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ABSTRACT Determining threshold values in model based fault detection (MBFD) is a longstanding chal-
lenge, which is often addressed through empirical and ambiguous adjustments. To tackle this issue, this
paper proposes an uncertainty-informed framework for quantitative threshold assessment. The framework
comprises three stages: 1) identifying uncertainties by explicitly understanding the implemented MBFD
method, 2) quantifying fault detection residual through uncertainty propagation, and 3) determining and
optimizing threshold values based on the quantified misdiagnosis rates. To validate the effectiveness of the
proposed approach, a case study of a modular multilevel converter is selected. The proposed method not
only enables a quantified threshold assessment but also enhances the robustness of the fault detection by

accounting for uncertainties.

INDEX TERMS Model-based fault detection, modular multilevel converters, uncertainty quantification,

threshold assessment.

I. INTRODUCTION

Fault detection plays a pivotal role in ensuring the reliable
operation of modular multilevel converters (MMCs). With
the increasing utilization of MMCs in safety-critical appli-
cations such as renewable energy [1], motor drive [2], and
power transmissions [3], the failure of MMCs has become
increasingly severe. Timely and robust fault detection is vital
to mitigate these risks and ensure the continued reliability of
these systems.

Among the various fault detection approaches, such as
signal-based [4] and data-driven solutions [5], model-based
fault detection (MBFD) techniques are widely used for MMCs
as their system behaviors and dynamics can be modeled with
high accuracy differential equations [6]. This characteristic
not only ensures an effective fault detection but also offers
superior generality as it does not rely on additional sens-
ing systems. In general, MBFD compare the output of a
mathematical model to measured quantities of the system to

Conservative
threshold

Risky
threshold
|

Balancing
threshold

Heayy,
He calp
wed

>
> >

%
’\False alarms  Missed alarms \False alarms

Missed alarn{ls

LY
False alarms

Missed alarn{s

FIGURE 1. Missed alarms and false alarms under various thresholds in an
MBFD method.

generate a residual which acts as a fault indicator. Ideally,
the residual should be zero when the system is healthy and
deviate from zero when a fault is present. However, the impact
of uncertainties results in a nonzero residual even when no
fault is present, necessitating the selection of an appropriate
threshold. As shown in Fig. 1, Conservative decisions can
generate more false alarms, leading to operational interrup-
tions and significant losses, which are highly undesired for
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applications such as wind generation and power transmis-
sion [7], [8]. Conversely, missed alarms increase when a
risky threshold is applied, posing severe risks in domains
like aerospace [9]. It is impossible to decrease false alarms
and missed alarms simultaneously by adjusting the threshold.
Hence, the threshold needs to be chosen large enough to
eliminate false alarms, yet small enough to ensure failures are
detected. How to select a balancing threshold is a trade-off to
be considered.

Typically, a threshold is set manually based on experi-
mental tests and practical engineering experience. [10], [11],
[12], [13]. In [3], multiple manual thresholds are designed
to improve the robustness of MBFD against uncertainties.
Compared with the manual methods, an adaptive thresh-
old method shows robust performance under varying load
conditions [14]. With the rapid development of computing
technology, machine learning method has been introduced
to generate threshold [15], [16]. These threshold selection
approaches find the compromise solution under a few deter-
ministic scenario tests that do not reflect to the stochastic
nature of the system states. The results cannot provide the risk
measurement under various thresholds since they do not quan-
tify uncertainties in the MBFD system. They are not able to
find the best solution when the decision-maker’s preferences
are changed.

On the other hand, the inherent uncertainties and associ-
ated risks have not received adequate attention. The existing
studies often provide validations as having seemly 100% ac-
curacy of detecting faults [17]. These validations are carried
out based on one or a few specified scenarios representing
parameters variations or power changes, which are very com-
mon in MMCs. Without explicitly considering uncertainties,
MBFD methods that perform well under ideal laboratory con-
ditions may fall short in real-world applications. As shown
in Fig. 2, while a fault is easily detected by a preset MBFD
threshold with considering ideal laboratory conditions, the
practical implementations subject to various uncertainties are
possible to generate false alarms and missed alarms. For ex-
ample, numerous false alarms and a detection rate of less
than 25% for faults in wind applications are substantially
challenging for the industry [7]. Hence, the consideration of
uncertainties and the evaluation of their impacts at a system-
level are crucial. These root-cause understandings serve as
prerequisites for the reasonable threshold setting of MBFD
methods.
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Recently, considering that uncertainties are in their nature
random variables, the probabilistic framework has been devel-
oped in MMCs, such as reliability assessment [18], modeling
design [19], and early failure analysis [20]. However, con-
necting stochastic uncertainties, risk and threshold assessment
within a unified probabilistic framework remains under ex-
ploited, especially for the MBFD systems of MMCs.

In this paper, we propose a probabilistic framework to
assess threshold considering uncertainties and to provide a
targeted optimization based on the assessment results. The
framework mainly consists of three elements: uncertainty
investigation, uncertainty propagation, and threshold assess-
ment. To illustrate the practical application of the proposed
framework, an in-depth analysis of a sub-module (SM) open-
circuit MBFD method [13] is conducted. The uncertainty
investigation stems from a clear understanding for the MBFD
system. Considering the coupling effects of multiple uncer-
tainty factors, the framework enables a quantitative threshold
assessment through the Monte Carlo method. Leveraging two
comprehensive evaluation metrics, the threshold can be set
based on specific risk decision-making, achieving a trade-off
between the false alarm rate and the missed alarm rate.

Il. THE PROPOSED METHODOLOGY
The main idea and the steps of the proposed framework are
presented in this section.

A. THRESHOLD ASSESSMENT CONSIDERING
UNCERTAINTIES AND RISKS

We consider an MBFD system whose residual is defined as ¢,
expressed in the form:

& =h(x) 6]

where & represents the function which describe the MBFD
under study, x is a multidimensional input variable.

The MBFD’s residual is affected by different categories of
uncertainties, including model parameter mismatch (caused
by manufacturing tolerance, degradation, etc.), measurement
accuracy, varied operational conditions, etc. To model these
uncertainties, an uncertainty factor §, € R is defined as

X=06-x 2)

where ¥ represents the practical input considering uncertain-
ties.

Then, the residual considering uncertainties can be formu-
lated as

§=h(®) 3

where & represents the residual with uncertainties.
Given a threshold ey,, the false alarm probability Pry and
fault detection probability Prp are expressed as

Pea = P {& > ey [Health} = E [I} {€ > ew}] “4)
Pep = P {& > gy |Fault} = E [ {€ > ep}] (5
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where P.{-} is the event probability, E[-] is the expectation, /
is the indicator function, and
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& is sometimes complicated function of X. It is difficult to
obtain a closed-form solution for (4) and (5). Based on the law
of large numbers, Monte Carlo simulation generates a large
number of samples and calculates the mean of 11 {¢ > &y} and
L{& > ey} to approximate the expectation. Accordingly, Ppa
and Prp can be expressed as

1 n

Pra = - ;11 {& > em} @)
1 n

Prp = - ;12 (& > em}) (®)

where &; is the i-th residual sample and 7 is the sample size.

We always expect that Pgp is the lower the better and Prp
is the higher the better. The trade-off between Pga and Prp by
selecting a suitable gy, ensures a good performance of MBFD
methods. Upon a risk decision-making, &4, can be evaluated
sequentially using the receiver operating characteristic (ROC)
curve and F-measure score [21]. The ROC curve is formed
by plotting Prp over Pga, and any point in the ROC curve
corresponds to the performance of the MBFD method on a
given gy,. It provides a graphical representation that intuitively
reveals the trade-offs between benefits (reflected by Prp) and
costs (reflected by Pga) at various thresholds.

As we mainly focus on the quantitative assessment of the
MBFD under various thresholds, F-measure score is intro-
duced, which is defined as

2
Fy = — (LB o)
B2(Prp + Pea) + 1
where f is a coefficient to adjust the relative importance of
Pga versus Prp, which is commonly varied between 0.5 and 2
by risk decision-making [22]. 8 = 1 means equal importance.
The smaller 8, the more important Prp and vice versa.

Setting a reasonable threshold can achieve trade-offs of
Pra and Ppp to some extent. However, it is not possible to
reduce Ppa while increase Prp. Further optimization is needed
if any threshold cannot meet the performance requirements
for MBFD methods. This requires sensitivity analysis to in-
vestigate and eliminate the dominant uncertainty factors that
impact the residual. Based on this idea, a tailored optimization
strategy can be designed.

B. STEPS OF THE PROPOSED FRAMEWORK
The proposed framework is composed of the following main
steps:

1) Investigate uncertainty factors §, caused by model pa-
rameter mismatch, measurement accuracy, and varied
operational conditions, etc. Derive the residual expres-
sion that includes uncertainties.
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FIGURE 3. Flow chart for the proposed framework for threshold
assessment.

2) Obtain the distribution of residual & using Monte Carlo
simulation.
3) Plot the ROC curve and calculate Fg with various &.
4) Perform a sensitivity analysis between residual and
uncertainty factors. Optimize the MBFD method by
eliminating the main uncertainty factors.
5) Repeat steps 2 and 3 to reevaluate &q,.
Fig. 3 shows the flow charts for the proposed framework.
It should be noted that steps 4 and 5 are not mandatory, and
it is recommended to perform them when the original MBFD
method fails to meet the performance requirements.

IIl. A MOTIVATING CASE STUDY OF THE MMC

In this section, an existing MBFD method [13] for detecting
SM open-circuit faults in MMC is employed as a motivat-
ing case. Reference [13] has preset a threshold of 0.8 by
robustness tests. However, a clear methodology for modeling
uncertainties and assessing thresholds systematically is lack-

ing.

A. AN ESTABLISHED MBFD METHOD

The topology structure of a three-phase MMC and its SM
are shown in Fig. 4. It consists of six arms, where each arm
contains N series-connected SMs and an arm inductor. Take
phase a as an example and the subscript is neglected for
simplification. Here, Ly represents the arm inductance (the
upper and lower arm inductance are also denoted as L, and
L, to consider their differences); u. ; represents the capacitor
voltage of the i-th (1, 2,... ,2N) SM; i, and i, represent the
currents of the upper and lower arms; u,, and u,, represent the
voltages of the upper and lower arms; Uy, and iy, represent
the voltage and current on the dc bus; u,. and i, represent the
ac-side voltage and current, respectively; T and T, are the
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FIGURE 4. Topology structure of an MMC and an existing MBFD
method [13] for open-circuit fault detection based on model predictive
control.

two power switching devices of the SM, while Dy and D, are
the corresponding anti-parallel diodes.

Open-circuit failure of the IGBTs in SMs is a significant
issue due to its high failure contribution. Reference [13] pro-
posed an MBFD approach based on a model predictive control
(MPC) as shown in Fig. 4. Given the known switching states
by the MPC controller, the open-circuit fault is detected by
calculating the difference between the measured phase voltage
and the estimated phase voltage. For instance, the measured
phase voltage u,, and corresponding estimated phase voltage
u, can be expressed as

2N 2N
Um = Zusm,i = Zsiuc,i (10)
i=1 i=1
ko ck—1 .k k—1
l l 1, —1
uerdC—Lo(p T” + 2 T” ) (11)
N N

where ugy ; and S; are the output voltage and binary switching
function of the i-th SM, respectively.

To ensure that the residual is not dependent on the SM
capacitor voltage, the residual expression can be standardized
as

e = N — ue)
Uic

Ideally, the residual ¢ is zero if no fault while the one
above zero is faulty. To consider practical uncertainties, an
open-circuit fault can be identified when the residual satisfies
le| > em. The threshold &y, in [13] is selected as 0.8 and the
experimental results have verified good effectiveness under
the laboratory conditions, whether the empirical selection of
the threshold performs a robust MBFD remains unknown. The
following part will first conduct a theoretical derivation of the
residual expression including uncertainties.

(12)
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TABLE 1. Different Categories of Uncertainty Factors Affect the MBFD

Type Parameter ©  Practical value T or notes
Parameter I i/p = 5Lp Lo
. 0 =
mismatch L, =6r, Lo
Ude Ude = 6u,, Udec
Measurement Ue Ue = Oy Ue
accuracy ip ip = Sipip
in I = 04y, in
Varied conditions Uge, g e.g., step change, load variations
. enhancing or attenuatin
Deterministic parameter N, T J €

uncertainties

B. UNCERTAINTY INVESTIGATION OF THE RESIDUAL

The uncertainties involved in (10), (11), and (12) are ana-
lyzed. The upper and lower arm inductance L is subject to
uncertainties cause by temperature, saturation and aging. The
measurement accuracy of iy, i, Uge, and u. have uncertain-
ties. In addition to the steady state, the uncertainties also
depend on the dynamics of Uy. and ig which are related to
the operational conditions. As shown in Table 1, these uncer-
tainties are modeled based on (2). Substituting the uncertainty
factors in Table 1, (10) and (11) can be rewritten as

2N
fim =Y Su,hsm,i (13)
i=1
ﬁe = ‘SUdCUdc
8 (% — k=1 8; (1K — i1y
8 Lot P P L s pamn T 7 (4
L,Lo T L.Lo T (14)
The residual with uncertainties is modeled as
iy — i
§=N—-—° (15)
Udc

In particular, & = ¢ if all §, = 1, indicating that the residual
does not incorporate uncertainties. According to (13), (14)
and (15), i, is affected by the uncertainty factors of §,,.. i,
suffers from multiple uncertainty factors, such as dy,,, 8Lp,
OL,» (Sip, d;,, and the dynamics of Uy, and i, which depend
on operational conditions. Moreover, deterministic parameters
such as N and 7 also affect the residual by enhancing or
attenuating uncertainties.

IV. THRESHOLD ASSESSMENT BASED ON MONTE CARLO
Analytical model is difficult to give quantitative results of
the uncertainty propagation, in particular of considering the
coupling effects of different uncertainties and dynamic con-
ditions simultaneously. To address this problem, this section
employs Monte Carlo analysis to obtain the distribution of
residual. Further, the quantitative evaluation of the threshold
is achieved.
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FIGURE 5.

TABLE 2. Uncertainty Factors Distributions

Parameters ~ Nominal Value  Variation Range Distribution ~ References
5Lp, 0L, 1 [0.8,1.2] Normal [23]
duy. 1 [0.97,1.03] Normal [24]

Oue 1 [0.98,1.02] Normal [25]

Sips Oiny 1 [0.97,1.03] Normal [26]

Uge 1 p.u. [0.9 pu., 1 pu] Uniform [27]

ig 1 p.u. [-1 pu,1 pu]  Uniform

TABLE 3. Main Circuit Parameters of the MMC for Monte Carlo Analysis

Parameters Values  Units
Rated power 1.2 MW
The ac side current 100 A
The dc bus voltage 20 kV
Arm inductance 20 mH
Line frequency 50 Hz
Number of SMs per arm 10 -

SM capacitance 2000 uF
SM capacitor voltage 2000 \%
Sampling and control period 20 ns

A. MONTE CARLO SIMULATION

Monte Carlo method estimate the distribution of the residual
by simulating the actual process and random behavior of the
system. The method treats the problem as a series of simula-
tions. This is achieved in two steps: random variate generation
and random system state simulation.

Reasonable variations of uncertainty factors are strictly
followed by practical conditions and the existing literature,
which are given in Table 2. The inductance mismatch and
measurement accuracy are independent random factors that
tend to be in a normal distribution according to the cen-
tral limit theorem. Whereas, the operational variations are
not purely random issues, which are regarded as a uniform
distribution. The nominal parameters of the analyzed MMC
system are listed in Table 3. Then, 1000 random samples are
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generated and the distributions of residual under health and
fault states are shown in Fig. 5. Here, |&|nax 1S the maximum
fluctuation of the residual. Take the threshold of 0.8 in [13]
as an example, Fig. 5(a) shows that although the residual is
largely concentrated within the defined threshold, the residual
exceeds the threshold in 153 samples out of 1000 samples.
Specifically, as ‘SLp and §;, deviate more from 1, |&|max tends
to increase, indicating a more severe inductance mismatch and
larger residual fluctuation. It is also observed that even when
8Lp and &z, are close to 1, |e|max can still possibly fall into a
region with larger values. It means that the inductance mis-
match is not the only factor affecting the residual. Obviously,
|¢|max tends to beyond the threshold when i, changes from
1 p.u. to -1 p.u.. This is attributed to the power step rapidly,
thereby causing an increase in the residual.

On the contrary, when the MMC has an open-circuit fault,
Fig. 5(b) shows among the 1000 samples, 992 samples have a
residual greater than 0.8, and only 8 faults are missed in the
detection. In fault state, the faults can be detected when the
residual exceeds the threshold. Thus, SLP, 81, and iy, which
cause the residual to be larger, no longer influence the out-
comes. In addition, a clear correlation between measurement
accuracy and the residual can be observed. For instance, if
du,, 18 larger and §,, is lower, |&|max tend to shift downwards,
which may result in missed alarms.

According to the above analysis, it also can be seen that
& plays a vital role in the misdiagnosis risk. For example,
increasing ey, may be able to reduce false alarms but at the
cost of increasing the missed alarms. Thus, more in-depth
analysis for the threshold assessment is required.

B. THRESHOLD ASSESSMENT WITH ROC CURVE AND
F-MEASURE SCORE

For overall threshold assessment and comparison, the ROC
curve and F-measure score are conducted. Fig. 6 shows the
ROC curve which is fitted by a series of thresholds. Each point
on the ROC curve corresponds to a value of the threshold. It
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FIGURE 6. ROC curve of the MBFD with various thresholds.
TABLE 4. F-Measure Score With Various Thresholds
Eth Pea(%)  Pep(%)  Fu Fo.s Fy
0.5 424 100 0.8251 0.9218 0.7467
0.8 ([13]) 15.3 99.2 0.9250 0.9640%* 0.8889
0.9 11.5 97.6 0.9335% 0.9586 0.9098
1.0 8.5 923 0.9193 0.9215 0.9172%*
2.1 < 0.1 0.4 0.0080 0.0050 0.1970

provides a graphical representation of the relative trade-offs
between Pgra and Pep.

Table 4 lists the F-measure score with various thresholds.
e = 0.8 denotes the default value in [13], which achieves the
optimal choice by highlighting Prp. However, when more im-
portance is given to Pga than to Prp, the optimal threshold is
achieved at ey, = 1.0. Considering equal importance between
Pra and Prp, e = 0.9 is preferred. In addition, the MMC
system is always expected to avoid false alarms due to the
expensive maintenance cost. Thus, a Ppa requirement is set
as Pra < 0.1% for reference, which corresponds to e, = 2.1
and Prp = 0.4%. As a supplement, ¢4, = 0.5 denotes a Prp =
100% at the expense of Ppa = 42.4%. In summary, the results
provide the quantitative trade-offs between risks and benefits.

Threshold assessment reveals the misdiagnosis risks of the
MBEFD with considering uncertainties. It implies that shifting
&h 18 limited to improve the overall MBFD performance based
on the two contrasting misjudgment risks. Thus, a root-cause
analysis is a prerequisite to optimize the MBFD.

V. AN OPTIMIZATION SOLUTION BASED ON SENSITIVITY
ANALYSIS

Targeted optimization needs to find the leading uncertainty
factors. Sensitivity analysis is applied first in this section.
Then, an inductance estimation method is used to eliminate
the dominant uncertainties. Finally, the Monte Carlo analysis
is conducted to reevaluate the thresholds.

A. SENSITIVITY ANALYSIS AND UNCERTAINTY
ELIMINATION

The correlations between the residual and uncertainty factors
are computed by Pearson correlation coefficient pyy, which is
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FIGURE 7. Pearson correlation coefficients between the residual and
uncertainty factors: (a) health state; (b) fault state.

given by
2, (X = X) (v V)]
VEL (= %) T (-7

where X are the inputs (e.g. uncertainty factors), ¥ are the
outputs (e.g. residuals), X and ¥ are the corresponding aver-
age values. The value of pyxy has a range from O to 1, where a
larger value indicates a stronger correlation.

Fig. 7 shows the Pearson correlation coefficients between
the residual and uncertainty factors in health and fault states,
respectively. Firstly, 8z, and &z, significantly affect the resid-
ual in health state. This parameter mismatch is one of the
leading factors resulting in false alarms. Next, the measure-
ment accuracy in particular of 8y, and §,, plays a vital role in
both health and fault states. Thus, the subsequent research hy-
pothesis is that if more accurate voltage sensors are employed,
the MBFD method can have a better performance. Moreover,
arm inductance mismatch as a leading factor in health state
is difficult to improve by upgrading hardware. To address this
issue, a targeted optimization solution using an observer [28]
is employed to estimate the upper and lower arm inductance.
The detailed derivation is included in Appendix. Then, the
estimated phase voltage #i, and the corresponding residual &
can be rewritten as

PXy = (16)

R if, _ ,-l;—l Lk ke
e = Uye — Lp T, — Lnp = Tsn , 17
N P
6 — (U ue). (18)
Udc

where L p and L, are the estimated upper and lower arm induc-
tance, respectively.

By estimating the upper and lower arm inductance online,
the effects of dominant uncertainty factors on the residual can
be suppressed.

B. MONTE CARLO SIMULATION OF THE IMPROVED MBFD
METHOD

To compare the performance between the original MBFD
method and the improved one, the Monte Carlo analysis and
threshold assessment are conducted with identical 1000 sam-
ples in Section I'V.
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FIGURE 8. Distributions of the residual for the improved MBFD method under health and fault states: (a) health state; (b) fault state.
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FIGURE 9. Comparison of ROC curves between the original and the
improved MBFD methods.

Fig. 8 shows the distributions of the residual for the im-
proved MBFD method under health and fault states. In the
health state, no sample exceeds the threshold. Furthermore,
there is no significant trend in BLP, 81, and i,, indicating that
the improved MBFD system is no longer prone to false alarms
caused by arm inductance mismatch and power step. In the
fault state, owing to the weak correlation between inductance
mismatch and the residual, the inductance estimation has al-
most no impact on the distributions of the residual. There are
still 8 samples indicating that the residuals do not exceed the
threshold.

C. THRESHOLD ASSESSMENT OF THE IMPROVED MBFD
METHOD
In order to quantitatively compare the performance of both
MBFD methods, one generally uses area under the curve
(AUC) [29] as an evaluation criterion. In Fig. 9, the improved
MBFD method achieves a higher AUC value of 0.9994, com-
pared to the original method’s AUC of 0.9532; therefore, the
improved MBFD method can provide better overall perfor-
mance.

Table 5 lists the F-measure score with various thresholds of
the improved MBFD method. The F-measure score exhibits a
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TABLE 5. F-Measure Score With Various Thresholds of the Improved MBFD
Method

en  Prm(%)  Pm(%)  Fi Fo.s Fa

0.4 18.6 100 0.9149 0.9641 0.8705
0.7 0.1 99.7 0.9980* 0.9974* 0.9986*
0.8 < 0.1 99.3 0.9935 0.9944 0.9985

general rise. Specifically, &, = 0.4 denotes Prp = 100%, and
Pray = 18.6% is much lower than the original MBFD method
(42.4%). 1t is noteworthy that 0.7 is the optimal threshold re-
gardless of risk preference. Considering a Pra < 0.1% request
for reference, &4, = 0.8 is a better choice. In this case, Pgp is
up to 99.3%, which is much better than the original MBFD
method (0.4%).

The inductance estimation achieves an optimization for
the MBFD method. It is worth mentioning that the solutions
should be varied based on specific evaluation results. The
point is eliminating the effects of leading uncertainties on
the residual. The quantified comparison between the original
and the improved MBFD methods validates the effective-
ness and feasibility of the uncertainty-informed threshold
assessment for reducing misdiagnosis risks. Moreover, the
F-measure score as a quantitative trade-off means provides a
better threshold choice under uncertainties. It depends on the
specific situation and demand.

VI. EXPERIMENTAL RESULTS

An 8-kVA MMC platform has been built for experimental
verification, as shown in Fig. 10. Table 6 indicates the de-
tailed parameters of the system. According to the quantified
results of threshold assessment, the performance of the exist-
ing MBFD is severely degraded by a higher false alarm rate.
Therefore, we focus on mitigating the false alarm problem
caused by inductance mismatch and power change. Here, the
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FIGURE 10. An 8-kVA MMC experimental platform.

TABLE 6. Detailed Parameters of the MMC Experimental Platform

Parameters Values ~ Units  Descriptions
The ac-side current 20 A Nominal value
5 A Changed value
5 mH Nominal value
Arm inductance mH dr, ordr, =08
mH 5Lp ordrp, =1.2
The dc bus voltage 600 \% Other factors
Number of SMs per arm 4 Other factors
SM capacitance 1640 uF Other factors
SM capacitor voltage 150 A% Other factors
Sampling and control period 50 ns Other factors

threshold of 0.7 is preferred by the quantified assessment in
Table 5.

The IGBT open-circuit faults were generated by perma-
nently inhibiting the corresponding gate signals to emulate the
open-circuit fault. The experimental results of an open-circuit
fault in 4 SM is shown in Fig. 11. During the health state,
the residual stay within the threshold. However, when the
open-circuit fault occurs at 0.25 s, the residual exceeds 0.7
rapidly, indicating that the fault is detected.

In health state, inductance mismatches and a power
step change are involved, namely, 8., = 3., = 0.8, ., =
0.8whiled,,, = 1.2,and 81, = 8., = 1.2. For example, 6., =
Sr, = 0.8 means that the actual inductance is 80% of the
nominal inductance. Intentionally introducing a power step
change by changing the ac-side current from 20 A to 5 A
periodically, Fig. 12 shows the MBFD performance under
8Ly = 8L, = 0.8. The residual exhibits extreme fluctuation
before 0.25 s. It frequently exceeds the threshold, especially
at the time of power step change, leading to false alarms.
However, the inductance has been accurately estimated with
the error below 4% after enabling the inductance estimation.
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FIGURE 11. Experimental results of an open-circuit fault in 4" SMm.
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FIGURE 12. Experimental results with uncertainties: §;, = 6;, = 0.8; iy
changes from 20 Ato 5 A.

The residual fluctuation is suppressed and the false alarms are
eliminated.

Figs. 13 and 14 show the results when the upper and lower
arm inductances are divergent and undervalued, respectively.
Similarly, the residual fluctuation can be well suppressed un-
der inductance mismatch and power step change.

VIl. THRESHOLD ASSESSMENT OF STATE OF THE ARTS

To further highlight the threshold selection and quantified
assessment on MBFD methods of MMCs, four additional
cases [3], [11], [30], [31] are studied by the proposed frame-
work. Although the effectiveness of these methods has been
validated under specific simulation or experimental condi-
tion, the risk of misdiagnosis remain prevalent. The threshold
determination is also ambiguous. As shown in Fig. 15, the
ROC curves and the corresponding AUC present the over-
all performance under various thresholds for these MBFD
methods. Moreover, the results of threshold assessment are
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FIGURE 15. ROC curves and AUC of state of the arts.

listed in Table 7. Taking the top F; score as an example of
decision-making preference, the preferred threshold and the
corresponding misdiagnosis rate are given. It is worth noting
that an MBFD method with a low AUC value could perform
better at a specific threshold than an MBFD method with a
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TABLE 7. Threshold Assessment of State of the Arts

Ref. Preferred threshold Pra(%) Prp(%) Fy
[3] 0.8 11.0 99.0 0.9429
[13] 0.9 11.5 97.6 0.9335
[30] 1800 8.0 98.0 0.9514
[31] 16 0.5 97.5 0.9848
[32] 40 0.5 100 0.9975

high AUC value. For instance, although the AUC value of the
method in [3] is higher than that of the method in [11], the
performance at a specific threshold is the opposite.

VIIl. CONCLUSION

This paper presented a statistics-based methodology instead
of deterministic robust test to quantitatively assess the thresh-
olds in MBFD for MMCs. An uncertainty-informed threshold
assessment framework is proposed to model and propagate
uncertainties, utilizing quantitative metrics for thresholds to
achieve trade-offs between false alarms and missed alarms. A
study case was successfully applied to validate the proposed
framework. The coupling effects of multiple uncertainty
factors are revealed based on Monte Carlo analysis. The
threshold assessment with considering uncertainties is further
achieved by ROC curve and F-measure score. The assessment
results show that threshold adjustment is limited to improve
the MBFD performance.

The overall performance of the studied MBFD method
is improved by eliminating uncertainty factors. The com-
parative assessment underscore substantial enhancements of
quantitative metrics under various thresholds. Experimental
results also validate the feasibility of the uncertainty-informed
threshold assessment for reducing misdiagnosis risks. The
proposed framework can be extended to further developments
on more MBFD methods in power electronic converters.

APPENDIX
The discrete voltage equations of upper and lower arms for
the MMC can be expressed as

T, (U,

k+l ik s de

ip —lp+L—0( > —up—uac> (A1)
Ts (U,

=it ( 5~ u) (A2)

Introducing disturbance term d; and d»> containing the ac-
tual inductance in the upper and lower arms, (A3) and (A4)
are described by the following

Ty (Uy

K1 -k s ¢

i, =i, + Lo ( 2 T uac) I A
Ts (U,

l'lli—H = lﬁ + L—(S) <% — Uy + uac) + TIids (A4)
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where

Then, d; and d> can be estimated by the observer which is
given by
dy = (1= )ik -2
dy = (1 — )ik — 2
A =g (= [ (% =y — ) + )]

A=t (- (% -t ) + )]
(A5)
where d is the estimated value of d , z is the state variable of
the observer, and |A| < 1 is the gain.
Therefore, the upper and lower arm inductance can be esti-
mated by

i — ALO(Udc/z_up_uac)
P dlL0+Udc/2_up_uac'

- ALO(Udc/2 — Up + Uac)
diLo+Uge/2 — un + e

(A6)

n —
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