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A B S T R A C T   

A new spherical tokamak, the SMall Aspect Ratio Tokamak (SMART), is currently being designed at the Uni-
versity of Seville. The goal of the machine is to achieve a toroidal field of 1 T, a plasma current of 500 kA and a 
pulse length of 500 ms for a plasma with a major radius of 0.4 m and minor radius of 0.25 m. This contribution 
presents the design of the coils and power supplies of the machine. The design foresees a central solenoid, 12 
toroidal field coils and 8 poloidal field coils. Taking the current waveforms for these set of coils as starting point, 
each of them has been designed to withstand the Joule heating during the tokamak operation time. An analytical 
thermal model is employed to obtain the cross sections of each coil and, finally, their dimensions and parameters. 
The design of flexible and modular power supplies, based on IGBTs and supercapacitors, is presented. The to-
pologies and control strategy of the power supplies are explained, together with a model in MATLAB Simulink to 
simulate the power supplies performance, proving their feasibility before the construction of the system.   

1. Introduction 

Spherical tokamaks are magnetic confinement fusion devices that are 
characterized by low aspect ratio plasmas [1–3]. Compared to standard 
tokamaks, they are more compact and enable a higher β, the ratio be-
tween the plasma and the magnetic pressure. Therefore, higher β means 
that, to obtain the same plasma pressure, a lower magnetic pressure is 
required, reducing the constructive and operational costs of the device. 

A new spherical tokamak, named SMall Aspect Ratio Tokamak 
(SMART), is currently being designed by the Plasma Science and Fusion 
Technology group of the University of Seville [4,5]. The missions of this 
new device are to train the next generation of fusion physicists and 
engineers, study plasma confinement and stability, in positive vs. 
negative triangularity, and develop novel diagnostics, divertor config-
urations, plasma facing materials and plasma control techniques. 

This paper aims to design a system able to generate suitable magnetic 
fields to create and confine the plasma inside SMART, i.e. the main coils 
of the tokamak and their power supplies. 

Tokamaks have a pulsed operation with high current values. In most 
of present devices, the thermal behaviour of the coils do not reach sta-
tionary regime due to the short pulse length of the experiments. In 
particular for SMART, the pulse length is in the order of hundreds of 
milliseconds and is a key aspect for the coils design. Furthermore, the 
power supplies design is also challenging. Most relevant tokamaks use 
thyristor-based power supplies fed by flywheels or the grid [6]. The 
operation of a tokamak connected to the grid implies a perturbation for 
grid stability and, thus, storage systems as flywheels can avoid this ef-
fect. Nevertheless, following the present trend [7], the SMART 
supercapacitor-based power supplies have been designed with a 
modular and flexible concept, in order to improve the scalability of the 
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system while achieving a robust performance. 
In Section 2, a description of SMART and its operational phases is 

presented, together with the position of the coils in the device and the 
general structure of the power supplies. The current waveforms, 
employed as starting point for the coils design, and the analytical 
thermal model, for obtaining their cross-sections, are presented in Sec-
tion 3 to obtain the geometry and parameters of the coils. Finally, Sec-
tion 4 presents the topology of the power supplies, the charge-balancing 
system and the control strategy. In addition, simulation results in 
MATLAB Simulink are presented in order to ensure the feasibility of the 
system before its construction and first operation. 

2. SMART and its operational phases 

SMART is a spherical tokamak with a plasma major radius rp of 0.4 m 
and a minor radius a of 0.25 m, as shown in Fig. 1. The vessel has a 
height hv of 1.6 m and radius rv of 0.8 m. It is equipped with 12 Toroidal 
Field Coils (TFCs), a Central Solenoid (CS) and 4 pairs of Poloidal Field 
Coils (PFCs). 

A simplified representation of the plasma shaping obtained in 
SMART, based on the plasma triangularity, is shown in Fig. 2. Regarding 
the connection of the coils, the 12 TFCs are connected in series and the 
Upper and lower PFCs are connected in pairs, except Div2 coils, which 
will have independent power supplies to control the vertical stability of 
the plasma. Therefore, seven power supplies are required, represented in 
Fig. 3. 

The operation of the tokamak is divided in three phases defined by 
the plasma parameters in Table 1. The goal of phase 1 is to achieve first 
plasma and test the machine operation. This phase is planned to move 
rapidly to phase 2, which will demonstrate the capability of the device to 
obtain highly shaped plasmas. Therefore, the coils and the vessel of 
SMART are designed to assure a safe and conservative operation of the 
system for this phase. Regarding the power supplies, they have been 
designed to minimize present and future costs. Therefore, a modular 
structure allows an easy upgrade of the system for all phases. Finally, 
based on the expertise gained from the first two phases, an upgrade of 
SMART will achieve the highest and most relevant plasma parameters in 
phase 3. 

Fig. 1. SMART cross-section [5].  

Fig. 2. SMART half cross-section. The designation of each pair of PFCs is 
shown, together with a simplified representation of the possible achievable 
triangularities in phase 2. 

Fig. 3. Simplified representation of the 7 power supplies of SMART indicating 
the coils connections. 

Table 1 
SMART parameters for its three operational phases.  

Parameters Phase 1 Phase 2 Phase 3 

Vessel size (m) 0.8 (rv) × 1.6 (hv)  
Aspect ratio ≤2 (rp/a)  
Toroidal field (T) 0.1 0.3 1 
Plasma current (kA) 30 100 500 
Pulse length (ms) 20 100 500  
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3. Coils design 

The coils have been designed to withstand the Joule heating with a 
low temperature increase in phase 2, maximum 5 ∘C. An analytical 
thermal model has been employed to obtain the required cross-section 
for each coil. Due to the required high currents, order of kiloamperes, 
and short operational pulses, hundreds of milliseconds, the thermal 
model employed for SMART has been adapted from the one used in 
international regulation to calculate the cross-sections required in case 
of overcurrent [8]. As the application of the model differs from its 
common use, it is explained in detail, justifying its utilisation for the 
design. 

The energy E released by the current going through the coil comes 
from Joule effect and depends on the instant current in the conductor i 
and the resistance of the material R. The resistance is a function of the 
temperature T, temperature coefficient at 20 C α, resistivity at the same 
temperature ρ20, length l and cross-section S of the conductor. 

dE
dt

= Ri2 = ρ20
l
S
(1+α(T + 20 ∘C))i2 (1) 

The heat Q transferred to the copper depends on its volumetric heat 
capacity Qc, length and cross-section of the conductor and derivative of 
the temperature. 

dQ
dt

= QclS
dT
dt

(2) 

As the experiment is carried out in the order of milliseconds, an 
adiabatic heating is considered where all the energy released is 
employed to increase the temperature of the copper, without trans-
mitting it to the exterior. 

dE = dQ→ρ20
l
S
(1+ α(T + 20 ∘C))i2dt = QclSdT (3) 

By reordering and integrating the equality, the cross-section of the 
conductor is obtained from the root mean square current IRMS, the time 
of the operation t and a factor k that depends on the initial Ti and final 
temperature Tf and copper properties Cuproperties. These parameters are 
considered the operational limits of the coils. 

1
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(4)  
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Besides the thermal requirements, the operational limits are based on 
the required current waveforms. The TFCs need to provide a constant 
field during operation. Therefore, its current is obtained from Ampȿre’s 
Law and depends on the plasma major radius, the toroidal field Bt, the 
number of turns of the TFCs NTFC and the magnetic permeability μ0. The 
current waveform of the TFCs is shown in Fig. 4. 

ITFC =
2πrpBt

μ0NTFC
(9) 

The PFCs and CS current waveforms were obtained for different 

plasma triangularities using the free-boundary code Fiesta in [4]. The 
required current waveforms for the positive and negative triangularity 
cases in phase 2 are shown in Fig. 5. For the design, the current of the 
Upper and Lower Div2 have been considered equal. 

For all the coils, the current is inversely proportional to the number 
of turns of the winding. The number of turns of each coil is presented in 
Table 2. As the TFCs have the greatest current level, the number of turns 
is maximized. The 12 coils in series, of 4 turns each, result in a total of 48 
turns. Increasing further the number of turns would suppose an exces-
sive increase in the complexity of the design. For the CS and PFCs, the 
current levels are kept below 5 kA. Due to the required flexibility for the 
PFCs, the same number of turns is selected for most of them, except Div1 
coils, which requires a higher number of turns due to its current 
demands. 

The central stack, where the TFCs inner legs and the CS are placed, is 
a key point of the design of a spherical tokamak. The characteristic 
shape of these devices causes a strict space constraint for placing the 
coils. Fig. 6 shows the layout of the TFCs inner legs in order to maximise 
the occupied space. Due to this space constraint in the central stack, the 
inner legs of the TFCs have a smaller cross-section than the outer limbs 
of the coils, 21.5 × 21.5 mm and 36 × 36 mm respectively. Therefore, 
the resistance and Joule losses are higher in the inner legs, leading to a 
higher temperature increase during operation. In order to compensate 
this effect, the free space between the inner legs is used to release the 
heat produced by the TFCs, by means of air cooling first, and water 
cooling for the second phase. Unlike the solid TFCs cross-sections, the CS 
and PFCs are equipped with hollow conductors, with a cross-section of 
11 × 11 mm and 10 × 10 mm respectively and a hole diameter of 4 
mm. Therefore, the CS and PFCs conductors are water cooled through 

Fig. 4. TFCs current for phase 2, employed for the coils design. The origin of 
time coincide with the plasma breakdown, when the plasma current is induced 
by the CS. 

Fig. 5. PFCs and CS current waveforms and plasma current for the positive and 
negative triangularity cases for phase 2, employed for the coils design. The 
origin of time coincide with the plasma breakdown, when the plasma current is 
induced by the CS. 
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this hole to reduce the cooling time between discharges and, in the case 
of the inner PFCs, to withstand the 200 C inside the vessel during baking. 
With the geometry and cross-sections of the coils, the load resistance and 
inductance for each power supply are obtained and presented in Table 3. 
For this analysis, it is not included resistance increase due to connection 
losses between coils and the power supply. 

As there is a discrete number of TFCs, a spatial toroidal field ripple δr 
is produced. The ripple is calculated by the difference between the 
maximum field Bmax, induced in front of a TFCs, and the minimum one 
Bmin, in the middle of two coils, at a certain radius r of the vessel divided 
by the sum of these values [9]. 

δr =
Bmax − Bmin

Bmax + Bmin
(10) 

Fig. 7 represents the toroidal field for a circular plasma with a mayor 
radius of 0.4, as rp, and minor radius of 0.25, as a. The spatial ripple 
increases in the outer sides of the device due to a mayor distance be-
tween the TFCs. Thus, at the outer side of the plasma, the ripple is 
maximum and clearly observed. Fig. 8 shows the spatial ripple for each 
radius inside the vessel. Therefore, the maximum spatial ripple in the 
plasma is 0.4% in its outer side, at rp + a equal to 0.65 m, and the 
maximum ripple inside the vessel is 4%, at rv equal to 0.8 m. Further-
more, the figure also include the toroidal field in theses two radius for 
180∘ of SMART. 

4. Power supplies design 

The power supplies has been designed based on the same modular 
scheme to facilitate an easy upgrade for all phases. This is achieved by 
the parallelization of the system, enhancing the performance of the 
system by the utilization of interleaving and current-sharing control 

techniques. Furthermore, the power supplies have been simulated for 
the first operational phase, proving its feasibility. 

For each coil of SMART, the power supply is based on Infineon 
IFF2400P17LE440988 Insulated Gate Bipolar Transistors (IGBTs) 
branches operated as H-bridge power converters and SAMWHA 
DM04860888W0101 supercapacitor modules (SCMs) connected in se-
ries to obtain supercapacitor banks (SCBs) with higher voltage levels. 
The specifications of the SCMs, including the Equivalent Series Resis-
tance (ESR) for Direct Current (DC), are presented in Table 4. The 
maximum peak current can be withstand by the SCMs for 1 s, long 
enough for SMART operation. Furthermore, the 15 min considered 

Table 2 
Number of coils and turns.  

Coils No of coils No of turns 

TFCs 12 4 
CS 1 230 
PFCs 8 35 (U. and L. Div1) 

23 (U. and L. Div2/PF1/PF2)  

Fig. 6. Central stack cross-section.  

Table 3 
Load resistance and inductance of each power supply (without connection 
losses).  

Coils R(mΩ)  L(mH) 

12 × TFCs  6 2.3 
CS 30 2.4 
2 × PF1  54 5.7 
2 × PF2  40 4.0 
2 × Div1  22 2.2 
U. Div2 14 1.3 
L. Div2 14 1.3  

Fig. 7. Toroidal field for a circular plasma in phase 2 with a major radius of 0.4 
m and minor radius of 0.25 m. The plasma has 0.3 T in the centre and a spatial 
ripple appears at the outer side. 

Fig. 8. Spatial toroidal field ripple inside the vessel and toroidal field for 180∘ 

of the SMART at a radius of 0.65 m and 0.8 m, where the spatial ripple is 
clearly visible. 

Table 4 
SAMWHA SCM specifications.  

Parameter Value 

Rated voltage (V) 48.6 
Capacitance (F) 166.6 
ESR DC (mΩ)  6 
Maximum peak current (A) 2025 
Maximum stored energy (MJ) 0.2 
Dimensions (mm) 418 × 191 × 179   

M. Agredano-Torres et al.                                                                                                                                                                                                                     



Fusion Engineering and Design 168 (2021) 112683

5

between experiments for charging the SCMs and planning of the next 
discharge guarantee the cooling down of the modules and rest of 
components. 

The charging process of the SCB is done by an independent power 
supply that behaves as constant current source providing a current 
ICharge. This power supply is connected for the charging process and 
disconnected during operation. With k from 1 to n SCMs in series, for 
each SCM k of the SCB the difference between the capacitances Ck and 
Equivalent Series Resistances (ESRk), varies the charging speed of each 
of them and the voltages obtained uCk . The SCM already implement 
balancing systems for each of their supercapacitor cells. However, dif-
ferences between SCMs still produce overvoltages during the charging 
process and reduce their lifetime. Therefore, a charge-balancing system, 
represented in Fig. 9, is implemented to solve this issue by the parallel 
connection of a switched resistance Rk. The resistance is designed to be 
lower than the rated voltage of the capacitor uCRated divided by the 
charging current. Therefore, the voltage derivative of the SCM is positive 
when the parallel resistance is disconnected, i.e. the switch in series is 
open and dk is equal to 0. However, when the switch is close and dk is 
equal to 1, the derivative change of sign [10]. 

duCk

dt
=

(

ICharge − dk
uCk

Rk

)
1
C

Rk

Rk + dkESRk
(11)  

Rk <
uCRated

ICharge
(12) 

Whenever a SCM reaches its target charging voltage, the parallel 
resistance is connected to discharge the module, avoiding the over-
voltage. Afterwards, the resistance is disconnected and connected within 
a hysteresis band to keep the voltage close to the target one until all the 
SCMs in series reach the required voltage [11]. The balancing system 
only operates during the charging process of the SCMs and not during 
operation. 

A diagram of the topology on which all the power supplies are based 
is shown in Fig. 10. For the required high current levels, parallel power 
supplies are connected. Each of them has its own independent SCB in 
order to avoid circulation currents. A current-sharing control technique 
is employed to obtain a balanced response of each power supply [12]. 

Fig. 11 shows the control strategy of the power supplies. Considering 
a reference current for the coil Iref for N H-bridges in parallel, the voltage 
reference of each parallel power converter Vrefk depends on the current 
error of the specific branch Ik − Iref/N and the overall current error I −
Iref . This determine the number of current sensors required, one at the 
output of each H-bridge plus and extra one for the overall current. The 
obtained reference voltage from the control module is then transformed 
to switching signals Sk at 1 kHz for the IGBTs with unipolar Pulse Width 
Modulation (PWM) technique. To enhance the performance of the sys-
tem, the PWM has been combined with interleaving techniques. Inter-
leaved operation reduce the current ripple of the coil by changing the 
phase Φk of each PWM. The phase difference of each converter is 
determined by the number of H-bridges in parallel [13]. 

Φk = (k − 1)
π
N

(13) 

As each power converter is working out of phase, the voltage levels at 
the output connections of each H-bridge can differ and decoupling in-
ductors are required to assure safe operation [14]. 

CS and PFCs power supply does not required parallelization for the 
first operational phase of SMART. However, the high current required 
for TFCs makes it essential. Therefore, the power supply for the TFCs is 
taken as reference and explained in detail. The main parameters of the 
power supply are presented in Table 5. The simulated current waveform 
for the TFCs is shown in Fig. 12. A comparison to an arbitrary reference, 
reaching the operational limits of the power supply in phase 1, is also 
shown. The current agrees with the reference except for a ripple of 0.01 
% with respect to the nominal current of 6 kA. This ripple has a 

Fig. 9. Charge-balancing system.  

Fig. 10. Generic diagram of the power supply of a coil with the possibility of 
parallelization of the system. 

Fig. 11. Current-sharing control technique with equilibration loop.  

Table 5 
Parameters of the TFCs power supply for phase 1.  

Power supply parameters value 

Nominal current (kA) 6 
No of SCB and H-bridges 4 
No of SCM per SCB 6 
No of current sensors 5 
Parameters of each parallel branch value 
Nominal current for each branch (kA) 1.5 
SCB rated voltage (V) 291.6 
SCB capacitance (F) 28 
SCB resistance (mΩ)  36 
SCB energy (MJ) 1.2 
LC filter inductance (μH)  2.7 
LC filter capacitance (mF) 74 
Decoupling inductance (μH)  700 
Quality factor of inductances 100  
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frequency of 8 kHz, eight times higher than the switching frequency.The 
unipolar PWM doubles the resulting frequency, while the interleaving 
technique multiplies it by the number of converters in parallel, which in 
this case is 4 times. 

The current ripple causes a temporal ripple in the toroidal field, in 
addition to the spatial ripple defined in Section 3. The definition for the 
spatial and temporal toroidal field ripples is the same. However, for the 
spatial ripple, the maximum and minimum values are for different point 
of the machine, while for the temporal ripple the comparison is between 
different moments of the same point. A finite element analysis have been 
employed to simulated the geometry of the vessel with its material 
properties to estimate the filtering effect on the magnetic fields of the 
eddy currents of the vacuum vessel. The result of this analysis shows that 
the temporal toroidal field ripple is 0.001 % inside the vessel with the 
same frequency than the current ripple, 8 kHz. 

On the other side, a high current ripple in the SCBs causes a signif-
icant reduction of its lifetime. Therefore, a low-pass LC filter has been 
used to minimize it. The operation of the system without the LC filter 
leads to a current ripple that goes from zero to 1.5 kA with a frequency of 
2 kHz, as shown in Fig. 13 for SCB1, one of the SCBs in parallel of the 
TFCs power supply. Furthermore, the rated voltage of the SCB1 is sur-
passed due to the voltage ripple. However, when the LC filter is added, 
the current ripple is reduced to 1.4% with respect to the 2025 kA of 
maximum peak current of the SCMs and Fig. 14 shows how the SCB1 
operates with enough margin with respect to its maximum voltage and 
current limits. 

For the CS and PFCs power supplies, the current ripple in the coil is 
always lower than 1% and in the SCBs lower than 2%. 

In the case of the CS power supply, only one SCB and H-bridge 
converter is required for phase 1. However, compared to the rest of the 
operation, a high voltage needs to be achieved for plasma breakdown. 
Therefore, an auxiliary circuit, shown in Fig. 15, provides this voltage 
during breakdown. The auxiliary circuit have a regulated dumping 
resistance in parallel to a diode and in series with a capacitor of 10 mF. 
Its topology is equal to the one of [15]. Nevertheless, in this case the 
circuit is combined with a high frequency switching main power supply. 

As indicated in Fig. 16, the main power supply operates for the whole 
CS operation, blue region, except during the greatest current slope, red 
region, reaching up to 350 A/ms. At this point, the main power supply is 
short-circuited by closing the two upper IGBTs and opening the two 
lower ones or vice versa. The auxiliary circuit is connected, closing the 
upper IGBT and opening the lower one, producing a second-order RLC 
dynamics that assures the required voltage and current slope for plasma 
breakdown. During the whole plasma breakdown, the red region, the 
IGBTs do not switch and the system works with an open loop control 

Fig. 12. TFCs current compared to reference and detail of the current ripple for 
the TFC power supply designed for phase 1. 

Fig. 13. Voltage and current of one TFCs SCB (SCB1) compared to their 
maximum rated values without the insertion of the LC filter minimizing 
the ripple. 

Fig. 14. Voltage and current of one TFCs SCB (SCB1) compared to their 
maximum rated values with the insertion of the LC filter minimizing the ripple. 

Fig. 15. CS power supply topology, including auxiliary circuit for breakdown.  

Fig. 16. CS current compared to reference, indicating when operates the main 
power supply or auxiliary circuit. 
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until the current reaches the value from which the main power supply 
returns to operation. Fig. 17 shows in detail the CS current waveform 
during this stage and how the capacitor of the auxiliary circuit is charged 
by the CS to obtain the desired current slope. 

5. Conclusion 

A system able to induce the required magnetic fields for creating and 
confining the plasma in SMART has been designed. The coils design 
maximizes the space in the central stack and is able to operate up to 
phase 2 with a temperature increase lower than 5 C. The power supplies 
are designed to provide the required current waveforms, minimizing the 
present and future costs. Their modular concept facilitates the upgrade 
for all operational phases of SMART. A preliminary analysis of the power 
supplies for the first phase of SMART is presented, proving their feasi-
bility. Further work is currently under development to carry out finite 
element analysis to ensure the structural strength of the coils and a 
small-scale prototype of the power supplies is being developed as proof 
of concept for the present design. 
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