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Abstract- Fault localization is one of the most 

important issues for modular multilevel converters (MMCs) 
consisting of numerous switches. This paper proposes an 
Isolation Forest (IF) based SM switch open-circuit fault 
localization method for MMCs. Based on the continuous 
sampling SM capacitor voltages, a number of Isolation 
Trees (ITs) are produced to construct the IFs for MMCs. 
Through the comparison of continuous IFs’ outputs, the 
faulty SM can be effectively localized. The proposed IF 
based fault localization method only requires SM capacitor 
voltages in the MMC to construct concise low-data-volume 
tree models, and uses sparsity and difference properties 
of outlier data to localize fault, and accordingly it 
simplifies calculation complexity. In addition, it does not 
require the MMC’s mathematical models and manual 
setting of empirical thresholds. Simulation and experiment 
are conducted, and the results confirm the effectiveness 
of proposed method. 

Index terms- Isolation forest, isolation tree, modular 
multilevel converter, open-circuit fault, submodule. 

I.  INTRODUCTION 

Modular multilevel converters (MMCs) have gained 

increasingly applications in medium/high-voltage systems [1]. 

Compared with traditional multilevel converters, the MMC 

has a series of irreplaceable advantages such as modularity, 

flexibility, scalability, high efficiency, low switching 

frequency and superior harmonic performance, etc. [2]. 

Reliability is one of the important issues for MMCs. The 

MMC consists of numerous submodules (SMs) and each SM 

contains several power switches, where each switch could be a 

potential failure point and the switch open-circuit fault would 
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affect the safe operation of MMCs [3], [4], and accordingly it 

is crucial to localize the faulty SM after the fault occurrence. 

Recently, the SM fault localization methods for MMCs can 

be categorized into three categories. One category is hardware 

circuit-based method. Reference [5] presents the fault 

detection method based on the voltage across arm inductors 

using an additional winding. References [6] present the fault 

localization methods based on extra sensors and driver 

modules. The hardware circuit-based method requires extra 

circuits not only leads to increased cost but also new potential 

failure points. 

One category is mathematical model-based method. 

References [7]-[11] adopt the Kalman Filter, sliding mode 

observers, single ring theorem, state observer for fault 

localization in MMCs. Reference [12] presents a fault 

localization method for MMCs under SM lower switch open-

circuit fault. Reference [13] investigates the fault localization 

strategy based on the switching function. Mathematical 

model-based method requires the MMC’s mathematical 

models, whose characteristics of high-order, nonlinear and 

strong coupling make it complicated. In addition, it needs to 

artificially set the threshold that varies with the operation 

conditions of the MMC, which also brings difficulties. 

Artificial intelligence (AI)-based method is another 

category, which is attractive and competitive to be used for 

switch open-circuit fault localization in MMCs. Reference [14] 

presents an SM open-circuit fault localization strategy using 

sliding-time window based features extraction algorithm and 

two-dimensional convolutional neural networks (2D-CNNs). 

Reference [15] presents the one-dimensional convolutional 

neural networks (1D-CNNs) based fault localization method. 

Not only a large amount of voltage and current data, but also 

complex calculation is required for the method, which results 

in high calculation cost, and accordingly affect the efficiency 

of fault localization. Reference [16] presents an SM open-

circuit fault localization method based on SM voltage 

similarity and time-domain feature extraction of capacitor 

voltages. Reference [17] presents the fault localization method 

based on two-dimensional trajectory pattern recognition of SM 

characteristic variables using clustering algorithm. However, 

the methods in [16], [17] still need to build detailed 

mathematical models of the MMC and set threshold 

artificially. 

In this paper, an Isolation Forest (IF) based switch open-

circuit fault localization method is proposed for MMCs. The 

IF composed of numerous Isolation Trees (ITs) is proposed to 
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be constructed based on continuous sampling SM capacitor 

voltages. Based on IFs’ outputs, which are determined by SM 

average depth, the faulty SM can be effectively localized. The 

primary contributions of proposed method include: 1) it avoids 

constructing precise mathematical models and artificially 

setting empirical threshold in comparison with [16], [17]; 2) it 

directly utilizes the statistical characteristics of SM capacitor 

voltages instead of complicated feature extraction process in 

comparison with [14]-[17]; 3) it constructs concise low-data-

volume tree models, uses sparsity and difference properties of 

outlier data to localize faulty SM, and accordingly it has low 

calculation complexity in comparison with [14], [15]. 

The rest of the paper is organized as follows. Section II 

describes the fault characteristics of MMCs. Section III 

proposes the IF based fault localization method for MMCs. 

Section IV discusses the proposed method. Sections V and VI 

present the simulation and experiment studies, respectively. 

Finally, the conclusion is presented in Section VII. 

II. MMC ANOMALY UNDER SWITCH OPEN-CIRCUIT FAULTS 

A. Normal Operation of MMCs 

   A three-phase MMC consisting of six arms is shown in 

Fig. 1(a). Each arm consists of n identical SMs and an arm 

inductor Ls. Fig. 1(b) shows the i-th SM in upper arm of phase 

A, which consists of upper switch/diode T1/D1, lower 

switch/diode T2/D2 and a capacitor C [18]. Each SM is 

controlled by a switching function Saui as 
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Fig. 1. MMC topology. (a) Three-phase MMC. (b) Submodule. 

Table I shows four normal operation modes of the SM. In 

mode 1, the arm current iau is positive and Saui=1. Here, T1 is 

switched on and T2 is switched off. The SM output voltage usm 

is the capacitor voltage ucaui, the capacitor C is charged and 

ucaui is increased. In mode 2, iau is positive and Saui=0. Here, T1 

is switched off and T2 is switched on. The usm is 0 and ucaui is 

unchanged. In mode 3, iau is negative and Saui=1. Here, T1 is 

switched on and T2 is switched off. The usm is ucaui, the 

capacitor is discharged, and the ucaui is decreased. In mode 4, 

iau is negative and Saui=0. Here, T1 is switched off and T2 is 

switched on. The usm is 0 and ucaui is unchanged [19]. 

TABLE I 

Normal Operation Modes of SM in MMCs 

Mode iau Saui T1 T2 usm ucaui 

1 
≥0 

1 On Off ucaui Increased 

2 0 Off On 0 Unchanged 

3 
<0 

1 On Off ucaui Decreased 

4 0 Off On 0 Unchanged 

B. SM Switch Open-Circuit Faults Characteristics 

Switch open-circuit fault can be categorized into two types 

of faults, as shown in Fig. 2. 
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Fig. 2. SM open-circuit fault. (a) Type I. (b) Type II. 

Type I: T1 open-circuit fault, as shown in Fig. 2(a). T1 fault 

has no impact on SM operation when iau is positive. However, 

when iau is negative, the iau flows through D2 and cannot flow 

through T1. Therefore, the Mode 3 is affected, as shown in 

Table II. Here, usm=0 and ucaui is unchanged [20]. 

TABLE II 

Fault Characteristics of T1 Open-Circuit Fault  

Mode iau Saui T1 T2 usm ucaui 

3 <0 1 Open-circuit Off 0 Unchanged 

Type II: T2 open-circuit fault, as shown in Fig. 2(b). T2 fault 

has no impact on SM operation when iau is negative. However, 

when iau is positive, the iau flows through D1 and C while 

cannot flow through T2. Therefore, the Mode 2 is affected, as 

shown in Table III. Here, usm=ucaui and ucaui is increased [20]. 

TABLE III 

Fault Characteristics of T2 Open-Circuit Fault  

Mode iau Saui T1 T2 usm ucaui 

2 ≥0 0 Off Open-circuit ucaui Increased 

C. Anomaly of SM Capacitor Voltage under Faults 

Based on (1) and Tables I~III, the absorbed power Psm_n, 

Psm_T1, Psm_T2 of the healthy SM, the SM under Type I fault, 

the SM under Type II fault, respectively, can be obtained as 

sm_n aui caui auP S u i                              (2) 
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According to (2)-(4), the switch fault would obviously 

result in the anomaly of capacitor voltage in the faulty SM, as 

shown in Table IV. Under T1 open-circuit fault, the SM 

operation loses the capacitor discharge period, and there 

would be Psm_T1>Psm_n, and it results in that the capacitor 

voltage in faulty SM would be larger than that in healthy SMs. 

Under T2 open-circuit fault, the capacitor in faulty SM charges 

longer time than healthy SMs, there would be Psm_T2>Psm_n, 
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and it results in that the capacitor voltage in faulty SM would 

be larger than that in healthy SMs. 

TABLE IV 

Anomaly of Faulty SM 

Fault type Anomaly of faulty SM capacitor voltage 

I Larger than healthy SM 

II Larger than healthy SM 

III. PROPOSED IF BASED FAULT LOCALIZATION METHOD 

IF shows state-of-the-art performance in the data-mining 

field, and widely used in data anomaly detection in industry, 

network security and financial transactions due to its linear 

time complexity and excellent accuracy [21]-[23]. In this 

paper, the IF is adopted to identify the outlier data of capacitor 

voltages under SM open-circuit fault, and an IF based fault 

localization method is proposed for MMCs. Fig. 3 shows the 

IF based fault localization method for the upper arm of phase 

A, which can localize the fault based on the IF constructed by 

the capacitor voltages ucau1~ucaun in the upper arm of phase A 

of the MMC. 
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Fig. 3. Proposed IF based fault localization method for upper arm of phase A. 

A. IT for MMCs 
In the MMC, the n SM capacitor voltages ucau1~ucaun in the 

upper arm of phase A are sampled, where the capacitor 

voltage sampling frequency is fs and the sampling period is 

Ts=1/fs. In each sampling period Ts, an IT is constructed by the 

sampled n SM capacitor voltages ucau1~ucaun. Fig. 4 shows an 

IT example. The IT is a non-linear data structure, which 

contains a number of Levels. Each Level is composed of the 

Nodes, where the Node is separated into two Nodes in the next 

Level, as follows. 
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Fig. 4. An IT example for the upper arm of phase A. 

Level 0: Root Node N0, which contains n SMs as 

SM1~SMn. 

Level 1: Randomly select a split value u0, which is between 

the minimal SM capacitor voltages and the maximal SM 

capacitor voltages in Node N0. Afterwards, the Node N0 is 

separated into two Nodes N1_1 and N1_2. The Node N1_1 

contains the SMs in the N0, whose capacitor voltage is less 

than or equal to u0. The Node N1_2 contains the SMs in the N0, 

whose capacitor voltage is more than u0. 

Level 2~Last Level: Referring to Level 1, the Nodes N1_1 

and N1_2 are separated into more Nodes, respectively, until 

each Node only contains one SM. 

Finally, the IT will have n terminal Nodes (TENs) localized 

at the terminals of these branches, where each TEN contains 

only one SM. Since the TEN only has one SM, it can no 

longer be separated. In the IT, the n SMs including SM1~SMn 

are finally distributed into the n TENs in the light of their 

corresponding capacitor voltages. In the IT, the TEN 

containing the SMi (1≤i≤n) can be expressed as TEN(SMi). 

The Level of TEN(SMi) in the IT can be expressed as 

IT[Level(TEN(SMi))]. 

B. SM Depth in IT 
In the IT, the Depth D(i) of the SMi (1≤i≤n) can be 

expressed with the Level of the TEN containing the SMi, as 

                      D(i) = IT[Level(TEN(SMi))]                     (5) 

According to the IT principle [22], the smaller of the D(i), 

there would be a high probability that the SMi would have a 

higher anomalous degree; the bigger of the D(i), there would 

be a high probability that the SMi would have a lower 

anomalous degree, as shown in Table V. 

TABLE V 

IT Principle about SM Anomalous Degree and SM Depth 

SM Depth Anomalous degree 

Small High (High probability) 

Big Low (High probability) 

In the MMC, the SM open-circuit fault would cause SM 

capacitor voltage anomaly, as shown in Table IV. According 

to IT principle [22] and Table V, suppose that the SM 

anomaly accounts for a small amount, the SM anomaly would 

result in a high probability that the depth D of faulty SM is 

small in comparison with that of healthy SM in the IT, as 

shown in Table VI. 

C. IF for MMCs 
An IF is composed of mp (p=1, 2, 3 ...) continuous ITs 

including IT1~ITmp, which is constructed based on n SM 

capacitor voltages ucau1~ucaun sampled at mp continuous 

sampling periods with the sampling interval as Ts. 

Fig. 5(a) shows the IFs for the MMC with n=6 SMs per arm. 

In each IF, the j-th (1≤j≤mp) IT has n TENs corresponding to 

the n SMs (SM1~SMn), respectively, where each SM 

corresponds with a depth. The D(i, j) represents the Depth of 

the SMi (1≤i≤n) in the j-th IT of the IF. Fig. 5(a) also shows 

the anomalous degree for the TENs in the IF, where the Node 

with the color is TEN. Along with the darkening of the color, 

the anomalous degree of the TEN will have a high probability 

to be high, and the TEN would have a high probability to 

contain an anomalous SM. 

D. SM Average Depth in IF 
In each IF, the average depth AD(i) of the SMi is 

 
1

1
( ) ( , )

pm

jp

AD i D i j
m 

    (6) 
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Fig. 5. IFs for the MMC. (a) IFs and IFOs. (b) Buffer and fault flag.

According to IF principle [22], the AD(i) for the SMi 

depends on the capacitor voltage anomaly in the SMi, as 

shown in Table VI, as follows. 

 If the SMi has no anomaly because its capacitor 

voltage has no anomaly, there is a high probability that 

the average depth AD(i) of the SMi in the IF is big. 

 If the SMi has anomaly because its capacitor voltage 

has anomaly, there is a high probability that the 

average depth AD(i) of the SMi in the IF is small. 

TABLE VI 

IF for MMCs under Fault 

SM state SM Depth SM’s AD 

Open-circuit fault ↓ ↓ 

Health ↑ ↑ 

E. IF Output 
For each IF, its output IFO is defined as the number (e.g. 1, 

2…n) of the SM corresponding to the minimal AD among 

AD(1)~AD(n), as 

IFO = No. of SM corresponding to Min[AD(1)~AD(n)]  (7) 

Based on above analysis, it can be observed that the switch 

open-circuit fault in the SMi results in that the AD(i) 

corresponding to the SMi has a high probability to be smallest. 

Consequently, the number i corresponding to the faulty SMi 

would be the output of the IF. 

F. Fault Detection 

With the IF principle, the IF1, IF2, IF3…… for the MMC 

are produced over the time, which are not overlapped, as 

shown in Fig. 5(b). In order to achieve fault localization in the 

MMC, k number of continuous IFs are adopted, whose outputs 

are stored in the buffer, as shown in Fig. 5(b). The buffer can 

be expressed as 

      Buffer={B(1), B(2),…, B(k)}                        (8) 

with 
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  (9) 

where B(1), …, B(k) represent k elements in the buffer. IFO[t] 

is defined as the latest IFO at time t, IFO{[t]-1} is defined as 

the sub-latest IFO at time t, and so on. The buffer is updated 

every mpTs, where the oldest IFO is popped and the newest 

IFO is inserted.  

Based on the k number of values B(1), B(2),…, B(k) in the 

buffer, a fault flag is defined as 

Flag=TRUE{B(1)=B(2)=…=B(k)}                 (10) 

The faulty SM in the MMC can be detected based on the 

Flag, as follows. 

 When the k values in the buffers are all the same as 

B(1)=B(2)=…=B(k)=γ (1≤γ≤n), it means that the k 

numbers of continuous IFOs are the same, the Flag 

will be “1”, and the γ-th SM is detected with the fault. 

And then, the γ-th SM is bypassed from the MMC. 

Afterwards, the fault localization still continues to 

work to detect the fault. 

 When the k values in the buffers B(1), B(2),…, B(k) 

are not the same, it means that the k numbers of 

continuous IFOs are not the same, the Flag will be 

“0”, the MMC works normally without faults. And 

then, the fault localization still continues to work to 

detect the fault. 

IV. ANALYSIS ON PROPOSED FAULT LOCALIZATION METHOD 

A.   Selection of mp 

An IF contains mp ITs. Taking the MMC with 6 SMs per 

arm as an example, as shown in Table VIII. Fig. 6(a) and Fig. 

6(b) show the average depth AD(1)~AD(6) of a constructed IF 

with various mp, where the T1 open-circuit fault and T2 open-

circuit fault occur in the SM1 of the MMC working in inverter 

mode, respectively. In the Fig. 6, the AD(1) is the smallest 

among AD(1)~AD(6) owing to the fault in SM1. 

According to IF algorithm [21]-[23], along with the 

increase of mp, the AD would be stable and nearly constant, as 

shown in Fig. 6. As a result, mp can be selected when the AD 

becomes nearly constant. The selection of mp can be 

implemented as follows. A number of latest AD(i)s are 

selected and their average value is calculated as AD(i)avg. 

When these latest AD(i)s are in the range of [(1-ε)·AD(i)avg, 

(1+ε)·AD(i)avg] and lasts for several periods, where ε is error, 

the AD(i) can be regarded to be stable, and then the mp can be 

selected. For example, the selection of mp in Fig. 6 can be 

implemented, where the mp can be obtained as 84 when 

ε=0.5%. 
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Fig. 6. AD of IT under various mp. (a) T1 fault. (b) T2 fault. 

B.  Selection of k 

The buffer has k IFOs. Obviously, the bigger of k, the longer 

of the fault localization time, and vice versa. In addition, the k 

is related to the fault localization accuracy, where the fault 

localization accuracy is increased when the k is increased, and 

vice versa. Fig. 7 shows the relationship between k and fault 

localization accuracy based on the system shown in Table VIII, 

where 250 samples under fault cases and 250 samples under 

fault-free case are considered. All samples are divided into 

two types as 0 (health) and 1 (fault) and the accuracy can be 

expressed as (11) based on confusion matrix theory [24]. 

 
TP TN

Accuracy
TP FP TN FN




  
 (11) 

where TP is true positive defined as the number of samples 

predicted as 1 and actually is 1. FP is false positive defined as 

the number of samples predicted as 1 but actually is 0. FN is 

false negative defined as the number of samples predicted as 0 

but actually is 1. TN is true negative defined as the number of 

samples predicted as 0 and actually is 0. 
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Fig. 7. Relationship between fault localization accuracy and k. 

From Fig. 7, it can be observed that the accuracy is 

increased along with the increase of k, where the accuracy 

reaches 99.2% when k=5. Hence, to ensure the accuracy, the k 

can be selected as 5 for this MMC system. 

C.  Discussion of Fault Localization Time 

The fault localization time is related to the arm current at 

the fault occurrence instant. Figs. 8 and 9 show the fault 

localization time of the MMC working in inverter mode and 

rectifier mode, respectively, which are derived from the 

simulation system in Section V. Here, T1 open-circuit fault 

occurs in the SM1 of the MMC and T2 open-circuit fault 

occurs in the SM1 of the MMC are considered, respectively. 

Figs. 8(a) and 9(a) show the arm current in one period. Figs. 

8(b) and 9(b) show the fault localization time of the MMC 

corresponding to various arm current at fault occurrence 

instant. It can be observed that the arm current direction at 

fault occurrence instant affects the fault localization time. The 

proposed fault localization method can effectively localize the 

faulty SM within one fundamental period, 20 ms.  
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Fig. 8. Fault localization time for MMCs in inverter mode. (a) Arm current. (b) 

Fault localization time corresponding to various arm current at fault instant. 
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Fig. 9. Fault localization time for MMCs in rectifier mode. (a) Arm current. (b) 

Fault localization time corresponding to various arm current at fault instant. 

Figs. 10(a) and (b) shows the fault localization time for the 

MMC with different numbers of SMs per arm, including 10, 

20, 50, 100 and 200, where the MMC working in inverter 

mode and rectifier mode are considered, respectively. For the 

MMCs with different number of SMs per arm, their capacitor 

voltages are kept the same. Fig. 10(a) shows the fault 

localization time for the MMC when the fault occurs at θ=0 

for arm current shown  
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Fig. 10. Fault localization time for the MMC with different number of SMs 

per arm. (a) Inverter mode and θ=0. (b) Rectifier mode and θ=0. 

in Fig. 8. Fig. 10(b) shows the fault localization time for the 

MMC when the fault occurs at θ=0 for arm current shown in 

Fig. 9. Here, the T1 open-circuit fault of SM1 and T2 open-

circuit fault of SM1 in upper arm of phase A, respectively, are 

considered. It can be observed that different numbers of SMs 

per arm almost does not affect the fault localization time. 

D.   Implementation Time of Proposed Method 

Fig. 11 shows the implementation time for one IT. It 

increases along with the increase of SM number n per arm, 

where the classic Pascal architecture (P40, P100) graphics-

processing unit (GPU) is considered. The implementation time 

consists of two parts including calculation for depth and 

calculation for AD. It can be observed that the implementation 

time is less than 10 μs even n=200, which is quite short. 
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Fig. 11. Implementation time for one IT. 

E.   Comparison of Fault Localization Methods 

Table VII compares the proposed method and other fault 

localization methods [5]-[10], [14]-[17], in view of 

mathematical models, extra hardware, data volume, 

calculation cost, and fault localization time. 
TABLE VII 

Comparison of Fault Localization Methods for MMCs 

Method 
Math 

Models 

Extra 

Hardware 

Data 

volume 

Cal. 

cost 

Localization 

time (ms) 

[5] No Yes / / About 100 

[6] No Yes / / About 40 

[7] Yes No / / About 100 

[8] Yes No / / About 40 

[9] Yes No / / About 40 

[10] Yes No / / 40~100 

[14] No No Large High <20 

[15] No No Large High About 100 

[16] Yes No Large High <20 

[17] Yes No Large High About 40 

Proposed No No Small Low <20 

The methods in [5], [6] require additional equipment, which 

would incur not only increased cost, but also new potential 

failure points. The methods in [7]-[10] rely on the MMC’s 

detailed mathematical model, which would be complex along 

with the increase of the SM number. What is more, the 

methods in [7]-[10] require manual setting of complex 

empirical threshold. Both the AI-based methods [14]-[17] and 

the proposed method are data-driven. The methods in [14], [15] 

use numerous data in multiple dimensions including capacitor 

voltages, arm currents, circulating currents, etc., and it 

requires complex calculation. The methods in [16], [17] still 

need the MMC’s mathematical models and set the complex 

threshold. However, the proposed method only depends on 

capacitor voltages, which reduces the data volume. Besides, 

the proposed method has low memory requirement and low 

calculation cost. 

The proposed method can localize the fault within one 

fundamental period, 20 ms, with the advantage of concise low-

data-volume tree models. The hardware circuit based methods 

[5], [6] require around 100 ms and 40 ms, respectively, to 

localize the fault. The mathematical model based methods [7]-

[10] require around 40~100 ms. The method presented in [15] 

requires about 100 ms owing to the fact that inaccurate feature 

expression. Besides, the methods in [14], [16] can localize the 

fault within 20 ms and the method in [17] requires around 40 

ms to localize the fault. 

 

 

 

(a) 

(a) 
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V. SIMULATION STUDIES 

To verify proposed method, a three-phase MMC connected 

to the grid via a transformer is built with PSCAD/EMTDC. 

The system parameters are shown in Table VIII. 

TABLE VIII 

Simulation System Parameters 

Parameter Value 

Rated power of the MMC 6 MW 

DC-link voltage Vdc 6 kV 

Number of SMs per arm 6 

SM capacitance C 12.5 mF 

Arm inductance Ls 3 mH 

Filter inductance Lf 1 mH 

Transformer voltage rating 3 kV/33 kV 

Grid voltage 33k V 

Grid frequency fg 50 Hz 

Sampling frequency fs 100 kHz 

ε 0.5% 

A. Case 1: Normal Operation of MMCs in Inverter Mode 

In this case, the MMC works normally without fault. Here, 

the MMC works in inverter mode. Fig. 12 shows the capacitor 

voltages ucau1~ucau6 in the upper arm of phase A. Fig. 13 shows 

the IFOs and fault flag of proposed method in a short time 

[1.2s, 1.2201s]. In Fig. 13, the Flag is always 0, and no false 

alarmed. It need be noted that the length of each square 

represents the time of an IF, which is nearly different from 

others. 
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Fig. 12. Capacitor voltages ucau1~ucau6 in the upper arm of phase A.  
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Fig. 13. IFO and fault flag. 

B. Case 2: T1 Open-Circuit Fault of MMCs in Inverter Mode 

In this case, the T1 open-circuit fault of SM1 occurs at 1.2 s 

in the upper arm of phase A, where the MMC works in 

inverter mode. Fig. 14 shows the capacitor voltages ucau1~ucau6 

in the upper arm of phase A. Fig. 15 shows the IFOs and fault 

flag in a short time [1.2s, 1.2179s]. In the initial stage, the ucau1 

is normal as ucau2~ucau6 and the Flag is 0, while ucau1 becomes 

anomaly since 1.2128 s. The IFO becomes 1 at 1.2128 s and 

lasts for 5.1 ms. As a result, the Flag becomes 1 at 1.2179 s 

and the faulty SM1 is localized at a cost of 17.9 ms. 
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Fig. 14. Capacitor voltages ucau1~ucau6 in the upper arm of phase A.  
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Fig. 15. IFO and fault flag. 

C. Case 3: T2 Open-Circuit Fault of MMCs in Inverter Mode 

In this case, the T2 open-circuit fault of SM1 occurs at 1.2 s 

in the upper arm of phase A, where the MMC works in 

inverter mode. Fig. 16 shows the capacitor voltages ucau1~ucau6 

in the upper arm of phase A. Fig. 17 shows the IFOs and fault 

flag in a short time [1.185s, 1.2052s]. In the initial stage, the 

ucau1 is normal as ucau2~ucau6 and the Flag is 0, while ucau1 

becomes anomaly after fault. The IFO becomes 1 at 1.2004 s 

and lasts for 4.8 ms. As a result, the Flag becomes 1 at 1.2052 

s and the faulty SM1 is localized at a cost of 5.2 ms. 
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Fig. 16. Capacitor voltages ucau1~ucau6 in the upper arm of phase A.  
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Fig. 17. IFO and fault flag.  

D. Case 4: T1 Open-Circuit Fault of MMCs in Rectifier Mode 

In this case, the T1 open-circuit fault of SM1 occurs at 1.21 

s in upper arm of phase A, where the MMC works in rectifier 

mode. Fig. 18 shows the ucau1~ucau6. Fig. 19 shows the IFOs 

and fault flag in a short time [1.206s, 1.226s]. In the initial 

stage, the ucau1 is normal as ucau2~ucau6, and the Flag is 0. The 

ucau1 becomes anomaly since 1.221 s. The IFO becomes 1 at 

1.2212 s and lasts for 4.8 ms. As a result, the Flag becomes 1 

at 1.226 s and the faulty SM1 is localized at a cost of 16 ms. 

Fault localized

ucau2~ucau6

ucau1

0.9

1

1.1

1.2

1.17 1.19 1.21 1.23 1.25 1.27
Time (s)C

ap
ac

it
o

r 
v

o
lt

ag
e 

 (
k

V
)

Normal Fault 

 
Fig. 18. Capacitor voltages ucau1~ucau6 in the upper arm of phase A.  
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Fig. 19. IFO and fault flag.  

E. Case 5: T2 Open-Circuit Fault of MMCs in Rectifier Mode 

In this case, the T2 open-circuit fault of SM1 occurs at 1.21 

s in upper arm of phase A, where the MMC works in rectifier 

mode. Fig. 20 shows the ucau1~ucau6. Fig. 21 shows the IFOs 

and fault flag in a short time [1.2s, 1.2181s]. In the initial 

stage, the ucau1 is normal as ucau2~ucau6 and the Flag is 0, while 

ucau1 becomes anomaly since 1.213 s. The IFO becomes 1 at 

1.2133 s and lasts for 4.8 ms. As a result, the Flag becomes 1 

at 1.2181 s and the faulty SM1 is localized at a cost of 8.1 ms. 
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Fig. 20. Capacitor voltages ucau1~ucau6 in the upper arm of phase A. 
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Fig. 21. IFO and fault flag.  

F. Case 6: T1 & T2 Open-Circuit Faults of MMCs in Inverter 

Mode 

In this case, both T1 & T2 open-circuit fault of SM1 occurs 

at 1.2 s in the upper arm of phase A, where the MMC works in 

inverter mode. Fig. 22 shows the capacitor voltages ucau1~ 

ucau6 in the upper arm of phase A. Fig. 23 shows the IFOs and 

fault flag in a short time [1.185s, 1.2051s]. In the initial stage, 

the ucau1 is normal and close to ucau2~ ucau6 and the Flag is 0, 

while ucau1 becomes anomaly since 1.2005 s. The IFO 

becomes 1 at 1.2005 s and lasts for 4.6 ms. As a result, the 

Flag becomes 1 at 1.2051 s and the faulty SM1 is localized at 

a cost of 5.1 ms. 
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Fig. 22. Capacitor voltages ucau1~ucau6 in the upper arm of phase A. 
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Fig. 23. IFO and fault flag.  

G. Case 7: T1 & T1 Open-Circuit Faults in Two Different SMs 

of MMCs in Inverter Mode 

In this case, the T1 open-circuit fault of SM1 and T1 open-

circuit fault of SM2 occur at 1.213 s in the upper arm of phase 

A, where the MMC works in inverter mode. Fig. 24 shows the 

capacitor voltages ucau1~ucau6 in upper arm of phase A. Fig. 25 

shows the IFOs and fault flag in a short time [1.203s, 1.2227s]. 

In the initial stage, the ucau1~ ucau2 are normal as ucau3~ ucau6 

and the Flag is 0, while ucau1~ ucau2 become anomaly since 

1.213 s. The IFO becomes 2 at 1.213 s and lasts for 4.9 ms. 

Then the IFO becomes 1 at 1.2179 s and lasts for 4.8 ms. As a 

result, the Flag becomes 1 at 1.2179 s and 1.2227 s, the faulty 

SM1 and SM2 are localized at a cost of 9.7 ms and 4.9 ms 

respectively. 
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Fig. 24. Capacitor voltages ucau1~ucau6 in the upper arm of phase A. 
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Fig. 25. IFO and fault flag. 

H. Case 8: T1 & T2 Open-Circuit Faults in Two Different SMs 

of MMCs in Inverter Mode 

In this case, the T1 open-circuit fault of SM1 and T2 open-

circuit fault of SM2 occur at 1.21 s in the upper arm of phase 

A, where the MMC works in inverter mode. Fig. 26 shows the 

capacitor voltages ucau1~ ucau6 in the upper arm of phase A. Fig. 

27 shows the IFOs and fault flag in a short time [1.2s, 

1.2195s]. In the initial stage, the ucau1~ ucau2 are normal as 

ucau3~ ucau6 and the Flag is 0, while ucau1~ ucau2 become 

anomaly since 1.21 s. The IFO becomes 2 at 1.2101 s and lasts 

for 4.7 ms. Then the IFO becomes 1 at 1.2148 s and lasts for 

4.7 ms. As a result, the Flag becomes 1 at 1.2148 s and 1.2195 

s, the faulty SM1 and SM2 are localized at a cost of 9.5 ms 

and 4.8 ms respectively. 
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Fig. 26. Capacitor voltages ucau1~ucau6 in the upper arm of phase A. 
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Fig. 27. IFO and fault flag. 

I. Case 9: T2 & T2 Open-Circuit Faults in Two Different SMs 

of MMCs in Inverter Mode 

In this case, the T2 open-circuit fault of SM1 and T2 open-

circuit fault of SM2 occur at 1.2 s in the upper arm of phase A, 

where the MMC works in inverter mode. Fig. 28 shows the 

capacitor voltages ucau1~ ucau6 in the upper arm of phase A. Fig. 

29 shows the IFOs and fault flag in a short time [1.191s, 

1.2106s]. In the initial stage, the ucau1~ ucau2 are normal as 

ucau3~ ucau6 and the Flag is 0, while ucau1~ ucau2 become 

anomaly since 1.201 s. The IFO becomes 1 at 1.2012 s and 

lasts for 4.9 ms. Then the IFO becomes 2 at 1.2061 s and lasts 

for 4.5 ms. As a result, the Flag becomes 1 at 1.2061 s and 

1.2106 s, the faulty SM1 and SM2 are localized at a cost of 

6.1 ms and 10.6 ms, respectively. 
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Fig. 28. Capacitor voltages ucau1~ucau6 in the upper arm of phase A. 
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Fig. 29. IFO and fault flag. 
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J. Case 10: T1 Open-Circuit Fault of MMCs in Inverter Mode 

under Capacitor Parameter Inaccuracy 

In this case, the performance of the proposed method 

under capacitor parameter inaccuracy is considered, where 

Cau2=14 mF, Cau3=11 mF, the other capacitance are 12.5 mF. 

The T1 open-circuit fault of SM1 occurs at 1.2 s in the upper 

arm of phase A, where the MMC works in inverter mode. Fig. 

30 shows the capacitor voltages ucau1~ucau6 in the upper arm of 

phase A. Fig. 31 shows the IFOs and fault flag in a short time 

[1.2s, 1.2183s]. In the initial stage, the ucau1 is normal as 

ucau2~ucau6 and the Flag is 0, while ucau1 becomes anomaly 

since 1.213 s. The IFO becomes 1 at 1.2134 s and lasts for 4.9 

ms. As a result, the Flag becomes 1 at 1.2183 s and the faulty 

SM1 is localized at a cost of 18.3 ms. As can be seen, the 

inaccuracy of capacitor parameters almost has no effect on 

fault localization, which shows the robustness of the proposed 

method. 

ucau2~ucau6

ucau1

0.9

1

1.1

1.2

1.16 1.18 1.2 1.22 1.24 1.26
Time (s)

Normal Fault 

C
ap

ac
it

o
r 

v
o

lt
ag

e 
 (

k
V

)

Fault localized

 
Fig. 30. Capacitor voltages ucau1~ucau6 in the upper arm of phase A. 
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Fig. 31. IFO and fault flag. 

VI. EXPERIMENTAL STUDIES 

To verify the proposed method, a MMC prototype is built. 

The control is implemented in the digital signal processor 

(DSP), and the driver signal from the controller is transferred 

to each SM via optical fiber. The dc side of the MMC is 

connected to a dc source, and the ac side of the MMC is 

connected to the grid. The system parameters are shown in 

Table IX. 

TABLE IX 

Experimental System Parameters 

Parameter Value 

Rated Power 1 kW 

AC-side frequency fg 50 Hz 

DC-link voltage Vdc 200 V 

Number of SMs per arm 4 

SM capacitance C 2.35 mF 

Arm inductance Ls 3 mH 

Sampling frequency fs 100 kHz 

A. Case 1: Normal Operation of MMCs in Inverter Mode 

In this case, the MMC works normally. Fig. 32 shows the 

capacitor voltages ucau1~ucau4 in the upper arm of phase A. Fig. 

33 shows the IFO and fault flag of the proposed method in a 

short time period [1.5s, 1.52s]. In Fig. 33, the fault flag is 

always 0, and no SM would be false alarmed.  
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Fig. 32. Capacitor voltages ucau1~ucau4 in the upper arm of phase A. 

IFO

 Fault Flag
t/s

00 00 00 00 00 00 00 0 00 00 0

23 34 13 42 32 24 12 3 44 13 1

1.5 1.521.51  
Fig. 33. IFO and fault flag. 

B. Case 2: T1 Open-Circuit Fault of MMCs in Inverter Mode 

In this case, the T1 open-circuit fault of SM1 occurs at 1.54 

s in upper arm of phase A, where the MMC works in inverter 

mode. Fig. 34 shows the capacitor voltages ucau1~ucau4. Fig. 35 

shows the IFOs and fault flag in the period [1.537s, 1.5564s]. 

In the initial stage, the ucau1 is normal as ucau2~ucau4 and the 

Flag is 0, while ucau1 becomes anomaly after fault. The IFO 

becomes 1 at 1.5516 s and lasts for 4.8 ms. As a result, the 

Flag becomes 1 at 1.5564 s and the faulty SM1 is localized at 

a cost of 16.4 ms. 
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Fig. 34. Capacitor voltages ucau1~ucau4 in the upper arm of phase A.  
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Fig. 35. IFO and fault flag. 

C. Case 3: T2 Open-Circuit Fault of MMCs in Inverter Mode 

In this case, the T2 open-circuit fault of SM1 occurs at 1.545 

s in upper arm of phase A, where the MMC works in inverter 

mode. Fig. 36 shows the capacitor voltages ucau1~ucau4. Fig. 37 

shows the IFOs and fault flag in the period [1.53s, 1.55s]. In 

the initial stage, the ucau1 is normal as ucau2~ucau4 and the Flag 

is 0, while ucau1 becomes anomaly after fault. The IFO 

becomes 1 at 1.5452 s and lasts for 4.8 ms. As a result, the 

Flag becomes 1 at 1.55 s and the faulty SM1 is localized at a 

cost of 5 ms. 
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Fig. 36. Capacitor voltages ucau1~ucau4 in the upper arm of phase A.  
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Fig. 37. IFO and fault flag. 

D. Case 4: T1 Open-Circuit Fault of MMCs in Rectifier Mode 

In this case, the T1 open-circuit fault of SM1 occurs at 1.53 

s in upper arm of phase A, where the MMC works in rectifier 

mode. Fig. 38 shows the capacitor voltages ucau1~ucau4. Fig. 39 
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shows the IFOs and fault flag in the period [1.515s, 1.5348s]. 

In the initial stage, the ucau1 is normal as ucau2~ucau4 and the 

Flag is 0, while ucau1 becomes anomaly after fault. The IFO 

becomes 1 at 1.5301 s and lasts for 4.7 ms. As a result, the 

Flag becomes 1 at 1.5348 s and the faulty SM1 is localized at 

a cost of 4.8 ms. 
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Fig. 38. Capacitor voltages ucau1~ucau4 in the upper arm of phase A. 
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Fig. 39. IFO and fault flag. 

E. Case 5: T2 Open-Circuit Fault of MMCs in Rectifier Mode 

In this case, the T2 open-circuit fault of SM1 occurs at 1.54 

s in upper arm of phase A, where the MMC works in rectifier 

mode. Fig. 40 shows the capacitor voltages ucau1~ucau4. Fig. 41 

shows the IFOs and fault flag in the period [1.53s, 1.5478s]. In 

the initial stage, the ucau1 is normal as ucau2~ucau4 and the Flag 

is 0, while ucau1 becomes anomaly after fault. The IFO 

becomes 1 at 1.5428 s and lasts for 5 ms. As a result, the Flag 

becomes 1 at 1.5478 s and the faulty SM1 is localized at a cost 

of 7.8 ms. 
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Fig. 40. Capacitor voltages ucau1~ucau4 in the upper arm of phase A. 
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Fig. 41. IFO and fault flag. 

F. Performance Evaluation under Various Power 

Fig. 42(a) shows the fault localization time for the MMC in 

inverter mode, where the fault occurs at θ=π for arm current 

shown in Fig. 8. Fig. 42(b) shows the fault localization time 

for the MMC in rectifier mode, where the fault occurs at θ=0 

for arm current shown in Fig. 9. Here, the T1 open-circuit fault 

of SM1 and T2 open-circuit fault of SM1 in upper arm of 

phase A, respectively, are considered. In addition, various 

power of the MMC are considered including 1.0, 0.8, 0.6, 0.4 

and 0.2 p.u. It shows that the power variation almost does not 

affect the fault localization time, where the T1 fault can be 

localized at cost of 7 ms and T2 fault can be localized at cost 

of 5 ms for the MMC in inverter mode; the T1 fault can be 

localized at cost of 12 ms and T2 fault can be localized at cost 

of 5 ms for the MMC in rectifier mode. 

Power (p.u.)

T
im

e 
(m

s)

0

5
7

0.2 0.4 0.6 0.8 1.0

T1 fault T2 fault

Power (p.u.)

T
im

e
 (

m
s)

0

5

12

0.2 0.4 0.6 0.8 1.0

T1 fault T2 fault

 
    (a)                                                          (b) 

Fig. 42. Fault localization time under different power situations. (a) Inverter 

mode. (b) Rectifier mode. 

G. Performance Evaluation of Proposed Method 

For the MMC with four SMs per arm, the upper arm of 

phase A will have 8 kinds of fault situations and 1 fault-free 

situation, totally 9 situations. Moreover, 10 fault occurred 

positions with 2 ms as interval in a fundamental period and 3 

different system power situations including 1.0, 0.6 and 0.2 

p.u. are considered. Hence, 9103=270 sets of experiment 

samples are obtained.  

Based on the calculation of the proposed method with above 

samples, the 2×2 confusion matrix is obtained, as shown in 

Table X. Then, true positive rate (TPR) and false positive rate 

(FPR) can be calculated based on (12)-(13). 

 
TP

TPR
TP FN




 (12) 

 
FP

FPR=
FP TN

 (13) 

TABLE X 

Confusion Matrix for MMCs in experiment 
Actual

Predict
1 0

1

0

FP=1TP=240

TN=29FN=0  

AUC

FPR 10

T
P

R

1
(0.033, 1)

0.033

 
Fig. 43. ROC curve for the MMC in the experiment. 

According to Table X and (12)-(13), TPR and FPR can be 

calculated as 1 and 0.033, respectively, and then the receiver 

operating characteristic (ROC) curve is obtained, as shown in 

Fig. 43. The area under curve (AUC) is an evaluation index 

for the ability of the proposed method to correctly classify 0 

(health) and 1 (fault), where the closer of the AUC is to 1, the 

better the fault diagnosis effect. In Fig. 43, the AUC is 

calculated as 0.9835, which shows that the proposed method 

performances well for fault localization in MMCs. 

VII. CONCLUSIONS 

This paper proposes an IF based SM switch open-circuit 

fault localization method for MMCs. A number of ITs are 

produced to construct the IFs for MMCs based on SM 

capacitor voltages, and the faulty SM can be accurately 

localized through IFs’ outputs. The proposed IF based fault 

localization method constructs concise low-data-volume tree 

models only depend on SM capacitor voltages, and uses 

sparsity and difference properties of outlier data to localize 

faulty SM. The proposed method has linear time complexity 
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with low calculation complexity. In addition, it does not 

require detailed mathematical models of MMCs and manual 

setting of empirical thresholds. The simulation studies and 

experimental studies are conducted to show the effectiveness 

of the proposed method. 
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