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The optimization of the magnets’ shape can be very demanding because of the number of field map evaluations required especially 

when a high accuracy is needed. Here, in the limits of linearity assumption, a new approach is proposed based on the projection of the 

coil geometry in a finite dimension functional basis. Then the associated magnetic contributes can be computed in advance and any 

possible solution can be examined just by combining a suitable set of elementary contributes. The advantage in computing burden and 

accuracy is assessed in the case of challenging magnets for Tokamak devices. 
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I. INTRODUCTION 

ONTROLLED THERMONUCLEAR FUSION (CTF) is one of the 

most promising ways to produce energy from fusion 

reactions on the earth. In CTF, atoms’ nuclei fuse together 

releasing high amount of energy; the process is the reverse of 

nuclear fission, nowadays used in common nuclear plants. 

One of the main problems in the development of a fusion 

machine is the confinement of the plasma generated to obtain 

the fusion reactions. The most promising fusion devices are 

the so called Tokamaks [1], which confine plasma in a toroidal 

camera by means of high magnetic fields. 

The typical tokamak magnetic system includes a Toroidal 

Field Coil System (TFC) and a Poloidal Field Coil System. 

The toroidal field mission is to confine and stabilize the 

plasma. Due to practical reasons the TFC is designed as a 

finite number of magnets distributed in the toroidal directions; 

as a consequence the magnetic field cannot be uniform and a 

ripple component arises. The ripple is the main origin of a 

number of plasma instabilities [2], therefore, it should be 

suitably limited. In order to reduce the ripple, several 

measures can be taken, falling in two classes: passive 

(ferromagnetic inserts [3]) or active measures (as the Active 

Compensating Coils, ACC [4]). 

The ACC design is a challenging task, falling in the class of 

electromagnetic shape optimization problems that typically are 

quite demanding because require a high number of objective 

function evaluations. 

In this paper a new methodology able to face with the ACC 

shape design problem is proposed, under the assumption of 

absence of ferromagnetic material. The approach is able to 

take advantage of a suitable decomposition of the ACC 

geometry in a finite dimension function basis. In this way, the 

magnetic field due to each basis element can be computed in 

advance just once. Therefore, any possible ACC shape is just a 

suitable combination of basis elements serially connected. In 

the following it will be discussed how the procedure is able to 

reduce the computational burden from an exponential to a 

linear cost. Finally, the methodology is quite general because 

it can be adopted in a wide class of shape optimization 

problems. 

II. MATHEMATICAL MODEL 

In fig.1 a qualitative behavior of the 𝐵𝜑 distribution of a 

typical tokamak characterized by 18 TF magnets is shown 

with respect to the toroidal angle. An effective index able to 

quantify the ripple in a cylindrical coordinates system (R, φ, 

Z) is: 

𝑅𝑖𝑝𝑝𝑙𝑒(𝑅, 𝑍) = (𝐵𝜑
𝑀𝑎𝑥 − 𝐵𝜑

𝑚𝑖𝑛) (𝐵𝜑
𝑀𝑎𝑥 + 𝐵𝜑

𝑚𝑖𝑛)⁄  (1) 

where the Max and Min are evaluated along the circumference 

(R, Z) centered in r=0.  

 
Fig. 1. Example of ripple phenomenon for a periodicity of 18 TFCs. 

ACC could be manufactured in a quite similar way as TFC, 

by winding a number of series connected conductor turns and 

allocating them between the TFC and the vacuum vessel. A 

possible ACC design includes a number of coils placed 

between the TFC and the plasma chamber (fig. 2), closed 

outside and driven by opposite currents. The number, position 

and shape of the coils are to be optimally designed. 

 
Fig. 2. Example of ACC closed to a TFC (artistic view). 
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In the recent past a procedure has been proposed [5] to face 

with such problem. The main advantage of the procedure was 

the possibility to calculate in advance the magnetic contributes 

because the shape of each possible conductor was fixed a 

priori. 

In this paper a new strategy is proposed, able to face with 

the problem of shape optimization, taking advantages from the 

pre-calculation. Because of manufacturing constraints, each 

conductor is assumed to be composed by a finite number of 

elementary parts serially connected (because parts of the same 

cable) at some of the pre-assigned connection point (see fig. 

3). In this way, the magnetic field of a coil with a current I, 

can be just evaluated by superposition of the contributes of the 

elements of the basis: 

𝐁(R, Z) = I ∑ 𝐆𝒌(R, Z)

Ns−1

k=1

 (2) 

where 𝐆𝐤 is the contribute of the k-th element (see fig. 3).  

The link between adjacent elements is allowed by a finite 

number of Ns connection stations and, at the k-th station 

(k=1,…,Ns) by a finite number of NL(k) connection points 

(R(j,k), Z(j,k)), j=1,…,NL(k).  

In order to guarantee the regularity of the coil shape, each 

element is designed to reach the stations in an orthogonal way 

(fig. 3). A polynomial cubic spline is well suited to meet such 

constraint because of its four degrees of freedom. 

 
Fig. 3. Example of ACC conductor shape. 

 

The magnetic contribute of each spline can be computed by 

carrying out a discretization of the spline into a number of 

small filamentary segments which analytical formula [6] is 

obtained by line integration of Biot-Savart law.  

In general, the total number of possible conductor’s shapes 

is NSH = ∏ NL(k)
Ns
𝑘=1 . Actually each shape is just a suitable 

connected subset of basis shape elements, which total number 

is limited to NT = ∑ NL(k)NL(k + 1)
Ns−1
k=1 . Therefore, if an 

exhaustive optimal research is adopted, the new procedure is 

able to reduce the computational burden from the order of NSH 

to the order of NT (see next section for a numerical example). 

However, when the number of feasible solutions of the 

discrete research domain exceed the actual computing 

capability, a stochastic optimization algorithm can be used. 

In the full paper will be shown how it is possible to 

formulate the optimization problem as a minimization of a 

scalar function of a single integer variable. 

III. EXAMPLE OF APPLICATION 

In order to assess the proposed algorithm, a simple example 

applied to FAST (Fusion Advanced Study Torus) tokamak [5] 

is here presented. In this digest, for lack of room, the shape of 

a single conductor fed by the same current of one TFC 

conductor will be optimized. In the full paper more complex 

configurations, with more conductors and much more degrees 

of freedom will be shown. 

The geometry of the TFCs is assumed to be the same of [5] 

(fig. 2). The number of stations NS is 9. The number of 

connection points is assumed to be equal for each station (NL 

= 3). The total number of magnetic contributes (splines) to be 

analyzed with an exhaustive research (NSH = 157464) 

strongly reduces (NT = 72.) if adopting the new procedure. 

The objective function is the value of the ripple itself, 

evaluated at r=1.82 m, z=0 m. 

After an exhaustive research of the optimum the ripple 

phenomenon is reduced from a nominal value of 1.97 10
-4

 to a 

minimum value of 1.75 10
-4

 (reduction of 11.46 %). 

The resulting shape is the one shown in fig. 4. 

 
Fig. 4. Optimal solution for the example of application 
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