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The JT-60 Upgrade tokamak, can produce plasmas with vertical elonga-
tion (k = 1.6), and thus allows investigation of vertical instability
phenomena. The present work describes investigation of the vertical
stability characteristics of JT-60U plasmas through experimental results
and simulation. FExperiments described include feedback turnoff cases and
nigh Bp unstable plasma cases. For purposes of simulation, the plasma is
modeled as a rigid assembly of current-carrying axisymmetric loops. A
nominal conductor model based on design geometry was modified to repro-
duce the results of a series of coil excitation experiments using a
reduced order system identification approach. A two—coil model was used
to fit the experimental coil excitation behavior, and the full order
conductor model was modified to allow the dominant modes to reflect the
low order dynamic response. The resulting plasma-conductor medel is
shown to reproduce the vertical stability behavior of JT-60U fairly well.
Theoretical predictions of limits on the value of Shafranov A achievable

in JI-60U are made.
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1. Introduction

JT-60U, a vertically elongated, lower diverted successor to the JT-60
tokamak, began operation in March of 1991 [1]. Since that time it has pro-
duced a variety of moderately elongated (x ~ 1.6) plasma configurations
which have provided opportunities for investigation of the passive and active
vertical stability characteristics of the device. The present work describes
the results of this investigation to date.

Several experiments have been performed explicitly to investigate the
vertical stability characteristics of the machine. These include coil excitation
tests in the absence of plasma, and feedback turnoff experiments, in which
the vertical position gain is zeroed during a normal plasma discharge for
intervals of several hundred milliseconds. The former experiments provided
some measure of characterization of the dynamics of the actual array of
toroidal current paths, allowing adjustment of a nominal conductor model to
reflect the true system behavior. The latter experiments allowed testing of
an overall plasma-conductor model, consisting of a rigid, current conserving
plasma coupled to the modified axisymmetric conductor array.

The system identification procedure initially used a simple two-coil model
to fit the horizontal field coil (H-coil) excitation behavior. For the purpose
of simulating H-coil excitation tests, the conductor model including H-coil
and vacuum vessel was then augmented to include a new coil. The L/R time
of H-coil, the H-coil to vacuum vessel mutual inductance vector, and both
the L/R time of the new coil (henceforth called “C-coil”) and its inductive
coupling to H-coil were adjusted to reflect the 2-coil array eigenmodes and
individual circuit /R times. For the purpose of plasma-conductor system
simulations, the remainder of the nominal design PF coil model was then
integrated with the modified H-coil, C-coil, and vacuum vessel to yield the
new adjusted conductor model.

The rigid plasma and modified conductor model were also used to make
theoretical predictions of the maximum value of Shafranov A achievable in
JT-60U during subsequent planned high 8 operation.

Section 2 describes the rigid plasma, conductor array, and control models
used in the analysis. The control algorithm for vertical position mainte-
nance is discussed. Section 3 explains the system identification procedure
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and salient experiments. Additional issues regarding the interpretation of
coil excitation tests are discussed. Feedback turnoff and high S, unstable
plasma experimental results are presented in Section 4. Simulations of each
experimental case are described and illustrated. Section 5 presents the results
of stability boundary calculations addressing limits to high £, operation. A
discussion of the experimental and modeling results and conclusions are given

in Section 6.

2.. Rigid Plasma Vertical Stability Analysis

Simplified plasma-conductor models have often been used to analyze the
vertical stability characteristics of elongated devices and design suitable con-
trol algorithms (e.g. [2-4]). Such approaches are well suited to the iterative
process demanded by control design and provide a readily understandable
physical picture illuminating the tradeoffs necessary in vertical stability con-
trol. The most commonly used model represents the plasma as a current-
conserving, rigid body, free to move only in the vertical direction, inductively
coupled to an array of discrete conductors which exert a stabilizing influence
on the plasma motion [3,5].

Provided the conducting array is sufficiently close to and conformal to
the plasma to provide stability on the ideal MHD time scale, the vertical
instability will typically have a growth time on the order of the field pen-
etration time of the conducting array [6]. Since this time is much longer
than the Alfven time, the plasma is usually taken to be in quasiequilibrium
throughout its motion. This is equivalent to setting the plasma mass to zero
in the force equation. The current-conserving model has been shown to be
closer to the actual energy minimizing ideal MHD eigenmode than a rigid
flux-conserving plasma, providing certain generally satisfied constraints are

met [7].

2.1 Plasma-Conductor Dynamic Equation

The dynamic equation describing a rigid, fixed-current plasma in quasiequi-
librium, free to move only in the vertical direction, and inductively coupled
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to a conductor array, is given by

3'#(?)

= I=V. (1)

M +RT +

where M and R are the conductor mutual inductance and resistance matri-
ces, V is the applied voltage vector, and the third term represents plasma-
conductor coupling and the effect of destabilizing field curvature.

Solving the force balance equation to make explicit the role of field cur-
vature defines the third term of Eq. 1, resulting in [5]

2
MI+RT+ ROM’ M=V, (2)

Here M ', and M ! are the mutual inductance gradient vector (from plasma
to conductor a,rray) and its transpose respectively, and I' = ln]—R‘l] +A-1.5
is the Shafranov vertical field coefficient. The decay index, n, describes
the average vertical field curvature, and for a distributed plasma current is
properly given by

n=-—

dz

T BO f RJ, (633) dRdz, (3)

where the integral is performed over the plasma poloidal cross section.

Solutions of Eq. 1 or Eq. 2 typically consist of a set of conductor current
eigenmodes and corresponding eigenvalues, one of which is unstable. The re-
mainder of the modes correspond essentially to decay modes of the conductor
array with very little coupling to plasma motion.

2.2 JT-60U Model

The nominal conductor array used in the JT-60U analysis is illustrated
in Fig. 1. This array was calculated based on the design geometry for the
device, and includes all poloidal field {PF) coil and vacuum vessel toroidal
conducting paths [8]. The vacuum vessel is represented by a discretized array
of 100 elements, each of whose resistances and self inductances were chosen
to match the local values of the corresponding path. Mutual inductances
were calculated using the coupled filament approximation.
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The dominant up-down antisymmetric current mode of the nominal vac-
uum vessel model has a decay time constant of about 8 msec, while the
nominal H-coll L/R time is about 280 msec.

The plasma current distribution is represented as either a single filament
located at the current centroid, or a multifilament uniform current density
array matching the elongation and position of the plasma, The single filament
and uniform current distribution models represent two reasonable extremes
in plasma-conductor coupling efficiency, and thus allow bracketing of plasma
response over the range of physically realizable current distributions.

2.3 Control Algorithm

Vertical stability control is provided by driving H-coil alone with a feed-
back relation which determines voltage demand as a function of estimated
plasma vertical position. Proportional and derivative (velocity) feedback is
p-ovided. The overall feedback loop calculation and power supply delay has
been estimated to be nominally about 2 msec. In addition, H-coil current
feedback is applied, artificially reducing the effective resistance of H-coil to
a negative value [8].

Using a single-pole model of the power supply delay [9], the feedback
transfer function describing voltage applied to H-coil is given by

Gp(l -+ TdS)

o o) e

Viu(s) = Ry In(s) —
where the predicted vertical position, z,res, is a function of magnetic signals,
and can therefore be expressed as a function of conductor currents, I. Gp
is the proportional gain, 77 is the derivative gain time constant, and 7,
is the power supply delay time, taken to be 2 msec. R}/ represents the
programmed H-coil resistance reduction factor.

3. System Identification

The response of the nominal conductor model including only H-coil and
vacuum vessel} to a forced current ramp in H-coil is shown in Fig. 2 along with
experimental data from such a test. The case shown corresponds to a current
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Vi(s) = B Iu(s) -
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ramp rate of Iy = 10.8 kA/sec. The figure shows the voltage required to
drive the programmed current, and thus reflects the response of H-coil and its
coupling with vacuum vessel modes. The nominal conductor model behaves
significantly differently from the actual coil excitation response; indicating
some combination of inaccuracy and missing current paths in the conductor
model.

Similarly, the actual measured frequency response of H-coil is shown in
Fig. 3 as a frequency-varying impedance: Z(f) = R(f) + 727 fL(f) (where
f is frequency in Hz). The variation of impedance with frequency reflects
the presence of conducting paths (such as the vacuum vessel) coupled to
H-coil and possibly such frequency-dependent phenomena as the conductor
skin effect. The figure also shows the result of a simulated H-coil excitation
using the nominal conductor array model. This comparison also reveals a
discrepancy between model and experimental result.

In the absence of more accurate measurements and experimental data
to determine the location of possible missing current paths, a reduced order
system identification analysis was performed in order to adjust the nominal
conductor model to approximately reproduce the observed system response.

Because the only PF coil which both strongly affects vertical stability and
can be directly excited by power supplies is the H-coil, only H-coil circuit
quantities and H-coil to vacuum vessel coupling were addressed by in the
system identification effort.

Both current ramp (time domain} and frequency response data were used
to characterize the actual system response. The current ramp response is
dominantly second order, all higher order behavior being unresolvable due
to the intrinsic noise level. Although good estimates of the uncertainties
governing the frequency response data are not available, low frequency di-
vergence of measurements from the known DC values suggests that in this
case as well, more than two poles cannot be accurately resolved. Despite that
indication of measurement error, the high frequency behavior suggests the
presence of higher order modes, making the overall frequency data difficult
to fit with only two poles. At best, therefore, the frequency data can only be
used for rough benchmarking of the reduced order model. With these limi-
tations, the reduced order system used for fitting is therefore second order,
representing the H-coil and some appropriate composite vacuum vessel and
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unknown conductor mode. Both ramp and frequency response experiments
were performed with all PF circuits except H-coil open circuited.

The circuit equation describing H-coil coupling with a composite sec-
ondary circuit (for which we shall use the subscript “c”) is

M2j+sz = [ {1) ] Vi, (5)

where M, and R, are the 2 x 2 inductance and resistance matrices, T is the
current vector, and Vy is the voltage applied to H-coil.

We first address the current ramp response analysis.

3.1 Current Ramp Response Analysis

We consider the solution of Eq. 5 for a forced current ramp applied to
H.coil: _
Iy =Iget 2 0. (6)

The voltage required to produce the current ramp can be easily shown to be

2

Va(t) = Lyiyo + Reluot — ﬂiHC jHoﬁ_%t- (7)

Note that only four system quantities can be determined from the four free

parameters in the solution. Since there are 5 unknowns in the two-coil system,

either R, or L, must be defined ad hoc or determined from some other source
to close the system.

Fixing the long-term (linear ramp) voltage behavior, the error between
a function of this form and the experimental data from two ramp response
experiments such as that shown in Fig. 2 is minimized in the least squares
sense by the choices shown in Table 1.

These circuit values yield the fit shown in Fig. 4 and allow characterization
of the self inductance and resistance of H-coil. Notice that these values
identify the eigenvalues of the reduced system as 337 msec (predominantly
H-coil current) and 2.56 msec (predominantly C-circuit current).
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Table 1 Two coil circult values to fit ramp response.
Quantity Value units
Ly 1550. uH
By 4900. pQd
M?
—Lfciﬁ 1370. uH
%f: 23.6 msec

3.2 Frequency Response Analysis

Data from frequency excitation of H-coil (shown in Fig. 3) poses some
problems for interpretation. It does not appear to exhibit the shape char-
acteristic of two coupled circuits. For example, Fig. 5 shows the frequency
response of the nominal H-coil + vacuum vessel model system, displaying
the saturation at both low and high frequencies which is characteristic of
two coupled circuits. In fact it is easily shown that for the two coil system
described by Eq. 5, the frequency dependent resistance and inductance are
given by

14 (73 + T12T21)w2} (8)

1+ 7hw?

R(w) = RH{

and

2 22 2
1 + (T22 b T Tlngl)w }
]

Lw) = LH{ T2 (9)

where 11 = Ly /Ry, 12 = My./ Ry, T = My./R., and 129 = L./R.. The
two response curves share the same pole, but have different zeros. Exam-
ination of the ordering resulting from the two-coil model data of Table 1
reveals that the R{w) zero frequency, Zg, the pole, 1/72;, and the L(w} zero
frequency, Zy, are ordered such that

1
Zp < — < Zp, (10)

T22
consistent with the slopes of the experimental curves. Nevertheless, although
the experimental data lacks reliable error bars, the model response appears
here, as in the nominal ramp response case, to be significantly different from
the experimental result. The difference in this case does not appear to be
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merely due to inaccuracies in the conductor model, as the dominant zeros
would have to be moved very far to account for the data. Either the data
is not reliable, or there are other current paths carrying large currents, or
another frequency effect exists which is not being accounted for in the simple
model.

In this latter regard, it is important to consider one other contribution to
the frequency dependent impedance: that of skin depth effects.

3.2.1 Skin Depth Effects in Frequency Response

The small toroidal windings making up a large PF magnet in a high
aspect ratio tokamak tend to be thin enough that for typical frequencies of
interest in axisymmetric control, the finite skin depth does not significantly
affect their impedance. For example, for a frequency of 100 Hz (higher than
typical vertical instability growth rates in present tokamaks), the skin depth
of room temperature copper is 6.6 mm. By comparison, individual windings
in the JET tokamak have a typical radius of 2-5 mm [10], so that PF coil
skin depth effects are indeed not important in JET,

However, JT-60U possesses windings which are significantly larger. H-coil
is made up of rectangular windings with typical narrowest widths of 4-5 cm
in order to withstand a large stress caused by high current disruptions. A
skin depth of 2 ¢m corresponds to a frequency of about 10 Hz. For frequen-
cies much above this value, the frequency dependence of PF coil impedances
must be taken into account. For the range of experiments performed to
date in JT-60U, the vertical instability growth rates in the presence of active
feedback have not exceeded 3 rad/sec. (corresponding to 19 Hz), although
passive growth rates have been calculated to be as high as 180 rad/sec (cor-
responding to 29 Hz). Skin depth effects should not therefore be significant
for experimental results to date.

The frequency response testing of H-coil did, however, significantly exceed
this rough limit. Therefore to properly understand the physics involved in
those results we must examine the effect of finite skin depth.

To accurately model the complicated geometry of H-coil, composed of
26 turns of varying rectangular cross section, is beyond the scope of this
work. Instead we choose a simpler conductor model in which the current
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density solution is well known [11]. We consider a long, straight, circular
cross section conductor in an oscillatory axial electric field whose magnitude
is uniform and fixed at the surface of the conductor. This would describe a
circular cross section high aspect ratio PF coil winding under the influence
of the E-field imposed by a ramping ohmic heating coil, for example. The
current profile in such a conductor is easily derived, and consists of a sum of
Kelvin functions. For an applied surface E-field given by

E(t) = Ege™'z (11)
where # represents the axial direction, the current profile solution is
J(r,t) = Jo {ber(kr) + ibei(kr)} €2 (12)

where k? = ﬁ%‘—"—, n is the resistivity of the conductor, and Jg is the (complex)
central current density, determined by the surface E-field boundary condition.

The corresponding effective impedance found by integrating the current
density over the conductor cross section is

kaR, | ber(ka) + thei(ka) }

Z = ; =
R+l {bei’(ka) ~iber (ka)

5 (13)

where Ry is the DC resistance of the conductor and the prime ('} denotes
the derivative of the Kelvin functions with respect to the argument.

This solution exhibits the familiar edge-localized current density phe-
nomenon known as the skin effect. Of course, the skin effect contribution
to the self inductance in general only affects the internal inductance of the
coil, and is thus a small perturbation on the total self inductance of a typical
axisymnetric toroidal coil. However, the contribution to the resistance can
be significant.

Modeling H-coil as such a long conductor with an effective radius of 2 ¢,
we find the variation in resistance and internal inductance of H-coil shown in
Fig. 6. Using a nominal H-coil resistance of 4.9 m(2, we find that at 100 Hz
the effective resistance of H-coil due to skin effects alone is 8.7 m{2, while the
effective resistance due to vessel coupling alone is 177 mQ. The skin depth
augmentation of only a few percent is thus quite negligible.

It should be noted, however, that if conducting structures and magnets
become larger as tokamaks grow to satisfy the requirements of power reactors,
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the importance of skin effects for comparable frequencies may also become
greater. This observation is, of course, somewhat offset by the simultaneous
reduction of characteristic instability growth rates in larger devices. The rela-
tive influence of these two competing phenomena will have to be investigated
in more detail for each new design.

3.3 Mapping Reduced Order to Full Order

Having determined the two-circuit reduced order parameters to satisfac-
torily fit the observed ramp and (low) frequency response data, it 1s necessary
to map the reduced order system response to the full order model. We wish
to modify the full order system (consisting of H-coil and the 100 element
vacuum vessel model) to make use of the new data available, while still pre-
serving the dynamic response of the higher order modes.

If the vacuum vessel and H-coil models accounted sufficiently well for
the toroidal current paths in the system, modification of these circuits alone
would serve to reproduce both coil excitation data and plasma response.
However, the characteristic time of the two-coil model C-circuit was found
to be 23.6 msec (see Table 1). For the dominant vacuum vessel up-down
antisymmetric mode to respond with this time constant would require an
effective uniform increase of the conductivity by a factor of 3. This is too
great an error to reasonably expect to be explained by disparity between
design and construction. Moreover, the degree of stability conferred upon
the plasma by such a change in the eigenvalue corresponding to the domi-
nant midplane-antisymmetric vessel mode stabilizes the vertical instability
far beyond experimentally observed thresholds. This large disparity strongly
suggests the presence of toroidal current paths in the actual device which are
not accounted for in the nominal conductor model.

In order to properly account for the coil excitation and plasma response
observations, we must therefore augment the system with an additional cit-
cuit and choose the inductive coupling and L/R time to fit the excitation
data. For such an approach to be consistent and successful, the additional
current paths must couple to the plasma and vessel in a way similar to that
of H-coil. If this is true, the extra coil can introduce sufficient additional
dynamics to H-coil to reproduce the actual aggregate reponse.
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Following this procedure, we fix Ly and Ry to the values given in Table 1
and add an extra coil to the H-coil plus vacuum vessel system, so that the
augmented mutual inductance matrix appears as

Ly Men fVHﬂ;ﬂ;gH
Maug - MC__.H LC_" fVCM'g‘C (14)
fvaMvy fveMve Myy

where each entry is the submatrix indicated by the subscripts: boldface
indicates a square matrix, and regular typeface indicates a scalar except
where explicitly labeled as a vector. fyy and fyc are scale factors. Similarly,
the resistance matrix is given by

Ry 0 07
Royyy=| 0 Re OF (15)
0 0 Ryy

where Ryvy is the diagonal vessel resistance matrix.

The scale factors fyy and fye, as well as the form of Mvc can then
be adjusted so that the initial H-coil voltage at the onset of current ramp is
matched by the modified system response and to improve frequency response.
Either Le or Re must be chosen ad hoc to close the system.

The ramp and frequency responses of the matrices resulting from this pro-
cedure are shown in Figs. 7 and 8. The ramp response is indistinguishable
from the two-coil model ramp response of Fig. 4. The frequency response
. shows a relatively good fit to the effective resistance over the frequency range
below 20 Hz, but the effective inductance is not so well matched. Neverthe-
less, there is a fairly good match over the narrow but important range of
1Hz < f < 10Hz, into which typical growth rates for the JT-60U cases
simulated fall. In addition, as mentioned before, the low frequency behavior
of the experimental frequency response data is not physical.

Note that the characteristic L/R time of the hypothetical missing current
path modeled by the C-coil augmentation is long compared to the domi-
nant up-down antisymmetric vacuum vessel mode response time. This sug-
gests that the missing circuit may be either a low conductivity path of large
poloidal cross-section or a copper pathway of smaller cross-section.
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The modified model resulting from the low order fit and full order aug-
mentation system identification procedure was then used in simulating JT-
60U vertical stability experiments. In the next section we describe experi-
mental results from selected examples of two types of discharges and simu-
lations thereof using the modified conductor model.

4. Experimental Results and Simulation

We describe two types of experiments which provide data on the vertical
stability of JT-60U equilibria and allow assessment of the accuracy of the
simulation models: those for which vertical position feedback gain was set
to zero over a fixed interval during a shot, and those in which 3, rose over
the course of a shot due to applied NBI Leating, resulting in onset of vertical
instability. Simulations of several examples of these shots were calculated
using the conductor array model adjusted to reflect the system identification
parameters described in Sec. 3.

4.1 Feedback Turndcff Experiments

A series of experiments were performed in which the proportional gain,
G,, (see Eq. 4), was set to zero, removing all vertical position feedback for
intervals of 300 msec or 600 msec. However, the value of RY™ was held
fixed over the turnoff interval. During typical 300 msec turnoff periods the
plasma moved monotonically away from the original equilibrium vertical po-
sition until control was restored. 600 msec turnoff periods typically exhibited
establishment of a new stable equilibrium before proportional control gain
was restored.

Examples of this motion are shown in Figs. 9 and 10, illustrating a typical
300 msec and 600 msec gain turnoff interval respectively. These figures show
vertical position measured by magnetic signals, and compare the experimen-
tal data to simulations of the turnoff intervals using the rigid plasma model.
The simulation reproduces the experimental motion within an uncertainty of
a few millimeters, comparable to the accuracy of the position measurement
itself.

Nevertheless, possible indications of missing conductor dynamics can be

— 12 .
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seen in the differing degrees of overshoot between experimental and simula-
tion results in Fig. 10b and the similarly differing appa,rent time constants
in Fig. 9b.

In JT-60U the presence of R} > Rpy{actual) results in an effectively
negative H-coil resistance, exerting a stabilizing influence on the plasma.
The absence of an integral term (o [ zdt) in the feedback law results in
a steady-state non-zero offset in vertical position from the reference signal.
The feedback system therefore applies a non-zero steady-state voltage to H-
coil, contributing to the equilibrium. The zeroing of G, applies an effective
voitage step to H-coil, driving the plasma to a new equilibriurn. This process
is stable for sufficiently low decay index due to the stabilizing effect of R,
as can be seen in the longer interval case of Fig. 10.

4.2 High 3, Unstable Plasmas

During the course of several neutral beam-heated shots, B, became suf-
ficiently high that the preset control gains could not stabilize the plasma.
These cases provided an opportunity to compare simulation predictions with
actual unstable plasma behavior. Results of two shots with particularly clear
underdamped vertical instability growth are shown in Figs. 11 and 12. Fig. 11
shows vertical position, simulation-predicted growth rates, and 3, evolution
as a function of time. The actual maximum growth rate was found to be
Yerp = 8£130¢, and the predicted value was calculated to be v,im = 74290z
The plasma was lost at the end of the time interval shown. Experimental on-
set of instability and real growth rate coincide well with the predicted values.
The discrepancy in the imaginary part is in part attributable to the single
pole power supply model and the overall neglect of the discrete nature of the
control system.

Fig. 12 shows vertical position and 3, as a function of time for a case
in which 3, decreased before the plasma was lost, allowing control to be
reestablished. The figure shows the onset of instability and restoration of
control coinciding with the same approximate value of . The actual maxi-
mum growth rate was found to be yez, ~ 15 & 190z, and the predicted value
was calculated to be y4m 2~ 14 £ 5301, Again, the experimental real growth
rate coincides well with the predicted value.
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5. Stability Boundary Calculations

Analysis of expected vertical stability limits for JT-60U was carried out
using the simple rigid plasma model and adjusted conductor array described
in Secs. 2 and 3. Both a single filament and uniform current distribution
multifilament plasma model are used along with the full conductor array
to calculate critical decay indices for ideal MHD stability limits. The gain
space is then searched to determine the maximum stabilizable value of the
Shafranov A = 8, + /2.

5.1  Critical Decay Index

The critical decay index, n., describes the field curvature beyond which
a plasma becomes vertically unstable on the ideal MHD timescale [9], cor-
responding to infinite growth rate for a massless plasma. Allowing v — co
as n — nc in Eq. 2, it can be easily shown that for an array of stabilizing
conducting elements, n. is given by

2 -
n, = —;%Tr(M‘IM{,pM;U), (16)
where Tr indicates the matrix trace.

Fig. 13 shows critical decay index magnitude for both single filament
(SF) and multifilament (MF) plasma models plotted as a function of A. Also
shown (triangles) are experimental decay index magnitudes and A values
achieved in JT-60U to date for k ~ 1.6 equilibria. The maximum n/n,
achieved corresponds to n ~ 88% of the multifilament critical index or 80%
of the single filament critical index, at A ~ 2.7. Extrapolating this data
for n = —1.6, corresponding to elongation & ~ 1.6, A ~ 3.5 appears to be
the theoretical upper limit achievable in JT-60U (corresponding to the single
filament, or most favorable, model). Passive growth rate and active control
calculations necessary to determine a more realistic limit are examined in the
next section.
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5.2 Passive and Active Calculations

Single filament passive and active responses for fixed decay index are now
examined to determine a more realistic upper limit to achievable A. Iig. 14
shows calculated single filament model passive growth rates forn = —1.6 as a
function of A. Since the nominal feedback loop plus power supply delay time
is about 2 msec, the v ~ 500 sec™! crossover point provides an approximate
measure of the controllability limit [9], and predicts Ayor = 3.0.

Figs. 15 and 16 show active stability boundaries calculated in G, — 74
space using the single pole, PD power supply model described in Section
2.1.8. Fig. 15, corresponding to A = 3.0, reveals a broad stable region, while
Fig. 16 shows that A = 3.1 cannot be stabilized for any combination of values
of G, and 4.

6. Discussion and Conclusions

A series of experiments have been conducted on the JT-60 Upgrade de-
vice which allowed assessment of the vertical stability characteristics of the
machine. Simulations of feedback disabled intervals and discharges which
became fortuitously unstable were simulated using a rigid plasma model and
both a nominal, design-based conductor model and a system identification-
based improved conductor model. In addition, a set of coil excitation tests
were performed which measured H-coil and vacuum vessel circuit character-
istics.

Simulation of coil excitation tests revealed significant inaccuracy in the
nominal conductor model. This observation motivated the the use of excita-
tion data to modify the nominal conductor model. The degree of disparity
between the initial simulation and experimental results suggests that cur-
rent paths exist in the device which are missing from the nominal conductor
model.

A reduced order system identification procedure was followed and the
nominal full order model was modified and augmented to reproduce the (H-
coil and vessel) conductor response. Addition of an artificial circuit yielded
a modified conductor model which proved capable of reproducing both coil
excitation and vertical instability data fairly well, especially in the frequency
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range of instability growth rates observed in JT-60U discharges to date.

The issue of frequency dependent conductor resistance variation due to
skin depth effects was addressed. Although calculation showed that the ef-
fect is not great in JT-60U, the use of large conductors in later devices may
necessitate the inclusion of finite penetration depth effects in stability calcu-
lations.

The maximum achievable value of Shafranov A was studied using the
augmented conductor and rigid plasma models. Analysis indicates that an
upper limit is given approximately by Amaz = 3.0, since A = 3.1 1s found to
be unstabilizable for any gain values. This prediction is likely to be somewhat
optimistic, since rigid, current-conserving vertical motion does not constitute
the actual energy-minimizing eigenmode. The impact of this limit on max-
imum achievable 8, has not been assessed, and will require more detailed
analysis of current profile ({;) effects.
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JT-60U Geometry
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Fig. 1 Geometry of JT-60U conductor model.
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Fig. 2 Experimentally measured and nominal conductor model simulation
of voltage required to drive current ramp demand in H-coil.
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Fig. 3 Experimentally measured frequency response of H~coil.
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Fig. 4 'Experimentally measured and Z-coil model fit of voltage
required to drive current ramp demand in H-coil.



JAERI-M 92—069

R, L vs. f _
1.000E T T ) 0100
I R ]
0.100F ]
=) E T
— : H0.0010
x I ; g
0.010 F L ]
0.001 r P ST S el e 0.0001
0.1 1.0 10.0 100.0 1C000.0
f(Hz)
Fig. 5 Frequency response of H-coil simulated
with nominal conductor model.
R, L vs. f 4
1.000 T CorTTrme T 110
0.1C0F |
c : - T
. i S107° 2
= ; pur
0.010F )
- R ]
0.001 T U R 1076
0.1 1.0 10.0 100.0 1000.0
f(Hz)
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Fig. 7 Experimentally measured and modified conductor model fit of
voltage required to drive current ramp demand in H-coil.
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Fig. 15 Contours of constant growth rate in G, and 14 space
showing stability boundary for A=3.0, n=-1.6,
Triangles indicate typical operating peints.
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Triangles indicate typical operating points.




