ISSN 1330-3651 (Print), ISSN 1848-6339 (Online)

https://doi.org/10.17559/TV-20190904105201
Original scientific paper

Diagnosis and Location of Open-Circuit Fault in Modular Multilevel Converters Based on
High-order Harmonic Analysis

Longzhang KE, Zhenxing LIU, Yong ZHANG

Abstract: Open-Circuit faults of Submodules (SMs) are the most common fault type of modular multilevel converter (MMC). Thus, in order to improve the reliability of MMC,
it is very important to detect and locate faulty MMC SMs. In this paper, a new fault diagnosis and location method based on high-order harmonic analysis of the bridge arm
voltage is proposed, and the characteristics of SM open-circuit faults are analyzed. In the proposed method, faults are detected by comparing the amplitude of the bridge
arm voltage at the switching frequency with a variable threshold, and the phase angle of the bridge arm voltage at the switching frequency is used to locate the faulty SM.
The proposed method can detect faulty SM with just one voltage sensor per arm bridge. Moreover, this method can effectively avoid misjudgment of a fault detection signal
in the normal transient state. Finally, a MMC model was built using a MATLAB/Simulink environment and simulations were conducted. The experimental results show that
the proposed method can not only diagnose a SM fault quickly, but can also locate the faulty SM accurately.
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1 INTRODUCTION

The modular multilevel converter (MMC) was first
proposed as a new type of voltage source converter
topology by the German scholar R. Marquardt in 2001 [1].
Because of its modular structure and design, ecasy
expansion, high output waveform quality, low operating
loss, and common DC bus, it is commonly connected to
medium and high voltage direct current and new energy. It
is increasingly and widely used in applications such as high
voltage electric drives [2-3], high voltage direct current
(HVDC) transmissions [4-5].

An MMC comprises a large number of SMs. For
example, each bridge arm of the "Trans Bay Cable" project
contains 216 SMs [6], and each SM contains two power
switching devices, each of which is a potential point of
failure. SM faults are one of the common MMC fault types.
SM faults lead to deviations between the output voltage
and the expected value of a bridge arm, increased inter-
phase circulating current, and increased AC and DC side
harmonics, which affect the safe and reliable operation of
the whole system. After a SM fails, a protection strategy
should be adopted immediately. Specific protection
strategies should include the following aspects: fast fault
detection and location of the faulty SM, fast bypassing of
the faulty SM, input of a redundant module, and return of
the system to its fault-tolerant operation state [7-8].
Detecting and locating faulty SMs is the premise of fault-
tolerant control. Therefore, it is very important to study
how to quickly detect faults and accurately locate faulty
SMs to ensure safe and stable operation of the system [9-
12].

In response to the above problems, much research has
been conducted. Reference [13] used a Kalman filter
algorithm to compare the difference between measured and
estimated values to detect faults, and applied the SM
capacitor voltage to locate faulty SMs after failure. The
authors of [14] proposed a fault diagnosis method based on
the sliding mode observer. Their proposed method
effectively diagnoses any open fault of the Insulated Gate
Bipolar Transistor (IGBT) and avoids the interference
caused by sampling error and system fluctuation.
Reference [15] constructed a state observer that can
identify multiple SM faults based on the deviation between
the measured and calculated values of state variables. In

[16], a fault diagnosis and location method based on a
mixed kernel support tensor machine was proposed, in
which the characteristic data of ac current and internal
circulation current are extracted in either normal operation
or open-circuit fault. Reference [17] proposed two fault
monitoring methods based on a clustering algorithm and on
the calculation method of bridge arm equivalent
capacitance, which can accurately diagnose and locate
faults. Reference [18] identifies faults by determining
whether the difference between the predicted and measured
values of the bridge arm current exceeds a given threshold.
The fault location method is based on the slope of the
capacitor voltage of the SM. A series of complete SM fault
detection, fault-tolerant control, fault location, and fault
reconstruction ideas were proposed in [19], which can
achieve fault traversal and improve the reliability of system
operation.

This paper proposes a new SM fault diagnosis and
localization method based on high-order harmonic analysis
of the bridge arm voltage in MMCs. In the proposed
method, the amplitude and phase angle of high-frequency
harmonic components are used to detect and locate faults.
Compared with the methods cited above, the proposed
method can detect faults more quickly, significantly
reduces the required number of sensors, has no
complicated calculations, and is low-cost.

The remainder of this paper is organized as follows.
Section II introduces the topology and operating principle
of the MMC. Section III analyzes the open-circuit fault
characteristics, modulation algorithm, and high-frequency
harmonic distribution of MMC SMs, and proposes fault
detection based on high-frequency harmonic analysis of
the bridge arm voltage in the MMC. Section IV verifies the
effectiveness of the proposed method via system
simulation results. Finally, Section V presents concluding
remarks.

2 MMC TOPOLOGY AND OPERATING PRINCIPLE
2.1 MMC Topology

The three-phase MMC topology is shown in Fig. 1.
The MMC consists of three phases and six bridge arms.
The upper and lower arms are combined into one phase unit.
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Each bridge arm contains one bridge arm reactance and the

same number of series SMs.
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structure is shown in Fig. 1b. Each SM has two insulated
gate bipolar transistors (71 and 72), an anti-parallel diode,
and a floating capacitor in parallel. usm is the output voltage
of'the AC terminal of the SM during steady-state operation.
Uk 1s the DC voltage of the SM. Each bridge arm has an
identical bridge arm reactance L in series. The main
function of the bridge arm reactance is to suppress the
internal circulation between the bridge arms and reduce the
current rise rate when the converter fails.

2.2 MMC Operating Principle

The MMC has N SMs per bridge arm and can output
up to N + 1 levels. In steady-state operation, the total
number of conduction SMs of each phase unit must satisfy
Eq. (1). By controlling the number of SMs of the input state
in the upper and lower arms, the MMC outputs a multi-
level waveform:

= f tall
ny

U, =N-U, (1)
Table 1 SM Operating Mode and Operating State
SMstate | Mode | 71 | 72 | im e Capacitor
state
CLOSE 1 0 0 | positive U, charge
ON 2 1 0 positive U, charge
OFF 3 0 1 positive 0 bypass
CLOSE 4 0 0 | negative 0 bypass
ON 5 1 0 | negative U, discharge
OFF 6 0 1 | negative 0 bypass

A D1
Ism — +
A Co — Uc
T -
Usm { A D2
B e <

Figure 1 MMC topology: (a) Three-phase topology of MMC; (b) SM unit of MMC

In Fig. 1a, ua, us, uc are the three-phase AC side voltage

of the converter. i,; and i,; are upper and lower arm currents,

respectively. uj, and u; are the upper and lower arm
voltages, respectively, where j = a, b, c. I4. is the DC side
current, and L is the bridge arm reactance value. Each
bridge arm has N SMs connected in series. The SM

There are three kinds of operating states and six
operating modes in the steady-state operation of MMC.
The operating states are ON state, OFF state, and CLOSE
state, as shown in Tab. 1.

ON state: T'1 is on, 72 is off, and the SM is in the ON
state, belonging to the normal operating state of MMC.

OFF state: T'1 is off, 72 is on, and the SM is in the OFF
state, belonging to the normal operating state of MMC.

CLOSE state: T'1 and 72 are simultaneously turned off.
At this time, current flows through D1, or current flows
through D2 to bypass capacitor C, which is generally
abnormal operation.

Triangular Carrier Modulated wave

/,W\ e

wt

Figure 2 Schematic diagram of CPS-PWM

2.3 MMC Modulation

The modulation strategy of MMC is the key link of the
valve control stage. The purpose of the modulation link is
to control the ON and OFF states of the converter switching
device according to the reference voltage waveform, so
that the MMC output AC voltage approaches the reference

voltage waveform. At present, the modulation strategies of
MMC proposed in the literature mainly include nearest
level modulation (NLM), carrier level shifted pulse width
modulation (LS-PWM), and carrier phase-shifted
modulation (CPS-PWM). This paper focuses on the carrier
phase-shift modulation strategy because it can effectively
reduce harmonics at lower switching frequencies. The
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reference voltages of the SMs are the same, which is
beneficial to the balance of the capacitor voltage. Most
importantly, it is applied in the SM fault detection and
localization algorithm presented in Section I11.

N sets of triangular carriers with frequency f. are
required for MMCs with N cascaded SMs, and the phase
angles are sequentially shifted by A@ = 2n/N. Assuming
that the reference voltage of the bridge arm is . and the

reference voltage for module i is u:mf,-, the reference
voltage of each SM should be equal to the bridge reference
voltage, which is gy ; =,y The N SMs reference

voltages are compared with the N sets of carriers to
generate N sets of PWM pulses to respectively control the
upper IGBTs of the N SMs, and the lower IGBTs of the N
SMs are controlled by adding a certain dead time. The
CPS-PWM principle is shown in Fig. 2. The switching
frequency of each SM is f; = f. = 1/T. Fig. 2 shows the eight
phase-shifted carriers and a modulated wave waveform.
Fig. 3 shows the bridge voltage waveform corresponding
to Fig. 2, which is the sum of two-level PWM voltages
output by eight SMs.

ML

Time

Figure 3 Bridge arm voltage waveform

The output voltage of the bridge arm is the
superposition of the two-level PWM pulse voltage of all
SMs. The sum of the reference voltages of all SMs of the
bridge arm should be equal to N times the reference voltage
of the bridge arm, as follows:

N
z Llst. =N- Uarm (2)
i=1

Eq. (2) is a constraint condition to ensure that the
output characteristics of the bridge arm remain unchanged.
Aslong as Eq. (2) is satisfied, the reference voltage of each
SM in the bridge arm can be adjusted in a small range
without changing the output voltage of the whole bridge arm,
and the capacitance voltage can be balanced.

3 FAULT DIAGNOSIS AND LOCATION METHOD OF MMC

The semiconductor devices in the SMs of MMC are
relatively fragile, and the number of IGBTs in practical
projects is relatively large. Therefore, an IGBT in a SM
may be damaged because of overvoltage, overcurrent, or
other reasons. SM faults can be divided into two types:
short-circuit faults and open-circuit faults. Short-circuit
faults have mature solutions, whereas open-circuit faults
for a power device are not obvious, are not easily
discovered, and their impact is greater. Therefore, this
paper focuses primarily on open-circuit faults of SMs.

3.1 Open-circuit Fault Analysis of SMs

In studying the AC side output voltage characteristics
of SMs, the output voltage of a SM can be expressed as
follows:

Ug =S; - U (i) A3)

where S; is the switch function of the SM. The output
voltage of the SM in normal and faulty conditions is shown
in Tab. 2.

When an open-circuit fault occurs in 71, if 71 is in the
OFF state, the open-circuit fault has no effect on the OFF
state. When an open-circuit fault occurs in 71 and 71 is in
the ON state, at ism > 0, the bridge arm current path is as
shown in Fig. 4a. The capacitor can be charged normally,
and the output voltage of the SM is ugm. At ism < 0, the
bridge arm current is as shown in Fig. 4b. In this case, the
output voltage of the SM is zero and the capacitor cannot
discharge normally.

When an open-circuit fault occurs in 72 and 72 is in
the ON state, the open-circuit fault has no effect on the OFF
state. When 72 is in the ON state, at ism < 0, the bridge arm
current path is as shown in Fig. 4b. The output voltage is
the same as normal in this case. At ism > 0, the bridge arm
current is as shown in Fig. 4a. In this case, the output
voltage of the SM differs by U, from that of the normal
state. Obviously, open-circuit faults in 71 and 72 have
different effects on the charging and discharging of MMC
SMs. An open-circuit fault in 71 only affects the
discharging mode in the ON state of SMs because an open
circuit in 71 causes SMs to be bypassed and cannot
discharge normally. An open-circuit fault in 72 only affects
the bypass mode in the OFF state of SMs, causing SMs to
be charged but not bypassed.

Whether an open-circuit fault occurs in 71 or 72, it will
eventually lead to increased capacitance voltage in a faulty
SM.

3.2 High Harmonic Analysis of CPS-PWM

In Sinusoidal pulse width modulation (SPWM) mode,
the output PWM voltage waveform is determined by the
modulation wave frequency and the carrier frequency.
Each SM is equivalent to a two-level converter. The output
two-level PWM voltage waveform of each SM is analyzed
by the double Fourier transform method [20]. Using two-
level natural sampling, the harmonic distribution
expression of the output voltage of the SM can be obtained
as follows:

U U o0 o0
Usm | = —=M cos(ant +6)) +—= Z Z Congsmy *
2 2 m=1 n=—00 (4)
27
-COS [m(a)clt +0,)+1i N +n(awt+6, )}

where i is the SM number, and i = 1, 2, ..., N, m is a
multiple of carrier frequency and #» is a multiple of
fundamental frequency. 6, is the initial phase of the
modulated wave, 6., is the initial phase of the carrier wave.
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In Eq. (4), the harmonic amplitude coefficient of the
output voltage of SM can be written as:

4 T T
Cmn(SM) :%Sln |:(m+l’l)5:| Jn (mEM) (5)

where M is the modulation ratio, J,(x) is the n-order Bessel
function, m is a multiple of carrier frequency and »n is a
multiple of fundamental frequency. From the expression of
harmonic distribution of wusm, it can be seen that the
harmonic of the two-level PWM voltage is mainly
distributed in the fundamental frequency band, carrier
frequency band, and carrier sideband, which can be written
in the form ma. + naw;.

Table 2 Output voltage of SMs in normal and faulty conditions

Condition Normal T1 in open state 72 in open state
S=1&im<0 Usm = U Usm =0 Usm = U,
S=1&in>0 Usm = U Usm = U Usm = U
S=1&iu<0 U =0 Usm = 0 Usm =0
S=1&i,u<0 Usm = 0 Ugn =0 Usn = U.
S=1&izm<0 Usm = U, Usn =0 Usm = U,

Usm

(@)
Figure 4 Current path in SM open-circuit fault: (a) ism > 0; (b) ism < 0

For Eq. (4), the following relationship is established:

il .2n
Zcos m(o,t+6,) +1W+ n(wt+6)
i=1

0 m#kN (6)

2
N cos| m(w,t + ad)”ﬁh (ot +6,)

m=kN

Where k=1, 2, ..., o and the total voltage of the bridge
arm is equal to the sum of the output two-level PWM
voltage of N SMs on the bridge arm. The expression of the
bridge arm voltage is as follows:

Udc SR Ud
u, = M cos(awt +6)+ —=
arm 2 ( 1 l) %ngw 7 (7)

><Cmn(ps) COS[m(Na)Ct + Necl ) + }’l((t)]t + 91 )]

In Eq. (7), the amplitude coefficient of the bridge arm
voltage harmonic can be written as follows:

4 1 T T
c =———sin|(mN+n)—|J | mN—M 8
mn(ps) 1 mN I:( )2:| n( 7 j ( )

It can be seen from Egs. (4) to (7) that when the CPS-
PWM method is adopted, the carrier frequency band and
its sideband harmonic components whose carrier multiple
is a non-N integer times the output voltage by each SM on

the same bridge arm are all cancelled by the CPS-PWM
technology in the process of waveform superposition.

From the expression of the bridge arm voltage
harmonic distribution, the CPS-PWM strategy is
equivalent to raising the original two-level PWM carrier
frequency @. to Naw.. That is, the equivalent carrier
frequency of the final multi-level PWM voltage is @, =
Nar. The harmonics are also distributed in the
corresponding carrier frequency band and its sideband with
this equivalent carrier frequency.

3.3 Detection Principle of Open-circuit Fault for SM

Reference [21] proposed a fault detection method for
FC converter based on harmonic frequency analysis. In this
method, faults are detected by analyzing the amplitude of
the output phase voltage of the converter at the switching
frequency. In MMC, the amplitude of the switching
frequency component should be zero in theory due to the
carrier phase shift. According to the carrier phase-shifted
harmonic distribution expression in Section III-B, the
output voltage of each SM at f; can be expressed by a

phasor V; , where the amplitude is [Vs;| and the initial
phase is
¢ =—G-DAp i=1,2,3,.,N (€))
- P[>0
‘V“ = Adaptive s7 3‘:2?::\3
57 threshold IR
AN Vs
\
\\
Y,
> [
!
/
/
//
I
Vs 3
(a) (b)

Figure 5 Phasor diagram: (a) normal operation; (b) fault condition on SM1

Figure 6 Phasor representation of Sl\\/l‘éﬁf;;ut voltage Vsiand output voltage Vs

As can be seen from Eq. (8), this corresponds to the
initial carrier phase of each SM. Fig. 5 is a phasor diagram
of the bridge arm voltage at switching frequency f; for a 9-
level MMC under normal and SM fault conditions.

Eq. (2) shows that the bridge arm voltage is equal to
the sum of the actual output voltage of each SM, and the
switching frequency component of the bridge arm voltage
is the resulting switching frequency component 77 which

is equal to the superposition of the frequency component f;

Tehnicki viesnik 27, 3(2020), 898-905
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of the output voltage of each SM in the bridge arm. This
can be expressed as follows:

Vs

N .
=X [si|e’ (10)
i=1

As a result of the symmetry of each SM unit, under
normal conditions, the corresponding amplitude of
switching frequency component should be zero:

Sampling Bandpass filter DFT

_.jg_.ﬂ_.

k
Figure 7 Flowchart of the fault diagnosis strategy implementation scheme

N
V=374 ~0 (11)

i=l1

?s Vsi Vsi

Vi |=[7s|>0 (12)

i
i=1

where

I7s,~(F)| is the amplitude of the output voltage of the

fault SM at switching frequency f;.
When a SM fails, as analyzed in Section III-A, the

output voltage of the fault SM will increase. Vsi(F)| will

also increase, while the output voltage of other normal SMs
on the bridge arm will remain unchanged. As shown in Fig.

5b, Vi
corresponding to the output voltage switching frequency of
the SM when it is in the normal state.

Compared with the normal state, the switching
frequency f; and its integral multiple harmonic component

Vs

Vsi(p)| ill be greater than the amplitude

are no longer zero after the fault. will be greater than

zero, and the phasor is Vs = AVsi( F) . This phase is used

to locate the faulty SM. Therefore, by detecting the
amplitude and phase of the bridge arm voltage at switching
frequency, it is possible to detect and locate any faulty SM
on the bridge arm.

3.4 Threshold

The amplitude of the resulting switching frequency

component ¥ s is approximately equal to zero in the steady
state. A small component of the switching frequency is
always present in the steady state owing to dead times and
ripples. In addition, system transient conditions can also
cause a significant increase in the switching frequency
amplitude. As shown in Fig. 6 to accurately distinguish
between normal transient conditions and SM fault
conditions, it is important to set a threshold for fault
detection.

According to the analysis in Section III-B, the
harmonic frequency amplitude coefficient of ugm is Cpn.
When m = 1 and n = 0, it is the switching frequency
amplitude coefficient C; from which Eq. (16) follows:

I

_ 4
Val=Cl :—sngn (M—j (13)
T

2

I_/;si

ratio M. Considering the influence of dead time and system
ripple on the switching frequency component, the
threshold needs to be added with a small DC offset to
overcome its effect. The final threshold is a variable that
varies with the modulation ratio M:

In steady state, is mainly affected by modulation

1751'

Vin =(Vsi(M)|— )+k:%Jn (AM%)H{ (14)

where 173,-( M)| is the amplitude of output voltage of the SM

at f; in transient state.
3.5 Implementation

The implementation scheme of fault detection and
location is as follows. According to the harmonic
distribution characteristics of CPS-PWM modulation
strategy and the time domain sampling theorem, in order to
analyze the frequency component at the equivalent
switching frequency Nf;, the sampling frequency f. is
greater than or equal to twice the equivalent switching
frequency, and the DFT algorithm is used to extract the
amplitude and phase of the bridge arm voltage at the
switching frequency f;:

2 n—1 i ﬂ
Vs(t)=—2ualm(t——)-e n (15)

] f m
4, = arctan| 20(+) (16)

RC(VS )
Table 3 MMC simulation parameters
Parameter Value

Rated DC Voltage 8kV
Number of SMs per arm 8
Line frequency 50 Hz
Carrier switching frequency 1000 Hz
SM capacitance 4.7 mF
Arm inductance S mH
Carrier ratio 20

After the bridge arm voltage is collected, the sideband
component of f; in the bridge arm voltage is filtered by a
bandpass filter with a center frequency of f;. Finally, the
amplitude of the output voltage at switching frequency
calculated by the DFT algorithm is compared with the fault

detection threshold value. If |Vs >V , the SM is

determined to be faulty. The phase angle extracted by DFT
is used to locate the faulty SM. Once the faulty SM is
located, the by-pass switch of the SM is closed
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immediately, and the system enters the fault-tolerant
control state. The flowchart of the fault diagnosis strategy
implementation scheme is shown in Fig. 7.

4  SIMULATION EXPERIMENT

A 9-level MMC simulation model was built in a
MATLAB/Simulink  environment. The simulation
parameters are shown in Tab. 3.

4.1 Spectrum Analysis

Fig. 8 shows the spectrum distribution of the output
voltage waveform of the SM. It can be seen from Fig. 8 that
the higher harmonics of the output voltage waveform of the
SM are mainly concentrated in the odd times carrier
frequency band and its sideband harmonics, as well as the
even times carrier sideband, while the most serious
harmonics caused by the modulation strategy are at the
carrier frequency fc.

The spectrum distribution of the bridge arm voltage
waveform is shown in Fig. 9. It is obvious that the bridge
arm voltage waveform no longer contains carrier f; and its
sideband harmonics.

The spectrum distribution of the bridge arm voltage
after the fault of the SM is shown in Fig. 10. Compared
with Fig. 9, the switching frequency f; and its integral
harmonic component are no longer zero after the fault.
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Figure 8 Spectrum distribution diagram of the bridge arm voltage in normal
condition
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Figure 9 Spectrum distribution diagram of the output voltage of the SMin
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Figure 10 Spectrum distribution of the bridge arm voltage in SM fault condition

4.2 Simulation Results

Fig. 11 shows the voltage and current waveform of the
bridge arm. When the modulation ratio changes from M =
0.68 to M = 0.98, the voltage of the bridge arm increases.
In Fig. 11c, at = 0.3 s, the modulation ratio has a step
change. At this time, Vs has a small spike change at the
switching frequency. According to Eq. (13), the threshold
also adaptively changes stepwise with the modulation ratio,
avoiding the misjudgment of the fault detection signal.

10000

8000 |
—~ 6000 L
2
m
g
-]
S 4000
E
<
2000 ||
0 ‘ ‘ ‘ ‘ ‘ [ |
0.25 0.26 0.27 0.28 0.29 03 0.31 0.32 0.33 0.34 0.35
Time(s)
(@)
400 [ T
200 L
2
E 0
3
£
< -200 |
-400 |
, , , , . , \ , ,
0.25 0.26 0.27 0.28 0.29 03 031 0.32 0.33 0.34 0.35
Time(s)
15 T
s
10 L
- VI Ve
®
g \
g 51
3 D m—
]
H N
< [ I L L L L L
i . . . . . .
14
2
g 05 | Fault signal=0
B
< \
g 0
g . ] I I ] I
0 0.05 0.1 0.15 02 0.25 03 0.35
Time(s)
()

Figure 11 Simulation verification under modulation ratio conversion conditions
att=0.3s: (a) Output voltage of bridge arm; (b) Load phase current; (c)

Magnitude of ¥ in comparison with Vs,

As shown in Fig. 12, an open-circuit fault occurs on
SM2 at ¢ = 0.4 s. in Fig. 12a, the voltage waveform of the
bridge arm is distorted and a level is lost. The
corresponding load phase current waveform is shown in
Fig. 12b. In Fig. 12c, according to the analysis in Section
III-C, the output voltage of the fault SM increases at the
switching frequency; thus, as Vs is no longer zero, it is
compared with the threshold value, and the fault detection
flag signal quickly detects the occurrence of the fault after
a 2.5 ms delay.

In Fig. 13a, the output voltage of the AC side of the
SM increases after the fault occurs, which is consistent
with the analysis in Section III-A. The waveform after
bandpass filtering at the center frequency of f; is shown in
Fig. 13b.

Fig. 14 is a phasor diagram of switching frequency
amplitude and phase angle of the bridge arm extracted with
DFT algorithm after faults on SM1 and SM2. It can be
clearly seen from the phasor diagram that after the faults
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occurrence on SMI to SMS, the phase angles of ¥,
correspond to —45° and —90°, respectively, and after the
other SMs fails, the phase angles are —135°, 180°, 135°,
90°, 45° and 0°, respectively. For MMC converters with
more SMs per arm, the same method can be used to locate
the faulty SMs accurately.
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Figure 12 Simulated behavior under the open-circuit fault condition att = 0.4 s:

(a) Output voltage of bridge arm; (b) Load phase current; (c) Magnitude of I75
in comparison with Vy,
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5 CONCLUSION

In this paper, a fault detection method based on high-
order harmonic analysis of the MMC bridge arm voltage
was proposed. In the proposed method, the amplitude and
phase angle of the bridge arm voltage at switching
frequency are obtained by collecting the voltage of the
MMC bridge arm, and performing filtering and DFT
transformation. Then, by comparing the amplitude of
output bridge arm voltage at switching frequency with a
threshold value varying with the modulation ratio, the
normal transient state and the fault state are effectively
distinguished. ~ Subsequently, according to the
characteristics of harmonic distribution of the CPS-PWM
method, the phase angle corresponding to the switching
frequency component is calculated to locate the faulty SM.
Simulation results show that the fault diagnosis method
proposed in this paper cannot only detect faults quickly,
but can also locate faults accurately, because it takes high-
frequency harmonics as the detection object, and can
monitor the change of amplitude in a short time (2.5 ms).
For the entire MMC converter, only six voltage sensors are
needed, which reduces cost and detection complexity, and
is easy to implement. This method lays the foundation for
the next step of fault-tolerant control. Future research will
focus on the diagnosis of specific switching devices on
SMs in MMC.
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