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In the design of next step tokamak devices, it will be of key importance to carefully optimize the
plasma magnetic configuration, in particular its elongation, triangularity and aspect ratio. Indeed,
the sharp dependence of the safety factor q upon plasma elongation and, as a consequence, of the
maximum achievable plasma current in disruption-free operationmode is of paramount importance
to achieve high plasma performances and high-Q.

The aim of this paper is to study the effects that plasma aspect ratio, plasma-wall normalized dis-
tance and plasma current profile have on passive plasma vertical stabilization, this being quantified
by the plasma stability margin and instability growth time. Following this first step, the key aspects
and figures of merit of plasma active vertical stabilization will be reviewed, with specific emphasis
on the maximum disturbances that can be recovered by the plasma active control system with fixed
current and voltage ratings. Both in-vessel as well as ex-vessel optimally placed stabilization coils
will be considered. State of the art plasma models (as based on linear, MHD theory) and metallic
structures (fully 3D structures) will be deployed in study.

The final goal is to derive the dependence of plasma elongation upon the parameters described
above in order to achieve robust passive and active stabilization with and without internal coils.

Published as a journal article in Nuclear Fusion
http://iopscience.iop.org/article/10.1088/1741-4326/aa8386

http://iopscience.iop.org/article//10.1088/1741-4326/aa8386
mailto:alfredo.portone@f4e.europa.eu
http://iopscience.iop.org/article/10.1088/1741-4326/aa8386


1  PDP-23 

Active and passive stabilization of n=0 RWMs in future tokamak devices 
 

A. Portone1 

 
1Fusion For Energy, Barcelona, Spain  

 

E-mail contact of main author: alfredo.portone@f4e.europa.eu  
 

Abstract. The aim of this paper is to study the effects of plasma aspect ratio, plasma elongation and plasma-
wall distance on passive stabilization, this being quantified by the plasma stability margin and instability growth 
time. Following this first step, the key aspects and figures of merit of plasma active vertical stabilization will be 
reviewed, with specific emphasis on the maximum disturbances that can be recovered by the plasma control 
system while minimizing active currents and voltages. Out of (ex) vessel optimally placed stabilization coils will 
be considered, the final goal being the study of the interplay among plasma elongation and the parameters 
described above to achieve robust passive and active stabilization. By fixing the maximum control voltage, the 
optimal position of the active coils is derived by estimating the maximum stabilizable vertical displacement and 
the envelope of current-power requirements for the active control system. 

 

1. Introduction 

In the design of next step tokamak devices, it will be of key importance to optimize the 
plasma magnetic configuration, in particular its cross section elongation (κ). In fact, the sharp 
increase of the safety factor q with κ and, therefore, of the maximum achievable plasma 
current in disruption-free operation mode is essential to achieve high fusion gain (Q). Indeed, 
tokamak reactors operating at high current and fusion power shall avoid any loss of vertical 
control, which may endanger machine integrity and its safe operation. 

Plasma vertical stability has been largely investigated in past years and modelled by many 
different computer codes. From the theoretical standpoint, plasma vertical stabilization is a 
special case (n=0) of the most general ideal MHD stability problem in presence of a resistive 
wall and much effort has been spent coupling ideal MHD codes [1] to the computation of 
eddy currents in the surrounding resistive walls (passive stabilizers) and active currents in 
stabilization coils [2]. Alternatively, and less accurately, the plasma has been modelled as a 
rigid ring magnetically coupled to the surrounding metallic structures and control coils [3].  

In this paper we approximate the plasma response by using the perturbed equilibrium linear 
MHD model [4] in which plasma inertia is neglected on the RWMs time scale (Section 2). On 
the basis of the plasma response and eddy currents model, the key passive and active 
stabilization figures of merit are derived in Section 3. In Section 4 we apply these concepts to 
various parametric studies aiming to quantify the impact of plasma aspect ratio, elongation, 
plasma boundary-wall distance, and wall-coils distance on passive and active stabilization. In 
particular, the optimal positioning of ex-vessel0F

1 active coils is investigated, the driving 
consideration being the maximum voltage applied since this is a key element for coils 
insulation, operation reliability and power supply cost. Some conclusions follow in Section 5. 

                                                 
1 In this paper the attention is restricted to ex-vessel coils as they are more relevant for tokamak reactors.  
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2. Plasma Response Model and Dynamic Equations 

To study the vertical dynamics of tokamak plasmas on the field resistive diffusion time scale 
of the surrounding metallic structures, we follow the approach of the linearly perturbed MHD 
model described in [4]. Starting from an axi-symmetric MHD equilibrium configuration, the 
perturbed MHD model is derived assuming (a) axi-symmetric plasma displacements, (b) 
negligible inertia in the momentum balance equation, (c) ideally conducting plasma.  

Under these assumptions the model [4] describes the dynamics1F

2 of the active and passive 
(eddy) currents (δI) and the plasma vertical position (δz) about such equilibrium configuration 
by means of the following set of equations: 
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Where δv is the vector of active voltages applied to the control (active) coils, L and R are the 
inductance and resistance matrices of the active coils and eddy currents loops, G* describes 
the coupling of such current loops with the plasma and C gives the static correlation between 
current loops and plasma vertical displacement from equilibrium. Finally, K weights the 
voltage contribution from each power supply on each circuit current, the entries of K being 
zero for each eddy current loop (or short-circuited current). If L*=L+G* is non-singular2F

3, the 
system (1) can be put in state space form: 
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Where A=-L*-1R and B=L*-1K and we dropped the notation with δ since it is intended that all 
quantities refer to first order variations from their equilibrium values.   

3. Key Indices 

3.1 Passive Stabilization  
Two indices are routinely used to quantify the passive stabilization efficiency of the metallic 
structures surrounding the plasma, namely the plasma stability margin ms and the plasma 
instability growth time (growth rate) tg (γg ≡1/t g) [5].  
With reference to (1) above, these two quantities are defined as the largest eigen-values of the 
following equations [5]: 

}max{~~
kskkk

* mmpL-mpL =⇒=         (3) 

}max{ kgkkk
* ττRp- τpL =⇒=         (4) 

Another expression for (3) is the one based on the definition of stability matrix M [5]: 

kkkk
* pmpMpLL ~~~1 =≡− −          (3a) 

The stability margin ms characterizes the high frequency response of the metallic structures 
(“inductive” mode of eddy currents) whereas the growth time tg describes the evolution of the 
plasma vertical instability (“growth” mode of eddy currents) on the resistive time scale of the 
                                                 
2 All quantities are assumed to be first order variations about their reference values at equilibrium. 
3 This assumption is no longer valid if the plasma becomes marginally stable, i.e. if ms=0 [5]. 
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metallic structures. To first approximation tg≈msts with ts the L/R decay time constant of the 
slowest mode of eddy currents producing radial field. Therefore, the stability margin ms 
indicates how faster (ms<1) or slower (ms>1) is the plasma instability with respect to this 
mode. Clearly, if ms<<1, vertical stabilization must operate on a time scale (much) faster than 
the “natural” time scale of the main stabilizing mode, which have strong implications on the 
control voltage, current and power requirements (see Section 4). 

 
3.2 Active Stabilization 
 
Besides the response of the structures, plasma perturbations must be also taken into account in 
any control system design. To this end, we assume that an initial disturbance takes place 
offsetting the plasma equilibrium position and initiating a plasma vertical drift up to z=z0 
while no control action takes place. Therefore, the eddy currents I0 in the metallic structures 
can be approximated by the growth mode qg in (4) associated to the unstable (growth) mode 
with the normalization I0=αpg where α= z0/CTpg.  

If at t=0 a constant voltage v is applied to the active control coils, the evolution of the system 
(2) is described by: 
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We now define the minimum stabilization voltage vinf(z0) as the voltage necessary to stop the 
plasma after an offset disturbance z0 within an infinite time. Imposing the condition that 
dz/dt=0 as t →∞, from (5) it can be shown that the following relation holds 
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where (γg, pg) satisfies the eigen-value problem in (4) where AP=PΛ and 1−= PQ . In the last 
expression we outlined the 1/I dependence of C 
upon the plasma equilibrium current I. 
Therefore, vinf(z0) provides an absolute lower 
bound on stabilization voltage for the 
disturbance z0 since any constant voltage v<vinf 
will not stabilize the perturbation z0 (Fig. 1). 

Another important parameter is the minimum 
phase margin (mφ) attainable by derivative 
control (i.e. by feeding back a control voltage 
proportional to the plasma speed dz/dt) with 
ideally conducting control coils3F

4. This margin 
is defined by the peak phase value in the Bode 
diagram of the transfer function mapping the 
applied control voltage into plasma vertical 

speed. This value provides the actual phase margin that can be achieved by simple derivative 
control of the plasma vertical position in which the finite bandwidth of the power supply 
amplifier and of the diagnostic system act as cut-off filters. More elaborated control schemes 
are likely to increase the actual phase margin, at the expenses of higher noise amplification. 

                                                 
4 If the coils are normal conducting, resistive compensation can be used and the same concepts applied. 

FIG. 1: Minimum stabilization voltage 
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4. Results 

4.1 Main assumptions 
We apply the concepts described in Section 3 to study the passive and active stabilization of 
tokamak plasma equilibria by introducing some simplifying assumptions which by no means 
limit the general applicability of the theory.  

We focus the attention on plasma configurations symmetric with respect to the z=0 plane 
(Fig. 2). Similar symmetry assumption also holds for the metallic structures where passive 
(eddy) currents flow and for the vertical control coils that, to produce radial field, are 
connected up-down in anti-series i.e. the coil located on the top half plane (z>0) is driven by a 
voltage of opposite sign with respect to the one located in the bottom (z<0) half plane. 
Plasmas are bound by a smooth flux surface (i.e. without saddle/null points), characterized by 
their major (R) and minor radius (a), elongation (κ) and triangularity (δ). All plasmas are 
“Ohmic” (βp≈0) and their MHD equilibrium configurations are computed by assuming a 
linear dependence of the toroidal current density profile upon the normalized poloidal flux 
𝑗𝑗𝜑𝜑~(1/𝜇𝜇0𝑟𝑟)(1 − 𝜓𝜓)����, with 𝜓𝜓�=1 (𝜓𝜓�=0) on the plasma boundary (axis). The resulting internal 
inductance ℓi for the range of equilibria analysed is shown in Fig. 3.  

The passive structures where the eddy currents flow are modelled by two thin shells with 
electrical resistivity ρe=0.85 µΩ m (stainless steel at 150 C) and constant thickness 60 mm 
each (as the ITER vacuum vessel). The distance ∆i of the innermost shell centreline from the 
plasma boundary is constant around the poloidal angle θ (Fig. 2) and it is taken as parameter 
for the study. The distance (w) between the two shells centrelines is also constant in θ and 
parametrized. The active coils are located symmetrically to z=0 and, to study their efficiency, 
different poloidal angle locations θ at distances from the outermost shell centrelines (∆c) are 
explored. Table I lists the reference parameters and corresponding ranges used. 

 

TABLE I: REFERENCE PARAMETERS AND RANGES USED IN THE STUDY.  

 

 Plasma current  I = 15 MA ← 

 Aspect ratio  A = 3 2 < A < 4 

 Plasma major radius  R = 6 m 4 m < R < 8 m 

 Plasma minor radius   a = 2 m ← 

 Plasma elongation  κ = 1.8 1.4 < κ <2.0 

 Plasma triangularity  δ = 0.3 ← 

 Plasma poloidal beta  βp=0 ← 

 Plasma current density profile  𝑗𝑗𝜑𝜑~(1/𝜇𝜇0𝑟𝑟)(1 − 𝜓𝜓)��� ← 

 Plasma boundary-innermost shell distance  ∆i = 0.9 m 0.2 m < ∆i < 1.0 m 

 Innermost-outermost shell distance w = 0.4 m 0.1 m < w < 0.8 m 

 Outermost shell-active coils distance ∆c = 1.0 m 0.5 m < ∆c < 2.0 m 

 Shells thickness (electrical resistivity)  s=60 mm (ρe=0.85 µΩm ← 
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FIG 2. Basic geometry and notation used. 
Note the opposite voltage polarity for the 
generic pair of control coils indicated. 

FIG 3. Plasma internal inductance ℓi in the 
(A-κ) range used in this study assuming the 
current profile 𝑗𝑗𝜑𝜑~(1/𝜇𝜇0𝑟𝑟)(1 − 𝜓𝜓)����. 

 
4.2 Passive stabilization 

With the assumptions above, the dependence of the stability margin ms upon elongation κ and 
aspect ratio A is reported in Fig. 4. Specifically, we varied the plasma major radius R in the 
range 4 m < R < 8 m while keeping constant a=2 m, δ=0.3, ∆i=0.9 m, w=0.4 m (Table I). As 
shown in Fig. 4, ms decreases with increasing A for κ=const. and, it decreases with increasing 
κ for A=const. The normalized growth time tg

*= tg/ tw, where tw=1/γw is the wall time 
constant of the double shell relative to radial field penetration, gives very similar contours 
(not reported here) confirming that ms ≈ tg

*. 

 
FIG. 4. Dependence of stability margin ms 
upon aspect ratio A and elongation κ for a 
fixed wall distance ∆i/a=0.9 m/2 m=0.45.  

FIG. 5. Dependence of ms upon wall distance 
∆i/a and plasma elongation κ with fixed 
major R=6 m and minor radius a= 2m (A=3). 
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Under similar assumptions we also studied (Fig. 5) the dependence of ms (and tg
*) upon ∆i/a 

and κ by fixing a=2 m, δ=0.3, A=3 and w=0.4 m. As shown, a sharper decrease of ms (and 
tg

*) with increasing ∆i/a is observed, leading to Alfven instability (ms<0) in the top right 
corner of the scanned parameter space (i.e. ∆i/a>0.5, κ>1.85). 

4.3 Active stabilization 

Under the reference assumptions reported in Table I (R = 6 m, a = 2 m, κ = 1.8, δ = 0.3, βp=0, 
∆i = 0.9 m, w= 0.4 m, ∆c = 1 m, etc.) we derive the control voltage needed to stabilize plasma 
vertical instabilities by using coils pairs located at different poloidal angles4F

5 θ (Fig. 2). More 
specifically, we want to analyse the dependence of the minimum voltage vinf(θ) necessary to 
stabilize an initial unstable mode offset of z0=0.1 and vertical speed γz0 in the limit of tstop→∞ 
(Section 3.2). These values give the theoretical minima needed for control. Since vinf(θ) scales 
linearly with z0 and I, we normalize vinf(θ)/(z0I) (Fig. 6). In the same figure are also shown the 
normalized voltage distributions vstop(θ, tstop) /(z0I) for few specific stop times. As it can be 
appreciated, as soon as tstop<tg the voltage increases very rapidly.  

 
FIG. 6. Normalized vinf(θ) and vstop(θ) for 
different braking time tstop.    

FIG. 7. Normalized istop(θ) for different tstop, 
showing a minimum at θ≈60 deg. for tstop≈tg.    

  
FIG. 8. Normalized power pstop(θ) for 
different tstop.     

FIG. 9. Normalized vstop ,tstop versus plasma 
overshoot (coils at θ≈60 deg.). 

                                                 
5 We always assume that a single pair of active coils is used to stabilize the plasma, these being symmetrically 
located about z=0 plane. Hence, only coil locations in the z>0 half plane are indicated. 
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In Fig. 7 the control currents distributions istop(θ, tstop) necessary to bring the vertical speed to 
zero at different stopping times are shown (istop(θ, tstop)→∞ as tstop→∞) and the corresponding 
control power vstopistop is reported in Fig. 8. The location of the active coils that minimizes the 
control current and power is at θ≈60 deg5F

6. From the power supply requirement standpoint, the 
optimal control voltage to recover an initial offset z0 with initial speed γz0 stops the plasma at 
tstop≈tg, leading to overshoot zstop/z0≈1.75 (Fig. 9). Alternatively, by fixing z0 (as given, for 
example, by the diagnostic reconstruction accuracy, noise level, etc.) and zstop/z0 (driven, for 
example, by the available clearance between plasma boundary and plasma facing walls) the 
parameter tstop (and, consequently, vstop etc.) can be derived from the diagram in Fig. 9. 

Another useful set of results concerns the effect of the distance w between the passive shells 
on control. Again, by taking the reference parameters of Table I, in particular by keeping the 
same distance plasma boundary-inner passive shell, but letting the distance w between the 
passive shells to vary within the range indicated in Table I, we have derived the phase margin 
mφ versus θ of the transfer function mapping the plasma vertical control voltage to plasma 
vertical speed. Here the distance plasma boundary to active coils is constant. The mφ(θ) plot 
in Fig. 10 exhibits broad maxima, corresponding to more robust, delay tolerant feedback 
loops, at θ≈40 deg. and θ≈160 deg. and a overall decrease of mφ(θ) as w increases. Physically 
this decrease is due to a more efficient shielding by the outer passive shell of the feedback 
control radial field (smaller distance shell-coils) and, at the same time, in a less efficient 
passive stabilization of plasma vertical motions (larger distance outer shell-plasma).  

 

 
FIG. 10. Phase margin mφ(θ) of the transfer 
function mapping active control voltage to 
plasma vertical speed for different w. 

FIG. 11. Phase margin mφ
∗ versus plasma 

passive stability margin ms. 

 

The dependence of mφ
∗=mφ(θ∗=60 deg.) upon the plasma stability margin ms is shown in Fig. 

11. Here we kept all parameters in Table I as reference except the distance plasma-innermost 
passive shell ∆i which is varied within its corresponding range. In particular, we keep constant 
the inner-outer shell distance w and the distance plasma boundary-active coils. As indicated, 
as soon as ms < 0.5 the phase margin drops and, with it, the robustness to plasma parameters 
changes, delays etc. 

                                                 
6 For the geometry considered here, in particular for A=3 class plasmas. 
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5. Conclusions 

In this paper we have defined and applied several key concepts regarding the stabilization of 
n=0 RMWs, axisymmetric vertical instabilities that may be used as guidance in the design of 
future tokamak vertical stabilization systems. 

In particular we have quantified the strong sensitivity of passive stabilization (decrease in ms 
and tg) to the distance plasma-wall. Beside this well know effect, we have seen how, by using 
ex-vessel stabilization coils, the proximity to the stabilizing coils of the outer passive shell 
reduces, by magnetic shielding, the phase margin of the feedback control loop voltage-speed, 
making any vertical feedback control system more sluggish and sensitive to plant parameters 
variation and chain delays. Increasing derivative gain is an unwelcome solution since sensor 
(or other) noise may exacerbate AC losses heating in superconducting coils.  

We have also quantified the high effectiveness of control coils located in the outboard region 
of the plasma (θ≈60 deg.). Although using control coils located at the inboard region (θ≈140 
deg.) does result in prompter control and higher phase margin (a smaller coil radius and 
inductance indeed increases the rate of change of control current) the lower stabilizing force 
per Ampere of current in such position leada to larger control currents, powers and cost. 

Besides using active coils located at the outboard plasma region and minimizing, compatibly 
with the nuclear shieling requirements, the inter-space between the vacuum vessel double 
shell structure, it is also clear that the “natural” time scale for vertical control is dictated by 
the growth time of the instability tg: indeed, stabilizing the plasma faster that tg leads to 
substantial increases in control voltage and power.  

On the other hand, for effective and robust vertical stabilization the closed loop response 
should be indeed tuned to the “natural” time scale dictated by the growth time tg but, in 
addition, the open loop plant should have a “large” stability margin (ms ≈ 1). In fact, this is 
the most effective way to achieve comfortable closed loop phase margins (tolerance to plant 
variations and delays) without recurring to the design of lead networks that, again, may drive 
fast current variations giving rise to unacceptable losses in the superconducting coils and cold 
structures. 
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