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Abstract—The detection and localization of switch open-circuit
faults (OCFs) in modular multilevel converters (MMCs) is cru-
cial for enhancing their reliability. This article presents a model
informed estimation-based fault detection and localization (FDL)
scheme with low computational burden and implementation com-
plexity. Its main novelty comprises two parts: derivation of a new
model that quantifies the expected deviation in submodule capac-
itor voltages due to OCFs, and utilization of a Disturbance Ob-
server (DOB) that, by leveraging the derived model, needs only one
signature waveform for each arm. As a result, the proposed FDL
scheme enables estimation of OCFs while maintaining very low and
constant computational burden and implementation complexity
regardless of the number of installed submodules per arm. To the
best of the authors’ knowledge, this work is the first to explore the
use of OCFs models that can quantify the OCFs-induced deviations
in the MMC capacitor voltages. Experimental results verify that the
proposed model-informed FDL scheme with DOB can detect and
localize OCFs accurately and rapidly, while retaining important
traits such as robustness to load changes and measurement noise.

Index Terms—Fault detection, fault localization, modular
multilevel converters (MMCs), open-circuit fault, switch faults.

I. INTRODUCTION

MODULAR multilevel converters (MMCs) offer notable
advantages including modular and scalable structure,

a compact footprint, and reduced filtering needs. These ben-
efits stem from the modular design featuring series-stacked
submodules (SMs) [1]. Leveraging these advantages, MMCs
are playing progressively more significant roles in medium to
high-voltage power applications. These applications encompass
a wide array of fields including medium-voltage dc transmission,
high-voltage dc transmission, energy storage systems, and static
synchronous compensators [2], [3], [4], [5].
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Nevertheless, semiconductor power devices are recognized
as the most vulnerable components in power electronic appli-
cations. The extensive use of semiconductor power devices in
MMCs introduces numerous potential failure points [6]. A fault
occurring in the semiconductor power devices may lead to unex-
pected shutdown of the entire system, resulting in higher system
operation costs and severe safety concerns [7]. Therefore, it is
of great importance to improve fault detection and localization
(FDL) schemes to increase the reliability of MMC systems.

There are two main types of switch faults in MMCs: 1)
open-circuit faults (OCFs); and 2) short-circuit faults. The
short-circuit faults can be detected and handled by built-in
short-circuit protections rapidly since they can lead to obvious
over current [8]. However, OCFs do not result in immediate
damage and can even remain undetected for several fundamental
frequency cycles. If not detected in time, OCFs might cause
secondary damage to the converter and even lead to system
failure. Also in certain applications, such as high voltage dc
transmission, the maintenance cycle of the MMC may exceed
a year, during which faulty SMs cannot be replaced until the
scheduled maintenance period. As a result, the MMC is expected
to maintain uninterrupted operation until the faulty SMs can be
replaced [9]. Therefore, it is necessary to detect, localize, and
isolate the faulty SMs as soon as possible.

Existing works on FDL of switch OCFs in MMCs can be
categorized into hardware-based and software-based schemes.
Hardware-based schemes, as outlined in [10] and [11], offer
rapid and accurate FDL. However, they often necessitate addi-
tional measurement circuits, thereby increasing both complex-
ity and capital costs. Alternatively, in [12], sensors originally
intended for measuring capacitor voltages of SM are relocated.
While this approach reduces additional financial costs, labor
costs remain significant in high-voltage MMCs with high SM
counts. Wang and Peng [13] proposed a FDL scheme with
reduced capacitor voltage sensors by grouping SMs. This ap-
proach substantially reduces the total number of voltage sensors
needed relative to conventional MMC designs. However, the
computational burden for the FDL scheme may remain consid-
erable in high-voltage applications where hundreds of SMs per
arm can result in many groups, each requiring a Kalman filter
implementation for SM capacitor voltage estimation.

Compared to hardware-based schemes, software-based
schemes are more widely adopted due to their cost-effectiveness.
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Several software-based schemes have been proposed and
validated for effectively detecting and localizing OCFs in
MMCs [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27], [28], [29], [30], [31]. However, several
research gaps still remain. The first research gap concerns com-
plexity. Many of these existing schemes, such as [15], [16],
[17], [19], [20], and [28], may impose increasing computational
burdens or involve complex implementations, particularly for
practical high-voltage applications where hundreds of SMs are
installed in each arm. This is because these schemes typically
require computations on all individual SMs at each sampling
instant. To address the issue of heavy computational burden in
MMCs with high SMs count, a recent study by [23] introduced
a FDL scheme that maintains consistently low computational
complexity regardless of the SMs count used per arm. It utilizes
the signal synthesis technique on only two signature wave-
forms instead of executing the FDL algorithm on all individual
SMs at each sampling instant. However, the scheme in [23]
entails certain matrix computations, such as high-dimensional
matrix inversion as part of the least squares method, which
indicates there is still room for improvement in computational
efficiency. In addition, an emerging class of software-based
schemes utilizing machine learning has been proposed, such as
in [24], [25], and [26], to detect and localize OCFs in MMCs.
These methods have a low computational burden and do not
require mathematical models of the MMCs. However, training
the models may require extensive historical data, which can
introduce significant implementation complexity, especially in
high-voltage applications where hundreds of SMs are used per
arm.

Another significant research gap concerns the fault modeling
and estimation. The detection and localization of OCFs in many
existing schemes rely on the fact that the capacitor voltage of
faulty SM will deviate from those of healthy ones under OCFs
conditions, such as [14], [17], [19], [21], [22], [23], [27], [28],
[29], and [30]. However, to the best of the authors’ knowledge,
no existing works have derived a model that can quantify the
actual capacitor voltage deviation induced by OCFs. Yang and
Saeedifard [31] proposed detailed models for healthy capacitors’
voltages and arm current after OCFs. In [22], a model for faulty
SM’s capacitor voltage under MMC OCFs was proposed. Deng
et al. [29] proposed mathematical models for the absorbed active
power of faulty and healthy SM, respectively. However, the
models proposed in these works do not quantify the actual
deviation in capacitor voltage (that is, the difference between
healthy and unhealthy capacitor voltage waveforms) due to the
OCFs. Concerning fault estimation, the process behind capacitor
voltage deviation is very important. Many existing works utilize
fault estimation to determine the magnitude of the fault, which
is one of the tasks of fault diagnosis. Primarily, the estimation of
faults can help to clarify the nature of actual faults and enable the
operator to diagnose them. It can also help to analyze the impact
of faults on the system [32]. Then, the fault estimation can be ex-
ploited to implement fault tolerant control, e.g., see [33] and [34].
Compared with traditional fault detection and isolation-based
fault tolerant control, estimation-based fault tolerant control
leads to a better performance since the fault information can

be used for fault compensation [35]. Nonetheless, most existing
FDL strategies for MMC OCFs lack fault estimation capabilities.

Motivated by the above identified issues, this article pro-
poses a new software-based FDL scheme that simultaneously
addresses the following research gaps.

1) Lack of modeling that quantifies OCFs-induced capacitor
voltage deviation: A simplified model of OCFs-induced
capacitor voltage deviation is proposed. To the best of
authors’ knowledge, this article is the first to propose
a model that quantifies OCFs-induced capacitor voltage
deviation of faulty SMs. The OCFs-induced capacitor
voltage deviation, quantified by ε in (14), is modeled as a
unique form of a small error term related to the interaction
of the arm reference modulating signal and arm current.
This model provides a basis for the proposed FDL scheme.

2) Absence of fault estimation capability: The proposed
model is harnessed to estimate OCFs-induced capacitor
voltage deviations. A model-based fault estimator is de-
veloped that ensures accurate and fast FDL. To estimate
the OCFs for the purpose of FDL, this work utilizes a
Disturbance Observer (DOB). This approach is adopted
because in the proposed mathematical model, the error
term representing OCFs can not be straightforwardly mea-
sured from the physical MMC plant. DOB is recognized
as one of the most popular robust control tools and has
been successfully applied in various domains, including
automobiles, networks, and unmanned aerial vehicle [36],
[37], [38]. But its potential for FDL of switch OCFs in
MMCs has not yet been explored. By leveraging DOB,
the proposed FDL scheme demonstrates strong robustness
against measurement noise.

3) Difficulty in maintaining both constantly low computa-
tional burden and implementation complexity: By imple-
menting the DOB on only one selected signature wave-
form for each arm, the computational burden and imple-
mentation complexity of the proposed scheme maintains
very low and constant regardless of the SMs count used
per arm. This feature puts both the computational burden
and implementation complexity of the proposed scheme in
the lowest tier among all published works for high-voltage
application scenarios where hundreds of SMs are installed.

The rest of the article is organized as follows. Section II intro-
duces the normal operating conditions and the OCFs characteris-
tics of MMCs. The FDL scheme is proposed in Section III. The
experimental results are given in Section IV. The discussions
and comparative analysis are presented in Section V. Finally,
Section VI concludes this article.

II. PRINCIPLES AND OCFS CHARACTERISTICS OF MMCS

A. Fundamentals of MMCs

The three-phase MMC is depicted in Fig. 1. Each phase leg
of the MMC is composed of an upper arm and a lower arm, with
multiple half-bridge SMs connected in series. Arm inductors La

are placed within the arms to handle the mismatch between the
sum of inserted SMs’ capacitor voltages and DC link voltage
at every switching instant. Each half-bridge SM includes two
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Fig. 1. Three-phase MMC topology and two types of OCFs. (a) Three-phase
MMC structure. (b) Two types of OCFs in a single SM. From top to bottom:
Type I and Type II OCFs.

TABLE I
CHARACTERISTICS OF SMS UNDER OCFS [23]

IGBTs (i.e., Su and Sl), two anti-parallel diodes (i.e., Du and
Dl), and a capacitor Csm.

There are four switching scenarios within a single fundamen-
tal period of the MMC under normal conditions, resulting from
the different polarities of ism and various states of Su and Sl

[39]. These scenarios are summarized in Table I. The duty cycle
of each SM is defined as

d =

{
1, Su is ON and Sl is OFF, Inserted

0, Su is OFF and Sl is ON, Bypassed.
(1)

The waveforms of SMs’ individual capacitor voltages under
healthy conditions are shown in Fig. 2. Because the capacitor
voltage balancing algorithm proposed in [40] is adopted, the
capacitors of the SMs undergo a continuous cycle of being
charged and then bypassed when ism is positive (scenarios I
and II). Similarly, when ism is negative (scenarios III and IV), all
SM’s capacitors cyclically transition between being discharged
and bypassed.

Fig. 2. SM capacitor voltages under healthy condition.

Fig. 3. SM capacitor voltages under Type I OCF during the interval for
scenarios III and IV.

B. Characteristics of MMCs Under OCFs

Fig. 1(a) illustrates two possible OCFs in a single SM: Type I
Su OCF and Type II Sl OCF.

Based on the positive direction reference of ism and vsm
defined in Fig. 1(b), the characteristics of SM under two types
of OCFs are described below and also summarized in Table I.

1) Type I: An OCF occurs atSu, and does not affect scenarios
I, II, IV, as indicated in Table I. However, in scenario
III, the negative ism which should have flowed through
Csm and Su, is instead forced to pass through Dl. The
dashed line in the upper part of Fig. 1(b) illustrates the
path of ism when a Type I fault occurs. Consequently, the
capacitor is bypassed and unable to discharge. Therefore,
the capacitor voltage of faulty SM remains unchanged
during the interval for scenarios III and IV. Fig. 3 displays
the waveforms of the capacitor voltages for individual SMs
under a Type I OCF condition. Here, Ts represents the
sampling period, tf indicates the moment when Type I
OCF becomes detectable (the beginning of the interval
for scenarios III and IV) and Δtf is the duration of the
interval for scenarios III and IV. After t = tf , the capacitor
voltage of the unhealthy SM begins to diverge from those
of healthy ones, a deviation denoted by ΔUcf . The single-
step deviation at each sampling instant is represented as
ΔUss

cf .
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Fig. 4. SM capacitor voltages under Type II OCF during the interval for
scenarios I and II.

2) Type II: An OCF occurs at Sl. The faulty SM will be only
affected in the scenario II. The dashed line in the lower
part of Fig. 1(b) illustrates the path of ism in this scenario.
It can be seen that positive ism flows through Du and Csm

instead of Sl. Consequently, the capacitor is charged and
unable to be bypassed. Therefore, the capacitor voltage
of the faulty SM keeps increasing during the interval for
scenarios I and II. Fig. 4 displays the waveforms of the
capacitor voltages for individual SMs under a Type II
OCF condition. In this figure, tf indicates the moment
when Type I OCF becomes detectable (the beginning of
the interval for scenarios I and II) and Δtf is the duration
of the interval for scenarios I and II. From the moment tf ,
the capacitor voltage of unhealthy SM begins to diverge
from those of healthy ones, quantified by ΔUcf .

It can be concluded from Figs. 3 and 4 that the capacitor
voltage of the faulty SM becomes the highest among all the
individual capacitor voltages under either type of OCFs, which
offers a basis for the selected signature waveform in the follow-
ing.

III. PROPOSED FDL SCHEME

In this section, a unique and simplified model for the SM
capacitor voltage with OCFs-induced deviation is introduced
first, and then the proposed model informed estimation-based
FDL scheme is proposed. The flowchart of the entire FDL
scheme is shown in Fig. 5.

A. Simplified Model for SM Capacitor Voltage Deviation That
Captures OCFs Characteristics

In this section, a simplified model for SM capacitor voltage for
MMCs that preserves OCFs characteristics is proposed. Unlike
the MMC SM capacitor voltage model based on the duty cycle
of each SM utilized in [19] and [22], the proposed capacitor
voltage model in this article is based on the time-averaged arm-
level reference modulating signal. The utilization of this time-
averaged arm-level reference modulating signal allows for the
derivation of OCFs model as a unique form of a small error term

related to the interaction of the arm reference modulating signal
and arm current.

The time-averaged arm modulating reference of MMCs,
mref , typically generated based on the output current control
such as the active power, reactive power, and dc-link voltage
regulation [41], can be expressed by

mref (t) =
1

2
± M

2
cos(2πft+ ϕ) + Δm (2)

where ϕ is the arm voltage phase angle, f is the fundamental
frequency of the system,M ∈ [0, 1] is the modulation index, and
Δm includes all the compensation components, such as dc-link
voltage regulation, circulating current suppression and so on.

When using a time-averaged arm model, the relationship
between SM capacitor voltage can be expressed as

dvidlci (t)

dt
=

mref (t)

Csm
iarm(t) (3)

where vidlci is the ideal SM capacitor voltage, Csm is the capac-
itance of an individual SM, and iarm is arm current. Then, (3)
can be discretized as

v idl
ci (k + 1) =

Ts

Csm
·mref (k) · iarm(k) + vidlci (k) (4)

where k denotes sampling instant.
However, in the practical implementation, mref will be com-

pared with carriers to generate gating pulses to control MMC.
Due to the limitations imposed by the switching frequency, the
measured individual capacitor voltages can not be identical to
the ideal SM capacitor voltage described in (4). The set of all the
measured individual capacitor voltages at each sampling instant
is expressed as

vmeas
c (k) = {vmeas

c1 (k), vmeas
c2 (k), . . ., vmeas

ci (k), . . .} . (5)

By introducing a disturbance term ε to the measured SM capaci-
tor voltage based on (4), the following equation can be obtained:

vmeas
ci (k + 1) =

Ts

Csm
·mref (k) · iarm(k) + vmeas

ci (k) + ε(k)

(6)

where vmeas
ci (k) is measured SM capacitor voltage at sampling

instant k.
In this article, (6) is proposed as a general and simplified

mathematical model for the capacitor voltage of any single
SM, with the error term ε representing the mismatches under
the healthy condition or the fault characteristics under OCFs
condition. To derive different models of ε under healthy and
OCFs conditions, we assume that (6) represents the measured
capacitor voltage of any single SM. By considering this SM
as either healthy or experiencing OCFs, (6) can be subtracted
by the (healthy or faulty) equation of the measured capacitor
voltage of the same SM, respectively. This approach allows for
the derivation of different models of ε under healthy or OCFs
conditions.
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Fig. 5. Overall diagram of the proposed FDL scheme. The diagram illustrates an example of the FDL for the fourth SM of upper arm (SMu4) with Type I OCF.

For the healthy condition, the measured SM capacitor voltages
can be expressed as

vmeas
ci (k + 1) =

Ts

Csm
· d(k) · iarm(k) + vmeas

ci (k) (7)

where d is the duty cycle defined in (1). Then, the following
equation can be obtained by subtracting (7) from (6) to derive
the model of ε under healthy condition:

ε(k) =
Ts

Csm
· (d−mref ) · iarm. (8)

For the Type I OCF condition, as presented in Section II-B and
Fig. 3, under Type I OCF the capacitor voltage of faulty SM
remains unchanged during the interval for scenarios III and IV.
Therefore, the measured capacitor voltage can be expressed as

vmeas
ci (k + 1) = vmeas

ci (k). (9)

Therefore, ε under Type I OCF can be obtained from the sub-
traction of the following equations:{
vmeas
ci (k + 1) = vmeas

ci (k)

vmeas
ci (k+1)= Ts

Csm
·mref (k) · iarm(k) + vmeas

ci (k)+ ε(k).

(10)

For the Type II OCF condition, as presented in Section II-B and
Fig. 4, under Type II OCF, the capacitor voltage of the faulty
SM keeps increasing during the interval for scenarios I and II.
Therefore, the measured capacitor voltage can be expressed as

vmeas
ci (k + 1) =

Ts

Csm
· iarm(k) + vmeas

ci (k). (11)

Hence, the error term ε under Type II OCF can be obtained from
the subtraction of the following equations:{
vmeas
ci (k + 1) = Ts

Csm
· iarm(k) + vmeas

ci (k)

vmeas
ci (k+1)= Ts

Csm
·mref (k) · iarm(k) + vmeas

ci (k)+ ε(k).

(12)

Considering all the scenarios mentioned in (8), (10), and (12),
the measured SM capacitor voltage with OCFs characteristics
can be finally obtained as

vmeas
ci (k + 1) =

Ts

Csm
·mref (k) · iarm(k) + vmeas

ci (k) + ε(k)

(13)

where

ε(k) =

⎧⎪⎨
⎪⎩

Ts

Csm
· (d−mref ) · iarm, healthy

Ts

Csm
· (−mref ) · iarm, under Type I OCF

Ts

Csm
· (1−mref ) · iarm, under Type II OCF.

(14)

This way, the proposed model described by (13) can represent
the measured capacitor voltage of any single SM under either
healthy or OCFs conditions. The error term ε described in (14) is
the important simplified mathematical model for OCFs-induced
capacitor voltage deviation proposed in this article. Under
healthy conditions, (13) can represent the measured capacitor
voltage of a single SM and ε is a small error term representing
model mismatches. Under either type of OCFs condition, (13)
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Fig. 6. Waveforms of vmeas
c1 ∼ vmeas

c4 & vcmax and the SM index corre-
sponding to vcmax under normal condition. In the upper part, vcmax is shown
with the solid line, and vmeas

c1 ∼ vmeas
c4 are shown with dotted lines. The lower

part shows the SM index corresponding to vcmax.

can represent the measured capacitor voltage of the faulty SM
and ε represents the single-step OCFs-induced change, ΔUss

cf .

B. Model of Selected Signature Signal for FDL

For our analysis, the maximum individual capacitor voltage
is needed at each sampling instant, which is defined as

vcmax(k) = max (vmeas
c (k)) . (15)

As an example, waveforms of vcmax and vmeas
c1 ∼ vmeas

c4 are
presented in Fig. 6 for an MMC with N = 4 SMs per arm. As
explained in [23], vcmax presents similar periodical patterns as
individual SM capacitor voltages under normal conditions. But
the faulty SM’s capacitor voltage waveform under both types
of OCFs will manifest certain characteristics that deviate from
the normal condition, and such OCFs-induced changes become
dominant in vcmax after the fault occurrence.

Note that (13) can represent the measured capacitor voltage of
a single SM under both the healthy condition and the faulty con-
ditions. Also, the term ε is used to represent the OCFs-induced
voltage deviation under either type of OCFs. Since (13) is a
general form applicable to the measured capacitor voltage of
every single SM, it can be applied to all the elements of the
set in (5). By expressing the set in (5) in the form of (13) and
taking the maximum on both sides of the equation, the following
equation can be derived:

vcmax(k+1) =
Ts

Csm
·mref (k) · iarm(k) + vcmax(k) + ε(k).

(16)

Accordingly, vcmax can be further modeled as in a state-space
form as {

x(k + 1) = Ax(k) +Bu(k) + ε(k)

y(k) = Cx(k)
(17)

where x(k) = vcmax(k), u(k) = mref (k) · iarm(k), A = 1,
B = 1

Csm
· Ts, C = 1, ε(k) is the defined in (14).

It should be noted that the sorting for vmeas
c (k) does not

require any extra calculations as it is obtained from the capacitor
voltage balancing algorithm directly [40].

C. Model Informed Estimation of OCFs Based on DOB

The mathematical model of error term proposed in (14)
manifests distinct characteristics under the healthy and differ-
ent OCFs conditions, which makes it a suitable indicator for
detecting the OCFs, and at the same time capturing the fault
characteristics. However, the mathematical model cannot be
directly applied for practical FDL purposes. The actual εmust be
obtained from the physical MMC plant to facilitate FDL. Since
the actual ε cannot be straightforwardly measured, a Disturbance
Observer (DOB) is employed to estimate ε.

DOB has been one of the most widely used tools for robust
control due to its simplicity, flexibility, and efficacy, since it
was proposed by Ohishi [42] (1983). In DOB-based robust
control, internal and external disturbances are estimated by using
identified dynamics and measurable states of plants, and the
robustness of systems is simply achieved by compensating the
estimations of disturbances.

For OCFs estimation, a discrete-time DOB proposed in [43]
can be implemented to estimate ε in (17). The disturbance is
assumed to be unknown but slowly time-varying. The estimation
of ε is achieved by using an auxiliary variable and the observer
is designed as follows:{

ε̂(k) = Lx(k)− z(k)

z(k + 1) = z(k) + L {(A− In)x(k) +Bu(k) + ε̂(k)}
(18)

where ε̂ represents the estimation of ε, L represents the observer
gain of DOB to be tuned, and z represents the auxiliary variable.
For (18), A = 1, so the following equation is obtained:

z(k + 1) = z(k) + L {Bu(k) + ε̂(k)} . (19)

Then, the estimation error of disturbance, ε̃(k) = ε(k)− ε̂(k),
can be derived as

ε̃(k + 1) = ε(k + 1)− ε̂(k + 1)

= ε(k + 1)− [Lx(k + 1)− z(k + 1)]

= ε(k + 1)− L [Ax(k) +Bu(k) + ε(k)]

+ z(k) + L [(Bu(k) + ε̂(k)]

= ε(k + 1)− [Lx(k)− z(k)]− L [ε(k)− ε̂(k)]

= ε(k + 1)− ε(k) + ε(k)− ε̂(k)− L [ε(k)− ε̂(k)]

= (1− L)ε̃(k) + Δε(k + 1) (20)

where Δε(k + 1) = ε(k + 1)− ε(k). Equation (20) shows the
estimation error will converge to zero if |1− L| < 1 and
Δε(k + 1) = 0, which means the unknown disturbance should
ideally be a constant or slowly time varying bias.

To detect and localize OCFs rapidly and accurately, the
implementation frequency of the FDL algorithm, ffdl, can be
chosen as tens of kHz. Also, in the practical medium and high
voltage MMCs, the order of Csm is around several mF [44],
[45]. Therefore, the order of magnitude of Ts

Csm
is usually a
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small positive fraction less than one; consequently ε is a small
bounded value compared with the order of vcmax. Therefore,
Δε is regarded as a small value at each sampling instant. Thus,
the approximation Δε ≈ 0.

The DOB is able to give a satisfactory estimation for the
actual disturbance but with a certain delay. The delay in the
estimation can be further decreased by increasing the gainL. But
increasingL results in more noise contamination in the estimated
disturbance. Hence, the gain L can be chosen by considering
the tradeoff between the estimation performance and the noise
effect [43].

If considering SM capacitance variation as ΔC, the variation
in observer can be expressed as ΔB = Ts · ( 1

Csm
− 1

Csm+ΔC ).
Rederiving (20) with this variation results in an additional term
LΔBu(k) that appears in Δε(k + 1), such that Δε(k + 1) =
ε(k + 1)− ε(k) + LΔBu(k). In practice, SM capacitance vari-
ation can be around 10%, and as mentioned Csm is several
mF. As a result, the LΔBu(k) remains a small, bounded value
compared to the magnitude of vcmax. For selecting L, prac-
tical applications involve noises, so L should be selected as
a small value to filter out noise. When a small L is selected,
LΔBu(k) becomes negligible, still ensuring thatΔε ≈ 0. Thus,
the selection of L for noise filtering and robustness against SM
capacitance variation aligns in the same direction.

By properly choosing the observer gain L, the estimated dis-
turbance term ε̂ will converge to the actual ε, effectively filtering
out measurement noise. As indicated by (14), the value of actual
ε changes when OCFs occur. Since ε̂ can track actual ε, those
OCFs-induced change will also be reflected in ε̂. Therefore, the
error estimation ε̂ can serve as the fault indicating signal to detect
and localize the OCFs when compared against a predetermined
threshold.

D. Design of Threshold and FDL

Informed by the proposed OCFs model in (14), the threshold
is designed as

th = λ · Ts

Csm
· Irateddc (21)

where λ is introduced as an adjusting coefficient, Irateddc is the
rated dc current, and Ts

Csm
is introduced as a scaling factor to

make sure the threshold is in the same order of magnitude as
ΔUss

cf .
For the fault localization, as mentioned in Section III-B, once

the OCF is detected, the values of vcmax after OCF must corre-
spond to the faulty SM. Since all the SMs are sorted according to
their capacitor voltages in descending order at each time instant,
the first one listed in the sorting result will be the faulty SM.
Experimental studies are conducted to validate and demonstrate
the performance of the proposed FDL.

IV. EXPERIMENTAL VERIFICATION

The effectiveness of the proposed FDL scheme is verified
on a lab-scale single-phase MMC prototype constructed using
real-time controllers and half-bridge SMs from Imperix. The
experimental setup is shown in Fig. 7 and the circuit parameters

Fig. 7. Experimental setup of the single-phase MMC.

TABLE II
EXPERIMENT PARAMETERS

are given in Table II. There are N = 10 SMs within each arm.
The MMC works in the inverter mode, with a 260 V dc voltage
source at the dc terminals and a passive load at the ac terminals. In
the experiment, the OCFs of the IGBT are achieved by blocking
the IGBT’s associated gating signal [15], [17], [18], [23]. For the
selection of L in the experiment, a relatively small L (0.08) is
chosen to enhance noise filtering effect, as measurement noises
is introduced by the practical sensors.

A. Case 1: Type I OCF

In this case, the effectiveness of the proposed scheme in
modeling, estimation and FDL of single Type I OCF (occurring
in SMu1 at 0.8 s) is validated. As mentioned in Section II-B,
we define the actual OCFs-induced capacitor voltage deviation
as ΔUcf and the single-step OCFs-induced capacitor voltage
deviation as ΔUss

cf . Equations (14) and (18) provide modeling
and estimation for ΔUss

cf . Since the integral of ΔUss
cf over Δtf

is ΔUcf , we can further validate that the integral of ε from (14)
and ε̂ from (18) over Δtf can also track ΔUcf . In this case,
ε_int denotes the integral of ε over the duration of the interval
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Fig. 8. Experimental results of fault modeling and estimation under Type I
OCF occurred in upper arm SM1 at 0.8 s.

for scenarios III and IV, which can be defined as

ε_int =
∫ tf+Δtf

tf

ε dτ. (22)

ε̂_int denotes the integral of ε̂, which can be defined as

ε̂_int =
∫ tf+Δtf

tf

ε̂ dτ. (23)

The effectiveness of OCFs’ modeling and estimation is verified
in Fig. 8. After the Type I OCF occurs at 0.8 s, the faulty
SM capacitor voltage deviates from healthy ones rapidly as
shown in the first subplot. The second subplot illustrates that the
Type I OCF-induced capacitor voltage deviation of the faulty
SM becomes dominant in vcmax after the fault occurrence.
The third subplot of Fig. 8 verifies that when OCF happens,
the disturbance term ε given in the simplified model (14) can
accurately model the single-step faulty SM capacitor voltage
deviationΔUss

cf . Furthermore, the estimated disturbance ε̂ tracks
ΔUss

cf with a small delay. To further validate the effectiveness
of OCFs’ modeling and estimation, the faulty SM capacitor
voltage deviation ΔUcf is calculated as the difference between
the measured vmeas

c1 (faulty) and vmeas
c3 (healthy) of the upper

arm. The forth subplot of Fig. 8 verifies that when an OCF
occurs, the integral error term ε_int defined in (22) can accurately
represent ΔUcf , which can be estimated using the DOB-based
estimator with a small delay.

The effectiveness of FDL is verified in Fig. 9. In the proposed
FDL scheme, the estimated disturbance ε̂ serves as the fault
indicating signal, compared with the threshold th designed in
(21). It can be seen that when the healthy MMC operates at
a steady state before the OCF happens, the estimated fault
indicator ε̂ remains below th as shown in the third subplot.
After the Type I fault occurs at 0.8 s, ε̂ increases and surpasses
th shortly after OCF happens. At the sampling instant when
the fault is detected, SMu1, which ranks first in the sorting

Fig. 9. Experimental results of FDL under Type I OCF occurred in upper
arm SM1 at 0.8 s. From top to bottom, the waveforms are individual capacitor
voltages, vcmax, ε̂ and th, and fault alarm.

algorithm, is determined as the faulty SM. The fault alarm of the
upper arm steps from zero to five, indicating OCF happens in
SMu1 as shown in the third subplot. Type I OCF can be detected
and localized at 0.8064 s, which is 6.4 ms after OCF occurs.

B. Case 2: Type II OCF

In this case, the effectiveness of the proposed scheme in
modeling, estimation, and FDL of single Type II fault (occurring
in SMl9 at 0.8 s) is validated. In this case, ε_int denotes the
integral of ε and ε̂_int denotes the integral of ε̂ over the duration
of the interval for scenarios I and II.

The effectiveness of OCFs’ modeling and estimation is ver-
ified in Fig. 10. After the Type II OCF occurs at 0.8 s, the
faulty SM capacitor voltage deviates from healthy ones rapidly
as shown in the first subplot. The second subplot illustrates
that the Type II OCF-induced capacitor voltage deviation of the
faulty SM becomes dominant in vcmax after the fault occurrence.
The third subplot of Fig. 10 verifies that when OCF happens, ε
can accurately model ΔUss

cf , and ε̂ tracks ΔUss
cf with a small

delay.To further validate the effectiveness of OCFs’ modeling
and estimation, the faulty SM capacitor voltage deviation ΔUcf

is calculated as the difference between the measured vmeas
c9

(faulty) and vmeas
c10 (healthy) of the lower arm. The forth subplot

of Fig. 10 verifies that when an OCF fault occurs, the integral
error term ε_int defined in (22) can accurately represent ΔUcf ,
which can be estimated using the DOB-based estimator with a
small delay.

The effectiveness of FDL is verified in Fig. 11. After the
Type II OCF occurs at 0.8s, the estimated fault indicator ε̂
increases and surpasses th shortly after OCF happens. At the
sampling instant when the fault is detected, SMl9, which ranks
first in the sorting algorithm, is determined as the faulty SM. The
fault alarm of the upper arm steps from zero to nine, indicating
OCF happens in SMl9 as shown in the third subplot. Type II
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Fig. 10. Experimental results of fault modeling and estimation under Type II
OCF occurred in lower arm SM9 at 0.8 s.

Fig. 11. Experimental results of FDL under Type II OCF occurred in lower
arm SM9 at 0.8 s. From top to bottom, the waveforms are individual capacitor
voltages, vcmax, ε̂ and th, and fault alarm.

OCF can be detected and localized at 0.8031 s, which is 3.1 ms
after OCF occurs.

C. Case 3: Load Changes

In this case, the robustness of the proposed FDL scheme
against load current changes is validated.

The results for load step-up change are shown in Fig. 12,
the load resistance is changed from 10.4 to 5.2 Ω at 0.5 s. The
results for load step-down change are shown in Fig. 13, the
load resistance is changed from 5.2 to 10.4 Ω at 0.5 s. It can
be seen that ε̂ stays below th under both load step-up and load
step-down changes. Hence no false alarms are triggered, which

Fig. 12. Experimental results under load-step up change occurred at 0.5 s.
From top to bottom, the waveforms are individual capacitor voltages, vcmax, ε̂
and th, and fault alarm.

Fig. 13. Experimental results under load-step down change occurred at 0.5 s.
From top to bottom, the waveforms are individual capacitor voltages, vcmax, ε̂
and th, and fault alarm.

demonstrates that the proposed scheme is robust against load
changes.

D. Case 4: Simultaneous OCFs in Multiple SMs

In this case, the effectiveness of the proposed scheme in FDL
of simultaneous double Type I OCFs (occurring inSM3&SM4),
and simultaneous double Type II OCFs (occurring in SM9 &
SM10) is validated. As analyzed in [23], simultaneous double
OCFs-induced changes will become dominant in the waveforms
consisting of the highest and the second highest individual
capacitor voltage, which can be denoted as vcmax1 and vcmax2 .
Therefore, to detect and localize simultaneous double OCFs, the
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TABLE III
COMPARISON OF FDL SCHEMES

Fig. 14. Experimental results under simultaneous multiple Type I OCFs
occurred in upper arm SM3 &SM4 at 0.8 s. From top to bottom, the waveforms
are individual capacitor voltages, ε̂1, ε̂2, th, and fault alarms.

proposed FDL scheme is implemented on these two waveforms
simultaneously.

Simultaneous double Type I OCFs are presented in the first
experiment of case 4. As shown in Fig. 14, both OCFs occur at
0.8 s. The capacitor voltages of SM3 and SM4 both deviate from
the remaining healthy ones when OCFs occurs. ε̂1 surpasses th,
and SM3 is determined as the faulty SM. At almost the same
time when SM3 is detected and localized, ε̂2 surpasses th, and
the faulty SM4 is also detected and localized. Both these two
faulty SMs are successfully detected and localized at 0.823s.
The FDL time is 23 ms. For the second experiment of case 4,
simultaneous double Type II OCFs occur at 0.8 s. It can be seen
in Fig. 15 that both faulty SMs are successfully detected and
localized within 3.4 ms.

V. DISCUSSION AND COMPARISONS

A comparison of several software-based FDL schemes is
presented in Table III. For computational efficiency, the similar

Fig. 15. Experimental results under simultaneous multiple Type II OCFs
occurred in lower armSM9 &SM10 at 0.8 s. From top to bottom, the waveforms
are individual capacitor voltages, ε̂1, ε̂2, th, and fault alarms.

quantification method adopted in [21] based on BigO notation is
also adopted in this article. O(N2) denotes that the computation
burden is a quadratic function of N , and O(N) denotes the
computation burden is a linear function of N . As mentioned,
most software-based methods typically implement their compu-
tations on all individual SMs at each sampling instant. As the SM
count per arm significantly increases, so does the computational
burden. In contrast, the proposed scheme in this article imple-
ments one observer on one specific signature waveform per arm,
vcmax, instead of iterating through all the SMs at each sampling
instant. Consequently, the computational burden of the proposed
scheme remains very low and independent of N which can be
denoted as O(1). Regarding the scheme proposed in [23], its
computational requirements also do not increase with N , but it
imposes computation on one more waveform and entails certain
matrix computations. Compared with [23], the computational
burden of the work proposed in this article is much lower.

In terms of FDL time, the proposed scheme demonstrates the
ability to detect and localize the OCF within one fundamental
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cycle. Table III provides a comparison of the FDL time for
detecting and localizing single OCF with methods proposed
in other papers. It can be seen that the proposed scheme has
the shortest FDL time. It should be noted that the FDL time
can only be roughly compared, as it depends on various factors
such as hardware parameters, operating conditions, and circuit
parameters [46].

VI. CONCLUSION

This article proposed a model informed estimation-based FDL
scheme for switch OCFs of MMCs. This scheme effectively
detected and localized OCFs by capitalizing on a novel model
that is able to quantify the expected deviation in capacitor voltage
by considering only the time-averaged arm reference modulating
signal and the arm current. Based on the theoretical analysis and
verification results, the proposed scheme was the only one who
has the following distinctive features: 1) the proposed simplified
modeling can accurately model the actual single-step OCFs-
induced capacitor voltage deviation; 2) the proposed DOB-based
model informed method provides a satisfactory estimation for
OCFs; 3) and by utilizing DOB on only one selected signa-
ture waveform, vcmax, there is no need to execute the FDL
algorithm on all individual SMs at each sampling instant, thus
keeping the computation burden and implementation complexity
very low and constant as the SMs count per arm increases.
The proposed scheme also had some general advantages, such
as relatively short FDL time, robustness against load change
and measurement noises. Its efficacy was verified by exper-
imental results obtained from a lab-scale eleven-level MMC
prototype.
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