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Abstract 
The PBX-M device produces highly shaped discharges that, because of 

the negative external magnetic field decay index required, are vertically un
stable. Vertical positional stability in PBX-M has been achieved by directly 
controlling the n = 0 component of the eddy current in the passive shell in
stead of the commonly used function of magnetic flux signals. Because the 
active coil is controlled via currents in the passive shell we call this an "in
tegrated shell" approach to vertical position control. We present results of 
these experiments and make comparisons between the two methods of con
trol. 
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1. Introduction 

Recent experimental and theoretical advances have demonstrated that 
high plasma pressure regimes can be achieved by increasing the non-circularity 
of the plasma cross-section. D-shaped, non-circular, configurations are now 
considered to be promising candidates for optimizing the tokamak concept 
toward economically attractive fusion reactors. Larger devices, such as TPX 
and ITER, have been designed to maximize both the elongation and triangu
larity of the plasma cross-section. A serious problem encountered in highly 
non-circular designs is an associated vertical instability. Illustrative of the 
need for effective vertical control is the recent observation of the Vertical Dis
placement Event (VDE)[l]. In the VDE a vertically displaced plasma, with
out a coincident reduction in current, causes significant motion of the vacuum 
vessel. As a consequence, plasma facing components have been severely dam
aged by halo currents flowing through the plasma edge and vacuum vessel 
metallic surfaces. 

On PBX-M vertical position control of elongated plasma configurations 
is accomplished by a combination of passive conducting elements and an 
active coil system that produces the radial field required to maintain the 
plasma vertical position. The role of the passive elements are to stabilize the 
plasma on MHD Alfven time scale (~ /is) leaving the plasma unstable on 
the L/R time of the passive elements (~ 30 -100 ms). The active system 
compensates the flux loss due to the finite resistivity of the passive elements 
on the dow time scale. The passive conducting elements used (separately or 
in combination) in various devices are: the metallic vacuum vessel structure, 
additional poloidally wound coils, and a close-fitting passive shell. 

An approach utilizing a close-fitting conducting shell is seen as an at
tractive option, since the shell can also reduce the growth rate of exter
nal kinks that are considered a strong candidate for the disruption mecha
nism. In PBX-M[2, 3], a five-element passive structure tightly covers 70% 
of the plasma surface, and in the proposed TPX device[4], the closely fit
ting conducting shell located on the "outboard" side should stabilize the 
n = 0,1, and 2 modes. In the shell arrangement, measurements of eddy cur
rents on the shell, n = 1 and 2, can be used to discern global MHD activity[2], 
and the n = 0 component can be used by a vertical position control system. 

Here, we propose an "integrated shell" approach for vertical position con-

2 



trol that uses the n = 0 component of the eddy current on the close-fitting 
conducting shell to achieve a more stable control. In order to simplify the dis
cussion we assume a symmetric divertor configuration with the plasma held 
on the mid-plane.1 With plasma motion, the eddy current appearing on the 
passive shell consists of the current due to the plasma motion itself and that 
due to changes in the current through the active coil circuit. As discussed 
later, if the n = 0 component of the shell eddy current is kept at zero, the 
plasma position will remain on the mid-plane. In this approach, the plasma 
position is included indirectly and the active coil is controlled to maintain a 
"zero n = 0 induced component" of the shell eddy current. Because of this, 
the active coil can be considered as a part of the passive shell structure, and 
the system works as an integrated virtual flux-conserving shell. Thus, we 
coin the term "integrated shell" approach. 

This integrated shell scheme is similar to the MHD stabilization of a re
versed toroidal pinch proposed by Bishop[5], where localized eddy current 
patterns are controlled using localized sensing loops with active coils tightly 
coupled to the passive shell. There are several advantages to controlling 
the passive shell eddy currents applicable to fusion reactors. Firstly, a re
duction of the current on the passive shell, or on the surrounding vacuum 
vessel structure, will reduce the heat generated in these components bene
fiting long pulse devices. Secondly, with the integrated shell approach, the 
system's response is predominantly damped exponential in character without 
the inclusion of derivative action in the control law. Thirdly, the global eddy 
current is less vulnerable to contamination by noise and non-ideal magnetic 
flux sources. The proof-of-principle study of the integrated shell concept, as 
recently carried out on PBX-M, is the subject of this paper. 

We describe in Section 2 the basics of plasma vertical position control 
and compare the standard and integrate shell approaches. We present an 
analysis of the two methods, in the simplest case, and discuss the dynamic 
character of the solutions. Section 3 describes the application of vertical 
position control on PBX-M, and presents results from recent plasma experi
ments illustrating the effectiveness of the integrated shell method in practice. 
Section 4 contrasts the two methods in detail. Finally, we will summarize 

1For an asymmetric divertor configuration, or for configurations with the plasma held 
off the mid-plane, the method can be modified by introducing a time varying onset pro
portional to the plasma current. 

3 



our results and offer suggestions for further study. 

2. Active Plasma Vertical Position Control 

Figures la and lb illustrate schematically the commonly used "explicit-
z" [7] and integrated shell approaches to vertical position control. In both 
instances the plasma-active and plasma-passive interactions are identical. 
The following set of equations describe either system. 

LJa + Rah + Mp,Jps + M^IpiZpl = Va (1) 

Va = Kp{al - a") + K4±{c? - a") (2) 

-$fs + RpJps = 0 (3) 

%, = Mps,aIa + LpsIps + M'psjllIplZpl (4) 

K*I* + K**!» ~ M'U^zvi = 0 (5) 
where 

I = current 
V = voltage 
L = self inductance 
R = lumped parameter resistance 
a = active feedback system 
ps = passive shell system 
x is the derivative of x with respect to time 
MX]y = mutual inductance between systems x and y. 
Mpsia = mutual inductance between the n = 0 current path 
on the passive shell and the active coil system. 
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$ = component of poloidal flux 
x' is the derivative of x with respect to z 
pi = plasma 
Zpi = plasma vertical position 
Kp = proportional gain 
Kd = derivative gain 
ext - refers to the external coil system 
a* = target value of the control variable 
a° = observed value of the control variable 

Equations (1) and (3) are Kirchoff's voltage law for the active and passive 
systems respectively. Equation (2) describes the feedback law, Eq. (4) de
scribes the induced flux on the passive stabilizer, and Eq. (5) is a statement 
of the radial field balance relationship. 

When the plasma moves off the mid-plane a radial field is generated ac
cording to Eq. (5). The motion induces voltage on both the passive and 
active coil systems (Vp, = M'^^l^Z^. and Va = M^IpiZpi) producing stabi
lizing radial fields that act to oppose the motion of the plasma. This action 
by the passive stabilizer, and to a far lesser extent the active coil, increases 
the time scale of the vertical instability from the ideal MHD time scale to 
one similar to the effective L/R time of the combined passive and active 
coil systems. The feedback system provides a controllable radial field that is 
used to actively control the plasma's vertical position. The feedback system 
is used to move the plasma back to the mid-plane, or alternatively can be 
used to hold it in a vertically asymmetric configuration. 

In the explicit-z approach, the vertical position of the plasma centroid 
relative to the mid-plane, IpiZpi, is the control variable. An estimate of IP]Zpi 
is typically constructed from magnetic flux and/or field measurements. The 
feedback system causes the voltage K pI pi(Z p l - Z^) +K d £l p i (Z p l - Z°,) to 
appear at the terminals of the active coil system, which generates a stabilizing 
radial field of magnitude M^Ia- It should be noted that the active system 
also couples to the passive system, and that the coupling is such that it 
lessens the effect of the passive system by producing a destabilizing radial 
field. 
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In the integrated shell approach, the n = 0 component of the passive shell 
current is used as the control variable. If we can maintain Ips « 0 the plasma 
should stay nearly centered on the mid-plane. Again, the feedback system 
is used to produce the stabilizing radial field. In this case we only use the 
term proportional to the difference between the target and observed value 
for effective control. This is because the roots of the system's characteristic 
equation are real for all positive values of K p as discussed later. The voltage 
applied to the active coil system is K p (I p s - IJJ, which generates a radial 
field of magnitude M^ p lI a. 

2.1. Circuit Analysis 
The stability of a passive system assisted by an active system depends 

on the relative strengths, and derivatives thereof, of the mutual magnetic 
coupling between the passive system, the active coil system, and the plasma 
vertical position. Using Laplace transform techniques we can derive a transfer 
function relating IpjZpi to the remaining variables (Ips and I a). The global 
behavior of the system is determined by the roots of the denominator of this 
transfer function (the characteristic equation). Following the treatment by 
Lazarus et al.[6], we focus our efforts on the behavior of the roots to the 
characteristic equation as the gain is varied. Standard transform techniques 
applied to Eqs. 1-5 with Kd = 0, i.e., proportional control only, yields the 
following characteristic equation [8]. 

f(s) = As2 + [Bo + KyBJs + [Co + Jf,Ci] = 0 (6) 

where s is the Laplace transform variable (see Appendix). The analysis of the 
case Kd ^ 0, proportional plus derivative control, has been discussed previ
ously [6-8] and will not be considered here. From stability considerations it 
is obvious that the proportional gain, KP, must be negative in the integrated 
shell method and positive in the explicit-z method. To simplify our anal
ysis and discussions, the proportional gain for the integrated shell method 
is made expressly negative by introducing a minus sign in Eq. 2. With 
these sign conventions V a = - K p ^ - !£,.) for the integrated shell method 
and V a = Kp(ZPi — Z°{) for the explicit-z method. In what follows we only 
consider the case of Kp > 0 for both the explicit-z and the integrated shell 
methods. 
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The dynamic behavior of the system is determined by the values of the 
roots of the characteristic equation. Some insight into the different ways that 
gain affects the roots for both explicit-z and integrated-shell methods can be 
obtained by comparing the coefficients of the equation for both methods. 
The coefficient A is the same for both schemes, and does not depend on the 
gain Kp. The terms Bi and Ci that multiply the gain Kp provide insight into 
the differences between the two schemes. 

£?! = -

for explicit-z control and 

LaL„ 

Mi**M'paipl LpaM'a<pl 

M'Lw M'Uvx 

Bi = LaLpS 
AW + K,piMps,pi 

K** 
for integrated shell control, while 

C 1 = - ^ K,P, 
LaLps M^tj,, 

for explicit-z control and 
C 1 = 0 

(7) 

(8) 

(9) 

(10) 
for integrated shell control. The most significant difference between the equa
tions for the two schemes is that Ci = 0 for the integrated shell scheme. 

We can rearrange Eq. (6) so that it resembles the usual feedback equation 
1 + G(s)H(s) = 0. By doing this we can apply the techniques of classical 
control theory to analyze the behavior of the roots as the gain is varied. The 
quantity G(s)H(s) is called the loop transfer function. The poles (zeros) of 
G(s)H(s) are the roots of the denominator (numerator) of G(s)H(s). The 
poles of G(s)H(s) are the roots of Eq. (6) when K p = 0. These are the 
eigenvalues of the system without feedback. At the opposite extreme the 
zeros of G(s)H(s) are the roots of Eq. (6) in the limit as Kp —> oo. 

For both the explicit-z and the integrated shell approach the poles of 
G(s)H(s) are real and opposite in sign (i.e., there is one stable and one 
unstable eigenmode). This is to be expected as the system is unstable without 
feedback. The difference in behavior of the roots as a function of gain for the 
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two schemes occurs because of differences in the locations of the finite zeros 
of G(s)H(s). In the explicit-z scheme the finite zero occurs at 

s = - ^ 
Lpsl 

V ^ i 1 "*aj" "*ps,pl / , , - . 
I M' * ' 

ijpiMa,vl . 
The quantity in brackets is always positive, making the overall sign negative. 
For the integrated shell scheme the finite zero is located at s = 0. 

Figure 2 shows the behavior of the roots for each method, given the 
parameters of the PBX-M device, as the gain is varied. For both cases, when 
the gain is small, we have two real roots of opposite sign, the positive root 
being greater in magnitude. As the gain increases, the roots in the explicit-z 
system coalesce to form a double root that becomes a complex conjugate 
pair as the gain is increased further. The double root can occur either on 
the positive or negative real axis. If the double root occurs on the negative 
real axis, it occurs very near to the origin. Depending on the location of the 
double root, we will initially get exponentially damped or growing sinusoidal 
modes. As the gain is increased further, we get two exponentially damped 
sinusoidal solutions. At a much higher value of gain, the roots are both real 
and negative and the modes are damped exponentials. In limit as K p ->• co, 
one root approaches negative infinity and the other converges to the value 
of the loop transfer function zero. In the integrated shell scheme a slight 
increase in gain above zero moves the positive real root close to zero and 
the negative real root far from zero. Because of the zero of the loop transfer 
function at s = 0 the roots are never complex. The magnitude of the positive 
root can be made as close to zero as desired merely by increasing the gain 
K p. Because of this the dominant root is the negative one and the behavior 
of the system is primarily due to the eigenmode associated with it. There 
is a question as to whether or not the growth time for the positive root can 
practically be made large enough to provide for stable conditions on the time 
scale of the experiment. Although simple calculations confirm the assertions 
above this question can best be answered by results from experiments. 

3. Vertical Position Control On PBX-M 

PBX-M is a medium size tokamak with 1.65 m major radius and mid-
plane plasma width of 0.3 m. It is capable of producing strongly indented con-



figurations of up to 30%. This configuration is intrinsically unstable against 
the n = 0 vertical displacement, and foe this reason the passive stabilizing 
shell surrounds the plasma surface by as much as 70% [2]. The PBX de
vice, which operated prior to PBX-M, also incorporated a passive shell that 
partially surrounded < 30% the plasma surface to help with the vertical in
stability (n = 0). The extended coverage passive shell on PBX-M, although 
primarily installed to help suppress the ideal MHD surface kink mode (n = 1), 
has also improved the passive response to vertical plasma motion over rel
ative to the PBX configuration. This is due to the higher mutual coupling 
between the new outboard plates and the plasma, and the higher current 
density near the outboard plates relative to the inboard ones. The PBX-M 
device has five independently-controlled poloidal field coil systems, some of 
which are located immediately behind the passive stabilizing shell in order 
to produce the higher moment magnetic field patterns required to form the 
highly non-circular plasma. Thus, slight misalignment of the poloidal field 
coils near the observation flux points can result in a substantial asymmetric 
signal on the flux loop that is used by the feedback system. 

Two sets of active coils are located outside the vacuum vessel. Each pair is 
saddle-connected and are located on the inboard (R = 0.667 m) and outboard 
(R = 2.25 m) sides of the plasma discharge. The radial field produced is 
close to uniform over the plasma cross-section. The maximum field strength 
is 20 G near the horizontal mid-plane at 2 kA excitation current. The field 
penetration time (L/R) is « 100 - 150 ms. The power supply is a 2 kA/50 V 
linear voltage amplifier. 

Flux observation points are on the passive shell surface facing the plasma 
surface. As shown in Fig. 3, the flux values are constructed by combining two 
sets of flux loops: toroidally continuous flux loops located behind the passive 
shell, and toroidally segmented loops located in front of the passive shell. In 
the explicit-z scheme, these signals are vulnerable to misalignments of flux 
loops, misalignment of poloidal field coils, localized eddy fields (especially 
the segmented loops), unidentified eddy currents from the OH flux swing 
and its time derivatives, and the toroidal field. In this scheme we apply DC 
compensation for the five poloidal field coil system currents, the OH current, 
and the toroidal field current. The difference between the flux measured 
above and below the mid-plane is used as an estimate of the plasma vertical 
position. Operation of this system was reported in [8]. Typical values of the 
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parameters for both methods of control are listed in Tables 1 and 2. 

3.1. PBX-M Passive Stabilizer System 
The passive plates are poloidally segmented to provide for equilibrium 

field penetration (Fig. 3). The typical value for the field penetration time 
is 10-20 ms .which is comparable to the field penetration time through the 
vacuum vessel. Experimentally it. -as demonstrated that field penetration is 
fast enough to move the plasma radially 5 cm in 10 ms. Each passive plate 
has a toroidal gap for OH flux penetration. In Fig. 3, sets 1, 2, and 3 are 
for stabilizing the n = 0 component with one saddle connection between top 
and bottom. The effect of these plates is expected to be relatively weak for 
moderately indented plasmas, increasing as the plasma approaches the plates 
with vertical motion. Set 5 is the main stabilizing component for both the 
n = 0 and n = 1 components. To increase the effectiveness for n = 1 stabi
lization, additional paths for current flow between the top and bottom plates 
are provided by eleven electrical connections nearly equally distributed in 
the toroidal direction. The mid-plane area is left open for NBI, RF couplers, 
and diagnostic access. Set 4 can be used for either n = 0 stabilization or can 
be used for both n = 0 and n = 1 stabilization by connecting it to set 5 at 
eleven toroidal locations. This extended coverage configuration was first used 
to study the effectiveness of the passive stabilizer against the n = 1 mode [2]. 
We presently use this extended coverage option for normal operation which 
effectively combines plates 4 and 5 as a stabilizer for both the n = 0 and 
n = 1 modes. 

As stated previously, the coupling between the active and the passive 
systems has a negative effect on the active control system. The passive 
system actually shields the plasma from the active coil[7]. If the magnitude 
of this coupling is excessive, active control of the plasma's vertical position 
cannot be achieved. During the design phase, the coupling between the active 
and passive systems is considered an important design parameter and great 
care is taken to minimize it. 

Equations (7) and (8), for the explicit-z and integrated shell methods 
respectively, must be satisfied to allow active control of the plasma's vertical 
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position. From Eq. (7), for the explicit-z method, we see that 

I-*WI < I*K* 
Mp* 

(12) 

which reduces to Mps,a = 14.5 x 10 6 < 25.7 x 10~6 using parameter values 
from Table 1. Using Eq. (8), for the integrated shell method 

\MP,,a\ < K*K* 
M'^ 

(13) 

which reduces to Mp,,t = 14.5 x 10~6 < 43.6 x 10~6 using parameter values 
from Table 1. We see that for the PBX-M device the condition on the 
coupling between the active and passive systems is easily satisfied for both 
methods of control. 

3.2. Eddy Current Patterns 
Eddy currents on the shell are measured by Rogowski coils on the eleven 

mid-plane electrical jumpers that connect the upper and lower plates of set 
5. The effective bandwidth, including the necessary integrator, is 10 kHz 
with a sensitivity of « 10 A. The eddy current pattern on the passive stabi
lizer due to plasma vertical motion is a saddle-like current with the polarity 
change occurring at the OH gap. It is possible to visualize the eddy current 
distribution by assuming that the current distribution is continuous rather 
than consisting of the eleven jumper currents. The conditions V x B = I 
and B r = constant constrain the eddy current Ipa(^) to be a linear function 
of toroidal angle, namely lj*(0) = Io(0 — ir). An example of the eddy current 
as a function of toroidal position is shown in Fig. 4. In this case, the verti
cal position control was disabled at t = 400 ms. As expected, the values of 
induced current are opposite in sign at tj> = 0+ and $ = 0_ degrees relative 
to the OH gap. It is possible to extract the linear component, as a function 
of 4>, of the observed distribution. In the experiment, the difference between 
the current signals at <j> = 0 + and <j> = 0_ is taken and averaged to extract 
the n — 0 component. By averaging in this manner, it is possible to minimize 
the contributions from n = 1 type MHD activity as reported in [2]. 
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3.3. Example of operation 
Figure 5a is a time sequence of the currents for a bean-shaped config

uration discharge utilizing the passive shell currents to control the plasma 
vertical position. Prior to t = 0 (data before t = 0 is not shown), the OH cur
rent is ramped to 10 kA. At t = —16 ms, the OH current begins a sharp de
crease, producing a one turn voltage (« 15 V in a vacuum) that initiates the 
plasma discharge. The vertical position control is turned on at t = 0 ms with 
Rogowski # 1 as the sensor. Initially the plasma cross section is circular, equi
librated only by the equilibrium field (EF) current (uniform vertical field). 
The elongation control trim field (T3) is enabled at t = 100 ms, followed im
mediately by the indentation field (IF) to form the bean shape configuration. 
The divertor separatrix trimming current (T2) is added at t = 250 ms, and 
the discharge achieves quasi-steady state at t = 350 ms. The discharge is 
terminated at t = 750 ms by lowering all of the shaping fields (T2, IF, T3, 
and DF). 

As seen on the shell current (Rogowski #1), the current between t = 0 
and 100 ms suddenly increases. This is presumably due to the asymmetric 
field produced by the high one-turn voltage required to initiate the discharge, 
which produces top/bottom asymmetric currents on the vacuum vessel and 
internal coil cases. When the primary shaping fields (IF and T2) are acti
vated, a similar increase in the shell current is observed. Because the gain 
of the feedback system is optimized for the quasi-steady state period, we see 
high currents in the feedback system coil at 100 and 200 ms. 

The behavior of the flux at the shell surface is monitored at observation 
locations 3 and 4 in Fig. 3. The signals fa and fa in Fig. 5b are the difference 
between the top and bottom flux signals at positions 3 and 4, respectively. 
During the quasi-steady state period, these two flux values show similar 
behavior. The magnitude of the computed flux difference at location 4 is 
closer to zero, indicating that the plasma surface is closer to being vertically 
centered at this radial position. On the other hand, the behavior at location 
3 is similar but is shifted by A^ « 1 mWb, indicating that at this radial 
position, the flux surface has slightly more vertical asymmetry. 

The plasma vertical motion can be independently determined from saw
teeth crash behavior measured by soft x-ray arrays viewing a poloidal cross-
section of the plasma. Figure 6 shows that during the quasi-steady state 
period, the sawtooth inversion radius remains constant between 5 and 7 mm 
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below the mid-plane. This is consistent with the observed flux signals tpz and 
^4. As shown in this example, the system is stable and the vertical position 
is maintained within ±1 mm 

4. Discussion 

Here, we discuss practical issues and merits for both the explicit-z and 
integrated shell methods of vertical position control. One of the difficulties 
for the vertical position control is the excitation of unknown radial fields 
most probably due to (1) asymmetric eddy currents due to asymmetries 
in the supporting structure, or (2) asymmetric fields caused by misaligned 
poloidal field coils. Furthermore, misalignment of field sensors can add to 
the complexity of the system. We first discuss the explicit-z approach. 

Typically, at least for most present tokamaks, the vertical position con
trol feedback system has one active power supply. The control variable is 
constructed as follows: 

« = E A A ^ (14) 
i 

where Aipf* is the observed difference in poloidal flux at a given major 
radius at symmetric locations above and below the mid-plane. Depending 
on the choice of {DJ, a might represent the vertical position of the outermost 
magnetic flux surface, an averaged observed magnetic flux, or a magnetic flux 
value of the control variable extrapolated towards the plasma surface. The 
best choice for {D;} depends on the locations where the flux is observed, the 
location of the active coil system, the geometry of the passive system, and the 
shape of the plasma. The definition of the control variable, a, and the choice 
of {Dj} have been proposed by various groups for their respective devices. 
For example, in the bean shaped configuration it has been suggested that the 
system can be made more stable if the positions of the flux sensors cross the 
magnetic surface and are far away from the equilibrium field eoils[9]. One 
possible method of formulating the flux function would be to use numerical 
equilibrium results to parameterize the dependence[l]. 

The experimental determination of the vertical location of the plasma cen-
troid appears to be straightforward. However, the experimentally observed 
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flux, Aip^j, is contaminated by "non-ideal" contributions 6ipf 

A ^ = A$* s + <ty?s (15) 

These non-ideal sources of flux are due to 

1. Poloidal and/or toroidal misalignment of observation flux loops. 

2. DC asymmetric fields due to imperfect alignment of poloidal field coils 
and toroidal field windings. 

3. Asymmetric eddy currents on the metallic structures related to plasma 
horizontal motion and the poloidal flux swing. 

The magnitude of these non-ideal components of flux can be comparable 
to that produced by plasma motion. To achieve effective control, we must 
compensate for these sources of flux in the feedback system. Some non-ideal 
components are proportional to the poloidal field currents and eddy currents 
produced by time derivatives of poloidal field currents, i.e., 

^ ' = E V i + j ; ¥ i - as) 
J 3 

The observed value of the control variable (a 0) without compensation is 

a" = £ DiMt' + E E DiEfjIi + E E AVi- (17) 
t t j i j 

As stated previously, we must compensate far Sift** in the feedback system. 
In practice, the compensation process can be quite tedious, and typically 
only those terms proportional to PF currents are compensated. Compen
sation of sources proportional to derivatives of the PF currents (i.e., eddy 
currents) is considerably more difficult and usually is not successful. In some 
cases, multiple redundant magnetic measurements, combined with averaging 
techniques are used to deal with this problem. 

For some configurations inclusion of a time derivative term in the control 
may be necessary to achieve a stable response in the explicit-z feedback 
scheme [6, 8]. The inclusion of the derivative term helps by advancing the 
phase of the system. Unfortunately, the bandwidth of the system must be 
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limited to maintain reasonable noise immunity. This tradeoff increases the 
stability but degrades the response capability of the system. 

For the integrated shell approach, the induced current on the passive shell 
Ips is the quantity we want to control, so that the control variable becomes 

adMlps. (18) 

Again, as in the explicit-z formulation, Ips will contain non-ideal components 
so that 

I£P = IP, + 6IP, (19) 
where I ^ p is the observed value of the control variable Ips and 61^ represents 
non-ideal currents attributable to sources similar to Sipf0* in Eq (13). 

Some of these non-ideal effects are automatically compensated simply 
by our choice of Ips as the control variable. As an example, consider the 
localized eddy current patterns St^f (higher n/m components) related to 
unidentifiable local eddy fields. Averaging this over the shell surface results 
in < Sl^g" > « 0. Thus the current through the saddle-connected passive shell 
is a global quantity representing the top/bottom asymmetric n = 0 current. 

If the shell is not ideal, eddy currents with an n = 0 character can be 
produced by time-varying components of the equilibrium field. However, this 
n = 0 current induced on the shell is no different from that resulting from 
plasma motion. The feedback system merely acts to minimize the resulting 
radial field and compensation is achieved. On the other hand, effects of DC 
asymmetric fields must still be compensated, otherwise the effective value of 
the control variable will be offset from the target value. 

The fact that a derivative term is not required for effective control is 
central to the success of this method. The reason for this is that the cur
rent on the passive shell is proportional to the derivative of the flux on the 
passive stabilizer (see Eq. 3). In principle other devices could implement a 
similar control if they can provide enough flux loops to accurately represent 
the flux on the passive stabilizer. They could then implement Eq. 3 by tak
ing the derivative of their flux quantity if they knew the resistance of the 
passive stabilizer accurately. There would still remain the problem of taking 
the derivative of noisy data that would necessitate some action that would 
necessarily reduce the systems bandwidth. For machines that would like to 

15 



use the passive shell but do not have a toroidal gap, Rogowski coils could be 
used to measure asymmetric currents on the shell or an additional poloidally 
wound passive saddle coil could be used to measure this current. 

Again, for simplicity, a double-null configuration has been assumed with 
a1 = I p s = 0, i.e., we want to hold the plasma symmetrically on the mid-
plane. An asymmetric configuration such as a single-null divertor can be 
stabilized in a similar manner by offsetting a1 proportional to the plasma 
current. The passive shell in this case should be designed so as to minimize 
coupling between the shell and the poloidal field coils. 

5. Summary 

We have demonstrated the applicability of the integrated shell concept to 
vertical position control. The key is the usage of the n = 0 component of the 
shell current, Ipg. By using the shell current, we have been able to effectively 
control the vertical position of the plasma without actually determining its 
position. Operationally, DC compensation and controller tuning were greatly 
simplified, and the system was able to maintain control over a wide range of 
plasma discharge conditions without retiming or recompensating. Elimina
tion of the derivative term in the control law allows us to operate the system 
with increased bandwidth (when compared to operation with the explicit-z 
method) and reduces the amount of noise in the system. Overall operation 
was improved over previous implementations Uoing the explicit-z method. 

Because the geometry of the shell is designed to optimize the coupling 
between the shell and the plasma vertical motion, the shell eddy current 1^ 
is naturally a good global measure of the vertical motion. In principle, local 
flux measurements can serve as sensors for similar flux-conserving effects on 
the shell surface. However, the accurate determination of the averagrd flux 
on the shell surface with local Sux observations is difficult in practice. To 
accomplish the measurement, multiple observation points, an accurate func
tional parameterization of the flux values, and an effective magnetic field 
compensation scheme are needed. The additional complexity adds uncer
tainty in the control variable and is a source of error in the control system. 

Improvements in vertical position control are related to more accurate 
measurement of the eddy current patterns associated with plasma vertical 
position. Better determination of the eddy currents plays a fundamental role 
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in the improvement of any scheme for disruption avoidance. These improve
ments may benefit larger future devices such as TPX and ITEii. 
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Table 1: Circuit and magnetic field parameters for the PBX-M device. 

Lps = 9.7/JH 

RPS = 62 fiti 

La = 2.1 mH 

R* = 13.8 mfi 

Mp8,a = 14.5 iM. 

K* = 7.7 (iE/m 

Ma,p, = 20.4 pH/m 

K*& = -3 .6 jtH/m 2 



Table 2: Coefficients of the characteristic equation given PBX-M parameters. 

Integrated Shell Control Explicit-z Control 

A = -0.70 

Bo = 1.48 

B! = -1428.46 

Co = 41.85 

Ci = 0.0 

A = -0.70 

Bo = 1.48 

Bi = -1183.57 

C 0 = 41.85 

Ci = -17222.10 



Appendix A. Form of the Characteristic Equation 

The characteristic equation of the system of equations 1 through 4 (Kd = 0) 
can be written as 

/(«) = As2 + Bs + C = 0 (Al) 

where s is the variable of Laplace transformation. The coeflficients A, B, and 
C are 

. l_ . l l *„J | ^ JA^M'^Mlvl Aft. ( A 2 ) 

B = Bps, B 2 for the integrated shell and explicit-z approaches respectively 

Bz = ^S. 
'p* 

1 + 
ML aj>t + _ _ _ £ _ _ _ _ _ + ^psRa 

LaMextjx LaRpsM^pi Rp,La 

KB 

LaLpS 

MP',aMp,ja LP*K,Pi *z* M^pl 

(A3) 

B, ps Lps [ ^a^txtjA •̂ -'o-Rps-̂ eij.pi BpsLa 

M'^ML 
+ i«i P . 

M 0 J , a + • •1q,pl-'"ps,pi 

JU_*rf 
(A4) 

and C = Cps, C z for the integrated shell and explicit-z approaches respectively 

£ _ RpsRg g RpsM'apl 

LpsLa LaLpsM'^pi 

fi ItpsKa 
ps ~ 1~T~ 

Lips tia 

(A5) 

(A6) 

Given our definitions for current reference directions etc. A < 0 and, in the 
limit as K p -+ 0, B > 0 and C > 0. 
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Figures 

Fig. 1. Schematic representations of the explicit-z and integrated shell ver
tical position control schemes. 

Fig. 2. Behavior of the roots to the characteristic equation for the explicit-z 
and integrated shell methods as the gain K p is varied. 

Fig. 3. Explicit-z and integrated shell methods applied to PBX-M. Both 
methods share the active power supply and coil system. In the explicit-z 
method we measure the poloidal flux on both sides of the passive stabi
lizer. For the integrated shell method the measurement is of the n = 0 
component of the passive shell current. 

Fig. 4. Eddy current on the passive stabilizer with vertical plasma motion. 

Fig. 5. Quantities relevant to vertical position for a typical PBX-M plasma 
discharge utilizing integrated shell control, (a) Plasma and poloidal field 
currents, (b) n = 0 passive current Rogowski signal, flux loop signal, and 
active power supply current. 

Fig. 6. Vertical position of the plasma discharge, with integrated shell con
trol, derived from soft x-ray sawtooth inversion radius data. 
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