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Abstract: Tokamaks are a very promising option to exploit nuclear fusion as a programmable and
safe energy source. A very critical issue for the practical use of tokamaks consists of the power flow
required to initiate and sustain the fusion process, in particular in the poloidal field coils. This flow
can be managed by introducing a DC energy storage based on supercapacitors. Because such storage
may be the most expensive and largest part of the poloidal power supply system, an excessive size
would cancel its potential advantages. This paper presents innovative strategies to optimize the DC
storage in poloidal power supply systems. The proposed solution involves the sharing of the DC
storage between different coil circuits. The study is supported by novel analytical formulas and by a
circuital model developed for this application. The obtained results show that this method and the
related algorithms can noticeably reduce the overall size of the storage and the power exchange with
the grid, providing a practical contribution toward the feasibility and the effectiveness of nuclear
fusion systems.

Keywords: nuclear fusion; tokamak; poloidal coils; DC storage; supercapacitors; power supply
systems; Divertor Tokamak Test (DTT)

1. Introduction

Control of nuclear fusion reactions is considered one of the most promising options
to generate programmable, clean, and safe energy on a large scale, as confirmed by the
growing investments by public institutions [1,2] and private companies [3]. Tokamaks use
high magnetic fields, produced by flowing a controlled current through coils, to confine
an extremely hot plasma where fusion reactions can occur [4]. The coils are oriented and
independently supplied according to the main component of the magnetic field they can
control. In the tokamak reference coordinates, these components are classified as toroidal
(TF) or poloidal (PF) fields, respectively [4]. As an evident trend, the TF and PF coils of
present and proposed tokamaks are made of superconducting materials operating at higher
and higher currents [5,6].

A very critical issue for the practical use of tokamaks as energy sources consists of the
optimization of the powers and energies necessary in the coils to initiate and maintain the
desired plasma configurations [7]. While in a tokamak the TF is practically constant, the
PF must change following a predefined scenario. This implies a variable flow of power
between each coil and its power supply (PS). In traditional systems, the PS is implemented
by AC/DC converters based on thyristor rectifiers that introduce a relevant contribution of
reactive power in the external grids [7,8]. The unavoidable consequence is that the tokamak
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PF coils can demand powers on the order of 1 GVA from the grid [9]. Even though the total
energy produced at the tokamak output could compensate for these demands [10,11], the
technical and economic effectiveness of the process is difficult to sustain. Moreover, the
huge and variable power flow at the interconnection nodes may be a problem rather than a
resource for the external electrical grid [7,12].

The limited variations and voltages required in the TF coils allow some options for PS
optimizations. For example, traditional PSs could be substituted by contactless systems,
known as flux pumps, able to minimize the losses in superconducting circuits in stationary
conditions [13].

For the PF PSs, an identified improvement consisted of introducing a buffer of energy
to limit the power exchange between the coils and the external grid. In principle, different
topologies and technologies are possible. An energy storage was also proposed for the TF
circuit at the AC side [14]. However, the most promising solution appears to introduce the
energy storage in the DC link of the PF PSs [15] and sometimes of other coils. The technical
reasons for that will be clear throughout the paper.

It is evident that these kinds of problems are generally encountered in other energy
sources and power conversion applications, where energy storage plays a pivotal role in
ensuring stability and performance, becoming more and more essential. Nevertheless, the
PF PSs are characterized by peculiar features: while the average energy and the duty cycles
can be relatively small (especially in the present experimental plants), the power peaks are
extremely high; many fast variations and charge/discharge operations are requested every
day. These features suggest that supercapacitors (SCs), with their high power density and
rapid charge—discharge capabilities, could be the suitable energy storage device [16-22].
Therefore, SC banks were inserted in support of the tokamak PSs, in particular in DC links
between AC/DC and DC/DC converter stages, as is explained in the paper.

After identifying this reference solution, the design challenge consists of minimizing
the physical footprint of these DC storage systems while maintaining their functional
integrity and reliability. In fact, as the SC banks may be the most expensive and largest part
of a new PS system, an excessive size would cancel its potential advantages.

It is important to stress that a good optimization requires using the DC link differently
from the standard mode in electronics, where the DC link is designed to operate at a rather
constant voltage. In practice, a standard DC link is not a storage device because only a
fraction of its energy, which is already small for a traditional capacitor, can be used. On
the contrary, the voltage across the SC banks must change between the minimal values to
implement the desired scenarios and the safe values for the hardware.

Since the interactions among circuit parameters and the coupling with the other toka-
mak elements are complex and time-variable, it is rather impossible, or at least impractical,
to approach the design and optimization from an analytical point of view. Nevertheless,
some models and formulas were developed to provide a starting range for the procedure
and to include all the tokamak elements in a circuital model. This model can be used to
validate the design. As the primary focus of the study was the DC link optimization, the
PS circuits are based on a single H-bridge converter [15].

This paper will show that, for (superconductive) inductive loads, SCs are more advan-
tageous than expected by a simple look at the classical Ragone plot. In fact, the optimization
can exploit some specific characteristics and function principles of PF coils. The paper does
not explicitly include the optimization of other types of coils that can induce PFs, but are
not strictly PF coils, because they have different functions: the central solenoid (CS) [4], the
vertical stabilization (VS), the fast radial control (RC), and the divertor (DIV) coils [15,23].
Analogously, the PSs for the non-axisymmetric coils used for error field correction (EFC)
and edge-localized modes (ELMSs) [23] are out of the scope of this paper, also because they
will be addressed in different papers. Nevertheless, it will be explained how the different
coil functions imply a different optimization approach and results.

For these reasons, even though the approach is generally applicable to all tokamaks
and other nuclear fusion plants, the analysis must be carried out on real cases. This
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paper is focused on a last-generation tokamak named the Divertor Tokamak Test (DTT)
facility [23,24], under construction in Frascati, Italy, that is also one of the first public—-
private partnerships in this field [25]. DTT has six PF superconducting coils, which is a sort
of standard in tokamaks, and all the other mentioned coils (CS, VS/RC, DIV) [23].

This paper explores innovative strategies for reducing the size of the DC storage stage
in PF PS converters by employing SCs arranged in series and parallel configurations. For
the first time, the proposed solution involves the shared utilization of the DC storage
stage between pairs of PSs. This approach, validated through simulations, leverages the
complementary energy demand profiles observed in certain pairs of coils, allowing for a
more efficient and compact design. The findings of the study suggest that such an approach
not only reduces the overall size of the DC storage stage but also enhances the performance,
efficiency, and cost-effectiveness of the system. For example, an optimized power exchange
with the grid can reduce other power quality problems affecting the tokamaks such as
reactive power, harmonics, flicker, and oscillations. In particular, the huge power flow
variations that could be a showstopper for the exploitation of tokamaks as an energy
source [6,7,9,12] could be internally managed.

On the other hand, the paper will show some limitations and issues in the approach,
such as the difficulty of optimizing the available power, energy, and voltage.

The implications of this research can be extended to several applications in energy
storage and conversion technologies, highlighting the importance of innovative design in
meeting the complex demands of advanced energy systems.

The rest of the paper is structured as follows. Section 2 presents the background of the
operation of PF coils in a tokamak, providing the reference current and voltage scenario for
such operations. Section 3 introduces the reasons for the need for energy storage based on
SCs in PF coils. Section 4 describes the main parameters to be optimized for the design of
the SC banks. Section 5 presents the possible optimization strategies and criteria for the
design of the SC banks, with a specific focus on the PF PS characteristics. In particular,
Section 6 proposes an effective optimization technique exploiting the complementarity of
the power demands of PF coils. Different approaches are possible, but, after presenting
them, the optimization is finalized by circuital simulations, taking into account also the
effect of other tokamak elements. The main analytical developments to implement such
circuital simulations are described in Section 7. Section 8 presents the parameter ranges
and the choices for the simulation campaign. The obtained results are summarized in
Section 9, clearly showing the advantages of the proposed approach. Finally, some practical
considerations and the conclusions drawn from the study are presented in Section 10.

2. Operations of PF Coils in a Tokamak
2.1. Tokamak Magnetic Configuration

A tokamak is a complex architecture designed to confine and control high-temperature
plasma using magnetic fields, with the ultimate goal of sustaining nuclear fusion pro-
cesses [4]. The magnet system of DTT is schematized in Figure 1 (see also [26] for EU
DEMO). Among the different types of coils, PFs are essential for shaping and controlling
the plasma within the tokamak, necessitating precise and responsive PS systems [15].

The tokamak core is a toroidal (doughnut-shaped) chamber where the fusion reactions
occur. This chamber is surrounded by magnetic coils that work together to create the stable
magnetic field configuration necessary for plasma confinement. The TF coils produce a
magnetic field around the torus in a continuous loop, providing the primary confinement
mechanism. However, the stability and precise shape of the plasma are governed by the
PF coils. These coils are arranged in different loops that encircle the torus vertically and
horizontally, controlling the plasma’s cross-sectional shape and position.

PF coils are critical to the operation of a tokamak, as they dynamically adjust the
plasma shape and stability. To fulfill this role, PF coils require highly variable current
profiles with peaks reaching tens of kiloamperes. Additionally, these coils must handle
voltage profiles that span several kilovolts. The ability to rapidly and accurately control
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these high current and voltage levels is essential for maintaining the desired plasma
configuration and ensuring the overall stability of the fusion process [4,23].

TF coils L PF coils

Figure 1. Basic structure of a tokamak (DTT) with emphasis on the magnetic systems.

2.2. Reference Scenario of PF Coils

The prediction of tokamak operations is a very complex and multidisciplinary task,
implying the solution of magnetohydrodynamic (MHD) problems [4]. From the PS point
of view, tokamak operations are fully described by a “scenario”, including the following:

The profiles of the current for each “active” (supplied) coil.

A model for the plasma behavior in terms of filaments of equivalent electrical currents.
The parasitic currents induced in the tokamak “passive” elements (vacuum vessel,
walls, and so on), characterized by equivalent circuits with internal inductance (de-
pending on geometry) and resistance (material losses).

In practice, a scenario is characterized by a time-dependent vector containing the
current samples in the desired time instants. The voltage evolutions in the same circuits can
be derived by modeling the geometric structure of the tokamak poloidal cross-sections and
the magnetic interactions among them. All the flowing currents are magnetically coupled
by a square matrix M containing the mutual inductances among the active coils, the plasma
currents, and the passive elements. For the active coils, the voltage to be produced by
the PS systems can be derived from the voltage across the coil terminals, subtracting the
voltage drops in the corresponding circuit (including DC bus bars, cryogenic transitions,
connections, joints, parasitic effects, and so on).

The waveforms in Figure 2 were calculated using such a procedure for the DTT
operations. However, to have a reference scenario for the PS design, these waveforms
contain more phenomena with respect to standard scenarios where only equilibrium
situations are considered. These include such transient phases as plasma breakdown,
plasma ramp-up, L-H mode transition, and H-L mode transition. The analyses for these
phases were carried out by the CREATE team [27-29] and reprocessed for this paper. Of
course, the calculations involved also the other active and passive currents, in particular
those in the CS coils, that are not reported in the plots.
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Figure 2. Currents and voltages of the PF coils in the DTT reference scenario, including transient
phenomena and phases such as plasma breakdown, plasma ramp-up, L-H mode transition, and H-L
mode transition.

Even though other experimental scenarios are possible in DTT [23,28], the scenario
in Figure 2 is the most demanding from an electrical point of view and can be used as a
benchmark for the design and the optimization.

The waveforms in Figure 2 establish the first specifications for the design of each PF PS,
namely, the minimum rated current and voltage. It is important to stress that in many cases
the plasma breakdown (occurring at 60 s in Figure 2) is supported by other components in
series in the PS circuit, such as a switching network unit (SNU) [30], while for the DTT PF
coils, all the phases are implemented by the PS converters.

3. Need for Energy Storage in Tokamak PF Coils

As shown in Figure 3, in the PF PSs, even though the power peaks can be extremely
high, the average power needed is relatively small. Moreover, the plant duty cycle is
limited, especially in the present experimental plants (it is about 100 s/3600 s in DTT [24]).

To meet the demanding requirements of the PF coils, a robust and efficient storage
system is essential, also because the PF coils are only one of the electrical loads necessary
to operate an experimental tokamak like DTT [31] or a power station producing energy
by nuclear fusion [10]. Such a storage system must be capable of storing large amounts of
energy and delivering it precisely when needed.

A standard solution to support the medium /high voltage transmission/distribution
lines in past fusion experiments was based on flywheel generators, which are able to
provide a high amount of power in short time intervals without affecting the electrical grid
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system’s stability. This is less common today, because it is difficult to find such devices on
the market [14] (actually, some new installations revamp old flywheel generators [32,33]).
The other reason is that, approaching tokamaks for energy production, operations are
becoming longer and longer, so more flexible technologies are required.
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Figure 3. Power delivered to the PF coils in the DTT reference scenario.

A viable alternative currently under study for fusion reactors is the DC storage system
based on banks of SCs or other high-capacity energy storage devices that can rapidly
discharge and recharge to match the dynamic demands of the PF coils. In this case, the
AC/DC converter stage can be classified as a “charger”, which can be rated for a power
significantly lower than that delivered to the load.

The design and implementation of the DC storage system involve several key consider-
ations. First, the storage system must have a substantial energy reserve to support the peak
current and voltage requirements. This ensures that the system can sustain the necessary
power output during the most demanding phases of plasma confinement. Second, the sys-
tem must be capable of rapid response to changes in demand, allowing for precise control
over the magnetic field configurations. This is crucial for maintaining plasma stability and
preventing disruptions; additionally, the DC storage system must be designed with high
reliability and efficiency in mind. Any failure or inefficiency in the power supply could
lead to instability in the plasma, potentially causing disruptions or damage to the tokamak.
Therefore, advanced power conversion and energy storage technologies are employed to
achieve the required performance levels.

3.1. Characteristics and Advantages of SCs

SCs have emerged as a promising energy storage technology, particularly suitable
for applications requiring rapid charge and discharge cycles [34]. Key characteristics and
advantages of SCs include high power density, long cycle life, wide temperature range, and
low maintenance. SCs can indeed deliver and absorb power quickly, making them ideal for
buffering short-term power demands, and, unlike traditional batteries, they can undergo
millions of charge/discharge cycles with minimal degradation. Furthermore, they operate
effectively across a broad temperature spectrum, enhancing their suitability for various
environmental conditions. From a maintenance point of view, SCs require less maintenance
than batteries, reducing operational costs. For these reasons, they were considered for
mobility and renewable sources, but with lower power and energy levels and shorter time
scales with respect to the DTT PF PSs [35,36].

The integration of SCs into the DC storage stage between the AC/DC converters and
the DC/DC converters can significantly improve the performance and reliability of the PSs
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for PF coils. Moreover, SCs can be also utilized in other PSs within tokamaks and other
fusion systems.

Of course, SCs do have some drawbacks too. Notably, their equivalent capacitance
decays with frequency, becoming almost negligible at frequencies around 100 Hz, while
the internal losses increase [37-39]. This limitation necessitates the use of additional filters
to interface SCs effectively with power electronics, ensuring that they can still meet the
demands of the system without introducing unwanted harmonics or instability. These
filters are crucial for maintaining the PSs” overall performance and reliability, as they
mitigate the effects of the SC frequency-dependent characteristics [19].

Modeling an SC with precision in simulations is a complex and non-trivial task due
to the intricate behavior involving numerous parameters and complex phenomena [40].
Even though the authors are experimentally and theoretically characterizing such phenom-
ena [40], the time scale of the analysis is compliant with the adoption of a simplified model
for the purposes of this work in order to focus on the energy balance analysis, without
considering transients associated with individual components. The entire SC bank was
simulated using a single capacitance, representing the total bank value, in series with
a resistance reflecting the equivalent series resistance (ESR) of the bank. This approach
streamlined the simulation process while still capturing the essential dynamics of the
energy storage system.

The Ragone plot is a typical tool used to compare energy storage technologies based on
their power and energy densities [41,42]. A Ragone plot with the essential information for
this paper is sketched in Figure 4. The ellipses in Figure 4 denote the most relevant families
of storage technologies. This representation clarifies that SCs cover a zone complementary
to other technologies, offering a trade-off between the high specific energy of batteries and
the high specific power of traditional capacitors. Lithium-ion capacitors (LICs) are SCs with
a sort of battery-like electrode to extend the energy capabilities and then the covered zone.

o0 = DTT PF:

Energy density
(J/kg)

A

} Nominal duration

} Peak distance

} Global Ty

100 k

10k

1k

100
Traditional
capacitors

0.~ - ~ _ Power density
10 100 1k 10k g (W/kg)

Figure 4. Ragone plot comparing the main energy storage technologies and some typical durations
of their operations. To support the analysis of this paper, some characteristic times of the DTT PF PS
system are also reported, to be discussed in the following paragraphs.

The dotted lines in Figure 4 summarize the characteristic durations of the operations
having the corresponding powers and energies. According to this tool, SCs operations
should be limited to a few tens of seconds.
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3.2. A Specific Use of the Ragone Plot

However, the Ragone plot is often misinterpreted. To introduce the analysis well, it is
important to stress that an energy storage system can work also outside its zone, but, in this
case, it would be oversized either in terms of power or in terms of energy. Nevertheless, it
could be suitable in terms of the number of cycles, costs, or other aspects.

The duration to be considered is not only that of the scenario, but a shorter equivalent
value could be adopted due to several factors. The most relevant is the type of load
(dissipative or inductive) and the capability to recover the energy from the load and from
the charger by supporting a huge number of fast charge/discharge cycles [43]. In this case,
the equivalent duration is approximately the time between two positive power peaks.

On the other hand, the SC voltage cannot be considered constant during the operations,
affecting both the coordinates of the Ragone plot. This always must be included in the
optimization, even if it complicates the calculations due to the variable voltage requirements
(see Figure 2).

Therefore, while the scenario is nominally 100 s for the DTT plasma and about 160 s
for the DTT PF coils, the maximum interval between positive power peaks is in the interval
100 + 140 s in Figure 3, resulting in about 40 s. An input charger with a rating of a few
megawatts can further reduce this interval by contributing to the power required by the
scenario and thus limiting the SC voltage discharge.

For these reasons, the use of DC storage and SCs would be appropriate for tokamak
PF systems. Another paper will develop this discussion and will extend it also for TF, CS,
VS, RC, DIV, EFC, and ELM coils and their operations.

4. Possible Optimization Parameters with Their Constraints

Having assessed that PF PSs would benefit from an energy storage based on SCs,
the design challenge consists of optimizing its dimensions and costs together with its
power demand from the grid. In fact, the SC banks may be the most expensive and largest
part of the PS system. A simple design based on peak requirements would cancel any
potential advantage in terms of cost and performance. In practice, it is necessary to solve
an optimization problem under strongly variable and complex loads.

In typical commercial technologies for energy storage applications, a single SC cell
has a capacitance on the order of thousands of farads but can sustain a voltage on the order
2-3 V. Therefore, the practical implementations are always based on the series (and parallel)
of multiple cells. For this reason, manufacturers usually provide assembled modules with
voltages on the order of tens or hundreds of volts (for example, 16, 48, 54, 64, or 160 V). For
the specific case of PF PSs, these voltages are still insufficient and, in addition, the required
current (power) and energy can be attained only by packs (banks) of SC cells or modules.
Some manufacturers propose racks of modules including some management, control, and
cooling systems. Racks are useful for specific applications such as grid storage, but their
fixed voltage does not allow a flexible design optimization.

The first step in PS design consists of the choice of a topology. For the purpose of
this paper, a single H-bridge based on IGBTs with a single SC DC link can be considered.
Figure 5 shows a block scheme of the PS topology for a single PF coil that will be used for
the optimization and for the circuital simulations.

In the final design, more IGBTs/bridges in series/parallel, or the split of the DC link
in more SC banks connected to a portion of the necessary H-bridges, could have practical
benefits [44]. However, these details would not affect the dimensions of the SC-DC link to
be optimized and the following analysis. A slightly different situation occurs when an SC
module and a small converter are combined in a basic unit to be connected in series/parallel
to reach any value of voltage/current [14]. This has the advantage of focusing on the design
of a single unit [14] but is constrained to discrete values, resulting in fewer degrees of
freedom in achievable optimizations. For this reason, the adoption of a large DC link, not
related to any particular SC model, is preferred for the analysis.
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Figure 5. General topology of the PF coil PS used for the design and optimization.

To have a good balance, the banks must consist of cells/modules from the same family
and must contain the same number, N, of SCs in series in each of the N}, parallel branches,
thus resulting in being fully defined by the dimensions N5 X Np.

It is commonly accepted in all the references that the model of a group of series/parallel
cells can be extended from the model of a single cell. This is not strictly sound according
to the circuit theory for more complex models, but it is, rather, applicable to a simplified
model equivalent capacitance plus ESR. In particular, this simplification is valid if all the
assembled cells/modules are identical. This is not valid in real cases due to the component
tolerances. Another aspect to be considered is that the application of the standard formulas
for linear circuits is not applicable under the non-ideal phenomena observed in SCs [40].
However, manufacturers usually include in the commercial modules/cabinets specific
systems to balance the tolerances [45,46]. This supports the simplification, but, on the other
hand, slightly modifies the SC equivalent circuit. Therefore, the tolerances are expected
to be compensated in the estimation of the bank size, and they could be covered in the
assumed safety margins. The absence of direct characterization of modules and packs is
probably related to the difficulty of finding a specific instrument to perform it. Nevertheless,
a verification is presented in [38] for two SC cells and in [46] for four cells with balancing.

Therefore, the parameters to be considered for the optimization are as follows:

e  Base SC cell or module. This is important to identify the unitary voltage and capaci-

tance, but also the ESR intrinsic to it [47].

Number of series N5 and/or parallel N, cells/modules.

Maximum current requested to supply the load coils in the desired scenario I max-
As the peak current of the SC cells is extremely high (on the order of 1000 A), this
parameter is normally well satisfied when the other ones are optimized.

e  Maximum voltage Vmax across the DC link. This is not a trivial parameter, because
the voltage of the DC link can change during the operation to fully exploit the stored
energy. Of course, it cannot exceed the maximum rated values of the SC cells and of
the rest of the hardware. Normally, the voltage limitations are not due to the number
of SC cells that can be placed in series (what is reported in the datasheets for modules
is due to the insulation of the diagnostic systems), but to the other components as the
IGBTs. It is a design choice whether to select as Vax the maximum value requested
by the load coils during the scenario or the maximum value allowed by the hardware.
The energy is higher with the latter choice.

e  Minimum voltage V iy necessary to drive the currents in the desired scenario(s). In
fact, a PS converter can operate only if the voltages across the semiconductor switches
exceed their turn-on values. These minimum voltages are not trivial parameters,
because the voltage of the DC link can change during the operation to fully exploit
the stored energy. As explained in the next section, SC manufacturers usually provide
characteristics for cycles not discharging below Vimax /2.

e Peak power requested to supply the load coils in the desired scenario(s). For the
properties of the Ragone plot, using SCs, this parameter normally is also well satisfied
when the other ones are optimized.
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e Maximum energy stored or storable in the DC link Epc. It seems an immediate
parameter given by the time integral of the power during the scenario, but it is not the
optimal operating mode for pulses longer than some seconds. The actual value must
be selected in compliance with the maximum input power demand from the grid.

e  Maximum input power demand from the grid Pgriqmax (and related charger rating). In
principle, this power can even be zero if the scenario is completely driven by the energy
in the DC storage. This can lead to a simplification for very short operations [17].
However, as some form of charger must be present, it generally makes sense to exploit
its contribution.

All these parameters are discussed in the next section. Here, it is worth noticing that
they are not independent. The most important relationship is that between Vmax and Epc,
established by the well-known formula

1
Epc = Ec:vmax2 (1)

Better optimization performance could be achieved by releasing or relaxing the con-
straints among parameters. A higher energy density can be obtained if the DC storage is
based on LICs [21] or hybridized with batteries [35,36]. A separated charger can provide a
higher Vmax specifically for short ramps [17]. A deeper SC discharge can be obtained by
inserting a further stage with a boost converter between the SC bank and the H-bridge.
An offset to Vnax not depending on (1) can be added by an H-bridge fed by standard
capacitors in cascade with the H-bridge fed by the SCs [22]. Further ideas to reduce the
interdependence among parameters are proposed in the next sections. However, none of
these solutions appears so advantageous in general cases as to justify its additional costs or
complications. These aspects should be holistically investigated in future works.

5. Optimization Strategies and Criteria

The assessment of all these parameters using an analytical approach is rather impos-
sible, or at least impractical [48]. Sections 8 and 9 address the problem by simulations.
However, some formulas were derived to have guidelines to approach the problem, as
presented in this section.

5.1. Available Optimization Formula for PF Coils

Considering the SC and the converters as ideal, the most simplified balance consists of
transferring all the energy stored in the SC to the load. So, the DC energy, Epc, must be
higher than that storable in the load, Ej:

Epc > Ep (2)

The energy in the SC can be derived from Vmax by (1). However, it is useful to report
that the SC capacitance also depends on voltage, with a mostly linear behavior [49,50]
(though more refined approximations could be proposed [51,52]):

C<V> = C(Vref) + kv[v - Vref} 3)

This effect is never reported in manufacturers” datasheets but is commonly observed
in experimental characterizations [49,50]. For this reason, (1) can be used to retain the effect
in (3) as a safety margin for design.

If the load is limited to the coil, its (magnetic) energy is simply due to its auto-
inductance, L:

1
Ep = ELImax2 (4)

Table 1 reports the values of auto-inductances of the DTT PF coil corresponding to
diagonal entries of the inductance matrix, M.
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Table 1. Nominal auto-inductances and possible magnetic energy storable in the DTT PF coils. The
energy calculated using (4) is compared with the Eg obtained by the complete MHD model.

PF Coil L Er Es
PF1 454 mH 80 MJ 47 M]
PF2 298 mH 65 M] 54 M]
PF3 690 mH 46 MJ 53 MJ
PF4 690 mH 269 MJ 66 M]
PF5 298 mH 77 MJ 88 MJ
PF6 454 mH 185 MJ 100 MJ

However, the actual energy also contains other contributions that can be calculated
by integrating the powers in Figure 3, as shown in Figure 6. In this way, a scenario energy
variable with time e(t) is obtained (here and in the following, the lowercase letters denote a
time-dependent behavior):

e(t) = [ p(e)it ®)

100

— PF1
— PF2
80 _ pp3
PF4
60 — PF5
PF6

40 =

20

Energy (M])
=)
7 [///

-20 -
-40
-60 ; ; ; ; ;
0 20 40 60 80 100 120 140 160
Time (s)

Figure 6. Energies delivered to the PF coils in the DTT reference scenario.

Figure 6 neglects the negative energies at the end of the operation, because they derive
from the basic idea of discharging all the coils in the same time interval (see Figures 2 and 3),
which may give more energy back to some coils with respect to others. This would be
corrected when the scenarios are conceived, also considering this aspect.

An interesting single parameter characterizing the scenario energy consists of its
maximum over time:

E, & m;ax{e(t)} (6)

The values of Es and E} coincide for a single coil without mutual interactions.
The definition of Eg allows the introduction of the new concept of efficiency of the DC
storage, that is, the portion of available energy that is actually used for the load:

def E
pc = ES )
DC

It is important to stress that, while a high #pc means a full exploitation of the SC
bank, on the other hand, a lower value can provide a safety margin that could be useful to
compensate for unexpected and not considered effects (for example, the internal losses and
drops in the semiconductors).
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The values of energies estimated by the different approaches are compared in Table 1.
The use of Epc, derived by the complete MHD model, provides a remarkable reduction for
the estimation of the energy flowing in the PS circuits, and thus, a potential increase in the
achievable efficiency.

5.2. Minimum Voltage for DC Link Design

A more refined approach considers also a minimum voltage of the SC bank Vi, that
can be inserted in the model, yielding the following (either Eg or Ef, could be used):

1 1
Ecvmax2 —Es > Ecvmin2 (8)
With the introduction of Vi, the efficiency #pc depends on the Viin selected in
the design:
Vmin ) 2
~21-— 9
e (Vrnax )

It clarifies the importance of having a large range of Vinin + Vmax that is strongly
related to 775c.
The value of V iy must have the following characteristics:

1. Higher than the voltage necessary to drive the load, corresponding to the voltages in
the scenario in Figure 2, plus the voltage needed to keep the IGBT in conduction.
2. Higher than a value that is considered safe or more appropriate for the SC bank.

Since the latter value is not well defined, a simplified approach could be used.

5.3. Simplified Approach Based on Half-Voltage Cycles

A good approach consists of the adoption of a Vi corresponding to half of the
maximum voltage of the SC bank (Viin = Vmax/2). The main reason for that is the use of
charge/discharge cycles between Vmax and Vmax/2 to define the SC specifications [40,53].
Moreover, LICs have a specific requirement to operate in this range, because they could be
irremediably damaged if discharged below a certain threshold, close to Vinax/2 [54].

The half-voltage approach has the advantage of simplifying the calculations in (8),
leading to an explicit requirement for the capacitance to be selected for the SC bank:

4 o>
C> L2
3 Vmax

(10)

Once the bank capacity is known, together with its Vmax, the bank energy can be
immediately calculated by (1). The capability of generating the Imax should be verified, but
it is normally satisfied. The simplified formula (10) does not take into account the effect
from (3) that can be kept as a further safety margin.

With this approach, npc is fixed to 75%, which is also the used energy with respect
to the available one. Moreover, (10) does not ensure automatic compliance with the first
condition at the end of Section 5.2, so it shall be independently verified.

5.4. Approach Based on the Scenario in the Time Domain

The previous approach limits the efficiency to 75%, while an SC discharge deeper than
50% is not critical, even if it would lead to a partial reduction in the lifecycle.

The best balance of energy not involving the grid can be obtained when the energy
delivered to the load is not sufficient to lead the SC bank to a voltage lower than that
requested by the scenario:

%cvmax2 —e(t) > %CU(t)z (11)
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In this case, in order to include all the tokamak effects, the load energy is that shown
in Figure 6. The resulting model can be implemented easily in simulations:

2e(t
C> mfaX{VmaX;(—)v(t)z} (12)

Table 2 summarizes the values reached by C for each PF coil. This is an optimistic
value for the bank capacitance that does not include some losses’ effects.

Table 2. Results of bank design obtained by optimization in time domain.

Minimum C from Minimum Epc from

PF Coil (12) 13) Related #pc
PF1 39F 63 MJ 75%
PF2 10F 58 MJ 92%
PF3 11F 68 MJ 78%
PF4 12F 72 M] 91%
PF5 16 F 92 MJ 96%
PF6 62 F 100 MJ 100%

As for (10), once the bank capacity is known, together with its V nax, the bank energy
can be immediately calculated by (1):

Epc > max % (13)
ase

Vmax

The results are also reported in Table 2. Finally, the capability of generating the I'max
should be verified, but it is normally satisfied.

If the time instant corresponding to E; is the same as the minimum of V pn, (12) would
result in an efficiency close to the value given by (9). This is the most common case, but in
principle, the voltage required by the scenario could determine the instant of the maximum
in (13), leading to a higher design capacitance. In this case, it is always as follows:

Voo \2
e < 1— (“‘) (14)
VmaX

This means that the approach based on a scenario in the time domain can lead to
smaller banks with higher efficiency, even though efficiency could potentially be out of the
design choices. However, this situation never occurred for the DTT PF coils.

5.5. Loss Compensation

The previous formulas were derived under the assumption of an ideal (lossless)
system. The real behavior is affected by several causes of losses: SC ESRs, parasitic
elements on the AC or DC sides (such as cables, bus bars, and connections), drops in the
converters’ semiconductors, passive elements such as the vessel and the walls, and the
plasma equivalent resistance. Modeling such contributions is rather impossible, because
they include phenomena that are dependent on time, frequency, current, voltage, and so on.
The knowledge of the complete model of the scenario like in Figure 2 allows us to cover the
effects due to the tokamak, while the rest of the effects can be only predicted.

A good rule of thumb could be to have an input power, Pgrigmax, able to compensate
for the maximum power and/or energy during the operations. These can be estimated
from Figures 4 and 6, taking into account that high power peaks for short intervals can be
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managed. Based on these considerations, Pgrigmax in the range 1 + 3 MW was selected as
the starting point for the following analyses.

6. Complementarity in Power Demands of PF Coils

The previous discussion was focused on PF systems but is mostly applicable to other
coils. In the following, the specific characteristics of PF systems will be exploited. In
tokamak systems, different PF coils may exhibit complementary energy demand profiles.
This means that while some coils require high power input, others may have lower power
demands or even release energy back into the system, as shown in Figure 2 for the DTT
case. By analyzing these demand profiles, it is possible to design a shared DC storage
system that optimally balances the energy requirements across multiple coils.

Figure 7 shows the total power delivered to the load coils by all the PF PS systems.
This power is integrated over time to show, in Figure 8, that most of the energy involved in
the operations can be recovered because the effective losses in the process are very limited,
especially if compared with the peak powers. For completeness, it is necessary to report
that a part of the power goes to the plasma and to the passive elements, while a contribution
is also provided by the CS coils. Probably, only the first DTT experiments could provide a
quantification of the losses. However, even an incomplete recovery of the energy necessary
for the tokamak operations is a relevant achievement.

30
20 -
10 -
0

Total power of PF coils (MW)
)
o

0 20 40 60 80 100 120 140 160
Time (s)

Figure 7. Sum of the six instantaneous powers of the six PF coils shown in Figure 3.

400

300

200 -

100

Total energy stored in the PF system (M])

0 20 40 60 80 100 120 140 160
Time (s)

Figure 8. Total energy stored in the load coils and equivalent mutual couplings.
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Figures 7 and 8 help to clarify that the total power is lower than the sum of the
rated powers of each PS in Figure 3, suggesting that a common storage could reduce the
overall power demand. This is due to a phenomenon of complementarity in the power
demands of PF coils. One of the novelties of this paper consists of the exploitation of such a
phenomenon.

This characteristic is evident in DTT, leading to the significant findings reported in
Section 9. Moreover, even though it is not easy to collect data for all the cases, some
preliminary observations of the current scenarios of other tokamaks suggest that the
approach proposed in this paper could be applicable to other situations. Figure 9 presents
a relevant example: the first reference single-null scenario of JT-60SA [55], the largest
superconducting tokamak operating in the world. In Figure 9, the coils are named as in
DTT, whereas in JT-60SA, they are classified as “equilibrium field coils” with a different
numbering [55]. These JT-60SA coils are presently supplied by thyristor bridges without a
DC link. A future paper will extend this analysis to other tokamaks and configurations.

5
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]
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N . ; )
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Figure 9. Example of complementarity in the powers delivered to the PF coils in the JT-60SA reference
scenario [55] (names of coils are modified to coincide with the DTT ones).

It is important to stress that the optimization moves from scenarios, such as those
exemplified in Figures 2 and 9, that were conceived by the plasma physicists independently
of any possible optimization of the electrical power or energy. Therefore, the results could
be even more significant in the future, with an integrated approach considering these
aspects from the beginning.

The concept of complementary power and energy profiles is crucial to optimizing the
design of DC storage systems. By leveraging the complementary profiles, it can reduce the
footprint of the DC storage while maintaining the required performance.

Equivalent Parameters for Shared DC Links

An observation of the peaks in Figures 7 and 8 allows the introduction of a new global
equivalent time, Tr /p, based on these peaks:

def mzax{zg:l esn(t)} N
BN I )

This time can be compared with the durations in the Ragone plot, as shown in Figure 4,
showing again, in a different way, that SCs are the perfect solution to optimize the DTT
PF system.
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Formulas (12) and (13) can be extended to a DC link with a capacitance C shared
among coil PS circuits, each having its own v, (t) and e, (t) but the same Viax:

2, en(t)

Vi — mfx{vn(t)z} (16)

C>mtax

Zn €n (t)
_ on()]?
1 mr?x{ |:Vmax:| }
These formulas seem complex but can be easily implemented in software simulations.
The performances achieved by a shared DC link having an energy Epc can be quanti-

fied by introducing new definitions of efficiency. The first one extends (7) to the global effi-
ciency of the shared DC link by comparing it with the total energy of all the shared circuits:

def Zn Esn
Ibc = “Fre
DC

Epc > max (17)

(18)

Alternatively, the sharing process between the PSs of different coils, each with bank
energy Epcy, could be assessed by the following ratio:

def Epc

Hsharing — 1 — Y, Ence (19)

In both these definitions, the efficiencies may exceed 100%.

7. Models for Circuital Simulations

To evaluate the optimal balance between the size of the DC energy storage and the peak
power drawn from the grid, an electrical model must be implemented in a software tool for
power electronics. The specialized tool PLECS was used to simulate the block diagram in
Figure 5 for each PF coil, including all the components necessary for the operations but not
reported in Figure 5. The most relevant principles of the developed model are described in
this section.

The implementation of the scheme in Figure 5 in a software environment for circuit
simulation can adequately reproduce the behavior of the tokamak PS system only by
adopting a method to model the effect of the mutual couplings. Without these couplings,
the ratings of the components would appear higher, resulting in an oversized design. An
inductance matrix M with any number N of rows/columns is not available in any software
for circuits. Anyway, the computational burden of only six coupled PS circuits is already
unmanageable, while an optimization process requires many simulations. Therefore, it is
fundamental to introduce a method to emulate all the effects through a simplified approach.

In the most general case, the vector, v(t), of the voltages across all the PF coils and all
the other poloidal cross-section elements can be obtained by the vector, i(t), of the impressed
currents through the following formula:

o(t) = u (20)

In this formula, the mutual inductance matrix, M, is also time dependent. This is not
manageable by a circuital simulator.
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If the voltage and current profiles are known for the coil under analysis, the situation
can be modeled using a standard system with constant mutual inductance. To this aim, the
voltage across the k-th PF coil can be expressed as

N .
ot) = 3 My, Tl el
n=1

where Mj,, is the mutual inductance between the k-th PF coil and the n-th element (with
n =1 =+ 6 for the PF coils and n =7 + N for the passive elements) and i, (t) is the correspond-
ing current. The auto-inductance and the current of the considered coil can be denoted
with Ly and i(t), respectively.

Instead of considering all the N elements, a coil is magnetically coupled to a single
fictitious auxiliary coil having a controlled current source in series i (¢). In this case, (21)
can be rewritten as

dig(t) dig(t)

vka(t) = Ly it + Mia 0t

The two previous formulas provide the same voltage across the coil at every time
instant vy 4 (f) = vx(t). Hence, the controlled current i (t) is dynamically determined through
a simple control loop that forces the desired equality in (22). Integrating and solving for
ia(t), the condition becomes

(22)

inl1) = 3 ( [ ety - Lkz’k<t>) 23)

Since vi(t), Ly, and i(t) are always known, all the mutual couplings can be emulated
by controlling the current in the auxiliary inductor using (23). The value of My (like the
L4 of the auxiliary coil) can be arbitrarily chosen, provided that it is coherent with the
other circuit parameters. Figure 10 depicts the block scheme implementing the previous
algorithm for mutual coupling contribution.

& [ O
o [ -t

Vi

(e Ly

Figure 10. Block scheme of the control algorithm to emulate the mutual coupling contribution.

Figure 11 schematizes the logic emulating the behavior of the charger with a controlled
current source. The charger supplies current whenever the DC link voltage drops below a
reference threshold, but without overcoming the imposed limit on Pgrigmax- The threshold
control includes a hysteresis band between the Vinax and (Vimax — 10 V). When the charger
is activated, it supplies the maximum current that it can provide based on the fixed Pgrigmax
and Vmax. A more refined control could limit the charger current based on the expected
(feedforward) needs of the scenario.

As mentioned, a simplified SC model (capacitance and ESR) can be adopted for the
SC bank to focus on the energy balance analysis.

Figure 12 depicts the block diagram of the H-bridge control algorithm. Starting from
the load current error, a PI regulator generates the modulating signal, which is compared
with a triangular carrier at switching frequency. The direct output of the comparator
provides the driving signal of the first diagonal of the bridge, while the negated generates
the one for the second diagonal.
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Figure 11. Logic of the controlled current source implementing the charger in circuital simulations.
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Figure 12. Block scheme of the H-bridge control.

8. Simulation Campaign

Even though some preliminary indications on the best compromises were obtained by
Formulas (16) and (17), the useful optimizations must be verified by simulations.

For the simulations, Vinax = 1.8 kV or 3.5 kV was selected, to allow the use of commer-
cial IGBTs with performances at the switching frequency suitable for the application. For
instance, 3.5 kV can be sustained by a single 6-kV IGBT for railway applications, by a series
of three IGBTs having the very common rating of 1.7 kV, and so on.

The PF PSs, each with an installed power up to 90 MW, can operate with an input
power lower than 3 MW. In particular, the optimizations were analyzed under three
different limits of Pgrigmax (the input power factors are negligible in this analysis):

1. Maximum 1 MW.
2. Maximum 2 MW.
3.  Maximum 3 MW.

Under each of these three different power limits, the study compared two opposite
conceptual topologies:
1.  Independent DC links.
2. Shared DC links.

In the first case, each PS operated with its own dedicated DC link (DC storage bank).

This configuration served as a baseline for comparison. The second case, schematized in
Figure 13, exploits the benefits of a DC link shared among PSs feeding different PF coils.
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Figure 13. Basic circuit in the case of a shared DC link (PF1 and PF2 pairs as an example).

Choice of the Possible Pairs

As the powers and energies in some time instants (see Figures 7 and 8) are still relevant,
a large energy storage involving several PF coils would have limited efficiency. In particular,
the preliminary simulations showed that sharing a DC link among all the PF PSs would
lead to limited advantages, especially if compared with the related engineering problems.
On the other hand, connecting two PSs at the opposite sides of a common DC link has
evident advantages in terms of layout. Then, the analysis was focused on combining pairs
of PF coils. Starting from the power profiles of the six PF coils shown in Figure 3, the
possible pairs were examined to identify the best options.

Trying to combine the power profile dynamics in order to mitigate as much as possible
either the average power drawn from the DC storage or the power variations, the most
logical pairs in terms of possible sharing of the DC storage bank are as follows:

1.  PFl and PF2 (PF1-PF2).
2. PF3 and PF4 (PF3-PF4).
3. PF5 and PFé6 (PF5-PF6).

9. Main Simulation Results
9.1. Results Achieved by Pairing

The advantage of pairing is clearly exemplified in Figure 14, where the voltage of the
DC link of the PF2 PS (17 F at 3.5 kV) is compared between the case in which it is connected
individually to PF2 and the case in which it is shared with PF1. In the first case, the DC link
voltage decays to zero very quickly due to the power demand of PF2 (that could not be
followed with too low a voltage), while this does not happen when PF1 compensates the
power, much more than the distribution grid could do.

The main results of the simulation campaign are summarized in Table 3. For each cell,
it specifies the following:

1. The capacitance value of the storage.
2. The nominal peak voltage of the DC link.
3. The total energy stored in the bank.

Some PF coils, individually, would need a peak voltage of 1.8 kV, but, when consider-
ing the shared DC link case, the bank must be sized for the highest peak voltage needed
by the PF coils of the pair (i.e., 3.5 kV). The coupling between PF6 and PF1 has not shown
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benefits in terms of energy and dimensions, so it is better to exploit the economies of scale
of designing them like the others; this is also a safety margin for operations.
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Figure 14. Comparison between the case in which the PF1 and PF2 PSs share the DC storage and the
case in which the same DC storage only feeds the PF2 PS.

Table 3. Summary of the differences between the voltage, capacitance, and energy of SC banks in the
case of independent and shared DC links.

Pgriamax =1 MW for Each Coil Pgridmax = 2 MW for Each Coil Pgridmax = 3 MW for Each Coil
Independent Shared Independent Shared Independent Shared
DC Links DC Links DC Links DC Links DC Links DC Links
1.8kV 1.8kV 1.8kV
PF1 68 F 58 F 44F
3.5kV 3.5kV 3.5kV
110 MJ 20T 92 MJ 17F 70 MJ 15F
3.5kV 184 MJ 3.5kV 104 MJ 3.5kV 92 MJ
PF2 35F 34F 30F
215 MJ 209 MJ 184 MJ
3.5kV 3.5kV 3.5kV
PF3 28 F 25F 18 F
3.5kV 3.5kV 3.5kV
172 M]J 60T 154 MJ 55 F 110 MJ 40 F
3.5kV 368 MJ 3.5kV 337 MJ 3.5kV 245 M]
PF4 32F 28 F 22F
196 MJ 172 MJ 135 MJ
3.5kV 3.5kV 3.5kV
PF5 55F 55F 25F
3.5kV 3.5kV 3.5kV
337 MJ 38 F 337 MJ 20F 154 MJ 25 F
1.8kV 233 M] 1.8kV 184 MJ 1.8kV 154 MJ
PF6 155 F 120 F 105 F
233 MJ 260 MJ 176 MJ

Table 3 provides significant insights into the advantages and limitations of sharing DC
links. One of the most notable findings was the substantial benefits observed for the coil
pairs PF1-PF2 and PF5-PFé:

e  For PF1-PF2, the shared storage configuration could potentially halve the size required
for the storage bank.

e  For PF5-PF6, the reduction in storage requirements was even more pronounced, with
a potential decrease by about two-thirds.

e  On the other hand, the pair PF3-PF4 showed no significant advantage from transition-
ing to a shared DC storage configuration. In this case, there is no reason to move from
the simpler layout.

Table 4 expresses these results in terms of efficiencies, using the definitions (18) and
(19). As anticipated, in some cases the efficiencies can exceed 100%.
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Table 4. Achieved efficiencies of PF pairs, assessed by the two different proposed definitions.

1MW 2 MW 3 MW
IpC Hsharing IpC Hsharing HpC Hsharing
PF1-PF2 55% 42% 97% 65% 109% 64%
PF3-PF4 32% 0% 35% 0% 49% 0%
PF5-PFe6 81% 61% 102% 66% 122% 68%

9.2. Results in Terms of Layout and Dimensions

Independently of the numerical values of the electrical parameters, it is important
to evaluate a possible layout and dimension for the actual SC bank. To this aim, the SC
module CapTop CTM 00165C0 0054V0 NNOO (shown in Figure 15), rated 54 V, 165 F, with a
peak (limited to short times) current up to 2000 A, was used as a reference for the basic unit.
Other manufacturers provide similar footprints and performances. This module was used
to build standard cabinets having physical dimensions of 600 x 1200 x 2000 (height) mm.
So, the SC bank can be measured in terms of standard cabinets.

Figure 15. SC module CapTop CTM 00165C0 0054V0 NNOO, rated 54 V and 165 F.

Table 5 presents the same concepts of Table 3 in terms of layout and dimensions,
considering the reference SCs modules and cabinets.

Table 5. Comparison between the size, expressed in terms of number of reference cabinets and N x
Np, of SC banks in the case of shared and independent DC storage.

1MW 2 MW 3 MW
Independent Shared Independent Shared Independent Shared
DC Links DC Links DC Links DC Links DC Links DC Links
14 cabinets 12 cabinets 9 cabinets
PF1
(1 x14) 24 cabinets (1x12) 14 cabinets (Ix9) 12 cabinets
PF2 28 cabinets (2 x12) 28 cabinets 2x7) 24 cabinets (2x6)
(2 x 14) (2 x 14) (2 x 12)
22 cabinets 20 cabinets 14 cabinets
PF3
(2 x11) 48 cabinets (2 % 10) 44 cabinets 2x7) 32 cabinets
PF4 26 cabinets (2 x 24) 22 cabinets (2 x22) 18 cabinets (2 x 16)
(2 x 13) (2 x 11) 2 x9)
PE5 44 cabinets 44 cabinets 40 cabinets
(2 x22) 32 cabinets (2 x22) 24 cabinets (2 < 20) 20 cabinets
PF6 32 cabinets (2 x 16) 25 cabinets (2 x12) 22 cabinets (2 x10)
(1 x 32) (1 x 25) (1 x 22)
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9.3. Optimization of Input Power

Another relevant aspect of the study was the analysis of the effect of the peak power
absorption from the grid, which is useful for the design of the input charger and distribution
grid. The results highlighted the following:

e  Increasing the peak power limit from 1 MW to 2 MW resulted in a substantial reduction
in the required energy for DC storage. Considering the reference SC modules and
cabinets, this increase could save 18 reference cabinets.

e In comparison, the increase from 2 MW to 3 MW has less impact, for instance, only six
reference cabinets.

This suggests that a peak power limit of 2 MW offers the best compromise between
efficiency and practical feasibility. Details can be found in Tables 3 and 5.

Moreover, the average power drawn from the grid does not coincide with the fixed
limit. For example, Figure 16 shows the instantaneous power drawn by the PS pair PF1-PF2
with Pgrigmax =2 MW per coil, clarifying that the assumed peak power is not constantly
required, resulting in an average power around 2.2 MW (half of the allowed peak value).
This could lead to further optimization in the distribution of the tokamak loads.
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Figure 16. Instantaneous power drawn from the grid by the pair PF1-PF2.

As a result, the DC storage of the whole DTT PF PS system could consist of 14 + 42 +
24 = 80 cabinets occupying about 58 m? with an input power in the order of 10 MW (6 coils
with a 2 MW peak). Alternatively, it could consist of 12 + 32 + 20 = 64 cabinets occupying
about 46 m? with an input power in the order of 15 MW (3 MW peak). These results are
rather impressive, considering that the installed power can exceed 500 MW.

10. Conclusions

This paper analyzed the design and optimization of a PS system for the PF coils of a
tokamak. Even though the examples are focused on the last-generation tokamak DTT, the
approach is generally applicable to all tokamaks and to other nuclear fusion plants.

The problem was approached both by theoretical formulations and by circuital simu-
lations. This was possible after introducing the right foundations. The main steps for it
were developed for the first time in this paper:

1.  Defining a voltage and current reference scenario, including all the plasma phases.
2. Identifying analytical formulas and parameters to set and evaluate the optimization.
3. Designing a circuital model to include in its simulations all the tokamak phenomena.

The developed models and algorithms, also implemented in the PLECS software, will
be available for future studies that may incorporate more detailed component behaviors
and transient analyses. In particular, they are going to be implemented in a hardware-in-
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the-loop (HIL) setup [44] combining the SC and H-bridge models with a real control board
operating on the desired scenario.

The benefits of DC storage based on SC technology were extensively shown. Once
these benefits were clarified, the design moved to the problem of identifying the best
compromise between the size of SC banks and the power demand from the grid. The
concept of complementary among the power and energy profiles of different PF coils
was introduced for the first time and was crucial for the optimization. By leveraging the
complementarity of shared DC storage, the peaks of power from the grid are limited both
by temporal shifts (compensation of demand fluctuations over time) and by load balancing
(distribution of energy storage requirements across multiple PSs). Such a rational use
of available energy reduces the footprint of the DC storage, together with capital and
operational costs, without affecting the required performance or the reliability and stability
standards.

A comprehensive simulation campaign revealed that sharing the DC storage bank for
the coil pairs PF1-PF2 and PF5-PF6 offers substantial benefits. For PF1-PF2, the shared
storage configuration could potentially halve the required storage bank size, while for
PF5-PF6, the reduction could be as significant as two-thirds.

At the same time, the analysis of the power demand from the grid demonstrated that
increasing the peak power limit from 1 MW to 2 MW results in a more substantial reduction
in the required energy for DC storage compared with the increase from 2 MW to 3 MW.
This suggests that a peak power limit of 2 MW strikes the best balance between dimensions
and efficiency. Considering the reference SC modules and cabinets, this corresponds to
a saving of 18 cabinets for the PF system. The entire DC storage could consist of 80 or
64 cabinets occupying 58 m? or 46 m?, respectively.

Observing the trend and the roadmap of SC technology independently of nuclear
fusion applications, it is reasonable to predict that the dimensions and the costs of storage
will decrease in the future. A more rapid improvement is expected for batteries due to the
massive investments and the gigafactories under construction. Superconducting magnetic
energy storage (SMES) is another technology that may be particularly suitable in fusion
applications [6], with optimization problems similar to SC banks.

While the paper’s results provide a clear direction for optimizing the DC storage and
PS system, several practical considerations must be addressed for real-world implementa-
tion. Future works should focus on detailed implementation plans, including validation
tests. In addition, they should assess alternative topologies (such as boost converters or hy-
brid storage joining SCs and batteries) that are able to overcome some intrinsic limitations
noticed in this paper.

A relevant issue consists of the layout of the DC link for its connections to different
PSs. This could introduce parasitic resistive and inductive effects that can detrimentally
counterbalance the advantages of pairing the DC links. However, it is important to stress
that both the PSs in a pair can be split into parallel units that can be connected to smaller
DC links.

Another practical aspect to be considered is the selection of the technology, such as
IGBTs or IGCTs, and the topology to be used, such as H-bridges or neutral point clamped
(NPC). The simulations in this paper were based on a single H-bridge converter, as the
primary focus was on the DC storage rather than on the converter control, while using
H-bridges in parallel might be necessary to handle higher power levels and provide
redundancy. In these situations, interphase inductors play a crucial role in ensuring proper
operations and balancing currents between parallel H-bridges and in preventing circulating
currents that could otherwise lead to inefficiencies and potential damage [56].

Safety is also an important aspect. The large energy stored in the coils must be carefully
managed. A braking system (chopper) must always operate in parallel to the SC banks
to avoid overvoltages/overcharges. A clear detection of full discharge is required for
maintenance and settings (that are frequent in fusion experiments). It is interesting to note
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that LICs can offer advantages in terms of specific energy, but they are more critical from
the safety point of view.

Nevertheless, this paper presented some viable strategies for the solution of a very
critical issue, almost a showstopper, for the exploitation of tokamaks as energy sources.
In fact, the total power demand for the whole PF system was on the order of 10 MW.
Such an optimized power exchange can reduce other power quality problems affecting the
tokamaks, such as reactive power, harmonics, flicker, and oscillations.

Finally, it is important to stress that the analysis presented in this paper was applied to
scenarios that were conceived by plasma physicists independently of any optimization of
the electrical power or energy and without considering the option of (shared) DC storage.
Therefore, the results could be even more significant in the future with an integrated
approach that starts to consider possible power and energy optimization as a requirement
from the beginning.

Also based on the guidelines and results of this paper, a Call for Tender for the
realization of the DTT PF PS system is expected to be launched in 2025.
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