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Abstract: DC smart grids are a promising solution for the efficient integration of renewable energy
sources and loads. Still, their widespread adoption is hindered by significant challenges related to
fault response, identification, and clearance. The traditional DC fault analysis method is a useful
tool for straightforwardly understanding the behaviour of fault current contributions from DC
converters in LVDC networks during a fault. However, when a system with multiple converters and
non-negligible fault impedance need to be considered, its accuracy is severely limited due to the
assumptions included in the problem solution, thus leading to the following: (a) the dependency of
the results’ reliability on fault impedance values and/or other converter fault current contributions;
(b) the inaccuracy of the diode current estimation; and (c) the inaccuracy of the conductor joule
integral. Thus, these results” data may be unreliable for designing protection systems for one converter
or for an entire network. In order to overcome these issues, this paper proposes an innovative, simple
numerical approach to DC fault current evaluation, which can be adopted when the number of
converters become significant, or the network is complex. This method arises from the primary
interest in solving the circuit to extract the indicators (current peak value and time, joule integral,
etc.) necessary for designing circuit protections. This approach proved to grant two main advantages
over traditional methods: (a) it provides accurate results, with no need to introduce any specific
assumption; (b) it can be structured to manage an arbitrary number of converters; and (c) it reduces
the computational processing times and resources necessary to simulate an entire DC network in
comparison to other circuit solution software.

Keywords: DC smart grids; LVDC distribution network; DC fault current assessment; non-zero
impedance fault analysis; numerical methods

1. Introduction

Within the ever-evolving landscape of the electricity sector, direct current (DC) smart
grids have increasingly been reincluded in the paradigm of electrical power utilization,
thus coming back to the historical dilemma between alternating current (AC) and DC
networks that has persisted since the first conceptions of energy transportation and dis-
tribution [1]. The distinct advantages of DC smart grids become increasingly evident as
the demand for cleaner energy solutions rises, and the proximity of energy generation and
consumption becomes more common [2,3]. In comparison with existing AC distribution
networks, low-voltage direct current (LVDC) systems offer opportunities to enhance the
efficiency, reliability, and control simplicity of power distribution. This is relevant for
many applications, from renewable energy communities [4] to electrification in developing
countries [5], thus playing a pivotal role in shaping the future of the electricity sector; the
comprehensive exploration of LVDC systems requires a deeper understanding of their
nuances and challenges, one of which is the protection of the system in case of a fault [6,7].
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Despite the advantages related to the introduction of DC smart grids, protecting these
systems presents more demanding technical challenges compared to their AC counterparts.
In general, for DC networks at any voltage level, electric arcs resulting from a fault can
persist for very long periods because, differently from AC networks, arc extinction cannot
rely on natural current zero crossings, which are absent in DC current waveforms [8].
Specifically, in LVDC networks dominated by voltage source converters (VSCs), the first
system reaction to a fault is the converters’ capacitor discharge, which can lead to a very
high short-circuit current. Additionally, the series impedance of DC lines is typically lower
than that of AC lines, thus leading to a rapid surge in fault current. As a consequence, a DC
system must face the challenge of shorter fault current rise times, thereby making it difficult
to avoid reaching the prospective fault current peak values using mechanical circuit break-
ers with longer interruption times [9,10]. Furthermore, freewheeling diodes associated with
the network converters may experience uncontrollable overcurrents depending on the con-
verter topology and network parameters. Despite the rapid opening of IGBTs in converters,
in many circumstances, freewheeling diodes cannot be excluded by the fault current path
such that a substantial oversizing is necessary to prevent semiconductor damage.

In this context, evaluating the response of each converter connected to the DC network
in the case of a fault is essential to correctly evaluate fault currents and losses [11] and,
in turn, to design a proper protection system for the network. In the literature, this
issue is commonly addressed by considering an equivalent circuit, including converters,
conductors, and other relevant circuit elements, if any, which is then solved by means
of one or more ordinary differential equations (ODEs). A quite mature study about this
is presented in [12,13], where the fault analysis of a VSC in a high-voltage DC (HVDC)
network is detailed, thus distinguishing different fault stages and providing expressions
for the line current and converter terminals’ voltage for each stage. In this paper, we will
refer to this approach as the traditional DC fault analysis method. Indeed, this approach
is the most widely adopted and many slight variations to it are known depending on
the specific converter under analysis, voltage level, and grounding configuration. This is
the case of [14,15], where, fault analysis was presented for an LVDC network considering
different grounding configurations, and fault analysis and protections for an underwater
HVDC network cables are discussed. Additional variations include fault analysis of series-
connected DC collection systems [16] and the design of DC breakers based on DC fault
current calculations [17,18]. However, these studies are limited, similarly to the traditional
DC fault analysis, to systems with just one converter, or to faults with negligible fault
resistance. In addition, the literature has approached the joint analysis of the response
under the fault of multiple converters, as shown in [19,20] for a multi-port DC-DC converter
and in [21] for a DC network with more than three converters. However, these studies do
not reach a general solution, since [19] does not provide analytical expressions for each
fault current, while [21], even though considering a network with multiple converters, is
still focused on the fault current contribution of a single converter. Therefore, extending
this method to an arbitrary number of converters is difficult, considering that the joint
response of multiple converters implies that the ODE system to solve the circuit becomes
too large. As a consequence, the results could be accurate only if the analysis becomes quite
cumbersome, and the problem becomes exponentially worse as the number of converters
increases. Due to this limitation, this approach is applied for DC networks with multiple
converters only for the case where the fault impedance is nearly zero [22].

Regarding these limitations, fault assessment is often mainly focused on the maximum
fault current values that can be generated in the case of a fault to establish the protections
settings. This is shown in [23], where the technologies addressing the previously mentioned
issues for DC grids protection are explored. However, as demonstrated in [24], when it
comes to establishing a protection coordination scheme for a DC smart grid, a more
accurate fault current evaluation is needed. Only in this case is the development of a
precise protection strategy possible, thereby enabling the selective activation of protective
devices. Indeed, similarly to AC networks, the protection selectivity is crucial for isolating
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the fault and minimizing disruption to the rest of the system. However, for DC systems, an
extension of the traditional DC fault analysis method aimed at a generalized solution, not
tied to the aforementioned limitations, is required.

In this context, this paper presents an innovative method based on numerical tech-
niques for the comprehensive assessment of a DC network’s response under fault. Indeed,
numerical methods has been previously considered for DC grids, as discussed in [25]. How-
ever, that study focused on an HVDC network, where many elements in the equivalent
circuit could be neglected due to the long distances of the conductors, and where rapid
transient behaviors and stages with different dynamics were not present. In contrast, the
innovative method presented in this study is tuned for LVDC networks, starting from
the same characterization performed in the traditional approach and solving the entire
network in a general manner, i.e., without restrictions and assumptions. The remaining
part of the paper is organized as follows: in Section 2, the traditional DC fault approach is
detailed, including theoretical modeling, application in a study case, and discussion on the
limitations resulting from this method. Next, in Section 3, a general solution for DC faults
consisting of a numerical solution approach based on solving the circuit ODEs system
through the Euler approximation is presented. Thus, this Section includes the procedures
to obtain the necessary equations, the methodologies to apply them to a specific case study,
and the demonstration of their effectiveness and discussion of the results for a specific
study case. Lastly, final conclusions are reported in Section 4.

2. Traditional DC Fault Analysis

As mentioned, following the literature, the fault analysis of DC grids has to be per-
formed by solving an entire network, thereby evaluating the behavior of each converter at
the same time. To reach this result through the traditional DC fault analysis method is very
complex, and it is generally simplified by writing current and voltage expressions under
the hypothesis that the fault response of each converter can be defined exclusively by the
fault impedance and the circuit elements between the converter terminals and the fault.
This simplification, however, produces accurate results only when the residual fault voltage
is very small, or in other quite rare cases. Therefore, the results obtained by this method
cannot be generalized to all the network status cases. However, it is worth recalling this
method in detail, as it will serve as a starting point to propose a general solution for DC
fault analysis. In particular, this Section is devoted to discussing the traditional DC fault
analysis method and highlighting its limitations.

2.1. Background and Methodology

The traditional approach to DC fault analysis is based on the assumption that when a
fault occurs in a DC network, the response of each power converter connected to the DC
network can be described by three different stages, which are named as follows: capacitor
discharge, diode freewheeling, and fault steady state; these are described in [26]. The
characteristics of these stages and how current and voltage expressions can be obtained are
discussed on the following subsections.

2.1.1. Capacitor Discharge Stage: Traditional Approach

Let us consider a DC system with N converters and assume that we aim to determine
the fault current contribution from the ith converter. This stage begins immediately after
the fault occurs at (+ = 0). Due to the very fast discharge dynamics in this phase, the
converter control effect has to be considered negligible. This consideration allows for
generalizing the behavior of power converters during this stage. Therefore, each converter
can be approximated as a simple RLC circuit, and each fault current is equal to the capacitor
discharge current.

With no loss of generality, let us consider the equivalent circuit corresponding to the
capacitor discharge fault phase for the ith converter for the case of a pole-to-pole fault, as
shown in Figure 1. Note that only one resistive element and one inductive element are
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included to represent the conductors from the converter terminals to the fault section. For
this study, it must be assumed that the values of Rpc, and Lpc, include both the equivalent
of the positive pole conductor and that of the negative pole conductor. For this kind of
analysis, in order to obtain realistic results when the fault is close to the converter terminals,
it is necessary to consider some parasitic elements of a real capacitor. Therefore, the
capacitor model here adopted includes its equivalent series resistor (ESR) and its equivalent
series inductance (ESL) only.
N .

ipc; ,,g DG,

B - b AN\— T <

DC
Y eonv; R taut § Grid

|
|
|
|
|
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|
ESL; |
|
|
S

Figure 1. Equivalent circuit corresponding to the capacitor discharge fault stage for the ith converter.

Typically, the initial conditions for the circuit reported in Figure 1 are the values
of the line inductance current and of the capacitor voltage at the instant when the fault
occurs at ipc,(07) and v¢, (0™ ), which are both assumed to be constant. The DC converter
current ico,p, is assumed to be constant for the whole transient duration and equal to the
initial condition ipc, (0~ ). Recognizing that the diode current ip, has to be null during
this stage, by Kirchhoff’s current law (KCL), the DC current ipc, becomes equal to sum of
the converter capacitor discharge current ic, and of the constant converter current icon,-
Therefore, it is possible to write the ODEs, which provide the equivalent circuit solution
considering the converter capacitor constitutive relation and the Kirchhoff’s voltage law
(KVL) on the only mesh in evidence shown in Figure 1, thereby resulting in the following:

. . . d . _
ipc,(t) = ic,(t) +icono; = C; - ﬁvci(f) +ipc,(07), )
. d . .
vc;(t) + R, - ipc; (t) + Lpc, - 73i0¢; (1) = —Rautt - Y ipc, (1), 2)
m#i

where R/DC is the sum of the resistances in the circuit loop (R bc = Rpc, + ESR; + R fault)
and Lp. is the sum of the inductances (Lc, = Lpc, + ESL;). Note that the right term
of (2) is equal to zero if only one converter is included in the DC system under analysis,
while, in case more converters are present, it depends on the fault current contribution of
the other N — 1 converters connected to the DC network.

As previously discussed, in traditional fault analysis, Rz, is close to zero, so the
right term of (2) becomes negligible (the impact of non-zero fault resistance on fault current
calculation accuracy will be addressed later on in Section 2.3.1). Then, combining (1) and (2),
a second-order ODE is obtained, which allows for the determination of the fault current
ipc; according to the following:

2 d
Elbq(f) +2-a;- %iDCi(t) +wj - ipe,(t) = w, - ipc,(07), 3)

where «; is the decay factor, which is defined as follows:

/
o — RDCi
[ /
2 L,

4)

and wy, is the undamped resonance frequency, which is defined as follows:



Electronics 2024, 13, 847 50f 22

/ 1

The converter fault current can be obtained from (3) as follows:

inc (1) = =5y, ¢%") +ip,(07), ©)

=T L.
Lpe, - (51, — 52,

0¢; (07) zv) ) (esli't _ 652]_.t) + iDCi (07) . ( s1.-t

S1, €
1
Sll. —Szi

where 51, and s, are defined as follows:

S10, = —0j = y/aF — w%j, 7)

and where ipc,(07), equal to icony;, and vc,(07) are the current and voltage initial con-
ditions, respectively. By substituting (6) in (1), the solution for the capacitor voltage is
obtained, thus resulting in the following:

iDC-(Oi) sq.-t Sy -t UC-(07> sq.-t Sp. -t
= —— 7 . L b2 e S A ettt g L 0% X
UCI( ) G - (Sli — Szi) (6 ¢ ) 51; — S2; (Sz' ¢ 51 € ) ®)

Depending on the values of the RLC circuit parameters, the system may or may not
exhibit oscillatory behavior. This is reflected in 51 and s, as the corresponding root values
appearing real or as complex conjugate pairs. Therefore, the system response will be over
damped in the case where a; > wy,, critically damped in the case where a; = wy,, or under
damped (oscillatory) in the case where a; < wy,.

Lastly, considering that the capacitor ESL value is usually very small, hence not
affecting the voltage at the converter terminals significantly, the voltage at the ith converter
terminals can be obtained as follows:

Uconvi(t) ~ —Uci(t) — ESR; - z.DC;(t)' ©)

In the traditional approach, these equations represent the circuit variables until vy,
reaches the threshold voltage of the converter diode(s) (typically around V; = 0.8 V for
high-power diodes [27]), thereby causing the diodes to enter conduction mode. This does
not happen in all cases, but it occurs only if the transient exhibits oscillatory behavior
(under damped), and the converter voltage becomes negative.

The capacitor discharge stage is particularly relevant for DC system fault analysis,
inasmuch as even though this phase is usually short (a few milliseconds), it is characterized
by high fault current values. The capacitor discharge phase can end in two different ways
depending on the specific fault parameters:

(a) If the voltage at the ith converter terminals does not oscillate, or the oscillation is
damped enough for the voltage to not reach negative values, in those cases the
transient follows its natural decay, and the fault evolves directly from the capacitor
discharge phase to the steady state stage; there then is no need to consider other
equations to solve the system, as the two stages use the same equations;

(b) If the voltage at the ith converter terminals does oscillate, and the oscillation is large
enough for the voltage to reach negative values, then the converter diode(s) connected
in parallel to the capacitor enter into conduction mode. After that, a new fault stage
starts, which is called the diode freewheeling stage. The instant when the voltage
across the diode reaches its threshold value, named hereon t,,, can be evaluated by
(9), thereby imposing that the converter voltage vcony,; is equal to the diode threshold
voltage V. Therefore, the initial conditions for the next stage can be considered for
vc,(ton) = Vg and ipc,(fon), as evaluated by (6).
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2.1.2. Diode Freewheeling Stage: Traditional Approach

As described at the end of the previous section, the diode freewheeling stage is
established at the end of the capacitor discharge phase if the voltage at the ith converter
terminals vy, does oscillate, and the oscillation is large enough for the voltage to reach
negative values. The diode freewheeling stage begins when the voltage across the diode
reaches its threshold value, and here, that instant is named t,,. As discussed in the previous
subsection, the value of t., is obtained by (9). During this stage, the fault current flows
through the converter diode(s), and it is established close the peak of the capacitor discharge
current, thereby resulting in possibly high current values, which constitutes a possible risk
of diode(s) damage. As a consequence, assessing this current is crucial for fault analysis
and converter protection.

Using highly accurate models, such as the Shockley exponential model (non-linear),
for solving the equivalent circuit with a turned-on diode can be quite complex. Therefore,
as often shown in [28], a model with an ideal diode in a series with a voltage source is used
to simplify calculations. Considering that the diode in this stage is in conduction mode,
for this approach, the diode model will be represented only by using a voltage source (V)
and a current-limiting resistor (r;), as depicted in Figure 2, where the equivalent circuit for
the diode freewheeling stage is reported. These values can be obtained by linearizing the
exponential function of the diode at the working point or directly from the bulk voltage
and bulk resistance in the diode datasheet [27].

___________________ . N .
. . 1
1 conv; ' pc; Tg ‘DCm
ic; A ! Rpe;  Lpc
T, |
¢ j: ESR; | DC
L |
Vi ve: Q C; 1| Veonv; Rquit § Grid
E |
i ESL; |
1D, :
- S

L,

Figure 2. Equivalent circuit corresponding to the freewheeling fault stage for the ith converter.

The analysis of this circuit is different from the previous one, as in this case, there
are two branches instead of just one loop sharing the same current. In order to simplify
the calculations for this stage, the fault current is assumed to flow exclusively through the
diode branch and not through the capacitor branch, so the capacitor current ic, is null, and
ipc;(t) = ip,(t) + iconv;. Thus, the expression for the fault current ipc, is as follows:

, . d. N
Vy+rq-ip,(t) + (Rpc; + Reaur) - ipc; (t) + Lpg; - EIDC[(‘L—) = —Rfaur - ) ipc, (t). (10)
m#£i

The initial conditions for this stage circuit are determined on the basis of the fault
current and capacitor voltage at the instant when the diode is turned on. These values are
ipc; (ton), which are obtained from (6) and by considering vc, (ton) = V4. As discussed in
the previous subsection, the right term of (10) is considered negligible, and the current
contribution icony, from the upstream grid remains constant.

According to all of these considerations, and similarly to the capacitor discharge phase,
the ODE that provides the equivalent circuit solution is obtained considering the KVL
relative to the mesh highlighted in Figure 2. The resulting ODE is as follows:

d. R%Ci

rg-i . —0c. (T
EIDCi(t)+ _T'd " teonv; Cl(on)

i, (1) = S, a1

Lpg,
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ipc;(t) =

oe,(t) = —

where R}, DC; is the sum of the resistances in the circuit loop (R, pe, = = Rpc; + 14+ R fuult)-
Thus, the fault current expression for this stage is obtained by solvmg (11), thus resulting
in the following;:

, . ve,(fon) | —rpct(t=ton) 74 - iconn; — O, (fon)
ipc,(t) = ip,(t) = <°n +1Dc(ton)> e LDCz + Com;z,, (12
DC;

The voltage at the ith converter terminals is then obtained as follows:

Veon; (1) = vp,(t) = —v¢,(ton) — 14 - ipc, (1) (13)

Finally, this stage will end when the fault current in the diode is no longer capable of
being maintained in conduction mode. This is determined by solving (13), which is when
the voltage vcono, becomes smaller than the diode threshold voltage V;. This instant (when
the diode turns off and the fault steady state stage is established) is named t.g. In this
instant, the fault current ipc, and capacitor voltage vc, are ipc, (fof), which are evaluated
by (12), and vc, (toff) = V-

2.1.3. Fault Steady State Stage: Traditional Approach

After the diode freewheeling stage, one last transient stage is present, which is named
fault steady state stage. In this stage, the same circuit used for the capacitor discharge stage,
reported in Figure 1, can be used. As before, its solution is given by (6) for the current
and (8) for the voltage, where now the initial conditions are, as described at the end of the
previous section, ipc, (tof), which is evaluated by (12), and vc, (toff) = V4. The resulting
expressions for the fault current, capacitor voltage, and voltage at the converter terminals,
respectively, are the following:

vc, (Fofe) . (es1i'(f*foﬂ) _ eszi‘(t*toff)) + ipg; (foff) . (51- LS (ttof) 5. _eszi'(t*toff)) T iconoe, (14)
(Sli - 521') 51; — 82 1 l 1
lDCl(tOff) . (eslln(t—toff) _ 6521~(t—toﬁ)) _ vC,(tOff) . (Sz. . esli'(t_t"ff) _ eSzi'(t—tO“))’ (15)
G- .~ Szi> 51, — 52 ! !
vconvi(t) ~ —Uci(t) — ESR; - iDC,»(t)- (16)

It is worth recalling that, while the hypothesis of constant converter contribution to
the fault current is reasonable for the first two stages of the fault response, which has a very
fast dynamic, the converter fault current contribution is always considered to be slowly
varying. This may not necessarily hold for this stage, especially for converters whose
steady state fault current cannot be actively limited by the converter control. However,
for some converters, this is not a major issue since, according to their control principles
and capabilities, they can limit the current through a switching function. Consequently,
they can avoid a supplying current in the case of a fault with a suitable control system
or provide a limited, predefined current contribution. Nevertheless, this capability is not
universal for all power converters. Considering the aim of this analysis, which is mainly
focused on protection purposes, the effect of this stage is not very significant because of the
following:

(a) The fault current values are usually much smaller than the ones experienced in the
first two stages;

(b) Protections are usually required to trip before the fault steady state is established
to avoid system damage, and the steady state fault current can be extinguished by
tripping the AC side protection, which is not effective during the first two stages.
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2.2. Case Study: Comparison between Traditional DC Fault Analysis Method and
Numerical Simulations

In order to discuss the effectiveness and limitations of the traditional DC fault analysis
approach previously discussed, an example of a LVDC network, as shown in Figure 3,
which includes four converters with V,;; = 800 V of nominal voltage, is considered as a
case study. The considered example of a DC network is composed of different converters,
and all converters are assumed to have the capability to manage the converter contribution
to the fault current when the fault steady state stage is reached. As a consequence, to
simplify the calculations with no loss of generality, in this study, each converter current
contribution i¢;p, has been considered to be null.

e e T/ TN ;
! Batteries : J I—o : netAvgork :
S i/ od— { e 2 N R
Converter 1 L AAA— Rfault Converter 3
T —bc _L — ack—""TTTT ;
] ' ! ]
i load i J L i Generator |
o [ DC T ' - B
Converter 2 Converter 4

Figure 3. Considered example of DC network.

Several combinations of converter power (and, accordingly, output capacitors) and
conductor length are here considered. In particular, converters 1 and 2 have capacitors and
lines designed for a power that is three times less than that of converters 3 and 4.

Similarly, as far as line length is concerned, converters 1 and 3 are connected to
conductors that are three times shorter than those of converters 2 and 4. The corresponding
circuit parameters are shown in Table 1, including all the parameters needed for the
equivalent circuits. Regarding the diode freewheeling stage, the considered diode model
includes V; = 0.8 V and r; = 0.108 mQ) [27]. These values are used for all converter diodes.

Table 1. Circuit and physical parameters of the considered example DC grid.

Capacitor Parameters Conductor Parameters

Converter  pgyer C ESR ESL Section Length Roc Loc
[kW] [mF] [mQ] [nH] [mm?] [m] [mQ] [nH]

1 400 10.8 15.8 15 180 * 10 1.301 2.228

2 400 10.8 15.8 15 180 * 30 3.903 6.685

3 1200 30 6.6 11 500 ** 4 0.188 0.942

4 1200 30 6.6 11 500 ** 12 0.564 2.827

* Flexible bare multi-core copper conductor. ** Rigid bare single-core copper conductor.

Based on the parameters of each converter circuit, the equations obtained in the previ-
ous subsection are applied to calculate the decay factor, undamped resonance frequency,
and roots of the characteristic polynomial. The calculations are performed for two differ-
ent fault resistance values, namely Rz, ; = 0.1 mQ and Ry = 10 mQ); the results are
reported in Table 2.

Table 2. Values of decay factor, undamped resonance frequency, and roots of the characteristic
polynomial obtained using the traditional DC fault approach for the considered DC grid.

Rfault =0.1 mQ Rfuult =10 mQ)
Converter o [rad/s] wy [rad/s] s1  [rad/s] sy [rad/s] o [rad/s] wy [rad/s] s1  [rad/s] s, [rad/s]
1 3822.7 6439.7 —3823 +j5182 —3823 —j5182 6029.4 6439.7 —6029 +j2262 —6029 —j2262
2 1474.0 3726.3 —1474 +j3422 —1474 —j3422 2212.8 3726.3 —2213 +j2993 —2213 —j2993
3 3586.9 5703.5 —3589 +j4435 —3589 —j4435 8779.9 5703.5 —2105 —15455
4 1271.1 3305.7 —1271 +j3052 —1271 —j3052 3015.6 3305.7 —3016 +j1354 —3016 —j1354
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As discussed in the previous section, the value of wy depends only on the converter
capacitance and line inductance, while the value of « also includes the effect of resistive
elements, including the fault resistance. Therefore, the fault response can be simply evalu-
ated on the basis of parameters s; and s,. In particular, when s; and s, appear in complex
conjugate pairs, an oscillatory behavior is expected, as happens for all the converters in
the case with Ry, = 0.1 mQ). On the contrary, when s; and s, are real values, the fault
response is expected to be over damped, which, in this analysis, occurs only in the case of
converter 3 with R ¢z, = 10 mQ).

Finally, initial conditions for all converters are considered asipc, (0) = 0and v, (0) = — V4.
Based on these values, the roots of the characteristic polynomial are calculated, and the equations
detailed in the previous subsection for I pC;s Ip;, and veono, are evaluated.

Figure 4 shows the responses of each circuit according to the traditional DC fault
analysis approach compared with the waveforms obtained from simulations of the whole
system realized in MATLAB Simulink®, which is used as the reference framework.

Let us consider first the case of fault impedance close to zero (R ¢4, = 0.1 mQ)). In this
case, the behavior of the fault current obtained by the traditional DC fault analysis method
(Figure 4a) was quite close to that obtained from simulations, even though it exhibited
slight discrepancies in the correspondence of the diode turn-on. This was evident mainly
in the case of converters with higher power (1 and 2). The same behavior occurred for the
voltage at the converter terminals (Figure 4e), thereby matching the responses only during
the capacitor discharging stage and not during the diode freewheeling one. The biggest
discrepancies were observed in the diode current (Figure 4c), as the shape of the current
waveforms were different when the diode turned on, thereby showing a sharp peak instead
of smoother behavior. Only after few milliseconds, when the current was decreasing in
both responses, the two curves did match.

On the other hand, when the fault impedance was small but not negligible
(Rfauir = 10 mQ)), the behavior considerably differed between simulations and calcula-
tions from the traditional DC fault analysis. The fault current peaks (Figure 4b) calculated
with the traditional method were significantly higher than those obtained from simulations,
and their dynamics were very different too. Indeed, the curves obtained from the traditional
method only presented one peak and were monotonously decreasing afterward, while
the curves obtained from simulations showed additional oscillations after the main peak.
Regarding the diode current (Figure 4d), the curves calculated using the traditional method,
converters 1, 2, and 4, would have been expected to enter the diode freewheeling stage.
Meanwhile, the simulations showed that there were not diodes turned on. This can be
explained by analyzing the voltage behavior reported in Figure 4f. Freewheeling occurs for
one converter when the voltage at that converter’s terminals o0, becomes negative and
exceeds the diode voltage threshold. However, the voltage curves from simulations do not
present an oscillating characteristic but rather an almost over damped one. The voltages on
the terminals of all converters are similar, and they decay without passing through zero.

Considering Figure 4, it is possible to observe that, in the case where the fault
impedance was small, the fault current peaks were similar to the simulations and oc-
curred practically at the same time. However, when the joule integral was calculated to
find the value of I?t in the conductors from the converter to the grid, some significant
discrepancies appeared. For the lower power converters (1 and 2), the I?t values were
higher when calculated through the traditional DC fault analysis method. Instead, for
converters 3 and 4, the values of I°t calculated by the traditional method were lower. This
can be explained analyzing Figure 4a. Indeed, during the freewheeling stage, the curves
of high power converters tended to be under the simulations curves, while the opposite
occurred for converters 1 and 2.
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Figure 4. Comparison between traditional DC fault analysis and simulation results.

Regarding the diode current, remarkable discrepancies were present in all the two
cases here analyzed. Considering that, as can be seen in Figure 4c, for the traditional
approach, the current peaks occur as soon as the diode is turned on, the curve shapes will
be very different from the simulation ones. In particular, the most evident variation is
shown in the maximum current derivative. Since, in the traditional approach, the change
between stages is immediate, a virtually infinite current derivative is expected. As a
consequence, these data were not taken into account. Additionally, if the evaluation is
performed with discrete time steps, this current derivative value depends on the chosen
time step, which makes it clearly an ill-posed indicator.

Considering the fault impedance of 10 m(), both the values of the fault current and
of the diode current obtained from the traditional DC fault analysis differed significantly
in comparison to simulations. Considering the fault current, all peak values obtained by
the traditional method were significantly higher then the ones obtained by simulation, and
they occurred at very different times. For the I?t values, a pattern was not found: as one
decreased, one increased, and the others remained relatively the same, but the differences
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were significant. Considering now the diode current as previously mentioned, converters 1,
2, and 4 were expected to enter the diode freewheeling stage according to the traditional
approach, and this behavior contradicted the simulations.

In order to quantify the difference between the current curves obtained through
the traditional method and the simulations, the coefficient of determination or R? was
evaluated with the same amount of sampling data points P for any curve. This value is
calculated as shown below:

P 2
Ep:l (Isimp - Itradp)

R*=1 —
25:1 (Isimp - Isim)

(17)

On the basis of the data evaluated using (17) and presented in Table 3, it can be stated
that, in this case, only a few currents are suitably described by the traditional method.
Therefore, in the following, the limitations of this method will be addressed.

Table 3. Main indicators for fault current evaluation: comparison between traditional DC fault
analysis and Simulink simulation.

Rfault =0.1mQ Rpgur = 10 mQ)
Converter
R? Line Current R? Diode Current R? Line Current R? Diode Current
1 0.980 0.468 —0.173 0.001
2 0.995 0.712 0.027 0.022
3 0.989 0472 0.682 1
4 0.999 0.754 0.675 0.162

2.3. Limitations of the Traditional DC Fault Analysis Method

This section presents a summary of the main limitations of the traditional DC fault
analysis method on the basis of the results of the case study presented in Section 2.2 and of
the assumptions and simplifications discussed in Section 2.1. Three main issues emerge
from the aforementioned analysis and results, namely (a) the dependency of the results’
reliability on fault impedance values and/or other converter fault current contributions;
(b) the inaccuracy of the diode current estimation; and (c) the inaccuracy of the conductor
joule integral. Each of these issues is further discussed in the following subsections.

2.3.1. Dependency of the Results’ Reliability on Fault Impedance Values and/or Other
Converter Fault Current Contributions

Due to the simplifications adopted in traditional DC fault analysis, the most relevant
limitation of this method is that the response of each particular converter is evaluated
without taking into account the effect on the fault residual voltage due to the contribution
of each converter, which is defined as follows:

N
Vres(t) = Rquit - <iDC[(t) + Z iDCm(t)>' (18)
m#i

Therefore, this assumption is not limiting only when the fault impedance is close to
zero (as the fault residual voltage is zero too) or when the fault current contributions from
other converters are negligible. However, as Ry, or other converter current contributions
increase, the fault residual voltage increases too and affects the dynamics of the response of
each converter. The dynamic of this voltage depends on all the converters connected to the
network, including the converter under study. Therefore, this voltage cannot be obtained
from the current contribution of each single converter, nor by the sum of the fault current
contribution of all the converters obtained by the traditional DC fault analysis method. With
this approach, the effect is not accurately modeled, as the residual voltage due to other
converters’ fault current contribution is not taken into account in the calculation of the fault
current contribution of a single converter. This results in significant errors, as the capacitors’
discharge dynamics are obviously altered. This can be observed in Figure 4b, where the
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dynamics of the fault currents of converters 1, 2, and 3 presented an additional oscillation that
did not follow its natural response (a curve with only one inflection point at the peak). As
a consequence, the traditional DC fault analysis method can be used with no issues only in
the following cases: (a) the DC system includes only one converter; and (b) the DC system
includes several converters, but the fault impedance values belong to a certain range such
that the residual voltage is small enough. Unfortunately, this range is strongly dependent on
the specific DC network under analysis, thereby making any generalization of the presented
results impossible.

2.3.2. Inaccuracy of the Diode Current Estimation

With respect to the calculation of the diode current, the traditional DC fault analysis
approach is very limited due to the simplifications made to obtain the equations for
the diode freewheeling stage. As previously commented, in the deduction of (11), it is
assumed that the capacitor current is zero from the moment the diode turns on. While this
assumption is a reasonable approximation for the evaluation of the overall fault current,
it is not an accurate estimation of the diode current, as can be seen in Figure 4c. Since
ESL inductance prevents an instantaneous change in the current of the capacitor branch,
the dynamic of the diode current is slightly attenuated by the capacitor current. Thus,
the hypothesis of ip, = ipc, is correct only when the ESL is completely discharged. This
inconsistency in the traditional approach implies that the values obtained by this method
are not reliable for evaluating the capability of the diode to withstand the fault current.

2.3.3. Inaccuracy of the Conductor Joule Integral

This limitation is derived from the oversimplification introduced in the evaluation of
the currents. When the I?t value is calculated to check the thermal limitation of power
components, the accumulated error causes a considerable discrepancy. As an example, let us
consider the conductor connecting converter 1 with the DC grid bus when R,y = 0.1 mQ
in the case under study. For this case, the joule integral maximum admissible value is
699.9 x 10 A%s when it is used as a cable with a 180 mm? cross-section conductor and isolated
by a cover of ethylene propylene rubber and reticular propylene (EPR-XLPE) [29]. According
to the calculations obtained by the traditional analysis, the overcurrent protection should
trip to avoid thermal damage, because the joule integral value would be 718.5 x 10° AZs.
Nevertheless, according to the data from simulations, the protection device is not required to
trip, because the joule integral is actually around 22% less than the joule integral maximum
admissible value for the cable, which is equal to 560.3 x 10 AZs. Due to these inaccuracies, it
is considered that the intrinsic uncertainty of the traditional DC fault analysis method could
negatively influence the protections adjustment.

3. Innovative DC Fault Analysis

Considering the limitations that emerged from the case study as were analyzed by
means of the traditional DC fault analysis approach, this section proposes an innovative
approach for evaluating the DC network response under fault. In this regard, the traditional
DC fault analysis approach discussed in Section 2 is used as a starting point, for which,
however, a more general solution is proposed, thus overcoming the previously identified
limitations. The proposed method used to obtain a general solution is a numerical method
based on the so-called Euler method to solve the complete ODEs system. This approach
has three main advantages: (a) it provides accurate results with no need to introduce
any specific assumption; (b) it can be easily structured to manage an arbitrary number of
converters; and (c) it reduces the computational processing times and resources necessary
to simulate an entire DC network compared to other circuit solution software.

3.1. Euler Explicit Method in DC Fault Analysis

Considering a DC network with N converters, it is possible to highlight that a closed-
form solution of such a system is very complex, as a general solution of each converter
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response depends on all the others. Moreover, during the capacitor discharging stage, the
ODE system is of the order 2N, while during the diode freewheeling stage (recognizing
that the capacitor current should not be neglected), the ODE system is of the order 3N,
and lastly, during the fault steady state stage, the ODE system is again of the order 2N.
Therefore, an analytical solution to evaluate the fault current contribution of each converter,
if possible, has at least the same number of independent linear terms as the ODE system,
which makes it quite difficult to manage.

As discussed in the previous section, in the traditional approach, some assumptions are
introduced to solve the ODE system in the closed-form, thus obtaining, for each converter,
a simple solution. However, these assumptions also result in a very significant reduction
in accuracy.

Discarding the pursuit of a closed-form solution of the ODE system, it is possible to
introduce an innovative approach based on a numerical solution. To this aim, the Euler
explicit approximation is a promising solution, thereby being simple to implement and
highly accurate. The general expression for the Euler explicit approximation of a function
y(t) = f(t) is as follows:

Lyl W20 2o, gy it L ate] 19
where & is the time step between the discrete values of the function y. This approximation
is discussed in detail in [30], along with another numerical methods. Rearranging the
expression in (19), it is demonstrated that the function y can be reformulated into a series,
where the next value in the series is calculated based on the present value and a function
extracted from the derivative of y according to the following:

Estop

LoneN. (0)

yin+ 1~ yln) R Sy =yl £ hef(y 8, 0<n<

By means of (20), the continuous time ODE system obtained from the traditional
DC fault analysis can be transformed into discrete time plain equations, on which the
innovative DC fault analysis method is based. The accuracy of the results obtained from this
approximation will depend on the value of &, which needs to be small enough, according
to sampling theory. Typically, for fast parameter variations in LVDC networks, a reasonable
starting point for this application could be 1 < 0.001 ms.

In the following subsections, each stage of the fault response, as identified by the
traditional DC fault analysis method, is analyzed to obtain the circuit equations through
the Euler approximation for the innovative DC fault analysis method.

3.1.1. Capacitor Discharge Stage: Innovative Approach

The capacitor discharge stage was analyzed by means of the traditional DC fault
analysis method in Section 2.1.1 by means of the circuit reported in Figure 1, thereby leading
to Equations (1) and (2). For the reformulation in discrete time, Equations (1) and (2) are
reorganized by isolating the derivative, thus resulting in the following:

d o iDCl-(t) - iconvi

a?fci(f) == (21)
d . 1 . N
alDCi(t) = “Loc 1 ESL; | Rpg; + ESR; -ipc,(t) + ¢, (t) + Rpqure - Eilpcm(t) - (22)

Note that, using the Euler approximation, it is possible to also consider the current
contribution of all the converters, thus removing one of the simplifications introduced in
the traditional DC fault analysis method. As a consequence, the expression of the fault
current contribution of the ith converter (22) depends on the sum of the fault current
contributions from all the other converters. Substituting the continuous time variables in
expressions (1), (2) to discrete time (x(t) — x[n]) and applying the general form of the
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Euler approximation (20), the following equations are obtained for the capacitor voltage
and the line current, respectively:

h
vc,[n+1] = ve,[n] + - (iDCi [n] — iconvi)/ (23)

h

ipc,[n +1] = ipc,[n] — Ipc +ESL;
i 1

N
<(RDCi + ESR;) - ipc,[n] +oc;[n] + Rfgu - Y inc, [n]). (24)
m=1

With the aim of facilitating the manipulation of Equations (23) and (24), the resistances
and inductances were expressed individually without association as a sum between them,
which is in contrast to the traditional DC fault analysis method discussed in Section 2.1.1.

This made it possible, by determining the values for the instant n + 1, to obtain the
rest of the circuit variables as functions of fault current and converter capacitor voltage
by using basic circuit theory. The only missing parameters to initiate the process were
the initial conditions (v, [0] and ipc,[0]). To obtain comparable results, the same initial
values used for the traditional DC fault analysis were used, namely v, [0] = —Verig and
ipc; [0] = iconv;, €ven if the option of using different values as initial values was open.

On the other hand, as the calculations progress, it is crucial to assess the value of the voltage
at each converter terminal vy, (considering that the coupling between converters produces
increased accuracy but requires the need to solve a more complex system) to determine when
the capacitor discharge stage is finished. As in the traditional DC fault analysis, it is possible to
neglect the voltage drop across the ESL, so the following expression can be used:

Vconv,; (1] = —vc,[n] — ESR; - ipc,[n]. (25)

As discussed in the traditional DC fault analysis, when (and if) the value of the
converter voltage exceeds the diode threshold, namely v¢ono; (1] < —Vj, the equations used
to evaluate the ith converter response must be changed to those corresponding to its diode
freewheeling stage, which is described in the next section.

3.1.2. Diode Freewheeling Stage: Innovative Approach

For the analysis of the diode freewheeling stage, the ODE system deduced in Section 2.1.2
from the circuit reported in Figure 2 was used. Thus, by isolating the time derivatives in
(1) and (10), the following expressions are obtained:

d o iC,-(t) - icom}i
d. 1 . . N
ElDCi(t) = T Lpe Vg +14-ip,(t) + (Rpe, + Rauit) - inc; (t) + Reaui - Y inc, () |- (27)
i m#i

In this approach, it is possible to remove the hypothesis that the capacitor current
is null during this whole stage, so now ipc, = ip, + ic, + iconv;- The relation between the
diode and capacitor current, obtained by KVL on the mesh and including the diode and
the capacitor only, results in the following:

d. 1
e (t) = —— .
ai'(t) = g,
By substituting the continuous time variables in expressions (26)—(28) to discrete time
(x(t) — x[n]) and applying the general form of the Euler approximation (20), it is possible
to evaluate the converter capacitor voltage, the fault current contribution, and the capacitor
current, thereby respectively resulting in the following:

Vi+ry- iD,-(t) - Uci(t) — ESR; - iCi(t))- (28)
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h . .
(4e} [1’1 + 1} = 0g; [Tl] + c . (lDCi [n] - lconvi)/ (29)
, , h , , Y, |
ipc,[n + 1] = ipc,[n] — Ipc Rpc, - ipc;[n] + 74 - ip,[n] + Va+ Rpqu - ), inc, (1] |, (30)
i m=1
. . h . .
Ic; [1’1 + 1] =1q [TZ] - ESL, : (ESRI' e [Tl] + o¢; [ﬂ] — ¥4 1p; [n] - Vd). (31)

In addition to the equations deduced from the ODEs, the diode current for the instant
n + 1 is required, which can be easily deduced by KCL from the fault and capacitor
currents as follows:

l'D,. [1’1 + 1} = iDCi [Yl + 1] - icl. [11 + 1} — iconvi- (32)
The voltage at the converter terminals can be evaluated as follows:

Vconv; [n] = Vg + 14 - ip,[n] = —vc, [n] — ESR; -ic,[n]. (33)

These equations are valid for all converters of the diode turned on until the instant in
which v¢one,; (1] > —Vy, which is when the next fault stage begins.

3.1.3. Fault Steady State Stage: Innovative Approach

At the instant when the diode turns off and the free-wheeling stage ends, the equivalent
circuit returns to the same as in the capacitor discharge stage. Since it is the same circuit,
the expressions in (23)—(25) are also valid for this stage, as long as suitable initial conditions
are selected. These are easily identified as the last values computed during the diode
freewheeling stage.

3.2. Overview of the Proposed Method

Once the equations for each stage have been deduced, as discussed in Section 3.1,
the only difficulty left in the proposed method lies in addressing the change in stages
and choosing the correct equations for evaluating the response of each converter, thus
considering that not all converters necessarily experience stage changes at the same instant
or at all. For this reason, it is recommended to use the method through an algorithm that,
as a first step, evaluates the value of vy, for each converter, and, depending on this value,
selects the correct equations to use. For clarity, an overview of the proposed methodology
is reported in the flowchart in Figure 5.

To compare the results to continuous time functions, it should be recalled that each
iteration of n corresponds in time to t = n/h in an interval of 0 < n < t5,,/h when
considering n € N. In addition, note that, in the diagram reported in Figure 5, it is proposed
that in each step of the calculation, the variables are evaluated beginning with converter 1,
then for converter 2, etc., until reaching converter N (they can be evaluated without a
particular order, as the order does not matter). Therefore, it is not possible to continue
with the evaluation of the values for the ith converter at time n + 1 without first having
evaluated the values of all the converters at time 7.



Electronics 2024, 13, 847

16 of 22

Initial conditions !

00 l01 =~ Viria, 01 = oy, 6,01 =0, i, 01=0 |

4% n=n+1 H Veono;[1] = — (v¢,[n] + ESR; - ic,[n]) %—{ i=i+1 Fi

False

Veony;[n] > =Vp

Capacitor discharging and steady-state

ho,. .
ogln+1l=vg[nl+ & - (ipc,[1] = icono;)
;
. h . &y,
ipc,[n+1] =ipc[n] = ———c— | (Rpc, + ESR;) - ipc,[n] + v, [n] + Ryqur - Y inc,[n]
Loc, + ESL,
’ i =l
ic,[n+1] = ipc,[n+1] = icon;
ip[n+1]=0

o6+ 11 =gl + &+ il

. . h . . N
ipc,[n+1] =ipc,[n] - Inc (RDC, “ipg[nl+rp -ip,[nl+ Vb + Reque - Y, XDC,,.["]) J

m=1

ic,[n+1] =ic,[n] — ESR; -ic,[n] +vc,[n] —rp -ip,[n] — Vp)

b (
ESL;

ip,[n+1] = ipc,[n+1] —ic,[n+1] — icony;

Diode free-wheeling

Store data

Figure 5. Complete methodology for the evaluation of the DC network fault response using the
Euler approximation.

3.3. Matrix Formulation

Although the methodology outlined can be implemented in any numerical computing
environment, handling the data can become problematic as the number of converters
included in the DC network increases. Given that electrical networks, in general, grow over
time as their lifespan advances, modifying the programming code to incorporate new con-
verters to the network can become challenging. As a consequence, a more convenient and
efficient way to input the parameters of each converter would be very useful. Furthermore,
dealing with two different sets of equations is impractical for execution, while it would
be simpler to evaluate one equation for each variable, with no need to distinguish among
capacitor discharge, diode freewheeling, and fault steady state stages.

Taking these considerations into account and leveraging that we are dealing with
linear equations only, the variables, parameters, and equations can be fruitfully organized
into matrices. In this regard, the variables are firstly arranged in column vectors of size N
to obtain the following:

The voltage across each converter capacitor V¢ ([n] = (vc, [1], ..., vey [n])/;

The voltage at each converter terminal Veouo 1] = (Vcono, [11], - Vconoy [n])/;

The fault current contribution of each converter Ipc[n] = (ipc, 1], ....ipcy [n])/ ;
The current in each converter capacitor Ic[n] = (ic, ], ..., icy, [n})/;

The current in each converter diode Ip[n] = (ip,[n], ..., ip, [n])/;

AR e

. . !/
The current from each converter lcono = (icono, s s fconvy ) -

These vectors can be easily pre-loaded, updated, and organized in a data repository.
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Successively, the parameters of each converter can be organized in diagonal matrices
of size N x N, thus resulting in the following:

The DC line resistances Rpc = diag(Rpc,, .-, Rpcy );

The converter capacitor equivalent series resistances ESR = diag(ESR;, ..., ESRy);
The DC line inductances Lpc = diag(Lpc,, -, Lpcy);

The converter capacitor equivalent series inductances ESL = diag(ESLy, ..., ESLy);
The converter capacitor values C = diag(Cy, ..., Cy).

AR

With the aim of unifying the equations for the DC fault analysis and of avoiding the
distinction among capacitor discharge, diode freewheeling, and fault steady state stages,
the introduction of matrices Doy and Dopr is proposed for the diode conduction states
ON and OFF, respectively. The latter are defined, once again, as diagonal matrices of size
N x N, which contain information about the diode states of each converter, namely:

1. The matrix of diodes in the conduction mode Don (1] = diag(Dstate, [1], .., Dstatey [11]);

2. Thematrix of diodes out of the conduction mode Dogg[n] = diag (Dstatel (1], ..., Dstatey [n]) .

Here, Dstate; is 0 when the ith diode is turned off and 1 when the ith diode is turned on.

Finally, an overview of the equations of the innovative DC fault analysis method in
the matrix form are included in the flowchart in Figure 6. When considering the algorithm
in the matrix form, the only challenge is to update the diode state matrices at each step.
As long as this is done correctly, the algorithm will be applied correctly and accurately
evaluate the overall fault response of the DC network.

Initial conditions

‘ Vel0] = = Vgria - 1inx1y » Ipcl0] = Leono , Ic[0] = Ons1y , Ip[0] = O(n1)

n=0

4-—+ Veoo[] & —(Ve[n] + ESR - Ic[n])

Dstate;[n] = 1

Donln] = diag(Dstate, [1], ..., Dstatey[11])
Dorrln] = diag(Dstate; [1], -, Dstatey [1])

!

Veln+1] = Ve[n]+h-C1 - Te[n]
Tpcln+11 = Incln] = Dogslnl - [@pc +ESL) - ((Roc + SR+ Ryuis - vy ) - Tnclnl + Velnl) |
—h - Donln] - []LBIC . ((RDC + Rquit - ]l(NxN)> Ipc[n]+rp - Ipln]+Vp - Jl(quﬂ
Te[n-+1] = Doxfnl - [Te[n] — k- ESL™" - (SR - Ie[n] + Ve[l = rp - Ip[n] = Vi - 1x )]
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Ip[n+1] =Ipcln +1] = Ic[n +1] — Leono

Store data

Figure 6. Complete methodology for the evaluation of the DC network fault response using the
matrix formulation of the Euler approximation.
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3.4. Case Study: Comparison between the Proposed Innovative DC Fault Analysis Method and
Numerical Simulations

To prove the effectiveness of the proposed innovative DC fault analysis with respect to
the traditional DC fault analysis method, the same DC grid example presented in Section 2
will be considered in this section. The relevant data regarding the DC network are presented
in Table 1. By considering these parameters and setting the same initial conditions, we
obtained Vc[0] = —Viig - 1(yx1) and Ipc[0] = O(xx1); the proposed innovative DC fault
analysis method was implemented with a time step equal to & = 1 ps.

The results obtained through the proposed method, compared with MATLAB Simulink
simulation results, are shown in Figure 7. Similarly to the case study reported in Section 2.2,
two different cases with different fault impedances were evaluated, with Ry;,;; = 0.1 mQ)
and Ry,,; = 10 m(), as in the previous case.
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(f) Converters voltage with Ryg,; = 10 mQ.

Figure 7. Comparison between proposed method using the general approach and simulation results.

The curves obtained with the proposed innovative DC fault analysis method and
those obtained from simulations produced superimposed curves, thereby highlighting
the accuracy of this new approach. In comparison with the traditional DC fault analysis
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method, it is evident that the proposed method sorted out the limitations concluded
in the previous section, and it is capable of providing accurate results for DC systems
with multiple converters and non-negligible fault impedance. In particular, for both of the
considered cases, the fault currents shown in Figure 7a,b exhibit the same dynamics foreseen
by the simulation. As expected, in the case with small fault impedance, corresponding
to Figure 7a, the curves display the intrinsic natural behavior from each converter, with
one single peak and no oscillations. Conversely, considering Figure 7b corresponding to
the case with large fault impedance, the curves do present additional oscillations, which
is an effect of the residual voltage in the fault section that is impossible to be correctly
evaluated by means of the traditional DC fault analysis method, as detailed extensively
in Section 2.3.1.

Therefore, it can be asserted that, regardless of the fault impedance, the proposed
method is capable of satisfactorily evaluating the fault current of a converter when consid-
ering both its inherent dynamics and the dynamics of the DC network.

Regarding the assessment of the diode current, for the case with Ryg,;; = 0.1 mQ) it
is observed that the curves in Figure 7c accurately represent the diode behaviour. These
curves grew rapidly but not immediately, then reached their peak value, and then decreased
slowly until reaching zero at t = f,¢. Meanwhile, for the case with R,y = 10 mQ) reported
in Figure 7d, the proposed method correctly evaluated that the converters did not enter
into the freewheeling stage because the voltage did not decay beyond zero.

Finally, the main indicators for fault current evaluation for cases with Ryg,;; = 0.1 mQ)
and Ry,,;; = 10 mQ) are presented in Table 4. Similarly to Section 2.2, in order to quantify
the difference between the current curves obtained through the traditional method and the
simulations, it was proposed to evaluate coefficient of determination or R?, as defined in (17).

Table 4. Main indicators for fault current evaluation: comparison between the proposed general fault
analysis and Simulink simulation.

C Rﬁzult =0.1mQ Rfrmlt =10 mQ
onverter
R? Line Current R? Diode Current R? Line Current R? Diode Current
1 0.998 0.997 0.987 1
2 0.998 0.989 0.994 1
3 0.989 0.996 0.988 1
4 0.999 0.997 0.991 1

It is possible to observe that, for all cases, the correlation coefficients are all very
high, with a maximum error around 1%. According to Table 4, it can be observed that the
diode currents in the case with Ry, = 10 m() all have a correlation coefficient equal to
one, but this should not be considered suspicious, as the freewheeling stage in this case
was absent in all the converters, and, consequently, all diode currents were identically
null during the whole transient. This highlights that the proposed approach can correctly
identify the freewheeling stages in the presence of non-negligible fault resistances, which
was not the case for the traditional DC fault analysis method. The high level of accuracy
granted by the proposed approach allows us to correctly evaluate all the most significant
parameters commonly used for system protection design, such as fault current peak values
and times, maximum current derivatives, and joule integrals. This approach exhibits
two main advantages over traditional methods: (a) it can easily be structured to manage
an arbitrary number of converters; and (b) it provides accurate results, with no need to
introduce any specific assumption, thus producing results suitable for protection purposes.

4. Conclusions and Future Work

The traditional DC fault analysis method is a useful tool for straightforwardly un-
derstanding the behavior of the fault current contributions of DC converters when a fault
occurs in an LVDC network. However, when a system with multiple converters and non-
negligible fault impedance is considered, its results are strongly limited in terms of accuracy
due to the necessary assumptions included in the problem’s solution. In particular, it is
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assumed that the response of each converter can be calculated without taking into account
the effect of the fault current contribution of other converters in the DC network. This is
fine to establish a worst case scenario, but for protection design purposes, it is reasonable
only when the fault impedance is close to zero, or the fault current contribution from all
other converter is null. Indeed, as R,,;; increases, the fault residual voltage increases and
this could introduce a coupling effect among the dynamic response of each converter. In ad-
dition, in the traditional DC fault analysis, it is assumed that the diode freewheeling stage is
established instantaneously and that in that stage the current flowing through the capacitor
is always zero. However, this assumption leads to unrealistic results, as happens for the fast
rise of the diode current. As a consequence of these assumptions, three main limitations of
the traditional DC fault analysis emerge for LVDC systems including multiple converters,
namely (a) the reliability of the results depends on the fault impedance value and on the
fault current contribution from all other converters; (b) the diode current estimation is not
very accurate; and (c) the joule integral calculation for conductors is inaccurate.

In order to overcome these issues, an innovative method for DC fault analysis based
on a numerical method has been presented in this paper. The proposed innovative DC
fault analysis method arises from the primary interest in solving the circuit to extract
the indicators (current peak value and time, joule integral, etc.) necessary for correctly
designing system protections. For this purpose, it is not necessary to find a closed-form
solution of the ODEs system from a circuit with several converters connected, but a time
series representing the circuit variables as a function of the discrete elapsed time is enough.

This approach proved to grant several advantages over traditional methods: (a) it
provides accurate results, with no need to introduce any specific assumption and regardless
of the fault impedance value; (b) it can be easily structured to manage an arbitrary number
of converters; (c) only minimal additional efforts are required from the user when the
network configuration changes; (d) it reduces the computational processing times and
resources necessary to simulate an entire DC network; and (e) it can be the starting point
to develop an open-source software to perform accurate DC fault analysis. These last
three advantages can also be considered in comparison to DC fault analysis through
a solution software. This, being designed for multiple purposes, requires additional
effort on the part of the user for the circuit layout and greater use of resources by the
computational environment.

In addition, on the basis of this innovative numerical approach to DC fault analysis,
future work can be addressed towards an equivalent circuit representation for the residual
voltage in order to simplify the calculations in the presence of changes in the network
configuration. In particular, it can be of interest to consider whether a reduced order
equivalent circuit for a DC network could be found. This would simplify the calculation
of the fault current for a new converter introduced into the network, since it would no
longer be necessary to calculate the response of all of the N converters at the same time but
only that of the converter under study and of the equivalent RLC circuit representing the
complete network.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current

DC Direct Current

ESL Equivalent Series Inductance
ESR Equivalent Series Resistance

HVDC High-Voltage Direct Current
KCL Kirchhoff’s Current Law
KVL Kirchhoff’s Voltage Law
LVDC  Low-Voltage Direct Current

RL Resistance Inductance

RLC Resistance Inductance Capacitor
ODE Ordinary Differential Equation
VSsC Voltage Source Converter
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