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Detection and Localization of Submodule
Open-Circuit Failures for Modular Multilevel
Converters With Single Ring Theorem
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and Xiangning He

Abstract—Submodule (SM) failure detection and localization
is crucial to reliability improvement of modular multilevel con-
verters (MMCs), which consist of numerous identical SMs. Upon
SM failures, the capacitor voltages of the faulty SMs deviate from
those of the healthy SMs. Hence, SM voltage consistency disruption
can be utilized as an indicator of SM failures. To enable effective
consistency evaluation of numerous SM voltages, the single ring
theorem, which is an ideal analyzing tool for large size matrices,
is applied to SM failure detection in this paper. The proposed SM
failure detection method eliminates the need for ideal-state estima-
tors and thus ensures sufficient robustness in terms of parameter
uncertainties. Additional voltage/current sensors are not required,
which is beneficial for cost efficiency. A statistical-analysis-based
SM failure localization method enabling fast identification of the
faulty SMs upon failure detection is also proposed. Both single and
multiple SM failure detection and localization can be handled with
the proposed method even if the faulty SMs are in different arms.
The effectiveness of the proposed SM failure diagnosis method is
verified by both simulation in MATLAB/Simulink and experimen-
tation on a 13-level MMC prototype.

Index Terms—Fault detection, fault localization, modular mul-
tilevel converters, single ring theorem.

1. INTRODUCTION

ODULAR multilevel converters (MMCs) are gaining
M increasing usage in high-voltage and high-power appli-
cations [1]-[3]. Unlike the traditional two-level or multilevel
converters, numerous submodules (SMs) are series connected
in the MMC [4]-[7]. The application of series-connected SMs
reduces the demand on signal synchronization while also ensur-
ing high ac supply quality, flexibility, and modularity [8]-[11].
However, the application of many SMs poses challenges to the
reliability of MMCs. Multiple power switching devices are em-
bedded within each SM and are more prone to failure than
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passive elements in the system [12], [13]. SM failures can lead
to abnormal operation of MMCs and should be detected and
located in time at occurrence.

SM failures can be categorized into open-circuit failures and
short-circuit failures [14], [15]. Although short-circuit failures
can be more destructive than open-circuit failures, they are nor-
mally handled by the protection schemes embedded within the
insulated gate bipolar transistor (IGBT) gate drivers. Therefore,
only open-circuit failure detection is considered in this paper.
Several SM open-circuit failure diagnosis methods for MMCs
have been proposed. In [16] and [17], an SM open-circuit detec-
tion and localization method based on a sliding-mode observer
was proposed. It is robust under parameter uncertainties, mea-
surement inaccuracies, and requires no extra sensors. However,
this method requires a precise switching model of every SM and
becomes computationally demanding when the SM quantity is
large. In [18], two diagnosis methods are proposed enabling fast
SM open-circuit failure detection and localization. However, de-
tailed switching models are also required. In [19], a detection
method based on a Kalman’s filter and a localization method
based on SM voltage comparison are proposed. No extra sensor
is required and it is compatible with both single and multiple SM
failures. However, it performs relatively slowly by taking an av-
erage time of 100 ms to complete the diagnosis process. In [20],
an SM open-circuit failure detection method based on state ob-
servers is proposed that enables fast failure detection. However,
the estimator applied can be sensitive to parameter uncertainties
and it is incapable of dealing with multiple SM failures. The
method proposed in [21] is capable of detecting and locating
both open-circuit and short-circuit SM failures. However, extra
sensors are needed and it also requires estimators for reference
setting.

In this paper, an SM open-circuit failure diagnosis method us-
ing SM voltage consistency evaluation is proposed for MMCs.
Two steps are executed: SM failure detection then faulty SM
localization. The method is established based on the fault char-
acteristics of SM open-circuit failures. Under normal operation,
SM voltages are balanced with SM voltage balancing algorithms
[22]. However, faulty SMs have higher capacitor voltages than
healthy SMs within the same arm upon SM open-circuit fail-
ures. Therefore, the disruption of SM voltage consistency can
be utilized as an indicator of SM failures. Since numerous SMs
are embedded in the MMC, SM voltage consistency is evaluated
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with the single ring theorem (SRT) in this paper. The SRT studies
the property of large size random matrices and has been applied
to operating status evaluation and fault recognition in power sys-
tems [23], [24]. Once the matrix size is sufficiently large and all
matrix elements are independent identically distributed (IID),
the eigenvalues of the analyzed matrix tend to scatter within a
dedicated single ring in the complex plane. However, the eigen-
value distribution breaks the single ring once the IID property
of the matrix elements is disrupted [25], [26]. A random matrix
construction strategy based on SM voltages is proposed in this
paper. By applying the SRT to the constructed random matrix,
SM open-circuit failures can be correctly detected. A faulty SM
localization method is then activated upon SM failure detection.
The localization method identifies the faulty SMs based on the
concept of outlier recognition in statistical analysis. The pro-
posed failure diagnosis method requires no additional sensors
and thus introduces no extra cost. No estimator is utilized which
aids the robustness of the method since parameter uncertain-
ties exert negligible impact on the diagnosis effectiveness. The
proposed method is capable of dealing with both single and mul-
tiple SM failures even if the faulty SMs are located in different
arms. The feasibility of the proposed SM open-circuit failure
diagnosis method is verified by simulation results on a detailed
61-level MMC model in MATLAB/Simulink and experimental
results on a 13-level MMC prototype.

The remainder of the paper is organized as follows. The fault
characteristics of MMCs under SM open-circuit failures are
analyzed in Section II. The proposed SM failure detection and
faulty SM localization methods are introduced in Section III. In
Sections IV and V, simulation results and experimental results
are presented to validate the effectiveness of the proposed SM
failure diagnosis method. Finally, conclusions drawn from the
investigation are presented in Section VI.

II. FAULT CHARACTERISTICS OF SM OPEN-CIRCUIT FAILURES

In this section, the fault characteristics of MMCs under SM
open-circuit failures are analyzed to provide the prior knowledge
for SM failure diagnosis in later sections. The basic diagram
of a three-phase MMC based on half-bridge SMs (HBSMs) is
depicted in Fig. 1. A total number of six identical arms (two
per phase: positive arm and negative arm) are included in an
MMC. A series of HBSMs and an inductor L.y, are equipped
within each arm. The detailed operation principles of MMCs
have been elaborated in [27] and will not be presented here.
SM open-circuit failures can be categorized into three types, .S,
open-circuit failures, S; open-circuit failures, and S, & .S; open-
circuit failures, depending upon distinct failure points as shown
in Fig. 2. The fault characteristics would be analyzed separately
for the three failure types and the analysis is conducted based
on the reference directions defined in Fig. 1.

A. S, Open-Circuit Failure

The fault characteristics of S, open-circuit failures are pre-
sented in Table 1. .S, open-circuit failures have no impact on
MMC operation once the SM current igy is positive. However,
a negative SM current flows through D; whether a faulty SM
is required to be inserted or bypassed. In this case, a faulty SM
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Fig. 1. Basic diagram of three-phase MMCs with HBSMs.
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Fig. 2. Three types of SM open-circuit failures. (a) S, open-circuit failure.
(b) S; open-circuit failure. (c) S, & S; open-circuit failure.

TABLE I
FAULT CHARACTERISTICS OF S;, OPEN-CIRCUIT FAILURE

Current path and SM voltage variation

SM current direction C
Normal operation Su open-circuit failure
. Insert D, & Csy Charging D, & Csy Charing
Positive
Bypass M Unchanged S Unchanged
. Insert Su & Csu Discharging D Unchanged
Negative
Bypass Dy Unchanged Dy Unchanged
TABLE I

FAULT CHARACTERISTICS OF S; OPEN-CIRCUIT FAILURE

Current path and SM voltage variation

SM current direction C

Normal operation Su open-circuit failure
= Insert Dy & Csur Charging Dy & Csu Charing
Positive -
Bypass S Unchanged | D, & Csu Charing
. Insert Su & Csur Discharging | S, & Csy | Discharging
Negative
Bypass Dy Unchanged Dy Unchanged

loses the ability to discharge. The capacitor voltage of a faulty
SM remains at the highest value ever reached with notable de-
viation from healthy SMs.

B. S; Open-Circuit Failure

The fault characteristics of .S; open-circuit failures are pre-
sented in Table II. As opposed to S, open-circuit failures,
open-circuit failures have no impact on MMC operation if igy
is negative. However, a positive SM current is forced to flow
through D, regardless of the SM action command (insert or
bypass) and charges the dc capacitor continuously. Therefore, a
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TABLE III
FAULT CHARACTERISTICS OF S,, & S; OPEN-CIRCUIT FAILURE

Current path and SM voltage variation

SM current direction

Normal operation Su open-circuit failure
. Insert Dy & Csy Charging Dy & Csy Charing
Positive -
Bypass S Unchanged | Dy & Csu Charing
. Insert Su & Csur Discharging D; Unchanged
Negative
Bypass Dy Unchanged Dy Unchanged

faulty SM has one more extra charging period than normal SMs,
leading to a higher capacitor voltage.

C. S, & S; Open-Circuit Failure

The fault characteristics of S, & S; open-circuit failures are
presented in Table III. S, & S; open-circuit failures can be
regarded as an integration of S, open-circuit failures and .S,
open-circuit failures. In other words, a faulty SM loses the ability
to discharge while having one more extra charging period than
healthy SMs. Hence, a faulty SM has a higher capacitor voltage
than healthy SMs eventually.

In summary, the SM capacitor voltage of a faulty SM deviates
from those of normal SMs under all types of SM open-circuit
failures. This property forms the basis of the SM failure diag-
nosis method to be proposed.

III. PROPOSED SM FAILURE DIAGNOSIS METHOD

In this section, the proposed SM failure diagnosis method is
elaborated. First, a general introduction of the SRT is given. The
SM failure detection method based on the SRT is introduced
then, where a random matrix construction method based on
SM capacitor voltages is proposed. The SM failure localization
method is presented in the end.

A. Single Ring Theorem

SRT studies the empirical spectral distribution of a random
matrix’s eigenvalues. Fora N x T (N/T € (0, 1]) non-Hermitian
matrix X, the conversion shown in (1) is first taken to transfer it
into a standard non-Hermitian matrix X. y(x;) and o (x;) refer
to the expectation and standard deviation of the ith row vector
in X, respectively

— pu(xi))/o(x;). (1)

The singular value equivalent matrix Xu is then derived by
the following equation:

X, = VXXHU )

where U is an N x N Haar unitary matrix and X, X7 = XX
Finally, the standard matrix Z is acquired through the follow-
ing equation:

Xij = (@i

Xu,i
YT UNo(z) ¥
where z; and X, ; denote the i™ row vector of Z and XU, re-
spectively. The elements in Z satisfy y(z; ;) = Oand 02 (2; ;) =
1/N.
It has been proved [25] that once all elements in X are inde-
pendent identically distributed (IID), the eigenvalue distribution
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Fig. 3.  Eigenvalue distribution of matrix Z.

of Z tends to obey the probability distribution function (PDF)
given in (4) as N and T approaches infinity. That is, all eigenval-
ues (A1, Ao, ..., Ayx) of Z scatter within a circle with an inner
radius of (1 — N/T)? and an outer radius of 1 (normal state).
However, the eigenvalue distribution breaks through the inner
radius once the IID property of the matrix elements are spoiled
(abnormal state). As an example, the eigenvalue distribution of
a 600 x 1000 random matrix under normal and abnormal states
is depicted in Fig. 3. Outliers may appear once N and T are finite
with negligible impact

T _EQ
.mw{mw’“ad<m<1 @

0, otherwise.

The PDF of the eigenvalue radius  (r = |A|) can be derived

as follows:
2T N2
f(’l"): jTT’ (1—T) S’I"Sl
0, otherwise.

)

The mean spectral radius (MSR) shown in (6) is applied as a
representative of the eigenvalue distribution

1

mw—N;mL ©6)
The drawn 7ysr is then compared with a preset threshold
value ry. Once rysg < 7w, the evaluated system is regarded
to be operating abnormally. Determination of 7y can rely on
w(f(r))—the expectation of f{r). Since limited N and T are ap-
plied actually, a modifying index ¢ is utilized for adjustment in

the following equation:

ron =€ u(f(r) = 257 ©)

B. SM Failure Detection Method Based on SRT

The proposed diagnosis method applies the SRT to SM open-
circuit failure detection. The key to the proposed detection
method is random matrix construction. To enable reliable per-
formance, the elements in the applied random matrix must meet
the property of IID under normal operation and otherwise upon
SM open-circuit failures. Since SM open-circuit failures have
notable impact on SM capacitor voltages as shown in the last
section, SM capacitor voltages are used as the origin for random
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Fig. 4.  Schematic representation of the proposed SM failure detection method.
TABLE IV
( SM failure detected ) KEY PARAMETERS OF SIMULATION MODEL
v Item Description Value
SM vol . Srated Rated apparent power 120MVA
voltage sorting PF Power factor 1
i UL Line-line voltage (rms) 66kV
f Grid frequency 50Hz
Ule Rated dc voltage 120kV
E qu ation (10) Csm SM capacitance 6mF
Larm Arm inductance 15mH
l Nisu Number of SMs/arm 60
Yes fs Sampling frequency SkHz
4_
requency component, and the double-fundamental-frequenc
freq y p t, and the double-fund tal-freq y
v No component. ¢; and @, are the phase angles of the fundamental
SM i is under open- frequency component and the double-fundamental-frequency
circuit failures SM_i is normal component. # denotes an arbitrary time point and T = 1/f
[ _ t t
Vam.i(t) = / Vami (t)dt = /
) 4 t-T t—T
Evaluation finished No [Ueo £ Uey cos (wt + @1) + Uez cos (2wt + @o)]dt = U T.
(®)
Yes With the integral results, random distortion in (9) is then exe-
cuted to generate random matrix elements. The random distor-
ion is performed on per unit values of Vs (¢). The distortion
End t perf donp t val f Vx t). The distort
components Sy, are generated based on a uniform distribution
on [-r, r] through arbitrary pseudorandom number generators.
Fig. 5. Flowchart of the proposed SM failure localization method.

matrix elements. It is inappropriate to apply SM voltages di-
rectly in random matrix generation. Deviation bands inevitably
exist among SM capacitor voltages within one arm even under
normal operation due to a finite switching frequency [22]. Since
different number of SMs are inserted at each instant, such de-
viation bands vary from time to time. This will cause nonideal
oscillation of rysg. To address this issue, integral operation is
initially taken on SM voltages. A total number of f/ f, samples
are required for integral calculation, where f is the grid fre-
quency and f is the sampling frequency. A queue with length
f/ s is utilized to store the sampling values. It is updated once
a new sampling value is acquired by popping the first sampling
value (oldest) and inserting the new sampling value at the end of
the queue. The integral operation transfers SM voltages into dc
quantities under normal operation as shown in (8) and thus elim-
inates the impact of deviation band variation. U, U,1, and U,
represent the amplitude of the dc component, the fundamental

The value of r should be properly selected. A longer time is
required for failure detection as r increases while unreasonably
large r can even lead to type Il errors [28] since deviations can be
buried by the distortions. Meanwhile, r should not be too small
so as to ensure sufficient robustness and avoid type I errors [28]

X Nawt - Vani i (¢
Vanmi(t); = —gx[ = SM(t())
i VSMii

(i:i727"'7Nsl\1

+ SI"()H

j=1,2,....M). (9

At each sampling point, the random distortion in (9) is per-
formed on each Vart (t) for M times to generate a row vector
Vem.i(t);, Vami(t)y, - -, Vamui(t),,]- By integrating all Ngy
row vectors together, an Ngy x M random matrix is then ac-
quired. Under normal operation, all elements in the Ngy x M
random matrix are limited within a small range and thus approx-
imately satisfy a common uniform distribution. On the contrary,
elements in the matrix will exhibit different distribution features
upon SM open-circuit failures and thus ruin the IID property.
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Fig. 7. Simulation result of transients under normal operation.

Based on this, rysg of the Ngy x M random matrix is calcu-
lated through (1)—(3) and (6) at each sampling instant. Once the
condition rysg < 7 is met, an SM failure is assumed to happen.

The schematic representation of the proposed SM failure de-
tection method subjected to one arm is presented in Fig. 4.
In practice, all six arms in the MMC are monitored with the
proposed SM failure detection method. Such a configuration
enables multiple SM failure detection even if the faulty SMs are
in different arms.

Waveforms of SM capacitor voltages under different types of SM open-circuit failures. (a) S, open-circuit failure. (b) S; open-circuit failure. (¢c) S, &

C. SM Failure Localization Method

As stated before, faulty SMs have higher capacitor voltages
than healthy SMs under SM open-circuit failures. Hence, local-
ization of faulty SMs is equivalent to identification of outliers.
In statistics, an outlier is an observation point that is distant
from other observations. Boxplots are an effective tool for out-
lier identification [29]. The idea of the proposed SM failure
localization method evolves from outlier identification of the
box plots. The SM failure localization method is executed with
the following steps.

1) All SM capacitor voltages within the faulty arm are sorted

in ascending order.

2) The first and third quartiles @; and 3 are calculated

based on the sorted SM voltage sequence.

3) The interquartile range (IQR) is calculated through

Qs — Q1.
4) The upper limit is calculated through the following equa-
tion:
Vamoup = @3 + 1.5IQR. (10)
5) Each SM voltage is compared with Vsy_yp. The SMs with
capacitor voltages higher than Vsy .y, are identified as the
faulty SMs.
6) The flowchart of the proposed SM failure localization
method is displayed in Fig. 5.
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IV. SIMULATION VERIFICATION

In this section, the effectiveness of the proposed SM failure
diagnosis method is assessed by simulation. A detailed model
of a 61-level three-phase MMC is built in MATLAB/Simulink
with the key parameters listed in Table IV. The fault charac-
teristics of SM open-circuit failures are first demonstrated. The
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proposed method is then tested under different failure modes.
Its effectiveness under parameter uncertainties is confirmed at
last. A 60 x 100 random matrix is applied. S,y in (9) is gen-
erated within [-1e-2, le-2] and ¢ in (7) is set to 0.95. The SRT
algorithm is implemented based on Python. SM voltages are bal-
anced with the sorting algorithm [22] and circulating currents
are suppressed [30].

A. Fault Characteristics of SM Open-Circuit Failures

To demonstrate the fault characteristics of SM open-circuit
failures, one SM in arm AP is assumed to be damaged at 1.5 s.
The resulting SM voltage waveforms under different types of
SM open- circuit failures are shown in Fig. 6. Three different
power factors ( 5= V3 , 1) are applied for each failure type. As
can be seen from Fig. 6(a), the faulty SM is not discharged after
1.5 s and the voltage of the faulty SM stays at the highest point
eventually under the S, open-circuit failure regardless of the
power factor. As for the \S; open-circuit failure, the SM voltage
deviation between the faulty SM and the normal SMs tends to
increase after 1.5 s under all three power factors as shown in
Fig. 6(b). Under the S, & S; open-circuit failure, the faulty
SM cannot be discharged, while its capacitor voltage increases
gradually as shown in Fig. 6(c). The simulation results coincide
with the analysis given in the previous section. Since the MMC
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Fig.11.  Simulation results of multiple SM open-circuit failure diagnosis under

parameter uncertainties. (a) SRT evaluation. (b) SM failure localization.
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MCU&P Phase B
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Phase (Y

Fig. 12.  Picture of the MMC prototype.

reveals similar fault characteristics under distinct power factors,
the power factor will be fixed at one in the diagnosis without
loss of generality.

B. SM Open-Circuit Failure Diagnosis

The robustness of the proposed method to transient process
under normal operation is first demonstrated. It is then tested
under different failure scenarios. Since S, & S; open-circuit
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TABLE V
KEY EXPERIMENTAL PARAMETERS
Item Description Value
Srated Rated apparent power 2 kVA
PF Power factor 1
Ul Line-line voltage (rms) 100 V
f Grid frequency 50 Hz
Ude Rated dc voltage 400V
Csm SM capacitance 2.4 mF
LArm Arm inductance 15 mH
Ny Number of SMs/arm 12
s Sampling frequency 5kHz

Monitor PC

-

AN
100M Ethernet
\

I TTT T T T € -------- 1

L N MCU | ; i

o o

| | A | |
Optical fibre | | Optical fibre |

v L2

+

Fig. 13.  Communication structure of the MMC prototype.

failures are a combination of S, open-circuit failures and S;
open-circuit failures, methods capable of detecting S; open-
circuit failures and S; open-circuit failures are naturally com-
patible with the detection of S, & \S; open-circuit failures. Con-
sidering this, only the diagnosis of .S, open-circuit failures and
S open-circuit failures is discussed in this paper.

1) Case I: Transient Under Normal Operation: In this case,
the active transfer rating is switched from 1 to 0.5 p.u. at 1.5 s.
Considering the symmetry of the MMC, arm AP is selected as a
representative and the corresponding simulation result is shown
in Fig. 7. As can be seen, rysg remains above ry, regardless
of the transfer rating alternation. The transient process under
normal operation triggers no false detection.

2) Case 2: Single SM Failure: The simulation results of sin-
gle SM open-circuit failure diagnosis are shown in Fig. 8 (5,
open-circuit failure) and Fig. 9 (S; open-circuit failure). One
SM in the positive arm of phase A (SMypp) is assumed to
be broken at 1.5 s. As can be seen from Figs. 8(a) and 9(a),
rmsr of arm AP exceeds the limit of ry, at 1.516 s under the
S, open-circuit failure, while at 1.5045 s under the .S; open-
circuit failure. Meanwhile, 7\sg of other arms remains above
rw. The difference between the detection time of the S, open-
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Fig. 16. Experimental results of single S, open-circuit failure localization. Fig. 17. Experimental results of single .S; open-circuit failure localization.

circuit failure and the S; open-circuit failure is mainly due
to current directions. As stated previously, positive SM cur-
rents have no impact on the faulty SMs under S, open-circuit
failures, like negative SM currents under .S; open-circuit fail-
ures. Therefore, the required detection time is directly related
with the current direction at the failure instant. The SM failure

localization results under the S,, open-circuit failure and the .5,
open-circuit failure are presented in Figs. 8(b) and 9(b), respec-
tively. From the bar plots on the left-hand side, the SM voltage
of the faulty SM (SM 4 p1) exceeds the upper limit Vg _yp in both
Figs. 8(b) and 9(b). Such a conclusion can also be drawn from the
corresponding box plots on the right-hand side, where the volt-
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Fig. 18.  Experimental results of multiple SM open-circuit failure detection.

age of SM 4 p; isidentified as an outlier. Therefore, the proposed
method accomplishes single SM open-circuit failure detection
and localization.

3) Case 3: Multiple SM Failures: The simulation results
of multiple SM open-circuit failure diagnosis are shown in
Fig. 10. An S; open-circuit failure is triggered on SMyp;
while an .S, open-circuit failure is imposed on SMp 4 at 1.5 s.
As can be seen from Fig. 10(a), the proposed method detects
the open-circuit failure in SMyp; and SMpy4 at 1.5044
and 1.51 s, respectively. As for SM failure localization, both
SM, p1 and SMp y4 are correctly identified with the proposed
localization method as shown in Fig. 10(b) with significantly
larger capacitor voltages than Vg yp. In general, the proposed
method manages to detect and locate multiple SM open-circuit
failures in the MMC.

4) Case 4: Parameter Uncertainties: To demonstrate the im-
munity to parameter uncertainties of the proposed failure diag-
nosis method, distortions have been taken on arm inductance
and SM capacitance with L, = 1.2y and Cgy; = 0.8Csy.
A similar multiple failure configuration is applied as in Case 3.
The simulation results are presented in Fig. 11. The proposed
method manages to detect the failure in SM 4 p; (SMpy4) 4 ms
(9 ms) after occurrence and correctly identifies the faulty SMs.
Such simulation results establish the robustness of the proposed
method in terms of parameter uncertainties.

V. EXPERIMENTAL VERIFICATION

The proposed SM open-circuit failure diagnosis method is
verified on a three-phase MMC prototype in the laboratory. The
MMC prototype consists of 12SMs within each arm and is de-
signed under a rated power of 30 kW and a rated dc voltage of
2 kV. A picture of the MMC prototype is presented in Fig. 12.
The prototype comprises of four cabinets: one control cabinet
containing a main control unit (MCU) and a monitor PC and
three SM cabinets containing the stacked SMs of each phase.
Key experimental parameters are given in Table V. A dc power
source is used to support the dc voltage, while the ac output is

Error Occurrs at 2.0is

\ Detected at 2.019s
| Ie
— [Imsr

1.20 1.25 1.98 2.00 2.02 2.04 2.06
t/s t/s

msr & I'th
=3
b

“<Detected at 1.187s

connected to a grid simulator. The active power and dc voltage
are set to 2 kW and 400 V, based on safety limits. The commu-
nication structure of the MMC prototype is presented in Fig. 13.
A 5 kHz sampling frequency is used experimentally, as in the
simulations in the previous section. The SM voltage samples are
transferred to the MCU via parallel optical fibers and then to the
monitor PC for state evaluation. To enable sufficient data trans-
mission capability, a communication module based on 100M
Ethernet is embedded in the MCU. The sampled SM capacitor
voltages are transferred to the monitor PC via the Ethernet-based
communication module with a bit rate of 8 Mb/s. A 60 x 100
random matrix is applied for failure detection in the experiment,
where each sampling value of the 12SMs is reused five times in
random matrix generation. The SRT evaluations demonstrated
in this section are executed offline with the sampling data.

1) Case 1: Single SM Failure

The experimental results of single .S, open-circuit failure de-
tection are presented in Fig. 14. An error is activated at 1.01 s on
SM¢ 1. The upper graph in each subplot in Fig. 14 is the SM
capacitor voltages within one arm, while the lower plot depicts
the corresponding rysr. As can be seen, rysg of arm CN falls
below the limit of ry, 26 ms after failure occurrence, while rysg
of other arms is unaffected by the fault and remains above 7y,
after 1.01 s. This indicates successful failure detection. The SM
voltage waveforms of arm CN also coincide with the fault char-
acteristics analyzed in the previous section. The experimental
results of single S; open-circuit failure detection are presented
in Fig. 15. An error is triggered at 1.03 s on SM¢ . As can
be seen, the proposed method detects the SM failure in arm CN
6 ms after occurrence.

The experimental results of S, open-circuit failure and S
open-circuit failure localization are shown in Figs. 16 and 17,
respectively. SM¢ y; is correctly identified as the faulty SM
with a larger SM voltage than Vg in both cases. Similar
conclusion can be drawn via the boxplot on the right-hand
side, where the SM voltage of SM¢ y is regarded as an out-
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Fig. 19.  Experimental results of multiple SM open-circuit failure localization.
(a) Arm BN. (b) Arm CN.

lier. Longer detection time is required compared with the same
case in the 120 MW simulation, which is mainly due to the
relatively slower formation of deviations as a result of smaller
currents.

2) Case 2: Multiple SM Failures

The experimental results of multiple SM open-circuit failure
detection are presented in Fig. 18. An .S,, open-circuit failure is
activated on SMp 3 at 1.15 s, then an \S; open-circuit failure is
triggered on SM¢ v at 2.01 s. As can be seen, rysg of arm BN
and arm CN falls below ry, at 1.87 and 2.019 s, respectively.
Meanwhile, rysg of other arms remains above ry, during the
whole time and thus no false alarm is generated. The experimen-
tal results of multiple SM open-circuit failure localization are
presented in Fig. 19. In Fig. 19(a), SM 3 y3 is correctly identified
as the faulty with a larger SM voltage than Vg p. In Fig. 19(b),
the failure in SM¢ 1 is also correctly located with the pro-
posed method. The experimental results establish the capability
of the proposed method in detecting and locating multiple SM
open-circuit failures even if the faulty SMs are in different arms.

VI. CONCLUSIONS

In this paper, an SM open-circuit failure diagnosis method
has been proposed for MMCs. Two steps are executed in the
proposed method: Failure detection then faulty SM localization.
A failure detection method based on the SRT is proposed along
with a statistical-analysis-based failure localization method.
The superiorities of the proposed diagnosis method include the
following.

1) No estimators are applied which ensures robustness in
terms of parameter uncertainties and hence good general-
ization ability.

2) No extra sensors are required. The implementation is
based on SM voltages which are already available as
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measurement inputs to the control system. Hence, no ad-
ditional cost is introduced.

3) The SM failure diagnosis method is capable of detecting
both single and multiple SM failures even if the faulty
SMs are in different arms.

4) The method enables fast failure detection and localization
(no more than 10 ms at 120 MW and no more than 40 ms
at 2 kW).

The effectiveness of the proposed method has been estab-
lished by simulation on a 61-level MMC model in MAT-
LAB/Simulink and experimentally on a 13-level MMC. The
proposed method accomplishes failure detection and localiza-
tion tasks under both single and multiple SM failures. Neverthe-
less, further modifications are required on the current execution
process of the proposed method to enable efficient online di-
agnosis. The modifications could be made on hardware (e.g.,
using a powerful workstation as the monitor PC) or software
(e.g., applying the multithreading technology), which calls for
further research and improvements.
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