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Abstract 

The reliability of modular multilevel converter (MMC) is the premise to ensure the stable 
operation of the whole system. Therefore, when the fault occurs on the sub-module (SM), 
it is necessary to detect and locate it quickly and accurately to avoid the shutdown of the 
whole system. Based on the analysis of the open-circuit fault characteristics of the SM, a 
fault detection strategy of MMC power switch based on logic operation is proposed in 
this paper. The algorithm detects and locates the open-circuit fault according to the 
inconsistency between the binary output signal of the SM terminal voltage and the 
trigger signal of SM upper switch. Finally, the MMC simulation system is built in 
MATLAB/Simulink, and the results show that the proposed strategy can effectively 
reduce the calculation amount of fault diagnosis. It also can detect and locate IGBT open-
circuit fault quickly and accurately. This method is simple to implement and does not 
need additional voltage measuring equipment. 
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1. Introduction 

The topological structure of MMC was first proposed by German scholars A. Lesnicar and R. 

Marquardt in 2002 [1]. This topological structure has received extensive attention and in-depth 

research by scholars at home and abroad due to its high degree of modularity, strong expansion, high 

output waveform quality, and strong anti-electromagnetic interference ability [2,3]. In recent years, 

MMC has developed rapidly from the initial low-voltage, small-capacity project to high-voltage, 

large-capacity, and has been widely used in flexible DC transmission systems, showing a good 

development prospect [4]. 

However, according to statistics, power devices and capacitors account for nearly half of the 

components that may cause inverter failure [5]. As the number of cascaded SMs increases, the 

reliability of the MMC system will continue to decrease [6]. Once a certain SM fails, it will cause the 

system's three-phase asymmetry, output voltage and current fluctuations, etc., which will not be 

conducive to the stable operation of the system. Therefore, the rapid detection and accurate 

localization of the MMC faulty SM is of great significance to the reliability of the entire system. 

The faults of the power devices in the MMC SM are mainly divided into short-circuit faults and open-

circuit faults. Short-circuit faults can easily cause overcurrent of the line in a short time and are mainly 

solved by hardware circuits. The integrated short-circuit protection is usually equipped with a gate 

driver, as long as the short-circuit signal is detected, it will immediately cut off the relevant power 

device [7]. The open-circuit fault is not easy to be found after it occurs, but it will pose a potential 

threat to the reliability of the system over time. Therefore, power device open-circuit fault diagnosis 

has become a research hotspot in MMC submodule fault diagnosis in recent years [8]. 
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An algorithm based on mean clustering to detect and locate faults by identifying different operating 

modes related to the open-circuit fault state of the SM is proposed in [9]. In [10,11] a sliding mode 

observer(SMO) is designed to observe whether the observed value of the internal circulation can track 

the measured value to determine whether the MMC is operating normally, but this method relies on 

the accurate switch model of each SM and is not suitable for the occasions when the number of SMs 

is large. [12] also uses the SMO which adds redundant control of MMC for fault diagnosis, thereby 

eliminating voltage and current waveform distortion and overcurrent problems in the process of fault 

detection and location. [13,14] based on the observation model, using the multi-part prediction 

method to establish an incremental prediction model to eliminate multiple interferences and make 

fault detection more accurate. In [15], the estimated state variables with a Kalman filter and the 

measured state variables are compared to detect a MMC open-circuit fault, but the time interval 

between detection and location is long, and the faulty IGBT cannot be located. [16,17] grouped the 

SMs of the bridge arm, adding three voltage sensors. In that case, the detection and correction of 

MMC open-circuit faults, short circuit faults and voltage sensor faults can be realized. [18] aims at 

the MMC system that adopts the nearest level modulation (NLM), using methods such as proportional 

amplifier and difference comparison to locate the faulty SM. A fault location strategy based on the 

accumulation of errors between a single capacitor voltage increment and the maximum capacitor 

voltage increment within each fundamental wave period is proposed in [19]. It solved the problem of 

the difficulty in locating the fault of the cell lower switch open-circuit fault in the rectifier mode. 

[20]~[22] determine the faulty SMs through estimating whether the error of output voltage, arm 

voltage, and capacitor voltage have changed significantly during the switching process of the SMs 

and lasted for a certain period of time.  

This paper presents a fault detection method for MMC power switches based on logic operations. The 

method is simple and easy to implement, and accurately detect and locate the fault within 2ms without 

employing the additional voltage or current measurements. 

Section 2 introduces the topological structure and mathematical model of the MMC. Section 3 

analyzes the working principle and fault characteristics of the MMC SMs. A new MMC SMs fault 

detection algorithm is proposed in Section 4. The simulation results confirm the effectiveness of the 

proposed fault diagnosis strategy in Sections 5. Finally, the concluding remarks are provided in 

Section 6.  

 

Figure 1. MMC topological structure 
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2. Topological structure and mathematical model of MMC 

2.1 Topological structure of MMC 

The topological structure of MMC and its SMs is shown in Figure 1. MMC is composed of three 

phases. Each phase consists of two arms while each one includes a cascaded connection of N power 

cells in series with an inductor (L_arm). The arm inductor plays a role in restraining the circulating 

current and limiting the fault current. Each SM is composed of two IGBTs, two anti-parallel diodes 

and a capacitor.  

Normally, the switching signals of the cell upper and lower switches are complementary. Depending 

on the direction of the current flowing into the SMs and the switching state of the power switches, 

there may be six working modes and multi-level output can be realized by changing the number of 

switched SMs. 

2.2 Mathematical model of MMC 

According to Kirchhoff's voltage law (KVL), the loop equations of upper and lower arms of each 

phase can be formulated as: 

{
R𝑖𝑝𝑗 + 𝐿

𝑑𝑖𝑝𝑗
𝑑𝑡

=
1

2
𝑈𝑑𝑐 − 𝑢𝑝𝑗 − 𝑢𝑠𝑗

𝑅𝑖𝑛𝑗 + 𝐿
𝑑𝑖𝑛𝑗
𝑑𝑡

=
1

2
𝑈𝑑𝑐 − 𝑢𝑛𝑗 + 𝑢𝑠𝑗

 

Where Udc is the DC voltage, R and L are the equivalent resistance and inductance of the arm, ipj and 

inj are the upper and lower arm currents of phase j respectively, upj and unj are the sum of SMs output 

voltages, usj is the AC voltage of phase j where j=a, b, c. 

S is defined as the SMs switching function: 

{
S=1    ⋯⋯ upper switch is on

S=0    ⋯⋯ lower switch is on 
 

The output voltage expressions of the upper and lower arms are formulated as: 

{
 
 

 
 𝑢𝑝𝑗 =∑𝑆𝑝𝑖 ∙ 𝑢𝐶𝑝𝑖

𝑁

𝑖=1

𝑢𝑛𝑗 =∑𝑆𝑛𝑖 ∙ 𝑢𝐶𝑛𝑖

𝑁

𝑖=1

 

Where Spi and Sni are the switching functions of the i-th SM from upper and lower arms respectively, 

uCpi and uCni are the capacitance voltages of the i-th SM of the upper and lower arms respectively. 

 

 

Figure 2. Equivalent diagram of SM working principle 
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3. Working principle of MMC SM and analysis of fault characteristics 

3.1 Working principle of MMC SM 

The working principle of the SM can be equivalent to the circuit in Figure 2, where the operating 

state of the SM is related to the direction of the arm current i_arm. If i_arm takes the reference 

direction in the figure as the positive direction, when the switching function S=1, as shown in the 

Figure 2(b), the SM output voltage USM = Uc. When S=0, as shown in Figure 2(c), the output voltage 

USM=0. 

Six working states of the MMC SM are summarized in Table 1. 

 

Table 1. Working status of MMC SM 

 i_arm>0 i_arm<0 

Switch state S=1 S=0  S=1 S=0  

SM state insert bypass locked insert bypass locked 

Capacitor state charge bypass charge discharge bypass bypass 

Output voltage Uc 0 Uc Uc 0 0 

 

In current MMC project put into operation, half-bridge submodule (HBSM) is generally used, but it 

does not have the capability of DC fault ride-through [23], so when the SM fails, it needs to adopt the 

fault detection function to locate and eliminate faults to ensure the reliable operation of the MMC 

system. 

3.2 Analysis of fault characteristics of MMC SM 

3.2.1. Open-circuit fault of upper switch T1 

During the normal operation of MMC, T1 has two states: on and off. When T1 is in the off state, the 

open-circuit of T1 has no effect on the system. When T1 is in the on state and the arm current is 

positive, the current can normally charge the capacitor through D1. At this time, the open-circuit of 

T1 still has no effect on the system. When T1 needs to be switched on and the arm current is negative, 

as shown in Figure 3(a), the SM current will flow through T1 to charge the capacitor, but if the open-

circuit fault occurs at T1 at this moment, the current can only goes through D2, which causes the SM 

to be in an abnormal state. At this time, the output voltage of the SM is zero. 

 

 

Figure 3. SM fault characteristics 
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It can be seen that if an open-circuit fault occurs at T1, it will affect the system only when T1 is in 

the on state and the arm current flows in the SM in reverse direction, causing the capacitor voltage of 

the faulty SM to lose the discharge circuit and become higher than other normal SMs. 

3.2.2. Open-circuit fault of lower switch T2 

During the normal operation of MMC, T2 also has two states: on and off. It can be seen from the 

working principle of the SM, contrary to T1, the SM is in the bypassed state when T2 is switched on, 

and is in the inserted state when it is switched off. When T2 is off, the open-circuit fault of T2 has no 

effect on the system. When T2 is on and the arm current is negative, the current can flow out of the 

SM through D2. At this time, the open-circuit fault of T2 still has no effect on the system; When T2 

needs to be switched on and the current flows into the SM in the positive, as shown in Figure 3(b), 

the SM current will pass through T2 to make the SM be in the bypassed state, but if the open-circuit 

fault occurs at T2 at this moment, the current can only go through D1 to charge the capacitor, which 

causes the SM to be in an abnormal state. At this time, the output voltage of the SM is equal to 

capacitor voltage. 

It can be seen that if an open-circuit fault occurs at T2, it will affect the system only when T2 is in 

the on state and the arm current passing through the SM is positive, making the capacitor voltage of 

the faulty SM gradually higher than the normal SMs. The output voltage characteristics of the SM 

when the open-circuit faults occur on IGBT are shown in Table 2. 

 

Table 2. SM output voltage 

 i_arm>0 i_arm<0 

Switch state S=1 S=0 S=1 S=0 

Normal output Uc 0 Uc 0 

T1 fault Uc 0 0 0 
T2 fault Uc Uc Uc 0 

 

4. Fault detection and localization strategy based on logic operation 

The capacitor voltage of the MMC is adjusted by turning on or off the upper and lower power switches. 

When the arm current is positive/negative and T1 is switched on, the SM capacitor voltage will 

increase/decrease accordingly, and when T2 is switched on, the module capacitor voltage will 

basically remain unchanged. Therefore, during the normal operation of the MMC, when T1 is 

switched on, the SM output voltage is equal to the capacitor voltage, and when T2 is switched on, the 

SM output voltage is equal to zero. 

According to the fault analysis, when T1 has an open-circuit fault and the arm current is negative, the 

SM output voltage and capacitor voltage are not equal anymore; when T2 has an open-circuit fault 

and the arm current is positive, the arm current will go through D1 to charge the capacitors. At this 

time, the output voltage of the SM will not remain at zero. 

 

 

Figure 4. SM fault diagnosis strategy 
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Based on the SM fault characteristics summarized in Table 2, the logic operation based fault detection 

and localization strategy proposed in this paper is shown in Figure 4, where S1 is defined as the 

trigger signal of the upper switch T1 of the SM, and S2 is the trigger signal of the lower switch T2. 

4.1 Fault detection process 

First, binarizing the output voltage of the SM to make it a pulse signal with an upper limit of 1 and a 

lower limit of 0, denoted as Su. In normal operation, as long as T1 is switched on, the output of the 

SM will be equal to the capacitor voltage, and when T2 is switched on, the output voltage will be 

zero, that is, the XOR value of the trigger signal S1 of T1 and the output voltage signal theoretically 

is zero.X is defined as the XOR output, then:  

X=S1⊕Su=0 

But when T1 has an open-circuit fault, the output voltage of the SM is 0, and the XOR value is 1. 

When an open-circuit fault occurs at T2, the output voltage of the SM is not 0, and the XOR value 

also is 1. It can be seen that when the XOR output is not zero, which can be judged an open-circuit 

fault occurrence in the SM. 

Secondly, considering the structure of the power switches and the signal transmission delay and other 

factors, the trigger signal needs to be delayed. As shown in Figure 5, the output voltage signal of the 

SM will lag the T1 trigger signal for a period of time. If the signal delay is not eliminated, the obtained 

XOR value may not reflect the actual status of the SM. In that case, a module with delay function is 

added, and then calculate the XOR value with processed signal. 

 

 

Figure 5. Theoretical waveform comparison of the signal 

 

In case of the fault detection method relies on the synchronism between the output voltage signal and 

the trigger signal of upper switch, in order to make the detection result more reliable, this paper also 

designs a signal continuity detection module based on logic operations. Its working principle is shown 

in Figure 6. 

 

Figure 6. Signal continuity detection module 

 

The AND value of XOR output signal X and its value at the previous sampling time is calculated. 

When the result is 1, it means that the signal X remains to be high for two consecutive sampling 

periods. If the XOR output is high for three consecutive operation cycles, it can be determined that 

the submodule is a faulty submodule. This module can effectively filter the discrete transient signals 

generated by the delay error, ensuring the reliability of fault detection process. 
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4.2 Fault location process 

For the SM fault location, that is, to determine whether the open-circuit fault occurs at T1 or T2. As 

shown in Figure 7, it shows the relationship between the direction of the arm current and the XOR 

output signal. 

 

Figure 7. Relationship between arm current and XOR output signal 

 

Based on the previous analysis of the SM fault characteristics, it can be seen that open-circuit fault at 

T1 can only be detected when the arm current is negative, and open-circuit fault at T2 can only be 

detected when the arm current is positive. So the specific faulty location can be determined based on 

the fault characteristic of the current direction when the fault occurs. This article uses the rising edge 

trigger module to determine the direction of the arm current when the XOR output signal is on the 

rising edge. If the direction is positive, it outputs 1 and otherwise outputs 0. It can be seen that when 

the output is 0, the fault occurs at T1, and when the output is 1, the fault occurs at T2. 

4.3 Summary of fault diagnosis strategy 

This section proposes and explains the SM fault detection and localization strategy based on logic 

operation and its specific implementation methods. The open-circuit fault diagnosis speed depends 

on the direction of the arm current, switching duty cycle of the faulty cell and determining the faulty 

cell switch. When the upper/lower switch has an open-circuit fault and the direction of the arm current 

is positive/negative, the fault can not be detected until the direction of the arm current becomes 

negative/positive. The fault diagnosis strategy proposed in this paper can successfully diagnose the 

open-circuit fault in less than one switching cycle after the fault occurrence. 

In this study, the output voltage characteristics of the SM are used to detect and locate open-circuit 

faults, so the output voltage of the SM must be measured. Adding additional voltage sensors and 

hardware circuits to the MMC will increase the cost. Therefore, this article reconfigures the 

measurement points of the existing voltage sensor, and moves the voltage measurement from the SM 

capacitance side to the SM output terminal to avoid adding a large number of additional sensors. 

5. Simulation results 

5.1 Simulation parameter selection 

The previous section introduced the MMC SM fault diagnosis strategy proposed in this article. In this 

section, a three-phase 11-level MMC inverter system based on carrier phase-shift modulation is built 

on the Simulink platform. Simulations are carried out to evaluate the new fault detection method in 

different situations.The parameters of the simulation model are shown in Table 3. 

Taking into account the signal transmission delay, the delay value of the fault detection algorithm is 

2μs. 
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Table 3. Simulation model parameters 

Parameter value 

DC voltage/kV 42 

Fundamental frequency /Hz 60 

Carrier frequency /Hz 1000 
Number of arm SMs 5 

SM capacitance /mF 4.7 

Arm inductance /mH 10 
Load resistance /Ω 10 

Load inductance /mH 1 

Sampling period /s 2e-6 

 

5.2 Working operation simulation of MMC 

5.2.1. Normal operation 

Under normal operation, the performance of MMC is shown in Figure 8. Figure 8(a),(b) respectively 

represent the output voltage and current of the MMC. Taking phase A as an example, Figure 8(c) 

shows the upper and lower arm current. 

 

 

Figure 8. MMC output waveform under normal operation 
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Figure 9 shows the XOR value of the trigger signal of T1 and the output voltage signal. It can be seen 

that the value is always zero under MMC normal operation. 

 

 

Figure 9. XOR output under normal operation 

 

5.2.2. T1 open-circuit fault 

Taking phase A as an example, Figure 10 shows the simulation result of an open-circuit fault in T1 

from SM1 of the upper arm within 0.1~0.15s. 

 

 

Figure 10. MMC output waveform when T1 faults 
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It can be seen from the figure that when an open-circuit fault occurs at the upper switch of SM, the 

system voltage, current, and arm current waveforms all have a certain degree of distortion. 

At this time, the XOR output is shown in Figure 11. 

 

 

Figure 11. XOR output when T1 faults 

 

According to Figure 11, the non-zero XOR value indicates that the open-circuit fault has occurred, 

and the time for the fault to be detected is 0.10138s, that is, it takes about 1.4ms to detect the open-

circuit fault in SM1. 

In order to ensure the reliability of the detection, the continuity detection of the XOR signal is further 

performed, and the detection result is shown in Figure 12. 

 

 

Figure 12. Continuity detection signal when T1 faults 

 

It can be seen from Figure 12 that the XOR output signal is at a high level for three consecutive 

sampling periods, and thus the tested SM can be determined to be a faulty sub-module. 

Finally, the direction of the arm current is detected when the fault occurs. The detection result is 

shown in Figure 13. 

 

Figure 13. Fault location signal when T1 faults 
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It can be seen that when the rising edge of the XOR output signal comes, the fault location signal 

output is zero, which means that whenever a fault is detected, the direction of the SM current is 

negative, thus the open-circuit fault occurs at T1 can be determined. 

5.2.3. T2 open-circuit fault 

The T2 fault detection and localization process is similar to that of T1, and the result is shown in 

Figure 14. 

 

Figure 14. Fault diagnosis signal when T2 faults 

 

It can be seen from Figure 14(a)(b) that there is an open-circuit fault in the tested SM; Figure 14(c) 

shows that when the rising edge of the XOR output signal comes, the fault location signal output is 

1, which means whenever the fault is detected, the direction of the SM current is positive, thus the 

open-circuit fault occurs at T2 can be determined. 

6. Conclusion 

This article introduces a logic operation-based MMC power switch fault detection strategy. The 

method detects and locates open-circuit faults based on the inconsistency between the output voltage 

signal of the SM and the trigger signal of the upper switch. This method can carry out fault diagnosis 

fast, accurately and be simple to realize. Since the voltage sensor is moved to measure the output 

voltage of the SM, no additional voltage measurement equipment is required. Finally, simulations 

verify the effectiveness and reliability of the method. 
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However, the fault diagnosis method proposed in this paper also has shortcomings in the 

implementation process. One is that it cannot monitor the capacitor voltage of the SM in real time. 

The other is that although the obtained fault location signal can distinguish the fault location, but 

there is still a certain error in the process of limiting the output voltage of the SM, which causes the 

subsequent results to be unsatisfactory and needs to be further improved. 
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