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A B S T R A C T

The Divertor Tokamak Test facility comprises a sophisticated system designed to counteract Error Fields. The 
actual field correction demand will depend on the final characteristics of the assembled machine and, during 
operations, on the specific scenario instant. In this work, a comprehensive approach for the optimal design of the 
Error Field Correction Coil currents during the scenario is presented; the model is based on a circuit model of 
magnetic sources, including the correction coils, as well as Poloidal Field coils, Central Solenoid, plasma current 
and eddy currents. The available degrees of freedom are exploited to minimize the energy demand from 
correction coils power supplies while ensuring effective reduction of Error Fields.

1. Introduction

Error Field Correction Coils (EFCCs) are non-axisymmetric coils 
included in a tokamak design to counteract Error Fields (EFs) due to 
nonidealities in the desired magnetic configuration. Their function is 
crucial to maintain plasma stability and avoid the formation of locked 
modes and, ultimately, disruptions [1–5].

The design of the EFCCs is a significant challenge since the actual EFs 
to be counteracted are unknown until the machine is fully assembled. 
Furthermore, the EFs depend on the specific operating conditions and, in 
addition, on the possible safety margins that might be introduced instant 
by instant for prudential reasons. Therefore, a dynamic EF correction 
action should be investigated. In addition, the EFCC demand in terms of 
electric energy and EF correction conflicts with other requirements, such 
as edge localized modes mitigation and, as future deployment, neo
classical toroidal viscosity control [6].

In the recent past, the EFCC currents have been calculated consid
ering the EF correction for just a single scenario instant [7–10].

However, the actual EFs to be counteracted depend on the plasma 
equilibria of the considered scenario and change during a pulse, ac
cording to the evolution of the currents in the magnetic field sources, 

namely Poloidal Field (PF) coils and Central Solenoid (CS), eddy cur
rents and plasma shape and current. Therefore, a flexible tool to aid in 
choosing the EFCCs currents throughout the scenario, exploiting the 
degrees of freedom to optimize the energy consumption, has been 
developed.

The procedure described in this work is based on a comprehensive 
model able to treat the complex interactions between the EFCCs power 
supplies and the other sources during a complete scenario, considering 
the electrical characteristics of the coils, the inductive couplings and 
both the time-varying shape and position of the plasma.

The objective is to optimize the EFCC currents to minimize both 
energy consumption and the impact of EFs, while ensuring various 
constraints.

The plasma reaction may significantly affect the EFs distribution; 
following the present available studies, the expected impact can be 
either an amplification or a shielding [6,11–13]; here, for simplicity 
reasons, to estimate the impact of the EFs as a function of correction 
currents, the standard vacuum response metric “Three Mode Error 
Index” (TMEI) is used [7,8].

The optimization problem is formulated using a quadratic pro
gramming approach [14,15], taking into account the non-linearity of the 
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objective function and the presence of multiple constraints, such as 
voltage and current limits. The result is the optimal sequence of EFCC 
currents for the given scenario, able to guarantee efficient and effective 
control of EFs.

Although this study is part of a package of EF analysis for the 
Divertor Tokamak Test (DTT) EFCC system, the mathematical formu
lation and the optimization procedure have been developed as general 
tools for the design and operation of the EF correction system in any 
tokamak device.

The paper is organized as follows: Section 2 covers the mathematical 
model, with circuit equations, assumptions, matrix formulation, and 
energy optimization problem. Section 3 discusses the results, and Sec
tion 4 presents the conclusions.

2. Mathematical model

2.1. Circuit model: matrix formulation

For the purposes of this work, the EFCC currents have been assumed 
as unknowns in the mathematical model, while they are assumed to be 
known in all the other coupled circuits, along the whole scenario.

The voltages of the EFCCs are calculated both to assess the electric 
power requirements and to enforce physical constraints. while those on 
the other circuits are not required as they are assumed to be current- 
driven.

Furthermore, the effects of ferromagnetic materials are neglected, 
and no time-dependance of the inductances coefficients between the 
coils is taken into account (“shape invariance” assumption). The resulting 
model is linear.

The voltage at the j-th (j = 1, …, Kcc) EFCC, with a standard 
convention, is given by: 

vj(t) = vcc
j (t) + Rjiccj (t) + veq

j (t) + +vpl
j (t) + veddy

j (t) (1.1) 

where Kcc is the number of EFCCs, vcc
j (t) is the inductive contribution of 

the overall EFCC system, Rj is the resistance of the j-th EFCC, veq
j (t) the 

contribution due to the PF/CS, vpl
j (t) the contribution due to the plasma, 

and, finally, veddy
j (t) is the eddy current contribution due to the sur

rounding conductive structures.
The contribution vcc

j (t) has the following expression: 

vcc
j (t) =

∑Kcc

k=1

Mcc
j,k

dicck (t)
dt

(1.2) 

where Mcc
j,k is the mutual inductance with the k-th EFCC. Similarly, it 

results: 

veq
j (t) =

∑Keq

k=1

Meq
j,k

dieqk (t)
dt

(1.3) 

where Meq
j,k is the mutual inductance with the k-th PF/CS and Keq is the 

total number of PF and CS circuits.
The term due to plasma, vpl

j (t) is: 

vpl
j (t) =

d
(

Mpl
j ipl

)

dt
(1.4) 

where a time evolution of the mutual inductance with the plasma cur
rent is also considered to take into account its geometrical variations as 
well as the evolution of the current profile. Note that veq

j ,

vpl
j and veddy

j are known terms of the model.
Eq. (1.1) can be rewritten in vector form: 

v(t) = Mccdicc

dt
+ Rccicc(t) + veq(t) + vpl(t) + veddy(t) (2) 

where v(t) collects, at j-th position (with j = 1, …, Kcc), the voltage at 
the j-th EFCC at instant t; similar meanings have the arrays veq, vpl and 
veddy for the other voltages and dicc

dt and icc for the currents; in addition, is 
the inductance matrix of the EFCC system and Rcc its diagonal matrix of 
resistances.

The energy absorbed by the EFCC circuits until the generic instant τ 
is: 

w(τ) =

∫ τ

− ∞
v(t)T icc(t) dt (3) 

By minimizing a cost function containing (3), the Kcc EFCC current 
waveforms in the array icc(t) are evaluated, throughout the scenario, so 
as to both counteract the EFs and minimize the energy demand, within 
the current and voltage constraints of the power supply.

2.2. Finite-dimensional model: icc linear time behavior

To simplify the mathematical treatment, the current waveforms are 
projected in the linear piecewise function space. More complex ap
proximations might be envisaged but the linear approximation accuracy 
can be satisfactory if the time ranges are sufficiently small. In the generic 
time interval Δtn =tn − tn− 1, within the scenario timeframe [t0, tN] (with 
n = 1, ⋯, N and N the number of intervals), the EFCC currents can be 
expressed as: 

iccn (t) = iccn (tn− 1) +
Δiccn
Δtn

(t − tn− 1) (4) 

where ΔIcc
n is the array of the EFCC current variations at the interval 

extreme values and iccn (tn− 1) collects the Kcc currents at tn− 1 instant of the 
interval [tn− 1, tn]. Note that the EFCC currents are state variables; 
therefore, the continuity between the consecutive intervals sharing the 
instant tn must be imposed, namely iccn (tn) = iccn+1(tn).

Similar expressions can be written also for PF/CS currents, eddy 
currents and for plasma current.

A piecewise linear time behaviour for plasma mutual inductance has 
been assumed as well. Therefore, from (1.4) the plasma voltage contri
butions can be expressed as: 

vpl
n (tn− 1) = Mpl(tn− 1)

Δipl
n

Δtn
+ ipl(tn− 1)

ΔMpl
n

Δtn
(5) 

where the array ΔMpl
n collects the Kcc variations of the mutual coupling 

between EFCCs and plasma current at the extremes of the interval and 
Δipl

n is the plasma current variation.
As a consequence, the voltages of the EFCCs are linear piecewise 

waveforms in Δtn: 

vn(t) = vn(tn− 1) +
Δvn

Δtn
(t − tn− 1) (6.1) 

where: 

Δvn = RccΔiccn + Δvpl
n (6.2) 

and: 

vn(tn− 1) = Mcc Δiccn
Δtn

+ Rccicc(tn− 1) + ...

+vpl
n (tn− 1) + veq

n (tn− 1) + veddy
n (tn− 1)

(6.3) 
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2.3. Energy evaluation

From (3) it is possible to show that the amount of energy required by 
the EFCC system in Δtn is: 

wn = xTA(n)x + xTb(n) (7.1) 

with x =

⌈
xn− 1
xn

⌉

=

[
iccn (tn− 1)

iccn (tn)

]

where the block matrix A(n) is: 

A(n) =

⎡

⎢
⎢
⎢
⎢
⎣

− 1
2 Mcc + Δtn

3 Rcc

Δtn
6 Rcc

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

Δtn
6 Rcc

1
2M

cc + Δtn
3 Rcc

⎤

⎥
⎥
⎥
⎥
⎦

(7.2) 

and the arrayb(n) is: 

b(n)
=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

Δvpl
n

6
+

(

vpl
n (tn− 1) + veq

n (tn− 1) + veddy
n (tn− 1)

)

2

Δvpl
n

3
+

(

vpl
n (tn− 1) + veq

n (tn− 1) + veddy
n (tn− 1)

)

2

⎤

⎥
⎥
⎥
⎥
⎥
⎦

Δtn (7.3) 

In the subsequent step-by-step optimization procedure, N optimiza
tion steps have to be carried out sequentially on all the sequence of N 
intervals. At each step the xn− 1 is assigned (starting from x0) because of 
the current continuity; therefore (7.1) can be rewritten in a simpler 
form: 

wn = xT
n A(n)

22 xn + xT
n

⎡

⎣b(n)
2 +2A(n)

21 xn− 1

⎤

⎦+ kn− 1 (8.1) 

where: 

kn− 1 = xT
n− 1A(n)

11 xn− 1 + xT
n− 1b(n)

1 (8.2) 

and A(n)
11 , A(n)

21 and A(n)
22 are the submatrices which notation follows the 

common partitioning of A(n), as well as b(n)1 and b(n)2 the partitioning for 

b(n).

2.4. Energy and EF optimization

The aim of the EFCC system is to counteract EFs along the scenario.
As mentioned in the introduction, the TMEI metric for the EF esti

mation has been adopted in this work. The TMEI at a generic instant tn of 
a scenario can be expressed as: 

TMEIn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

xT
nG(n)T WG(n)xn − 2xT

n G(n)TWf
n
+ fT

n
Wf

n

√

Bt

(9) 

where fn collects the real and imaginary parts of the first three Fourier 

harmonics of the EF at tn, G(n) is a matrix which collects the real and 
imaginary parts of the harmonics generated by unitary EFCC currents, W 
is the diagonal matrix of the TMEI harmonics weights and Bt the un
perturbed toroidal field at the magnetic axis [7,8].

In the design approach used in the past, the currents were evaluated 
instant by instant taking into account only the TMEI, and just the 
constraint on maximum current were imposed [8].

The procedure proposed here select the currents with the additional 
goal of reducing the energy required by the EFCC power supply. Then, 
the new formulation looks for the minimization of a new cost function 
containing both TMEIn and energy, together with two constraints, i.e., 
current and voltage.

The solution might be sought in different ways, such as minimizing 

(8.1) and imposing the maximum allowed value of TMEIn as just a non- 
linear inequality constraint or, alternatively, using one of the several 
multi-objective approaches.

Here, a multi-objective optimization approach based on the “penalty 
technique” is preferred due to its wide and effective flexibility. Then, 
(8.1) and (9) are combined providing, for the interval Δtn, a scalar 
function well suited to be minimized, according to the classical single- 
objective optimization techniques: 

min
xn

{α λ1wn + (1 − α)λ2 < TMEIn > } (10) 

where < TMEIn > is the interval average TMEI computed as < TMEIn >

= (TMEIn + TMEIn− 1)/2, λ1 and λ2 are suitable normalization factors 
used for scaling the two physical quantities to the same scale (actually 
the unity), and α ∈[0,1] is the tunable weighting coefficient. In partic
ular, the case α=0 coincides with the old optimization procedure [8], 
while α=1 provides the case of absence of EF correction effort. It is 
interesting to note that minimizing (10) for each value of the parameter 
α in [0,1], a set of optimal solutions is identified (“Pareto front” in the 
multi objectives optimization language), each associated with a specific 
value of α [16,17].

3. Results

The procedure has been applied to the DTT EFCC system to assess its 
effectiveness. DTT is equipped with 27 EFCC independent circuits, 
subdivided into three poloidal arrays (9 uppers, 9 equatorials and 9 
lowers). The magnetic system (PF and CS coils) as well as the three EFCC 
arrays and plasma q=2 poloidal sections at different scenario instants 
are reported in Fig. 1. It is worth noticing that the term veddy

j (t) can be 
neglected in DTT because the toroidal n=0 time constant of the vessel is 
about tens of milliseconds and even faster for n>0, while the time 
variation of the equilibrium currents is on the order of seconds [18].

The scenario considered here refers to a relevant divertor configu
ration [19]. The EFs, depending on manufacturing and assembly inac
curacies of the actual magnetic system, are currently unknown because 
DTT is still in the construction phase. However, the case studied here has 
been chosen from the worst-cases class, falling into 95 % of instances 
generated from a statistical analysis carried out in the past [20]. The 
maximum TMEI assumed for DTT is TMEIlimit=50 ppm.

Fig. 1. DTT poloidal section including PF coils, CS coils, EFCCs and plasma 
q=2 surfaces at t1, t2 and t3.
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To test the methodology performance, just a set of three consecutive 
instants (t1=7.5 s, t2=11 s, t3=13.75 s) has been chosen within the 
scenario. The three instants were selected to examine both large and 
small variations in the q=2 surfaces, in order to emphasize the role of the 
plasma voltage contributions in (5). Furthermore, the following current 
and voltage constraints have been considered together with (2) ac
cording to the power supply specifications: 
⃒
⃒vj(t)

⃒
⃒ < 400 V (11.1) 

⃒
⃒
⃒iccj (t)

⃒
⃒
⃒ < 2.5 kA (11.2) 

with j = 1, …, Kcc.

3.1. Single objective-optimization: EF reduction

The EFs correction action, addressed as the optimization problem 
(10) in the α=0 case, was performed independently at the three time 
instants. A different iterative solver ‘fmincon’, available in MATLABⓇ, 
has been here preferred over ‘quadprog’, which was used in the past 
because of its larger flexibility in handling multi-objective function 
optimization problems [14,15]. Table 1 reports the three independent 

EF correction, together with the resulting energy consumption in the 
two intervals [t1, t2] and [t2, t3], calculated from (8.1) considering EFCC 
currents obtained from (10) with α=0.

Fig. 2 reports the EFCC currents at instant t1. Note that several cur
rents approach to the preset limits, this might reduce the redundance of 
the correction system and, as a consequence, its robustness versus 
possible coil/power supply failures.

3.2. Multi-objective optimization: EF and energy reduction

The results in Section 3.1, i.e., TMEIcorrected much lower than TMEI
limit at t2, suggest that it is possible to relax the correction action, to 
reduce EFCCs power supply energy consumption.

The calculation of the EFCCs currents was repeated by solving (10) as 
a function of the weighting parameter α in its [0,1] range. The 
normalization coefficients used are: λ1=30.5 and λ2=3.64 MJ. The 
Pareto-front, for the interval Δt2=3.5 s, is reported in Fig. 3, where wR is 
the ohmic contribution.

Due to the specific limitation of TMEI in DTT, just the part corre
sponding to TMEI2≤50 ppm can be actually used (α ∈ [0, 0.47]).

The limit α=0 provides the optimization of just the TMEI; in this case, 
according to the results discussed in the previous section, the TMEI 
approaches very small values (few ppm) but at cost of a high energy 
demand (more than 8 MJ). If a desired (and prudential) TMEI2 = 40 
ppm (80 % of the TMEIlimit) is selected from the curve in Fig. 3, corre
sponding to α=0.42, an energy requirement w2 of 4.67 MJ is reached, 
that further decreases to 3.9 MJ at TMEI2 = 50 ppm. Further reduction 
of the energy demand might be reached, with values in the order of 2 MJ 
but, unfortunately, at cost of TMEI2 beyond the permitted level.

However, the graph in Fig. 3 is a valuable tool not only in designing 
phases, but also for the operations, since it provides comprehensive in
dications for choosing the best compromise between TMEI safety margin 
and energy saving. In Fig. 4, the comparison between the optimized 
EFCC currents with α=0 and α=0.42 case is shown.

It is worth observing that, due to the resistances and the current 
values, the ohmic contribution wR is largely predominant (about two 
orders of magnitude higher) compared to the other terms (wL, weq, and 
wpl) which represent inductive, equilibrium currents, and plasma con
tributions respectively (see Table 2).

Similar considerations can be carried out for the subsequent interval 

Table 1 
EFs optimization: TMEI reduction.

Instant t1=7.5 s t2=11 s t3=13.75 s

Plasma current 3 MA 4.4 MA 5.5 MA
TMEIinitial 100 ppm 114 ppm 128 ppm
TMEIcorrected 1 ppm 6 ppm 27 ppm
w // 8.37 MJ 4.03 MJ

Fig. 2. EFCCs’ optimized currents at t1 with α=0 and current bounds (dashed 
horizontal lines).

Fig. 3. EFCC energy demand in [t1, t2] versus TMEI2 as solution of (10) varying 
α in [0,1] (blue dashed Pareto front), and its ohmic contribution versus TMEI2 

(red Pareto front).

Fig. 4. EFCCs’ optimized currents at t2 instant: with α=0.42 (red bars), 
α=0 (blue bars) and current bounds (dashed horizontal lines).

Table 2 
Energy contributions in [t1, t2] at main α values.

wR wL weq wpl

α=0 8.37 MJ 13.5 kJ -6.27 kJ -0.86 kJ
α=0.42 4.67 MJ -1.72 kJ -1.78 kJ -1.44 kJ
α=1 1.77 MJ -22.0 kJ -0.99 kJ 0.14 kJ
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Δt3=2.75 s. The normalization coefficients used for the second optimi
zation are: λ1=38.6 and λ2=3.88 MJ. The Pareto front is shown in Fig. 5
and the comparison between energy consumption contribution at main 
α values is reported in Table 3.

In this case, α must be limited in the range [0, 0.56] to meet the 
constraint TMEI<50 ppm. The energy demand w3 for α=0 of about 4 MJ 
decreases to 2.40 MJ at TMEI3=40 ppm (α=0.51) and further decreases 
to 1.95 MJ for TMEI3=50 ppm (α=0.56). Further reduction in energy 
demand (up to about 0.5 MJ for α = 1) could be reached only at cost of 
prohibited TMEI values.

The energy saving for both the intervals corresponds to 40–45 % that 
would be multiplied for the time intervals for the tokamak lifecycle. A 
reduction of about 30 % in peak power is also observed, even if this was 
not the direct target of the optimization. Thus, the tool yields a signifi
cant reduction for the power ratings of power supplies and of the elec
trical systems.

Note that both TMEI2 (in Fig. 3) and TMEI3 (in Fig. 4) obtained for 
α=1 case, are greater than the initial worst-case TMEIs, about 114 ppm 
and 128 ppm, respectively (see Table 1). In other words, the EFCC 
currents resulting solely from the energy consumption optimization 
worsen the TMEI, as no EF correction strategy has been applied in these 
cases. On the contrary, starting from the α=0 case, a halving of power 
supply energy demand has been observed along with TMEI values 
slightly lower than the permitted threshold.

4. Conclusions

Thanks to the high number of coils independently driven, the EFCC 
system in DTT exhibits several degrees of freedom. Despite the required 
high performance and current/voltage constraints, the freedom margins 
allow for the optimization of the current waveforms with several ob
jectives during a plasma scenario.

If electric energy is considered in the optimization process, signifi
cant saving can be achieved. The procedure here proposed provides, for 
each scenario, a powerful tool for the selection of the EFCC currents 
during the machine operations, as the best compromise between TMEI 
safety margin and energy saving.

Even though the presented results are focused on the specific EFCC 
system of DTT, the optimization procedure can be applied and extended 
for the design and operations of other tokamaks and other types of 

systems.
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