 
and half-pulse methods 

These programs serve to simulate the data fur­
nished by TEXTOR and measured according to 
the ramp method (halt-pulse method), RA (HP). 
The file established corresponds in its size and 
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contents to the data file produced by the pro­
gram TEXD and serves to verify the evaluation 
software based on this measuring technique: 

FILTRH and ORTRA (ORTHP). 

3.2.3.3 Program SVDVP for testing the soft­
ware used for the full-pulse method 

The program serves to simulate the data fur­
nished by TEXTOR and measured according to 
the full-pulse method (VP). 

The file established corresponds in its size and 
contents to the data files produced by the pro­
gram TEXD and serves to verify the evaluation 
software based on this measuring technique: 

DEMVP , FIL TVP and ORTVP . 
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The Measurements and their Results 

Hp. Eulenberg 

H. Thyssen 
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4. Measurements 

Measurements of the transient magnetic fields in 
TEXTOR were carried out using the field probe 
holding devices made of laminated fabric as 
shown in Figures 19 and 20. Both the horizontal 
field probe holder shown in Figure 19 and the. 
vertical field probe holder of Figure 20 were 
mounted alternatively onto the test van , depend­
ing on the measuring task. Three field probes of 
the type described in chapter 2.1 and shown in 
Figure 3 were arranged horizontally at a distance 
of 470 mm on the horizontal field probe holder. 
The distance between the field probes on the 
vertical field probe holder was 200 mm. The field 
probes seated in the center of each of the two 
holding devices always moved in the mid-plane 
of the TEXTOR vacuum vessel on the so-called 
'mid-radius' R0 when the test van was running on 
the rail. 

The field probes were aligned in such a way that 
the vertical component of the magnetic induc­
tion and the component pointing radially to the 
center of the TEXTOR machine were measured 
on both field probe holding devices. 

The measuring voltages of the field probes 
changing in the course of time were given for 
storage to the channels 1 - 6 of the transient re­
corder shown in Figure 21. The allocation of its 

Figure 19 
Horizontal field probe holder 

Figure 20 
Vertical field probe holder 
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channels to the respective induction compo­
nents can be seen in Figures 19 and 20 as weil 
as the identifications appearing on the measure­
ment printouts. 

lt should also be mentioned that the time-de­
pendent measuring voltage of the excitation cur­
rent of the respective magnetic fields was re­
corded by channel 7 and that the sample results 
of the 10 kHz carrier voltage required for demod­
ulation of the measuring voltages were stored in 
the eighth channel. 

The position of the test van in the TEXTOR vacu­
um vessel was specified in degrees of angle . 

As can be seen in Figure 22, the zero position 
angle (toroidal angle) was placed in the middle 
of the toroidal field coil 3. The position of the bel­
lows connecting the thick-walled parts of the 
vacuum vessel with each other and the position 
of the vessel flanges are also entered in this 
general drawing , so that their influence can be 
quickly recognized when interpreting the meas­
uring results. 

4.1 Measurement of the vertical 
component of the magnetic 
field in the ignition phase 

Since no magnetic confinement is realized yet in 
the igniiion phase of TEXTOR , vertical compo-

K7 K6 K5 K4 K3 K2 
- measurinQ:--:-v'."'."'o~Jta"""'g~es,,__-

for the B-vector components 
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nents of the magnetic induction lead to unde­
~ired transversal dritt motions on the already ex­
isting charge carriers due to the Lorentz force, 
which counteract plasma formation . In order to 
keep the carrier losses low, the vertical compo­
nent in TEXTOR should not be greater than 2 mT 
to 3 mT in the ignition phaser21. 

The task in measuring the vertical component of 
the magnetic field therefore consisted in meas­
uring its time dependence from the moment of 
reaching the loop voltage required for ionization 
in different points of the vessel cross section 
and in the toroidal direction. 

The sampling process in seven channels of the 
transient recorder was triggered by means of a 
trigger pulse derived from the control of the 
magnetizing circuit. The six measuring signals of 
the field probes which were amplitude-modulat­
ed via the drive current of the Hall field probes 
were sampled in the transient recorder with a 
sampling frequency of 250 kHz, digitized and 
stored. The time-dependent course of four sig­
nals demodulated in the process computer in 
the way described in chapter 2.2 is shown in Fig­
ure 23 and Figure 25. 

The induction time functions shown in Figure 23, 
which were determined in the test van positions 
0° and 11.25° , were measured with the vertical 
field probe holder. Three curves can be seen in 
each of the two diagrams. They were measured 
with the Hall field probes K1 , K3 and K5. The 
probe K5 at the top of the vertical holder indicat-

Figure 21 
Eight-channel transient re­
corder used for converting the 
time-dependent measuring 
voltages into numerical meas­
ured value sequences 
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Position of the measuring rail and test van in the vacuum vessel of TEXTOR 

ed the largest maximum value for all measure­
ments carried out in 29 measuring planes evenly 
distributed over the machine periphery, whereas 
the probe K 1 arranged at the bottom showed 
the smallest value. The measured curves to be 
seen in the upper half of Figure 23 only insignifi­
cantly exceed the preset limit of 2 mT to 3 mT. 
The maximum values of each individual field time 
function measured in 29 measuring planes with 
measuring channel 5 at 51 % excitation current 
are plotted in Figure 24 over the machine peri­
phery. 

Measurements carried out with and without a 
bank of capacitors and with 100 % excitation cur­
rent in five measuring planes using the horizon­
tal field probe holder provided the induction time 
functions shown in Figure 25 for the test van po­
sitions 0° and 11.26°. 

The charge stored in the bank of capacitors 
serves to enhance the time-dependent magnetic 
field rise in order to increase the loop voltage in 
the plasma. 

4.2 Measurement of the eddy current 
time constants of the vertical 
field 

Measurements were carried out in three test van 
positions underneath a bellows and underneath 
a solid section of the vacuum vessel. 

These measurements were carried out in the 
field of the vertical coil using the horizontal field 
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probe holder (Figure 19). This field constitutes 
the poloidal field of TEXTOR together with the 
field of the plasma. 

First of all, the complex transmission factor de­
fined according to eq. 2.3.2-4 was measured by 
means of the ramp technique described in chap­
ter 2.3.1 from the magnetic field rise caused by 
the time-proportional excitation current when 
turning on the vertical coils. This transmission 
factor was graphically represented as a transfer 
locus in the complex plane. As already de­
scribed in detail in chapter 2.3, it contains the 
time constants with which the eddy currents 
flowing in the metal parts of the machine and the 
magnetic fields produced by them are exponen­
tially decaying. The time constants were comput­
ed according to the method described in chap­
ter 2.4 using the measured points of the transfer 
locus. 

Two of the total number of nine normalized 
transfer loci measured are shown as an example 
in Fig. 26 and Fig. 27. The transfer locus in Fig. 
26 was measured in the test van position 11.24 °, 
i.e. underneath a thick-walled part of the vacuum 
vessel (see Figure 22). 

In this case, the influence of the eddy current 
fields is rather high, as is also clearly indicated 
by the transfer locus intersecting the real axis at 
approx. 0.1. The transfer locus shown in Fig. 27 
gives a different picture. In this case, the eddy 
current effect underneath the bellows is clearly 
smaller, since the real axis is intersected at 0.67. 

Two time constants could be measured under­
neath a solid section of the vacuum vessel using 
the ramp technique. One of them is 9.13 msec, 
the other 30.53 msec. Underneath the bellows, 
only the larger time constant could be ascer­
tained which was 11.13 msec in the test van po­
sition 45.04 °. 

4.3 Measurement of the eddy current 
time constants in the magnetic 
field of the coils Kz and Kr for 
plasma position control 

The fields of the coils Kz and Kr in TEXTOR have 
the task of adjusting the plasma ring in the radial 
and vertical direction in the phase of plasma 
generation by means of a control device in such 
a way that it can always be kept away from the 
migrations of the liner built into the vacuum ves­
self31. The two field excitation currents are pro­
duced in a 4-quadrant regulating unit [41. Since 
the fields are to act as quickly as possible on the 
plasma ring through the metallic vacuum vessel 
and the liner, in order to readjust the position of 
the plasma ring as quickly as possible, those 
field fractions impeding the direct field interfer­
ence, which are caused by the eddy currents in 
the metallic vessels, must decay with sufficiently 
small time constants. The measuring task was to 
measure the unit envisaged for operation of the 
plasma position control. 

For this purpose, the field probes had been 
mounted again onto the horizontal field probe 
holder (Figure 19). The transfer loci reflecting 
the influence of the eddy current effects were 
measured in 29 measuring planes distributed 
over the periphery of TEXTOR, i.e. in 29 test van 
positions. They were determined according to 
the full-pulse method described in chapter 2.3.1. 
The periodic excitation current for the coils Kz 
and Kr required for this purpose was generated 
in the 4-quadrant regulating unit by alternating 
application of positive and negative DC voltages 
on the c:oils so as to produce periodic, exponen­
tially obliterated triangular currents. The repeti­
tion frequency for the excitation current of the Kz 
and Kr coils was approx. 25 Hz. Due to the large 
time constants as compared to the period of the 
excitation currents and because of the low-pass 
filtering effect of the metallic vacuum vessel, the 
harmonics of the periodic field strength time sig­
nal were suppressed to such an extent that only 
its fundamental wave could be used for transfer 
locus determination. This means that the normal­
ized transfer locus could only be determined by 
one measuring point and, consequently, only 
one eddy current time constant could be ascer­

tained. 
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These restrictions did not apply to the eddy cur­
rent time constant measurements on the vertical 
field - chapter 3.2. Two measuring points would 
have been necessary there for determining a 
second-degree transfer locus (two time con­
stants). but two additional measuring points 
were to be found on the approximated solid 
transfer locus. 

Figures 28 to 31 again show the influence of the 
solid sections of the vacuum vessel and of the 
bellows on the diameter of the transfer loci and, 
consequently, the influence of the eddy current 
fields on the field in the measuring point for both 
the fields of the coil K, and those of the coil K,. 
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