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ABSTRACT: The most promising configuration of a nuclear energy fusion system is the tokamak, the largest
of which, called ITER, is under construction in Cadarache, France, which uses a complex system of supercon-
ducting magnets to generate a field of several tesla (T), aimed at confining the plasma in the toroidal chamber
where nuclear fusion reactions occur. For industrial development, the safety of nuclear fusion systems has to
be proved and verified by a systematic analysis of operational transients and accidental conditions. Although
the final aim of fusion reactors is to reach steady state operation, present-day tokamaks present complex dy-
namic features, as their operation is based on the transformer principle with a subset of the superconducting
magnets operating in a pulsed mode, to inductively generate plasma currents of the order of several MA. We
adopt the framework of Integrated Deterministic and Probabilistic Safety Assessment (IDPSA), for identifying
the component failures that may cause a Loss-Of-Flow-Accident (LOFA) in the cooling circuit of a supercon-
ducting magnet for fusion applications. Post-processing of the simulated scenarios for the identification of the
abnormal transients is performed in an unsupervised manner resorting to a spectral clustering approach embed-
ding a Fuzzy-C Means (FCM) that is compared with an Extended Symbolic Aggregate approXimation (ESAX)
from the literature that also resorts to the FCM for the classification.

The proposed approach turns out to be more efficient than ESAX in the identification of clusters and “pro-
totypical states” of abnormal system behavior. Results show that none of the identified scenarios (even those
leading to a LOFA) are critical for the ITER central solenoid module integrity, in the mode of operation con-

sidered.
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1 INTRODUCTION

Nuclear fusion reactors will use superconducting magnets to generate the powerful magnetic field needed to
confine the plasma in the shape of a torus, where Deuterium-Tritium fusion reactions occur at a temperature of
the order of 108 K. In ITER, the largest tokamak fusion reactor under construction at Cadarache (France) (ITER,
2014), the three principal magnetic sub-systems are (see Figure 1):

- the Toroidal Field (TF) coils, which operate in DC and generate the magnetic field component along the
big circumference of the torus (toroidal direction), which can reach several T;

- the Central Solenoid, which operates in pulsed mode and is the primary of a transformer which induces
in the secondary, i.e. the plasma, a very large current (several MA), which in turn generates the compo-
nent of the magnetic field along the short circumference of the torus (poloidal direction);

- the Poloidal Field (PF) coils, which operate with time dependent currents defining the so-called plasma
scenario, and generate a vertical component of the magnetic field which gives the desired shape (e.g.,
elliptical with some added triangularity) to the plasma cross section.

All coils need to be cooled at cryogenic temperatures in order to avoid their quench (i.e., the progressive

and potentially divergent loss of the current carrying capability in superconducting state, with associated

Ohmic heat generation) during operation. For example, the ITER SC coils are cooled by supercritical helium

(SHe) at a pressure of 0.5-0.6 MPa and temperature of about 4.5 K (Mitchell et al., 2008). Dedicated cryo-

genic cooling loops remove the heat load from the magnets, releasing it to saturated liquid helium (LHe)

pools, which act as thermal buffers in the transfer of the peak load to the refrigerator (Hoa et al., 2012).



Figure 1 The ITER TF magnets (ITER).

The safety of nuclear fusion systems has to be proved and verified by a systematic analysis of the system
behavior under operational transients and accidental conditions [e.g., loss of coolant accidents (Rivas et al.,
2015)], and the corresponding (safety) issues and gaps have to be highlighted (Perrault, 2016; Wu et al., 2016).
Indeed, contamination from radioactive sources (e.g., tritium and the materials activated by the neutrons pro-
duced by the fusion reactions) must be avoided for the operators and public safety, and for the environment
(Taylor and Cortes, 2014; Taylor et al., 2017). Also, the high cost of the superconducting magnet system, as
well as the essential need to guarantee at least a lifetime coincident with that of the plant, calls for its protection
and integrity (Mitchell et al., 2012).

One challenge to the analysis of these issues is that the operation of tokamaks presents complex dynamic fea-
tures, as seen above. Then, in the safety analysis the order and timing of the failure events occurring in an
accident scenario, the magnitude of the failures and the values of the process variables at the time of failures
occurrence could be critical in determining the response of the system (Zio and Di Maio, 2009).

The Integrated Deterministic and Probabilistic Safety Assessment (IDPSA) framework (Kirschenbaum et al.,
2009) allows such an analysis by combining (deterministic) phenomenological models of the system dynamics
with (probabilistic) failure models (Zio and Di Maio, 2010). IDPSA techniques have been successfully applied
to analyze nuclear fission systems: see, e.g., (Galushin and Kudinov, 2015) for an application to a hypothetical

LOCA transient in typical French 900 MWe PWR; (Jankovsky et al., 2018) for the dynamic analysis of a sodium



cooled fast reactor; and (Grishchenko et al., 2019) for the uncertainty quantification of a steam explosion sce-
nario in a Nordic type BWR. In this work, IDPSA is employed, to analyze the response to abnormal transient
conditions of the cooling system of a SC magnet for nuclear fusion applications, namely a single ITER Central
Solenoid Module (CSM) in a reference (cold) test facility (Spitzer et al., 2015). The analysis focuses on identi-
fying the failures that may lead the system to a Loss-Of-Flow Accident (LOFA). The state-of-the-art thermal-
hydraulic code 4C (Savoldi Richard et al., 2010), validated against different types of transients characterized
by a broad range of time scales [e.g., safety discharge (Zanino et al., 2011) and quench propagation (Zanino et
al., 2018) in the ITER TF coils, and cooldown of the ITER CS coils (Bonifetto et al., 2017)] is employed for
the (deterministic) simulation of the system behavior. Multiple Value Logic (MVL) is adopted for the descrip-
tion of the component failures at different times and with different (discrete) magnitudes (Di Maio et al., 2015).
The combinatorial explosion of the MVL scenarios generated must be post-processed to extract relevant infor-
mation on the response of the system in relation to the different states of the components. To post-process the
scenarios, clustering is adopted. Several clustering algorithms have been proposed and used in practice, such as
Fuzzy C-Means (FCM) (Bezdek, 1981) and Symbolic Aggregate approXimation (SAX) (Lin et al., 2003) to
find the prototypical behaviours of systems working in abnormal conditions (Di Maio et al., 2012). In this work,
we use Spectral Clustering (Von Luxburg, 2007) embedding a FCM classifier, which has been proven to be a
powerful unsupervised approach in various dynamic failure analysis (Baraldi et al., 2013), as it will be explained
in Section 3.2.1.

The scenarios are modelled here as MVL scenarios, simulated by 4C and eventually grouped by the Spectral
Clustering. From the clusters, relevant safety insights are obtained (i.e., the component failures that lead the
system into a LOFA). A comparison with reference to the Silhouette and Davies-Bouldin indexes (Davies and
Bouldin, 1979), explained in Section 3.2.3, is performed with the ESAX method (Butler and Kazakov, 2015),
that, as well as Spectral Clustering, embeds the FCM for the classification task.

The paper is organized as follows. In Section 2, a description of a single ITER CSM in the cold test facility is
presented together with the corresponding simulator; the different regimes of system operation are also de-
scribed. In Section 3, the IDPSA methodology is presented: in particular, the component failures causing the

deviations from the nominal CSM conditions in the test facility are described, together with the use of MVL



for generating accident scenarios; also, the spectral clustering and the ESAX algorithms for scenario post-pro-
cessing are explained in detail. In Section 4, the results are presented and critically analyzed. Finally, conclu-

sions are summarized in Section 5.

2 DESCRIPTION OF THE PHYSICAL SYSTEM AND PRESENTATION OF THE NUMERICAL

SIMULATOR

The ITER Central Solenoid (CS) system allows inducing the current in the plasma and maintaining it during
long plasma pulses. It is composed of 6 CS modules (CSM) vertically stacked, see Figure 2a. Each module is
currently being manufactured and will be individually tested; it is composed of 7 pancake-wound conductors,
specifically 6 hexa-pancakes and 1 quad-pancake. Each pancake is cooled in parallel, resulting in 40 parallel
cooling channels per module, each featuring 14 turns. The He inlets are located at the coil bore, while the outlets
are at the outer side of the magnet, see again Figure 2a. All the pancakes of each module are electrically con-
nected in series through suitable joints (Libeyre et al., 2015).

The main components of a reference facility for the CSMs cold tests, reported in Figure 2b, are the He refrig-
erator, producing the supercritical He (SHe) at 4.5K used to cool the magnets during the tests, and the test
chamber where the module will be put into a cryostat. Besides these two main components, several manifolds,
pipelines, control valves (CV) of the heat exchangers (HXs) of the cryoplant, and a liquid He (LHe) thermal
buffer (enclosed in a suitable cryo-distribution cold box) will connect the refrigerator to the coil. A dedicated
power supply system will provide a current up to ~50kA, while a control system ensures that all the (electrical,
thermal-hydraulic, etc.) operating parameters are within the given operational range. Finally, a protection sys-

tem constantly monitors several variables and is ready to intervene to protect the coil integrity in case of failure.
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Figure 2 (a) Sketch of the ITER CS and its subcomponents (U = upper, L = lower, HP = hexa-pancake, QP = quad-pancake), partially taken

from (Libeyre et al., 2015); (b) scheme of the facility for the CSM cold tests taken as reference in the present work.

From the hydraulic point of view, the analysis reported here is focused on the cooling loop of a single CSM,
similar to that of the reference test facility. This closed loop provides SHe at ~4.5K to the inlets of the 40
hydraulic paths, collects the (warmer) SHe at their outlets and drives it by means of a cold circulator to two
HXs, where the heat removed from the coil is transferred to a LHe buffer. The He evaporated in the buffer is,
eventually, extracted and cooled down by the refrigerator.

The 4C thermal hydraulic code (Savoldi Richard et al., 2010) is used to model both the coil and its SHe cooling
loop. Figure 3 shows a scheme of the loop model (where circles are pressure taps and open triangles are flow
meters). The SHe at the outlet of the cold circulator is cooled in HX1 to remove the heat generated by the
compression process. Then, it is driven to the coil inlets through CV1 (fully open in normal operation) and a
supply cryoline (cryolinel). At the coil outlet, the SHe reaches HX2 through a return cryoline (cryoline2) and
CV2 (fully open in normal operation). The main input parameters of each component model are reported in
Table 1. For the details of the model of each component, please refer to (Bonifetto et al., 2012). A realistic
characteristic of the cold circulator has been implemented in the circuit model, as described in detail in (Zanino

et al., 2013) for another system.
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Figure 3 Scheme of the model of the SHe cooling loop of the CSM: HX = heat exchanger, CV = control valve, BV = bypass valve, C = con-

troller, SV = safety valve, QL = quench line, QT = quench tank.

Table 1. Main input parameters of the circuit components models (L = length, D = diameter, K, = flow coefficient).

Component L [m] D [mm] # of parallel pipes Kv [m3/h]
HX1,2 31 20 11 -
Cryolinel 28 46 - -
Cryoline2 24 46 - -
CV1,2, BV, SVin, SVout - - - 71

When the LOFA occurs, the protection system behaves similarly to that adopted in ITER as described in
(Savoldi et al., 2018) for the Toroidal Field (TF) coils (see Figure 1). In order to protect the CS, a controlled
discharge of the CS circuits is carried out in ITER, consisting of a current ramp down of about 30s
(ITER_D_K7G8GN v2.1, 2014), driven by the plasma control system. Notice that the current variation causes
AC losses in the SC cables, which induce a heat deposition. In the reference system, a similar fast discharge is
induced by the protection system in case of LOFA. As far as the cryoplant is concerned, the basic circuit control

in case of a LOFA includes the isolation of the circulator from the coil by means of the full closure of both CVs



and the opening of the by-pass valve (BV) to equalize the pressure at the circulator suction and discharge, thus
preventing any damage to the pump itself as fail-safe condition. This action is taken by controller C1, as in
Figure 3, when a SHe mass flow rate below 10% of the nominal value is measured both at the inlet and at the
outlet of the CSM, after a validation time of 1s as in (Savoldi et al., 2018) where it was assumed of the same
order of magnitude of the validation time of the primary quench detection system (based on voltage measure-
ments). A different choice of this validation time will possibly lead to different consequences of the series of
failures: the parametric analysis on this value, even if required, is outside the scope of the present work. Notice
that the “nominal value” of the mass flow rate considered here corresponds to the nominal CSM conditions
during a test in the reference facility, not to the “future” normal operating conditions in ITER. In case of ex-
cessive pressurization at the coil boundaries, two safety valves (SVs) at the CSM inlet and outlet open, driven
by the Proportional-Integral-Derivative (P1D) controller C2 (gain = 1x10~7 Pa™!, integration time = 0.2 s, deri-
vation time = 1 s), with set-point 1.8 MPa (Savoldi Richard et al., 2012); the controller parameters and set point
are assumed equal to those in (Savoldi et al., 2018). When the SV opens, the He is released in a quench tank
(QT), at a pressure of 0.42 MPa, by means of suitable quench lines (QL).

The detailed CSM model solves the 1D transient mass, momentum and energy conservation equations for the
Supercritical Helium (SHe), computing the temperature, pressure and velocity distribution in each of the two
regions (cable bundle and central, low impedance channel) of each pancake, and two transient heat conduction
equations separately for the strands and the jacket, as described in detail in (Zanino et al., 1995). Then, the inter-
turn and inter-pancake thermal coupling between adjacent turns and pancakes, respectively, are computed con-
sidering the insulation as a thermal resistance to evaluate the heat transfer between neighboring conductors

(Savoldi et al., 2000).

2.1 System operation regimes
During the tests, the facility and the CSM will be operated in different regimes, which can be briefly described

as:
a. Cold mode standby operation (e.g. during night or weekend): the CSM is not charged and kept at a nominal
temperature of ~4.5 K. No dangerous consequences are expected due to a LOFA when the system is in these

conditions, so this regime is not analyzed.



b. Cold mode experimental operation, i.e. during cold tests, with the coil inlet temperature taken as the nominal
one: the CSM is charged. In this regime, the temperature can incidentally increase above the so-called cur-
rent sharing temperature Tcs and may lead to a quench, i.e., to a loss of the superconducting state and to
the consequent fast zero-voltage, local Joule heat deposition that induces thermal stresses seriously damag-
ing the conductor, causing a degradation of its performance or, in the worst case, the loss of integrity of the
conductor. The local increase of the conductor temperature above Tcs can be detected by measuring the
voltage at the extremities of each pancake.

The objective of the analysis is the dynamic response to abnormal conditions of the system in operating mode

b. Random series of failures are simulated in order to identify the component failures that drive the system into

a LOFA and/or other relevant transients. A set of Z = 3 variables are monitored as “critical indicators” of the

state of the system during the transients: the cooling helium pressure p.;, at the inlet of the CS magnet, the

voltage AV measured at the coil extremities and the hot-spot temperature T} of the strands of the CSM. They
are stored in Z different matrixes X* (with k = 1, ..., Z) each one of size [N, L], where L is the duration of the
transients. Actually, if p.;, > 25MPa, the conductors can be damaged (ITER_D_2NBKXY v1.2, 2009); also,

if AV > 0.1V for more than 1s, it means that the superconducting state of the magnet is irreversibly lost and a

fast current discharge must be initiated by the protection system in order to protect the magnet.

3 INTEGRATED DETERMINISTIC AND PROBABILISTIC SAFETY ASSESSMENT (IDPSA)

In classical approaches of safety assessment, a small set of accidental scenarios is analyzed with sequences
whose order of events is pre-determined by the analyst based on his/her experience and the failure magnitude
is mostly set to a most conservative value (Zio, 2014). In complex systems and processes, this may lead to
failing to identify some (a-priori unknown) vulnerable sequences, which would, then, remain uncovered
(Aldemir, 2013). Several examples are given in the open literature, where classical approaches failing to a priori
identifying vulnerable sequences are shown with respect to fission nuclear power plant Medium Break Loss of
Coolant Accident (MLOCA) scenarios (Karanki and Dang, 2016), Steam Generator (SG) accidental scenarios
(Di Maio et al., 2016), Station Black Out (SBO), Emergency Operation Plans (EOP) and fire scenarios (Kloos
et al., 2018), and feedwater system failure scenarios in a lead fast reactor (Turati et al., 2018). To overcome this

problem, the Integrated Deterministic and Probabilistic Safety Analysis (IDPSA) of the evolution of the system



response along an accident scenario (Zio et al., 2010) combines (deterministic) phenomenological models of
system dynamics with (probabilistic) process models to account for the order and timing of the failure events,
the magnitude of the failures and the values of the process variables at the time of event occurrence (Karanki et
al., 2017).

The IDPSA methodology comprises three main steps:

1. A set of different accident scenarios is generated. In this paper, Multiple Value Logic (MVL) (Garibba
et al., 1985) is adopted to describe the components fail occurrence at any time along the scenario and
with different (discrete) magnitudes (Di Maio et al., 2015) (Section 3.1 below);

2. For each scenario, the dynamic response of the system is deterministically simulated by the validated
4C Code (Savoldi Richard et al., 2010) (Section 2 above);

3. The scenarios generated and post-processed allows getting relevant information on the response of the
system and the states of the components. Clustering algorithms can be used to group the different sce-
narios according to a measure of similarity between them. The obtained clusters show “prototypical
behaviors” of the system in abnormal conditions and safety insights can be gained from their analysis
e.g., the components failures that lead the system into a LOFA. The Spectral Clustering algorithm (Bar-

aldi et al., 2013) is adopted (Section 3.2).

3.1 Accidental scenarios generation
The different accident scenarios are generated assuming that the following component failures can occur at

uniformly distributed random times in the time horizon [0, 600] s:

1. the Centrifugal Pump (CP) reduces exponentially the rotational speed, directly affecting the mass flow rate
that can drop to i) 75%; ii) 50%; iii) 25%; iv) 0% of the nominal value.

2. the two CVs can fail in three different modes: i) stuck (open) at the nominal position; ii) stuck closed at
50% of the nominal position; iii) stuck totally closed.

3. the BV and the two SVs can fail in three different modes: i) stuck (closed) in nominal position; ii) stuck
open at 50% of the flow area; iii) stuck totally open.

Notice that in the present analysis only mechanical components failures are considered for which spurious

activation is neglected, whereas the instrumentation, control and protection systems are assumed to work always

properly. In other words, whenever a LOFA occurs, such hazardous condition is immediately detected, the



controlled discharge of the CS circuits is successfully carried out and both controllers C1 and C2 correctly send

out the signals aimed at protecting the integrity of the cooling circuit (see Section 2). In addition, notice that the

identification of the components’ failure modes listed above has been carried out by engineering judgment. This
can be considered sufficient for the purpose of the present study, showing the applicability of IDPSA method-
ologies to a nuclear fusion system. The use of systematic and structured approaches, e.g., the Failure Mode

Effect and Criticality Analysis (FMECA), would be recommended in the safety analysis of real, complex sys-

tems.

It has been shown by simulation that the system reaches a steady state condition in ~100 seconds, independently

of the failure occurred. Therefore, we consider a mission time Ty = 700 s. On the one hand, the length of this

time window allows “injecting” an amount of random failures in the system that guarantees a satisfactorily deep
exploration of its (failure) state-space; on the other hand, it allows keeping the overall computational burden
relatively manageable for our purposes (the simulation of one transient takes on average 55 hours on an Intel(R)

Xeon(R)™ CPU X5355 @2.66 GHz).

A Multiple Value Logic (MVL) scheme presented in (Bellaera et al., 2018) has been adopted to describe the N

= 100 accidental scenarios generated by random sampling the stochastic (discrete) time (t) of occurrence of

component failures, their (discrete) magnitude (m). The random components failures of a generated scenario
are represented in an MVL sequence vector that contains the discretized time and magnitudes values and the
order (ord) of occurrence in the sequence: [mcp, tcp, Ordcp, Mevi, tevi, Ordevi, Meve, teve, Ordeve, Mey, teg, Orday,

Msvi, tsvi, Ordsvi, Msv2, tsv2, Ordsve] (Di Maio et al., 2017), where, for all components CP, CV1, CV2; BV, SV1,

SV2, the discretization of the time (t) and magnitude (m) are as follows:

e time (t):thelabelt=1, 2, 3, 4, 5and 6, is used to distinguish failures occurring in the intervals [0, 100] s,
[101, 200] s, [201, 300] s, [301, 400] s, [401, 500] s, [501, 600] s, respectively (the choice of this discreti-
zation is based on the characteristics of the system mentioned above, i.e., the fact that it reaches a steady
state condition in ~ 100 s); t = 0 means that the component does not fail within Ty and the value “NaN” is
used to identify the respective (non-)failure order (ord) in the sequence vector of the accidental scenario.
Notice that, the failure order (ord) is not redundant in the MVL representation, because it allows discrimi-
nating scenarios in which different components fail in the same time interval t.

e Magnitude (m) discretization:



— the CP failure magnitude is indicated with the label mcp = 1, 2, 3 or 4 for failure states corresponding to
an exponential decrease of the rotational speed down to 75%, 50%, 25% and 0% of the nominal value,
respectively; if mcp = 0, the component does not fail;

— for each CV, the magnitude is indicated by the label mcy =1, 2 or 3 if the component stays stuck open
at the nominal position, stuck completely closed at 50% of the nominal position and stuck closed, re-
spectively; if mcyv = 0, the component works correctly;

— the BV magnitude is indicated by the label mgyv =1, 2 or 3 if the component stays stuck in closed nominal
position, stuck open at 50% of nominal flow area and stuck totally open, respectively; if mgy = 0, the
component does not fail;

— for each SV, the magnitude is indicated by the label msy =1, 2 or 3 if the component stays stuck closed
in nominal position, stuck open at 50% of nominal flow area and stuck totally open, respectively; if msy
= 0, the component works.

As an example, the accidental sequence vector [4, 6,5, 0,0, NaN, 1, 2, 1, 2, 4, 3, 2, 5, 4, 1, 3, 2] represents a
scenario where the components states are as follows: the CP fails completely to 0% of the nominal value at a
time in [501,600] s (fifth event occurring along the sequence); the CV1 correctly works throughout Tw; the CV2
fails stuck open at the nominal position at a time in [101,200] s (first event occurring along the sequence); the
BV fails stuck open at 50% of the nominal flow area (third event along the sequence) at a time in [301,400] s;
the SV1 fails stuck open at 50% of the flow area at a time in [401, 500] s (fourth event along the sequence);

finally, the SV2 fails stuck closed in nominal position at a time in [201,300] s (second event along the sequence).

Finally, it is worth mentioning that other methods can be used to efficiently generate accident scenarios for the
analysis of complex systems, containing a large number of components. In those cases, intelligent sampling
techniques could be adopted to preferentially guide the exploration of the (large) system state-space towards
the critical regions of interest (i.e., abnormal scenarios), making the best use of the information and knowledge
gained at previous steps and iterations of the search (see the adaptive framework proposed by (Turati et al.,

2017) as an example).



3.2 Post-processing of accidental transients
To mine information from the scenarios generated, Spectral Clustering (described in Section 3.2.1) is applied.

A comparison with other method, ESAX (described in Section 3.2.2), is also performed.

3.2.1 Spectral Clustering
Spectral Clustering (Strang and Nguyen, 1996) allows classifying N different objects into C clusters by calcu-

lating a similarity measure u between them. The similarity measure is case dependent: in the present applica-
tion, it is based on the functional characteristics of the Z =3 (i.e., p.in, AV and Ty )-dimensional transients of
duration L. In line with (Zio et al., 2010), X* (k=1, ..., Z) [N, L] are normalized in the range [0.2, 0.8] to obtain
Y* [N, L]. For each i-th and j-th generic transient (with j and i = 1,..., N) we compute the pointwise Euclidean

distance &;; (Zioetal., 2010):

zZ L

5=) ) | v (1
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The pointwise distance §;; is mapped into an “approximately zero” fuzzy set (FS), to get a gradual transition

of the similarity measure (Joentgen et al., 1999). In this study, the bell-shaped FS is used (Dubois et al., 1988):
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where the similarity measure p;; between each i-th and j-th generic transients (with j, i =1,..., N) is close to 0

when the evolution of the i-th and j-th transients are very different, whereas y;; is close to 1 when they are

In(ar)

similar. The parameters a’ and B are arbitrary and are set by the analyst: the larger the ratio — 52

(in our

case, equal to 1.9 x 1078) the stronger the definition of the similarity (Zio et al., 2010).

By doing so, a similarity matrix W of size [N, N] is defined, whose generic element wij represents the similar-

ity measure between the i-th and j-th trajectory. Then, the diagonal matrix D is computed, whose single ele-

ments dq,d,, ..., dy are:

N
di:zui}"izl""’N (3)
j=1



Defining L = D — W and being I the identity matrix of size [N, N], the normalized Laplacian matrix Lg,

can be defined as:

Lsym — 5—1/2@—1/2 — I__ D—l/ZW—l/Z (4)

To find the optimal number of clusters C in which the N transients will be clustered, the eigenvalues
A1, Ay, ..., Ay @nd the corresponding eigenvector iy, Uy, ..., Uy of the matrix isym are computed. According to
the eigengap heuristic theory (Mohar, 1997), C is set equal to the number of eigenvalues 44, 1,, ..., A that are
much smaller than A.,, (Von Luxburg, 2007). This guarantees that the similarity of the i-th trajectory with
other trajectories is well captured in the C-dimensional vector u; corresponding to the i-th row of the matrix
U. Finally, the matrix T (N, C), in which the first C eigenvectors i, i, ..., i, are stored, is fed to the Fuzzy-
C-Means (FCM) clustering algorithm to assign each i-th transient in the corresponding cluster (Alata et al.,
2008). The rows of matrix T are normalized as shown in Eq. 5, which is proven to enhance clusters identifi-
cation (Von Luxburg, 2007):

Uic

g (5)

c

tic

For each i-th trajectory (i.e., transient), the FCM algorithm provides its membership mic (whose values varies
between 0 and 1) to all clusters, ¢ = 1, 2, ..., C. To guarantee that the trajectories are assigned to each cluster
without misclassification, the i-th trajectory is assigned to cluster c if the corresponding membership m;. >

0.7. Mathematical details about the FCM algorithm are found in (Bezdek, 1981).

3.2.2 Extended SAX

The Extended Symbolic Aggregate approXimation (ESAX) (Lkhagva et al., 2006) is an algorithm that allows

symbolically represent the gaussian Z-dimensional time series of data X into a series of symbols P (in our
case, integer numbers), that will be used for calculating a measure that will be used within the FCM for clus-
tering. The mapping of the time series into symbols can be done reducing the length L of X into n intervals,
and the range of values of X into « intervals, as follows:

Step 1: Choose n and « (in our case n = 4 and o = 19);

Step 2: Build Z matrices B* (k=1, ..., Z) [N, L] from X, whose generic element bk is:



b =" ——,i=1,.,Nandl=1,..,L (6)

where

xk is the generic element of the matrix X

N L (7)
k _— 1 k
E" = N X
i=11l=1
2
ok = \[ L 2 (o — EX) (8)
NL

Step 3: Partition the time interval [0, Tm] into n equal sized intervals (see Figure 4);
Step 4: Partition the range of values of B into a equi-probable intervals and assign a symbol to each region

(see Figure 4);
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Figure 4 Mapping of a generic i-th transient of the B (solid line) in the corresponding sequence of symbols D¥.

Step 5: Build Z matrices D* (k=1, ..., Z) [N, 3 n] from B¥, whose generic element di"p Is:



max(Eikq) forp=1,4,..,3n—2
df, = symb| {mean(Bf) forp=2,5,..,3n—-1],i=1,..,N (9)
min(Eikq) forp=3,6,..,3n
where L_?fq (9=1, ..., n) are the values of the i-th transient in the g-th interval of B* and symb( ) is a function
that assigns symbols according to the discretization on the Step 4 (also shown in Figure 4);
Step 6: Map B into a matrix P [N, 3 n Z] as timely ordered sequence of symbols of the Z matrices D*. For
clarity, the generic i-th P in which Z=3 and n=1 is:

P; = [di11 di21 di31 di12 dizz d?z di13 di23 d?3 ] (10)

Step 7: Calculate M [N, NJ, using the distance measure MINDIST (Lin et al., 2003):

3nz

- L ] 2

M;; = MINDIST(P;,P;) = \/; Z (dlst(pl-m, p]-m)) (11)
m=1

where P; and P; are the i-th and j-th generic rows of the matrix P, and the dist() function is a lookup table

(Mandelli et al., 2013) that derives from the Euclidean distance.

Step 8: Apply the FCM to M for classifying the N transients into C clusters: as before, for Spectral Clustering,

the i-th transient is assigned to the c-th cluster if the corresponding membership m;. > 0.7.

3.2.3 Validation of the results

The goodness of the clusters identified is quantified in terms of their separation and compactness, as measured

by the following internal validity indexes (Al-Dahidi et al., 2015):

e Silhouette (Rousseeuw, 1987), that measures the similarity of the data belonging to the same cluster and the
dissimilarity to those in the other clusters. The Silhouette index varies in the interval [-1, 1] and should be
maximized (Al-Dahidi et al., 2018);

e Davies-Bouldin (DB) (Davies and Bouldin, 1979), that is based on the ratio of within-cluster and between-
cluster distances. The DB index ranges in the interval [0, «) and should be minimized (Al-Dahidi et al.,
2018).

Large Silhouette and small DB values indicate that the obtained clusters are well separated and compacted. In

what follows, the two indexes have been calculated to i) validate the choice on the number of the optimal



number of clusters C and ii) to compare the performance of the two methods described, i.e. spectral clustering

and ESAX.

4 RESULTS

The Spectral Clustering algorithm described in Section 3.2.1 has been applied to classify in C clusters the N
scenarios randomly generated. The matrix W is shown in Figure 5. It contains the degree of similarity pij (2)

between the N = 100 simulated transients: brighter areas mean higher similarity. Figure 6 shows the eigenvalues

In(a)
ﬁZ

A1, Ay, o, Ay OF the matrix fsym (see Eq. 4) obtained by transforming W (calculated with the ratio —

equal to 1.9-1078). The first C=7 eigenvalues are remarkably smaller than the eighth eigenvalue: therefore,

according to the eigengap heuristic theory (Mohar, 1997), the number of clusters C is set equal to 7 (Baraldi et

al., 2013).
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Figure 5 Similarity matrix I containing the degree of similarity i (2) between the N = 100 simulated transients: brighter areas mean higher
similarity.
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Figure 6 The N = 100 eigenvalues of the matrix fsym: the first C = 7 eigenvalues are very close to zero whereas the eighth is larger: the
number of clusters C is, then, set equal to 7.

Once the number of clusters has been found, the assignment of the different trajectories to the most proper
cluster can be carried out. The i-th transient is assigned to the c-th cluster if the membership mic > 0.7. This
forces the scenarios belonging to the same cluster to be very similar but, at the same time, some of them may

not be assigned to any of the C clusters (in our case 2 transients).

In Figure 7, the similarity matrix W is shown, properly shuffled according to the C = 7 clusters obtained using

the FCM (i.e., the most similar scenarios are grouped together and highlighted by thick solid lines).



Shuffled Similarity Matrix
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Figure 7 The shuffled similarity matrix W. The C = 7 clusters are represented by the brighter areas along the diagonal of the matrix and
highlighted by thick solid lines.

Figure 8, shows the evolution of the safety features (monitored variables) in the different clusters (on the left,
AV and pcin and on the right Ths and pcin). The following features can be highlighted:

e Cluster 1 is characterized by transients in which LOFA occurs at medium time (i.e., between [201, 300,
400] s), that is jointly characterized by AV dropping to zero following an exponential decrease, and pcin
increasing during the current ramp.

e In cluster 2, the AV initially increases (without relevant safety concerns), then drops to zero, whereas
Pcin and the Ths are stable along the transient.

e Clusters 3 and 6 are similar to cluster 1, except that the LOFA occurs, respectively, at early and late

times (i.e., between [1, 200] s and [401, 600] s, respectively).



e An initial increase of pcin and AV can be acknowledged for transients belonging to cluster 4, then fol-
lowed by a decrease at medium time.
e Cluster 5 groups transients with initial increase of pcin followed by a decrease with the LOFA occurrence
at early time.
e Finally, transients of cluster 7 are those for which the LOFA occurrence is avoided despite the failure
of components: they show an increase in AV and Ths, Whereas pcin IS constant to its nominal value.
The characteristics of each clusters are listed in Table 2, where the maximum values of pcin and Ths over all the

transients of each cluster are also reported.

From the system viewpoint, the results obtained show that none of the MVL scenarios is critical for the CS
module integrity (even those leading to a LOFA): in particular, in all the cases considered, the pcin is kept below
the safety threshold of 1.8 MPa, i.e., with a positive safety margin and AV keeps below the threshold of 0.1 V,
which implies Ths does not exceed the current sharing temperature Tcs and the magnet does not lose its SC
properties. This is mainly due to the fact that the CS magnet has been analyzed in “cold mode experimental

operation”.

Table 2 Summary of the characteristics of the Z = 3 (pcin, Ths and 4V") safety features for each cluster.

Cluster Max pcin [MPa] Max Ths [K] AV LOFA (occurrence)
1 0.65 55 Nominal value Yes, at medium time
2 0.5 9 Increases before LOFA Yes, at late time
3 0.65 55 Nominal value Yes, at early time
4 0.55 12 Increases before LOFA Yes, at medium time
5 0.65 6 Nominal value Yes, at early time
6 0.6 6 Nominal value Yes, at late time

7 0.45 6 Increases (below limit) No
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Figure 8 Time evolution of the three safety features (Pressure, Temperature and voltage AV) in the 7 clusters identified.



For the sake of clarity and by way of example, in the following one representative transient belonging to cluster
4 (i.e., the one showing the largest values of Ths) is analyzed in detail. The aim is to provide the reader with few
physical insights about the effect of (some) components failures on: (i) the time evolution of the system safety
features; (ii) the occurrence of the LOFA,; and (iii) the intervention of the control and protection systems. The
MVL sequence vector that represents the selected scenario is the following: [3, 3, 3, 3,4, 4,1, 2, 2,0, 0, NaN,
0, 0, NaN, 3, 1, 1]. The first failure that happens in the representative transient is the spurious opening of the
SV2 (normally closed) at t = 0s. This valve connects the outlet of the CSM to the QT. Since the pressure at the
CSM outlet (i.e., 0.376 MPa) is ~0.044 MPa lower than the nominal pressure of the QT (i.e., 0.420 MPa), LHe
back-flows from the QT to the circuit as a consequence of the opening of the SV2. This causes an obvious
increase in the CSM outlet pressure peout (N0t shown), a peak of more than 1 K in Trs (Figure 9 (a)) and a slight
increase (~107%° V, indeed negligible) in AV (Figure 9 (c)). Notice that, since the CP seems to be working
correctly, because it fails later according to the MVL scenario, the nominal pressure drop between the inlet and
the outlet of the component is maintained. Therefore, the increase in the outlet coil pressure pcout is followed by
an equivalent (~0.044 MPa) increase in the inlet coil pressure pcin (Figure 9 (b)). However, the pressure differ-
ence between the QT and the CSM outlet is ~0.044 MPa, so that a small mass of LHe flows from the QT to the
circuit, resulting in a limited heating of the SHe, which leads to the stabilization of Ths at the nominal value
approximately after 20s. At t = 45s the CV2 fails open, i.e., in nominal position, therefore no variation in the
three safety features (pcin, Ths and AV) can be seen. The drop in pein at t = 130s is instead the consequence of the
failure of the CP, whose rotational speed decreases exponentially down to 25% of its nominal value. Finally, at
t = 295s the CV1 fails closed, thus preventing the SHe from cooling the CSM: consequently, the mass flow rate
at the inlet and outlet of the CSM falls below the 10% of its nominal value and the LOFA occurs. This condition
is immediately detected and the control and protection systems drive the actions required to protect the integrity
of the magnet and of the hydraulic circuit (see Section 2). When the current is removed from the CSM, AV
exponentially decrease to zero, whereas Ths and pcin increase of ~0.8 K and 0.04 MPa, respectivley, due to the
deposition of heat induced by AC losses in the SC cables. When the current is completely removed from the
CSM, pcin Stabilizes at the QT pressure (0.416 MPa) and Ths reaches a value that is higher than the nominal

value, i.e., 5.35 K (due to the heat generated in the coil during the controlled discharge).
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Figure 9 Evolution of the three safety features, i.e., hot-spot temperature Ths (a), pressure at the inlet of the coil pcin (b) and voltage AV (C),
in one representative transient belonging to Cluster 4.

The phenomena described by the N = 100 randomly simulated transients, that have been then grouped in clusters
1-7, are related to the component failures that occur and are described in the corresponding MVL sequences
(listed in APPENDIX A). To find the “prototypical sequence” of failure events for each cluster, a bubble plot
(Figure 10) is used for visualization of the characteristics shared by the transients in each cluster. The principle
underlying the identification of the prototypical sequence with the bubble plot is the following. The bubble
dimension depends on the number of times the state of a component appears in the MVL sequences belonging
to a cluster. Therefore, the prototypical state of a given component in a given cluster (corresponding to the
larger bubble in the plot) is the one that appears most frequently in the MV L sequences of the transients of that
cluster. Table 3 presents a summary of the analysis. For example, Cluster 4 shows the largest values of Ths, that
reaches 12 K (see Figure 8, 4™ row, right, determined by the prototypical failures highlighted in bold in Table
3): for this reason, a more detailed analysis of this cluster is presented in the following. Failures that lead the

system to evolve as transients belonging to cluster 4 are those of CV2 typically failing stuck open at early time



and as first along the sequence of events, and of BV typically failing stuck open at early time at 50% of nominal
flow area and as second along the sequence. Moreover, SV1 fails more frequently stuck open at 50% of nominal
flow area at early time, whereas SV2 is not relevant to characterize the cluster transients, because all its three
possible states (i. stuck closed in nominal position, ii. stuck open at 50% of the flow area, and iii. stuck totally
open) are equally present in the MVL of the Cluster 4 transients. CV1 typically fails stuck close at 50% of the
nominal mass flow rate at early time or stuck totally close at medium time; CP most likely slows down to 25%
of the nominal rotational speed (see Figure 10, 2" row, right). As it can be seen in Figure 10, 2" row, right, the
largest bubbles are associated to BV and CV2, which may be thus considered the most important components

of Cluster 4 (they are marked by an asterisk in Table 3).
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Figure 10 Bubble representation of the prototypical states of
the components that would lead the system into the C=7 clusters.

Cluster Most important components Magnitude Time Order

Cv2 3 Medium 3

1 BV 3 Medium 3
SV1 1 Early 1

CP 1 Early/medium -

2 Sv1 2/3 Early -
SV2 2/3 Late -

3 CP 4 Early 1
Cvl 3 Early 1




BV 3 Early 1
Cv2* 1 Early 1
BV* 2 Early 2
4 CP 3 Early 2
CVv1 2-3 Early/Medium 2-3
SV1 2 Early 1-2
BV 3 Early 2
5 SV1 3 Early 1
SV2 3 Early 1
CP 1/3 Early 2
6 CV1 1 Early 3
Cv2 3 Late 4
CP 3 Early 1
7 Cvl 1 Early 1
SV2 1 Early 1

The prototypical accidental sequence identified in Cluster 4 is in accordance with the (prototypical) behavior
of the three safety parameters considered: thus, in what follows, a deeper analysis of the states of the compo-
nents in Cluster 4 is carried out, in order to explain more clearly the physical causes of the safety parameters
behaviors. With respect to that, for the sake of representation clarity, in Figure 11 (top, left and right, and
bottom), the time evolutions of the three safety features (i.e., pressure, hot-spot temperature and voltage, re-
spectively) in Cluster 4 are also plotted separately.

As already mentioned, the pressure at the inlet of the coil, pcin (Figure 11, top right), does not suffer variations
that are significant to the safety of the system (it remains between 0.4 and 0.54 MPa). On the other hand, it
should be noticed that it gets close to the pressure of the QT, because at least one of the two SVs is typically
open or partially open in Cluster 4. The occurrence of this failure is, frequently, at the beginning of the acci-
dental sequence, as first or second event (see Figure 10, 2" row, right).

With respect to the high values of the hot-spot temperature, Tns (Figure 11, top left) (e.g., several spikes exceed-
ing 6-7 K and one reaching 12 K), the following considerations can be done. The BV stuck open at 50% of the
nominal mass flow rate is the most frequent failure in Cluster 4. As consequence of this failure, a lower quantity
of SHe is available to cool down the CSM and, thus, the hot-spot temperature increases. On the other hand,
notice that the LOFA cannot occur as the consequence of the sole failure of BV stuck open at 50%. Actually,
in Cluster 4, after the BV failure the LOFA typically occurs because one component between the two CVs or
the CP fails with the highest possible magnitude (i.e., CV1 or CV2 fails stuck completely closed or CP reduces

its rotational speed to a complete stop). Other “prototypical” failures in Cluster 4 determine a reduction in the



helium mass flow rate that cools down the CSM, explaining the hot-spot temperature increase. These failures
concern the same components that lead to the occurrence of the LOFA and typically occur at medium time in
the accident scenario, but with a lower magnitude. In particular, the CVs fail stuck close at 50% of the nominal
mass flow rate, whereas the CP reduces its rotational speed from the nominal value to 75%-25%.

Finally, the voltage AV at the extremities of each hydraulic channel (Figure 11, bottom) typically presents a
slight increase before the occurrence of the LOFA (consistent with the conductor temperature increase) and,

then, a sudden decrease when the current is removed from the CSM.
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Figure 11 Evolution of the three safety features, i.e., hot-spot temperature Ths (top left), pressure at the inlet of the coil pcin (top right) and voltage

AV (bottom), in Cluster 4.

In conclusion, the most important outcome of the analysis reported above is the identification of clusters and
“prototypical states” of abnormal system behavior (Figure 8 and Table 3). The relevance lies in the fact that
such prototypes can serve as a basis for: (i) a timely classification of new (developing) scenarios as ‘safe’ or

“faulty’; (ii) the identification of critical system components that are more likely to lead the system to failure,



and (i) the consequent prioritization of inspection/maintenance actions on such relevant components (as high-
lighted, e.g., for CV2 and BV with reference to Cluster 4). However, it has to be acknowledged that for inspec-
tion/maintenance prioritization purposes, the analyst should also consider the likelihood of scenarios. In this
paper, scenarios are (by construction) equally likely, whereas in reality, there can be very large differences
between their probabilities/frequencies: this has an obvious impact on components’ importance/criticality rank-

ing and, thus, on the outcome of the corresponding inspection/maintenance prioritization process.

4.1 Comparison with ESAX

The ESAX has been used to group the N available MVL scenarios. The number of clusters C is found by
calculating the Silhouette and the DB index for the set of values of the number of clusters [2,10]. Figure 12
shows the Silhouette value (circles) and the DB index (squares): they are maximized and minimized, respec-
tively, for C = 7 (in detail, the corresponding values are 0.95 and 0.40, respectively). Also in this case, each i-
th transient is assigned to the cluster C if the membership mic> 0.7 (13 scenarios cannot, then, be assigned to

any of the C clusters).
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Figure 12 Silhouette (circles) and DB index (squares) values obtained for different number of clusters by ESAX

The results are shown in Figure 13. The clusters obtained are very similar to those of Spectral Clustering. A

notable difference can be found in cluster 2: for the ESAX, the LOFA occurs at late time with 4V close to the



nominal value before the exponential decrease, an initial increase of pcin that then goes to nominal values and
no significant variations in Ths; for Spectral Clustering the 4V initially increases (without relevant safety

concerns) then drops to 0 and pcin is stable along the whole transient.



Figure 13 The time evolution of the three safety features in the 7 clusters using ESAX.
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Figure 14 shows the values of the Silhouette and DB indexes for each of the C =7 cluster for Spectral Clustering
and ESAX. The best clusters are obtained by Spectral Clustering: for Spectral Clustering, Silhouette values are
almost equal to 1 for all clusters, and the DB values are close to 0 (as mentioned above, large Silhouette and
small DB values indicate that the obtained clusters are well separated and compacted), whereas for ESAX,
Silhouette values are smaller and DB values much larger than those obtained by Spectral Clustering. Moreover,
in this latter case, DB values are also far away from 0. This implies higher reliability and “clustering capabili-

ties” of Spectral Clustering with respect to ESAX in the present case study, which suggests its application also

in future works.
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Figure 14 Silhouette and DB index values for ESAX and Spectral Clustering
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5 CONCLUSIONS

In this paper, we have considered the safety analysis of the simplified cooling system of a single module of the
ITER Central Solenoid in a cold test facility, to identify the component failures that may drive the system into

a Loss-Of-Flow Accident.



A reduced set of N = 100 Multiple Value Logic sequences has been randomly sampled and the corresponding
transients post-processed to identify prototypical system behaviors. Spectral Clustering, combined to FCM, has
proved capable of dealing with the (unsupervised) identification of prototypical behaviors of abnormal transi-
ents. For validation of the results, Spectral Clustering has been compared to ESAX. Silhouette and DB indexes
have shown the superiority of Spectral Clustering in this case, because the obtained clusters are more separated
and compacted than those of ESAX. These satisfactory results, supported by those previously obtained in other
dynamic failure analysis settings (Baraldi et al., 2013), suggest the use of Spectral Clustering and FCM also in
future applications to nuclear fusion systems.

From the system point of view, the results have shown that none of the MVL scenarios is critical for the CS
module integrity and superconductive property (even those leading to a LOFA), which is mainly because the
CS magnet has been analyzed in “cold mode experimental operation”. A more realistic analysis should be done
under reduced temperature margin circumstances because of an operating temperature closer to the Tcs, due
e.g. to the AC losses induced during current ramp similar to those experienced in the tokamak operation: such
severe operating conditions will be considered in future research.

Another important outcome of the analysis is the identification of clusters and “prototypical states” of abnormal
system behavior, which can serve as a basis for: (i) a timely classification of new (developing) scenarios as
‘safe’ or ‘faulty’; (ii) the identification of critical system components that are more likely to lead the system
into failure, and (iii) the prioritization of inspection/maintenance actions on such relevant components. For
example, for transients belonging to Cluster 4, it can be suggested to start the inspection/maintenance actions
from the analysis of the CV2 and BV.

The results have, thus, confirmed the capability of IDPSA methodologies of capturing the dynamic features of
an engineering system in abnormal conditions. In particular, the capability of identifying prototypical behaviors
of accident scenarios, verified on nuclear fission systems in previous works, e.g., (Di Maio et al., 2011), has
been successfully tested for the first time on a component of a fusion reactor (i.e., a tokamak). The encouraging
performances registered could make IDPSA a rather attractive framework for the analysis of nuclear fusion
systems (characterized by strongly dynamic features) and possibly one worth considering for extended adoption
in risk assessment applications, provided that the numerous possible accident scenarios and outcomes can be

handled computationally in an efficient way.



In this light, future work will be possibly devoted to the construction of fast-running Reduced Order Models
and/or metamodels, able to reproduce approximately the behavior of the detailed, long-running codes at a lower
computational cost.

A conclusive consideration is in order with respect to the intended role of the proposed approach in the risk
assessment of a nuclear system. Indeed, the classification of abnormal conditions should be complemented by:
(1) a structured and systematic method (e.g., FMECA) to identify the components’ failure modes and relevant
accident initiating events; (ii) an advanced sampling technique for efficiently and exhaustively exploring the
high-dimensional state space; (iii) the calculation of the probabilities/frequencies of the generated accident

scenarios, for a proper quantitative evaluation of the overall system risk.
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7 APPENDIX A

For the sake of completeness, all the N = 100 MVL sequence vectors representing the simulated scenarios

are reported in the following Table: the failure magnitude (m), time (t) and order (ord) are indicated for all the
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components, i.e., CP, CV1, CV2, BV, SV1 and SV2 (see Figure 3). The seventh row (highlighted in bold)

corresponds to the MVL sequence taken as reference in Section 3.1.
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Table A.1. List of all the N =100 MVL sequence vectors representing the scenarios simulated in the present work



