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ABSTRACT Medium-voltage direct current (MVDC) systems exhibit fast fault dynamics and may involve
complex interactions between control and protection parameters. This paper applies a global sensitivity
analysis (GSA) framework based on Bayesian Sparse Polynomial Chaos Expansion (BSPCE) to an MMC-
based MVDC system to, for the first time, quantify both individual and interaction effects of control
and protection parameters during pole-to-ground fault scenarios. Results demonstrate for a point-to-point
MVDC system, that protection-related parameters — in particular the current-limiting inductor and converter
blocking thresholds — are the primary drivers of system behaviour across all studied fault locations. Control
parameters exhibit limited direct influence, although minor contributions through interaction effects were
observed under certain conditions. While the relative dominance of key protection parameters remains stable
across scenarios, the analysis highlights the importance of considering interaction mechanisms, especially
when designing system-level protection strategies. Overall, the proposed BSPCE-based GSA approach
provides valuable guidance for prioritising key parameters and supports integrated control-protection design

3 (Senior Member, IEEE)

in MVDC systems.

INDEX TERMS MVDC, control and protection, global sensitivity analysis, parameter interactions.

I. INTRODUCTION
Medium-voltage direct current (MVDC) distribution systems
have gained increasing attention in recent years [1]. Accord-
ing to [2], their adoption is driven by the growing integration
of distributed energy resources (DER), the increasing pres-
ence of DC loads, and the need for efficient interconnection
of power systems. Today, there is even greater interest in ap-
plying MVDC technology to electrical grids, as it offers a way
to alleviate capacity constraints in aging distribution systems
and to support a more sustainable power infrastructure [3].
Despite these advantages, MVDC networks continue to
face technical challenges, particularly regarding DC fault
management and system design. The lack of mature standards
and operational guidelines for MVDC systems highlights

the need for further research in this area [3]. DC faults
propagate extremely fast due to the absence of natural current
zero crossings and the low impedance of DC cables, leading
to a rapid fault current rise [4]. The fault current evolution
can be divided into three stages: (1) the initial capacitor dis-
charge of the DC link, (2) discharge through the converter
freewheeling diodes, and (3) contribution from the AC grid
through the converter diodes [5]. In this work, one aim is to
assess how pre-fault control design affects the first stage of
a pole-to-ground (PTG) fault. Although pole-to-pole (PTP)
faults generally result in higher fault currents and are therefore
more severe from a thermal and electrical stress perspective,
PTG faults are statistically more likely to occur in cable-based
MVDC distribution systems [6], [7].
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TABLE 1. Comparison of Sensitivity Analysis Approaches for Fault Studies

Method / Paper

Study Focus

Simulation Effort

Robust to Nonlin-

Interaction Quan-

Suitability  for

earities tification MVDC Fault
EMT
Local SA (One-at-a-  Converter parameter im- & k per parameter Limited No Limited
time) [11] pact on DC fault be- (OAT)
haviour
Screening SA (Morris  DC  transients between  Ng,, = r(k 4+  Moderate Indirect only Suitable for
EE) [12] MMC station and cable 1), » = 1024 = (screening) screening
2048 EMT simula-
tions per scenario
Screening SA (Morris  MMC parameters im-  Ngp r(k +  Moderate Indirect only Suitable for
EE) [13] pact under AC faults 1), r 500 = (screening) screening
4000 EMT simula-
tions
Variance-based global ~ Variance-based full de- Ngn, = N(k + 2) Yes Yes (Ist and higher  High accuracy,
SA (Sobol) [14] composition (thousands for EMT order) high cost
studies)
Variance-based global ~PTP MVDC PTG con-  Ngp N(k 4+ Yes Yes (analytical via  High accuracy,
SA  (BSPCE-Sobol)  trol-protection interac- 2), N = 20,k = PCE) reduced cost

[This Work]

tion

8 = 360 simulations

per scenario

k = number of uncertain input parameters; r = number of Morris trajectories; N = base Monte Carlo sample size for Sobol analysis;

Nsim = total EMT simulations required per scenario.

For MVDC AC/DC conversion, modular multilevel con-
verters (MMCs) are widely adopted in research due to their
high efficiency and scalability [8]. However, MMCs do not
provide inherent fault-ride-through (FRT) capability. As a re-
sult, the MMC is particularly sensitive to DC faults, making it
essential to understand its dynamic response and the parame-
ters that shape it.

Understanding how converter control parameters and pro-
tection system behaviour interact during PTG faults is critical
for reliable system design. This is especially important be-
cause control and protection systems are usually designed
separately, and safety requirements dictate that they operate
independently [9], which may hide potential coupling effects
under fault scenarios.

A. CONTROL AND PROTECTION INTERACTIONS IN DC
SYSTEMS

According to [10], high-voltage direct current (HVDC) pro-
tection classifies converter behaviour during a DC fault as
continuous operation (CO), where MMC blocking is avoided,
temporary stop (TS), or permanent stop (PS), where the MMC
is blocked. Analysing peak arm currents and blocking thresh-
olds is therefore fundamental, as they determine whether and
when converter blocking occurs.

At the system level, the DC circuit breaker (DCCB) must
operate fast enough to prevent unnecessary MMC blocking,
while the current-limiting inductor must be properly sized
to support DCCB operation without adversely affecting con-
verter behaviour. This creates an inherent coupling between
device-level dynamics (arm currents and MMC blocking) and
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system-level protection actions (breaker opening time and cur-
rent limiting).

Although these considerations are often discussed for
multi-terminal systems, analysing a point-to-point configu-
ration provides a worst-case scenario for fault studies and
a clear foundation before extending the analysis to multi-
terminal MVDC systems. In this context, pre-fault MMC
control design—particularly if adjustable by the distribution
system operator (DSO)—may influence fault behaviour, af-
fecting both blocking response and arm current magnitudes.

In this study, protection parameters follow hardware design,
while the focus is on pre-fault control behavior and system-
level interactions. Understanding the combined impact of
these elements is essential for assessing control—protection
interactions during DC fault events, ensuring that control per-
formance is not compromised.

B. PREVIOUS WORK ON SENSITIVITY ANALYSIS FOR
CONTROL AND PROTECTION INTERACTIONS

Table 1 provides a structured overview of the main sensitivity
analysis approaches applied to fault studies, including their
study focus, computational effort, robustness to nonlinearities,
and interaction quantification capabilities.

Different studies have explored the impact of converter
control and design on DC fault behaviour. For example, [11]
applied a local one-at-a-time sensitivity analysis and showed
that converter design significantly affects HVDC protection
requirements, highlighting that converter control characteris-
tics, arm inductance, and IGBT ratings strongly influence DC
breaker and inductor sizing.

1167



RAMOS ET AL.: IDENTIFICATION OF INTERACTION CHARACTERISTICS BETWEEN CONTROL AND PROTECTION FOR CO-DESIGN IN AN MVDC SYSTEM

Similarly, [12] used the Morris Elementary Effects screen-
ing method and demonstrated in point-to-point configurations
that converter properties affect HVDC fault dynamics, with
parameters such as blocking delay, active power direction, and
arm inductance having a notable impact on peak overcurrent.

[13] also employed the Morris screening technique to iden-
tify the most critical MMC control parameters affecting arm
stress, AC-side fault current injection, and protection perfor-
mance under AC faults.

In [8], a variance-based global sensitivity analysis was ap-
plied to quantify parameter interactions during pole-to-ground
faults for a single MMC, analysing peak DC and arm currents
as well as fault current rising time, providing insight into how
protection settings interact with converter behaviour. How-
ever, the influence of an interconnected MMC and different
control modes on control-protection interactions in an MVDC
point-to-point configuration remains insufficiently explored.

C. CONTRIBUTION

This work addresses the remaining gaps in quantifying
control—protection interactions in MVDC systems. Although
existing studies suggest that control settings influence protec-
tion behaviour during DC faults, the extent of this influence
and the interactions between control and protection param-
eters remain insufficiently quantified at the system level.
This work analyses and quantifies these interactions in a
point-to-point MVDC system using global sensitivity analy-
sis (GSA), assessing whether control design is coupled with
protection parameters and how this coupling affects protection
performance and overall system behaviour during PTG fault
scenarios.

The remainder of this paper is organized as follows. Sec-
tion II describes the sensitivity analysis method. Section IV
presents the MVDC case study. Section V reports the sensi-
tivity analysis results, followed by discussion in Section VI.
Section VII concludes the paper.

Il. SENSITIVITY ANALYSIS

Sensitivity analysis is well established in the literature. How-
ever, most studies in the converter control and protection
field apply local sensitivity analysis. This work applies global
sensitivity analysis for the first time to quantify interactions
between control and protection parameters in an MVDC sys-
tem. The key GSA concepts are briefly recalled here for clarity
and to support the understanding of the methodology that is
adapted to the specific objectives of this study.

A. VARIANCE-BASED SENSITIVITY ANALYSIS

Variance-based methods are a family of GSA techniques that
quantify how much uncertainty in the model output can be
attributed to each uncertain input parameter and their inter-
actions [15]. The basic idea is to decompose the variance of
the output (V(Y)) into contributions from individual inputs
(X1, ...,X;) and from combinations of inputs. These con-
tributions are then used to define Sobol’ sensitivity indices,
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which are widely used in sensitivity analysis. From this de-
composition, the Sobol’ sensitivity indices are defined:
e First-order Sobol’ indice:

Vi
TV

Si

where V; is the contribution of input, and S; measures
the fraction of output variance explained by an input X;
acting alone.

e Total-effect Sobol’ indice:

where V.; is the variance of the output when all in-
puts except X; are varied. This indice measures the total
contribution of Xj, including its interactions with other
inputs.

Interpretation is straightforward:

e If §; is large, X; has a strong independent effect.

e If S7; > S, then X; mainly matters through interactions.

e [f both S; and S7; are close to zero, X; can be considered
negligible.

B. BAYESIAN SPARSE POLYNOMIAL CHAOS EXPANSION
Variance-based indices can be computed directly from sam-
pling that gives valuable information, but this often requires
a very large number of model evaluations: N(k 4 2) model
runs, with k& equal to the number of inputs and N could
be between a few hundreds to one thousand. To reduce
computational cost, the method used in this work applies a
surrogate-based approach, namely Bayesian Sparse Polyno-
mial Chaos Expansion (BSPCE) [16]. The central idea is
to approximate the model to a surrogate model: instead of
running the expensive simulation every time, the polynomial
approximation is used.

The BSPCE approach provides measures to describe the
surrogate model and how well it represents the original sys-
tem. NPCE indicates the number of polynomial terms used
in the approximation, with fewer terms meaning a simpler
model. Vy is the variance of the output calculated directly
from the data, while VyPCE is the variance predicted by the
surrogate model; if these two values are close, it shows that
the surrogate captures the variability of the original system
accurately. The relative training error, &i;ining, quantifies the
part of the output variance that the surrogate fails to explain,
with smaller values indicating a better fit.

By combining polynomial surrogate modeling with
Bayesian sparsity, BSPCE provides an efficient and robust
framework for GSA. It reduces the number of required simula-
tions while maintaining accuracy, and the outputs offer a clear
and interpretable measure of the surrogate model quality [16].

IIl. INTERACTION ANALYSIS FRAMEWORK

Before introducing the case study, a structured framework
is established to analyse interactions between the control
and protection systems. Both subsystems are modelled in
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FIGURE 1. MMC-MVDC system.

TABLE 2. Parameters of the System

Parameter Value

Rated power 10 MW
Rated AC sec. voltage peak 20.8 kV
DC-side voltage + 20 kV

Arm impedance 0.0015 + 50.15 pu

Number of arm/SMs 36
SM capacitance 40 mF
SCR of Grid 4-20

Line impedance 0.02 ©/km, 0.75 mH/km

an electromagnetic transient (EMT) simulation using MAT-
LAB/Simulink. EMT simulation captures the non-linear dy-
namics and enables analysis of PTG fault behaviour in the
system. The control system is implemented using discrete PI
regulators in block-diagram form: MMCI regulates the DC
voltage, while MMC?2 regulates active power.

The protection system is modelled using measurement
and logical functions and includes MMC arm overcurrent
detection at device level, as well as hybrid DCCB and current-
limiting inductor at the system level, supported by primary
and secondary line protection algorithms.

In this work, interactions are defined as the combined in-
fluence of control and protection design behaviour on the
protection response under low-impedance PTG fault condi-
tions. As the objective is to assess system performance for
different control and protection configurations, the analysis
focuses on the post-fault dynamic behaviour, including tran-
sient fault currents and converter blocking actions.

IV. CASE STUDY

A. MVDC SETUP

The case study considers a +20 kV MVDC point-to-point
system, as shown in Fig. 1. The system employs half-bridge
MMCs. The cables are modeled using a w-equivalent repre-
sentation in a symmetrical monopole configuration, each with
a length of 10 km.The parameters of the MMCs, DC network
and AC grid are presented in Table 2.

The protection system incorporates a hybrid DCCB, mod-
eled as a switch in parallel with a surge arrester, together with
a current-limiting inductor. The primary line protection algo-
rithm is based on ‘fi—:’ detection, while overcurrent detection
serves as a secondary protection method. At the device level,
each MMC implements internal overcurrent protection. For
the control system, the outer loop control diagram for MMC1
in voltage mode is shown in Fig. 2 and for MMC2 in power
mode is shown in Fig. 3
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FIGURE 3. Power control [17].

TABLE 3. Control and Protection Input Parameters for BSPCE

Category Parameter Lower Upper
Bound Bound

Ky Dt 4 8
Control Ky PCree 100 150
parameters k;reg 03 0.9

KPree 0.1 10

BLK{r 1.2 2.0
Protection BLKYr 1.2 2.0
parameters tpceg [ms] 0.4 4

Liimiter [H] 1x1076 | 70x 1073

B. SCENARIOS AND PARAMETERS UNDER STUDY

1) SCENARIOS

The study considers PTG faults that occur along the cables
at 10%, 25%, 50%, 75% and 90% of the cable total length
seen from MMC1. PTG faults can be as severe as pole-to-pole
faults in a symmetric monopole system, depending on the type
of grounding [11]. The selected fault locations are chosen
to investigate how the distance between the fault and the
converter terminals affects the dynamic interaction between
control and protection systems. This also allows assessing
whether the interaction between control and protection be-
haviour depends on the fault position, without pre-assuming
any specific trend.

2) INPUT PARAMETERS
The parameters under study, used as inputs for the BSPCE
analysis, are summarized in Table 3. The range of control
parameters is selected to ensure stable operation across differ-
ent ranges, while the protection settings are chosen to provide
adequate fault response without compromising system stabil-
ity. Their ranges are validated through stability checks that
ensured stable operation for all combinations of parameters.
For the protection parameters, the most critical components
are considered in this study. The current-limiting inductor
(Liimiter) 18 dimensioned to ensure that fault current rise
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TABLE 4. Simulation Outputs Used for BSPCE Analysis

TABLE 5. Features of the BSPCE for /MMC!

remains within the defined detection margin and is compat-
ible with the performance characteristics of other protection
components. The range of DCCB opening times (fpccp) 1S
selected according to ideal switching speeds reported in the
literature and commercially available devices [18]. The con-
verter overcurrent thresholds are also included and defined by
the relation

thr - :
BLK™ - Ipeak = lthreshold >

where BLK™ represents an overcurrent safety factor for the
power semiconductors of the MMC.

3) OUTPUT PARAMETERS

The outputs analyzed using the BSPCE (Table 4) are the peak
DC fault line currents (idcj> and idcp), the peak fault arm
currents (IMMC! and [MMC2)and blocking signals (IMMCL
and IMMC2 ) of MMC1 and MMC?2, all recorded during the
initial microseconds and low millisecond range following the

PTG fault.

C. BOUNDARY CONDITIONS FOR THE CASE STUDY
Every system is subject to engineering decisions and bound-
ary conditions. To focus on demonstrating the proposed
methodology for the identification of parameter interactions,
some simplifications are introduced: the system is assumed to
remain connected to the AC grid throughout the event (no AC
breaker operation), grounding is implemented on the AC side
and on the cable of the DC side, the internal control dynamics
of the MMC are neglected prioritizing control parameters that
may be available to DSO in a multi-terminal multi-vendor
system [13], and the cable model is simplified with a w-model.
A m-model is sufficient for the 10 km cable considered [19]
and represents a worst-case scenario regarding DC peak over-
current [20] while avoiding the extra computational cost of a
frequency-dependent model. Furthermore, AC grid character-
istics (such as short-circuit capacity and Thevenin impedance)
and AC breaker dynamics do not significantly influence the
initial peak of a DC fault. The initial fault current peak is
dominated by the inserted sub-modules capacitor discharge,
which occurs over the first14 ms after the fault, and defines
the first stage of the fault response. The DCCB operating time
lies within this range, whereas the ACCB operating time is
typically in the range of 20 — 40 ms [21]. Thus, only in the
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Output Signal Description Feature Value Description
idcyo Peak fault current in line 12 NPCE 16.00 Number of elements in the PCE
idcor Peak fault current in line 21 VyPCE 1088.6 PCE-based estimated variance of IMMC!
Ial\;l[g/lCl Peak arm fault current in MMC1 during Vy 1187.01 Sample variance of IQ;IMCI
fault Etraining 0.1605 Relative training error (% of unex-
Ig‘\;'ml\/lc2 Peak arm fault current in MMC2 during plained variance)
fault
IS Blocking signal for MMCI
MMC2 Blocking signal for MMC2 later stages — when the DC fault is fed from the AC grid

through diodes acting as an uncontrolled rectifier — do the AC
grid parameters significantly affect the fault current. At a later
stage, the fault current peak and decay depend on the short-
circuit capacity of the AC grid, the converter filter impedance,
the DC cable impedance, and the fault resistance [5].

In summary, while the above aspects can influence system
behavior in practical applications, their exclusion allows for a
clear illustration of the proposed methodology for identifica-
tion of parameter interaction without loss of generality.

V. RESULTS

To quantify the influence of the control and protection pa-
rameters on the outputs in Table 4, the SIML@B BSPCE
tool [22] is used, varying the eight input parameters listed in
Table 3. An all-at-a-time (AAT) sampling strategy based on
a scrambled Sobol sequence ensured uniform and unbiased
coverage of the multidimensional parameter space. This ap-
proach allows simultaneous variation of all inputs, capturing
both direct and interaction effects.

For each sampled parameter set, the detailed Simulink
model of the MVDC system is simulated for an 8 s time win-
dow, and all outputs are recorded. A total of 360 simulations
per fault scenario is selected after testing different sample
sizes and simulation settings. With £ = 8 uncertain inputs, this
corresponds to N/k = 45, which is substantially higher than
the commonly adopted practical guideline of N &~ 10-20 x k
for PCE-based surrogate construction [23]. The simulations
are executed on an 11th-Gen Intel(R) Core(TM) i5-1145G7
@ 2.60 GHz computer and require approximately 6 hours per
scenario. For comparison, a traditional variance-based GSA
would require N (k + 2) simulations. With £ = 8 inputs and
a conservative N = 500, this yields 500 x (8 4+ 2) = 5000,
corresponding to approximately 83 hours per scenario on the
same hardware.

The simulation results are exported in CSV format and
analysed in SIML@B to compute the first-order (S;) and
total (S7) Sobol indices for each output. The reliability of
these indices depends on the accuracy of the BSPCE surro-
gate model. Table 5 summarises the main diagnostic metrics.
For example, for IMMC! under a 10% PTG fault, the NPCE
value of 16 indicates that sixteen polynomial terms are se-
lected as the optimal basis. The PCE-based variance estimate
(VFCE = 1088.6) closely matches the sample variance from
the simulation data (V, = 1187.01), indicating stable variance
representation. The relative training error of &gaining = 0.16
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FIGURE 4. Scenario 1: Direct (S;) and total (Sr) Sobol indices for the arm
current of MMC1.

corresponds to a coefficient of determination of approximately
R? ~ 0.84, meaning that the surrogate explains about 84% of
the output variance.

Given this level of accuracy and the sparse polynomial
structure, the surrogate model is considered sufficiently reli-
able for variance-based sensitivity ranking within the bounded
input domain used for sampling [16]. No extrapolative pre-
dictions outside this domain are performed or claimed in
this study. While very small interaction effects may fall
within the approximation error margin, the main conclusions
rely on dominant first- and total-order indices, which exhibit
substantially larger magnitudes. Accordingly, low-magnitude
interaction terms are interpreted conservatively and are not
overemphasized in the discussion.

The BSPCE results are presented in bar figures showing
the first-order and total Sobol indices for an output, along
with separate interaction plots among inputs. As described in
Section IV, the same set of inputs and outputs is analysed
for each scenario. Due to space constraints, the following
subsections present three representative fault locations (10%,
50%, and 90% of the line) and focus on one illustrative output
from Table 4: the arm fault current of MMC1, IMMC!

> farm

A. SCENARIO 1: FAULT AT 10% OF THE LINE LENGTH

Fig. 4 presents the direct (S;) and total (S7) Sobol indices
obtained for IMMC! including their associated Bayesian uncer-
tainty bounds (AS;, AS7;) provided by the BSPCE framework.

The current-limiting inductor (Ljimiter) i the most influen-
tial parameter in this fault scenario,with §; = 0.37 £ 0.05 and
St =0.61 £0.04. Since §; # S, this indicates that Lijpiter
alone contributes 37% to the variance of IMMC! with interac-
tion effects increasing this contribution to 61%. Importantly,
the magnitude of these indices is significantly larger than their
associated uncertainty bounds, confirming their statistical ro-
bustness.

The next most relevant parameter is the overcurrent safety
threshold of MMC1 (BLKtlhr), with §; =0.17+£0.03 and
S7 = 0.40 £ 0.04. These values remain well separated from
zero relative to their uncertainty, indicating a clearly identifi-
able influence.
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Additionally, the circuit breaker opening time (fpccp) plays
a smaller role, with S; = 0.06 &= 0.02 and S7 = 0.12 4+ 0.03,
indicating partial contribution through interactions. The effect
of the DC voltage controller proportional gain (kl\,]Dcreg) is
minimal, with a total contribution of S7 = 0.04 £ 0.02, and
only through interaction effects.

The BSPCE results also provide insight into parameter
interactions. In Fig. 5, the vertical bars (labelled intersec-
tion size) represent the magnitude of each specific interaction
between input parameters, showing their exact contribution
to the variability of the output. For example, Ljjyjer and
BLK‘Ihr together produce the 17% of the variability of [MMC!,
The horizontal bars indicate the total contribution of each
individual parameter, summing all interactions in which that
parameter is involved. In this case, interactions primarily in-
volve BLKtlhr and Liimiter, (both above 20% on horizontal bar)
indicating that these protection parameters tend to act jointly
with many inputs in influencing the variance of [MMC!,

Finally, the BSPCE results indicate which parameters have
a negligible influence on this output. For IMMC!  the propor-

arm
tional and integral gains of the power regulator (k,ljreg, k?reg),

the integral gain of the voltage regulator (kl.V Dcreg), and the
overcurrent safety factor of MMC2 (BLKEhr ) can be consid-
ered insignificant in this scenario.

B. SCENARIO 2: FAULT AT 50% OF THE LINE LENGTH

Following the same approach as in the previous subsection,
this subsection presents the BSPCE results for the arm fault
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FIGURE 6. Scenario 2: Direct (S;) and total (Sr) Sobol indices for the arm
current of MMC1.

current of MMC1 (IMMC1) " Ag shown in Fig. 6, the current-
limiting inductor (Ljjpjter) remains the dominant contributor
to the variance of IMMC! with §; = 0.42 £0.04 and S =
0.61 £ 0.04, indicating both strong direct influence and sig-
nificant interaction effects. The overcurrent safety threshold
of MMC1 (BLK‘Ihr ) is the second most influential parameter,
with §; = 0.14 £0.03 and S7 = 0.35 +0.03, also showing
notable interactions with other inputs. The opening time of
the DC circuit breaker (tpccg) has a smaller but still measur-
able influence, with S; = 0.06 & 0.02 and S7 = 0.08 4+ 0.02,
indicating moderate interaction effects.

Regarding the control parameters, both the proportional
and integral gains of the power regulator (k;"%, k; %) exhibit
negligible influence, with indices close to zero and compa-
rable to their uncertainty bounds. The DC voltage regulator

VDCreg
k P

gains show limited impact: appears only through
VDCreg

interactions (St = 0.04 & 0.02), while £k, contributes
marginally (S; = 0.02 +0.01). Parameters whose sensitiv-
ity indices are of the same order as their uncertainty are
considered statistically insignificant and are therefore not
overinterpreted.

Parameter interactions are illustrated in Fig. 7. In this case,
the interaction between Ljjpiter and BLKtlhr contributes 18% to

the variance of IMMC!. Smaller interaction effects are also ob-

served between BLK{" and k,\,/Dcreg, and between BLK!™ and
pcceB, each contributing approximately 2% to the variance of
JMMCI

arm *

Overall, the BSPCE results for this scenario confirm that
k;IDcreg, kgreg, kl].)reg, and BLKY" have minimal impact on
IYMCL and can therefore be excluded from further analysis
in this context.

C. SCENARIO 3: FAULT AT 90% OF THE LINE LENGTH

For the case of a fault occurring at 90% of the line length
from MMCI, the BSPCE results shown in Fig. 8, confirm
that the current-limiting inductor (Ljjpiter) remains the domi-
nant contributor to the variance of IMMC! with §; = 0.30 +
0.05 and S7 = 0.58 £0.05, indicating both strong direct
influence and significant interaction effects. The overcurrent
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FIGURE 8. Scenario 3: Direct (S;) and total (S;) Sobol indices of the arm
current of MMC1.

safety threshold of MMC1 (BLKtlhr) is the second most in-
fluential parameter, with S; = 0.21 +0.04 and S7 = 0.46 £
0.05, also showing notable interactions with other inputs. The
opening time of the DC circuit breaker (fpccp) has a smaller
influence, with S; = 0.04 £ 0.02 and S7 = 0.11 £ 0.03, indi-
cating moderate interaction effects.

Regarding the control parameters, only the proportional
gain of the power regulator (k") exhibits a very small
impact, contributing exclusively through interactions (St =
0.03 £0.02) and can be discarded, as can the remaining
control gains (k/™%, ky ™, kYP®%) that have negligible
influence.

The interaction contributions are illustrated in Fig. 9; sim-
ilar to the other scenarios, the combination of Ljpjer and
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BLK‘Ihr produces the largest interaction effect, accounting for

20% of the total variance of IMMC! Other interactions in-

volving 7pcep and k™% are also present but contribute only
marginally.

For this output and fault location, all parameters except
Liimiter, BLK™, tpccp, and kf:reg can be excluded from further
detailed analysis.

D. COMBINED SCENARIOS

In this subsection, the results from the 25% and 75% fault
locations are incorporated to determine whether simulations
can be limited to three extreme cases (e.g., 10%, 50%, 90%),
or if intermediate fault positions must also be considered. The
aggregated BSPCE results from the five scenarios, covering
all outputs listed in Table 4, are summarized in Figs. 10
and 11. Fig. 10 presents the total Sobol indices (S7) for each
output across all fault locations.

For the peak arm fault current IXHI:ACI , the impact of Lyjpjter,
BLKtlhr and fpccp varies with fault location. At 10%, 50%
and 90% of the line, Ljjpyiter contributes approximately 60%
of the variance, while this influence reduces to around 40%
at 25% and 75% line length. The parameters BLK‘Ihr and
tpcces show a relatively consistent effect, independent of the
fault distance. Control parameters exhibit consistently small
contributions. Similar trends are observed for the peak arm
fault current IMMC2 where the influence of BLKY™, fpccp and
Liimiter depends on the distance, with BLK‘2hr ranging from
approximately 40% at 90% of the line to 60% at 10%. The
effect of Ljjmiter increases closer to MMC2. Again, control
parameters present only minor contributions to the overall
variance.

The blocking signal IMMST and MMC2  are consis-
tently dominated by the protection-related parameters ftpccg,
BLK'™, BLK! and the current-limiting inductance Liimiter-
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Although minor changes are observed depending on the fault
location, the relative influence of the dominant parameters
remains stable. Control parameters show a negligible impact
in isolation, suggesting that pre-fault controller configuration
does not significantly affect converter blocking in the current
two-terminal configuration.

For peak fault currents in the line igc1p and igeoy, Fig. 10
shows that the sensitivity levels of Ljimiter, BLK'™, BLKS" and
tpccp are similar across all distances. This reveals that the
impact of these protection parameters on the variability of the
peak DC fault current dynamics is independent of the fault
location, with no significant increase in interaction between
control and protection parameters. As in the previous outputs,
the contributions from control parameters remain negligible.

Interaction results in Fig. 11 further highlight that Ljjmier
has the strongest cumulative interaction effects, exceeding
250% on the horizontal bar, followed by BLKtlhr and BLKtzhr.
The most significant pairwise interaction occurs between
Liimiter and BLK‘Ihr responsible for 198% of the variance of
the different analyzed outputs, followed by the interaction
between Lijmiter and BLK‘Zhr with a total sum of 148%. The
interaction between Lijniter and tpccp contributes 36%.

These values are obtained by summing the second- and
higher-order Sobol’ indices across all outputs and fault loca-
tions. Hence, the reported percentages represent cumulative
interaction contributions rather than averages, maintaining the
variance-based structure of the Sobol” decomposition and re-
vealing globally dominant effects.

Although control parameters show limited influence in
isolation, it is noteworthy that some interaction effects are
detected, with specific cases showing up to 9% contribution
through parameter interaction.

VI. DISCUSSION
The sensitivity analysis across six outputs, eight input param-
eters, and five fault locations shows that PTG fault behaviour
is governed primarily by protection-related parameters. The
total Sobol indices (S7) consistently identify BLK'™, BLK{™,
tpces and Ljjmiter as the dominant drivers of output vari-
ance, while control parameters contribute only marginally.
Although numerical values change with fault position, the
hierarchy of the main protection parameters’ impact is stable.

Fig. 10 highlights clear control mode-dependent trends; for
MMC1, operating in DC voltage control, the current-limiting
inductor Lijjmiter dominates the variance of both the peak arm
fault current (Ial\r/lnl\l/ml) and the blocking signal (I}l\r/[mMBCLIK). In
contrast, for MMC?2 in power-control mode, the overcurrent
safety factor BLK‘Zhr is the most influential parameter for
IMMC2 and IMMC2 | This indicates that the inductor mainly
affects the converter that regulates DC voltage, while blocking
thresholds play a stronger role in power-controlled operation.
In addition, Fig. 11 reinforces the central influence of Liipjer,
which consistently shapes transient behaviour across different
scenarios.

Although control parameters exhibit low first-order ef-
fects, non-negligible interaction contributions appear in some
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cases, which remain secondary to the dominant protection-
related parameters. These interactions indicate that, even
when considering outer-loop control only, certain settings
may influence protection performance when combined with
key protection parameters.

From a design perspective, the results establish a clear
hierarchy for parameter selection. The dominant interaction
contribution of Ljjmiter Suggests that its sizing fundamentally
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shapes fault current dynamics and should therefore be priori-
tised in the design process. Subsequently, converter blocking
thresholds and breaker operating times can be tuned to ensure
coordinated and robust protection performance.

While control parameters remain secondary in the investi-
gated two-terminal configuration, their influence may increase
in multi-terminal MVDC grids, where stronger converter
coupling enhances control-protection interdependence. The
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proposed sensitivity analysis framework is directly applicable
to such configurations without methodological modification.

These findings underline the benefit of system-level assess-
ment. Even when individual control and protection strategies
appear adequate, their combined dynamics during faults
can lead to behaviors that are not captured analytically.
Global sensitivity analysis provides a systematic means of
identifying these coupled effects and guiding parameter
prioritisation.

Finally, the methodology presented here is broadly ap-
plicable to other domains where complex systems combine
traditionally separate aspects, such as coordinated control and
protection, multi-converter operation, or integrated energy
systems. By efficiently quantifying both individual parameter
effects and interactions, this approach can inform design de-
cisions in systems where analytical derivation of interactions
is impractical.

VII. CONCLUSION

A global sensitivity analysis is conducted to investigate
control—protection parameter interactions for pole-to-ground
faults in a point-to-point MMC-MVDC system using a
Bayesian Sparse Polynomial Chaos Expansion method. This
approach enables reliable sensitivity estimation with only 360
simulations per scenario instead of the 5000 required by a
traditional variance-based GSA, reducing the computational
effort from approximately 83 hours to 6 hours per scenario
(an 85% reduction).

Five fault scenarios located at 10%, 25%, 50%, 75%, and
90% of the cable length from MMCI are analysed, consider-
ing outputs such as peak DC fault line currents, arm currents,
and converter blocking signals. The BSPCE results indicate
that considering extreme cases may be sufficient to obtain
reliable ranking information of the main parameters affecting
output variance.

The results also show that the current-limiting inductor
(Liimiter) and the overcurrent safety factors (BLK{", BLK{™)
are the most influential parameters across all scenarios.
Among the control parameters, the proportional and integral
gains of the DC voltage controller (ky “"%, k"""*%) exhibit
minor influence and only through interaction effects.

Strong interaction contributions are observed, particularly
involving Limiter» BLK™, and BLKY", identifying these as the
most critical design parameters. These findings support priori-
tising their tuning early in the design process to minimise the
need for re-adaptation of other control and protection func-
tions. Although the analysis confirms only a limited impact
of control settings in a point-to-point configuration, the ob-
served interaction through kIYDcreg and kl.VDCreg suggests that
control—protection coupling may become more significant in
more complex architectures, such as multi-terminal MVDC
systems.

Overall, this study demonstrates the applicability of
BSPCE-based GSA to identify key interdependencies in
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MVDC fault dynamics and supports a more integrated and
robust converter and protection design methodology.
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