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A Voltage-Based Open-Circuit Fault Detection and
Isolation Approach for Modular Multilevel
Converters with Model Predictive Control

Dehong Zhou, Member, IEEE, Shunfeng Yang, Student Member, IEEE, Yi Tang, Member, IEEE

Abstract—Fault detection and isolation (FDI) is currently
considered a crucial way to increase the reliability of modular
multilevel converters (MMCs), which consist of a large number
of power electronics submodules (SMs). This paper proposes a
fast FDI approach to identifying single open-circuit faults of
IGBTs in SMs for MMCs with model predictive control (MPC).
The fault detection approach is simply implemented by checking
the voltage errors between the measured arm voltages and the
estimated ones in the former control cycle. The fault isolation is
achieved by checking the switching state directly. The proposed
FDI scheme is straightforward and no additional transducer
or measurement is required. Compared with the phase-shifted
pulse-width modulation (PS-PWM)-based scheme, the MPC has
a known and unchanged switching state in a sampling period,
which can be utilized for fast location of open-circuit faults.
Experimental results show that an open-circuit fault in the
MMC can be accurately detected and located in several sampling
periods.

Index Terms—Modular multilevel converter (MMC), model
predictive control (MPC), open-circuit fault, fault diagnosis and
isolation

I. I
Modular multilevel converters (MMCs) have emerged as

one of the most attractive topologies for high voltage appli-
cations [1]–[4], such as high-voltage direct-current (HVDC)
transmission systems [5], flexible alternating current transmis-
sion systems [6], medium voltage motor drives [7], [8] and
energy storage systems [9] thanks to the advantages of mod-
ularity, flexible expandability, transformer-less configuration,
ease of assembling, scalability, and so on.
The primary concern of MMCs is the reliability issue,

especially in the HVDC applications. The MMC operation
may be interrupted due to the potential failure of power
semiconductor switches. Power semiconductor switches are
considered as one of the most fragile components in power
electronic systems. It is estimated that about 38% of the faults
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in power conversion systems is attributed to the semiconductor
failures [10]. This is particularly true for MMCs since there
are always hundreds (or even thousands) of insulated-gate
bipolar transistors (IGBTs) in one MMC. Broadly, the power
semiconductor switch failures can be categorized into two
groups, i.e., short-circuit faults and open-circuit faults [11].
The short-circuit fault is destructive and can cause immediate
damage to a submodule (SM). Short-circuit fault protection
is often provided by hardware solutions in order to prevent
damage to the complementary switch within an SM [12].
Furthermore, industrial gate drivers are always equipped with
short-circuit protection [13]. The open-circuit fault, caused by
wire bond lift-off or failure in the gate-drive circuitry [14]–
[16], does not damage the SM immediately. But it will lead
to waveform distortion, cause overcurrent and overvoltage
problems. For instance, if the upper switch in an SM is in
the open-circuit fault, no discharging current path in the SM
is available. Therefore, the arm current will keep charging the
capacitor of the SM until the capacitor voltage exceeds the
safety limit. Continuous operation with open-circuit faults may
even lead to a potential secondary fault or catastrophic failure
of the whole MMC system if no remedial action is taken.
In fact, the modularity enables MMCs to operate even with
faulty SMs through the utilization of fault-tolerant techniques
with accurate information of the faulty switches [16]–[18].
Therefore, it is crucial to detecting and isolating the open-
circuit faults immediately after their occurrence.
Fault detection and isolation (FDI) methods for IGBT

open-circuit faults of MMCs have been extensively studied
in previous works [19]–[25]. A fault detection method by
measuring the arm voltage with additional high-voltage hall-
effect sensors was proposed in [21], but it is not favorable
in industrial applications because the voltage rating of the
hall-effect sensors utilized for arm voltage measurement is
very high. A fast fault diagnosis method based on adding
extra circuits to each SM was proposed in [19]. However,
this solution increased the system cost and volume. A fault
detection method based on unconformity information between
SM output voltage and switching signals was proposed in [24].
But with the output voltage instead of capacitor voltage of
each SM measured in this method, potential instabilities may
be introduced to the control system. In [23], a sliding-mode
observer-based fault detection method was proposed. The
same observer was improved in [20] with increased robustness
and reduced isolation time. The detection method was based
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on the errors between the observed circulating current and
the measured one. This method can isolate the faulty switch
within 50 ms with relatively high computational burdens. [22]
proposed a state observer-based fault detection method, where
50 ms to 150 ms was required to isolate the faulty SMs.
A Kalman filter-based method was presented in [25]. The
method was based on comparing the measured voltage and
current values with the estimated ones obtained by the Kalman
Filter. The average detection time was over 85 ms in different
scenarios. In an MMC, the SMs are connected in series in
each arm. Therefore, the upper/lower switch fault at one of
the SMs in the same arm presents the same characteristic in
the terminal, which is a big challenge for the fault isolation
in MMCs. Generally, the faulty switch isolation is always
achieved by checking if any of the SM capacitor voltages
exceeds a threshold value [22], [25]. The isolation time is quite
long when the load is light and it is difficult to determine
the threshold value when the MMC operates at different
power/voltage ratings. An assumption-and-verification method
was adopted in [13] to isolate the faulty switches. However,
when the number of SMs is large, this method is very time-
consuming.

In an MMC system, SM capacitor voltage balancing and
circulating currents suppression should be achieved simulta-
neously in addition to the output power or current control [26].
Compared with the traditional pulse-width modulation, model
predictive control (MPC) provides a promising alternative to
the control of complex and multi-objective power converter
systems. It has a fast dynamic response and avoids the problem
of complicated controller design. Because of these advantages
of MPC, it is becoming popular for MMC control [27]–[31].
MPC employs a discrete time model and a cost function to
select the best switching state for the next sampling period.
Compared with the phase-shifted pulse-width modulation (PS-
PWM)-based scheme, the MPC has a known and unchanged
switching state in a sampling period. This characteristic is one
of the main features in MPC, which can be utilized for fast
FDI. But it has never been reported in the previous works.

Although considerable research efforts have been devoted
to the implementation of MPC for MMCs recently, however,
little effort has been made to develop fault diagnosis methods
for MMCs with MPC. To enhance the reliability of MMCs
with MPC, a FDI approach to identify single open-circuit
faults is proposed in this paper. The fault detection approach
is simply implemented by checking the voltage errors between
the measured arm voltages and the estimated ones in the for-
mer control cycle. The fault isolation is achieved by checking
the switching state directly. The FDI scheme is straightforward
and no extra measurement is required. It is possible to detect
and isolate an open-circuit fault in several sampling periods.
With only one parameter (voltage error threshold) to be
tuned, the proposed FDI approach can be implemented easily
by avoiding tedious parameter tuning process. Experimental
results are presented to demonstrate the effectiveness of the
proposed FDI scheme.
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Fig. 1: Structure of a single phase MMC based inverter.

II. S D MPC MMC
The mathematical model and the MPC scheme of an MMC

are reviewed. The notations introduced in this section are used
throughout this paper. The circuit configuration of a single
phase MMC is shown in Fig. 1.

A. Mathematical Model
Each SM consists of a dc storage capacitor C and two

complementary IGBT modules, i.e., Sx and S′
x. For each

SM, when Sx is on, the capacitor voltage is inserted and
the capacitor voltage appears at the terminal, and when S′

x is
on, the capacitor voltage is bypassed and the terminal voltage
is zero. Therefore, the terminal voltage in each SM can be,
respectively, expressed as

usm,u,i = Su,iuc,u,i, (1)

usm,l,i = Sl,iuc,l,i, (2)

where Su,i and Sl,i are the binary switching functions of the
ith (i ∈ [1, 2, ..., N ]) SM in the corresponding arm. uc,l,i and
uc,u,i are, respectively, the capacitor voltages of the ith SM
in the upper and lower arms.
Each arm is equipped with an arm inductor La to limit

the arm currents in the case of DC-link short-circuit. Ra is
the equivalent resistance of the arm inductor. uu, iu and ul, il
represent the voltages and currents of the upper arm and the
lower arm, respectively. uo is the output voltage and io is
the output current. ic is the circulating current. Ll, Rl are the
load inductor and resistance, respectively. Udc is the dc source
voltage. usm,u,i and usm,l,i are the ith SM capacitor voltages
of the upper arm and the lower arm, respectively. N is the
number of SMs in each arm. Using the Kirchhoff’s circuit
law, the following mathematical equations can be obtained

uu =

N∑
i=1

usm,u,i, (3)

ul =

N∑
i=1

usm,l,i, (4)

Raiu + La
diu
dt

=
1

2
Udc − uu −Rlio − Ll

dio
dt

, (5)
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Rail + La
dil
dt

=
1

2
Udc − ul +Rlio + Ll

dio
dt

, (6)

iu = ic +
1

2
io, (7)

il = ic −
1

2
io. (8)

The dynamic equations of the dc-loop and ac-loop can be
obtained as

dic
dt

= −Ra

La
ic +

Udc − uu − ul

2La
, (9)

dio
dt

= −Ra + 2Rl

La + 2Ll
io +

−uu + ul

La + 2Ll
. (10)

The dynamic equations of the upper and lower capacitor
voltages can be written as

duc,u,i

dt
=

1

C
iuSu,i,

duc,l,i

dt
=

1

C
ilSl,i. (11)

B. Predictive Model of MMCs
Applying the first-order Euler’s discretization to (9)-(11),

the discrete model of MMCs can be obtained as follows

ik+1
c =

(
1− Ra

La
Ts

)
ikc +

Udc − uu
k − ul

k

2La
Ts,

ik+1
o =

(
1− Ra + 2Rl

La + 2Ll
Ts

)
iko +

−uu
k + ul

k

La + 2Ll
Ts,

uk+1
c,u,i = uk

c,u,i +
1

C
Tsi

k
uS

k
u,i, (12)

uk+1
c,l,i = uk

c,l,i +
1

C
Tsi

k
l S

k
l,i,

where Ts is the sampling period.

C. MPC of MMCs
In an MMC, SMs capacitor voltage balancing and circulat-

ing current suppression should be achieved simultaneously in
addition to load current control. Moreover, the controlled vari-
ables (load current, circulating current, and capacitor voltage)
are interrelated with each other, which means any change in
one of them may affect the others. The MPC can handle the
multivariable control using one cost function with weighting
factors. All the control objectives are optimized using the
exhausted search algorithm. The switching combination with
the lowest cost function value is applied to achieve optimal
control of the control objectives. More details on the MPC of
MMCs can be found in [27].
The cost function of MMCs can be written as

J = λ1(i
ref
c − ik+1

c )2 + λ2(i
ref
o − ik+1

o )2 (13)

+

N∑
i=1

(
(uref − uk+1

c,u,i)
2 + (uref − uk+1

c,l,i )
2
)
,

where λ1 and λ2 are weighting factors that determine the
importance of different objectives when selecting the optimal
switching combination, irefc is the reference value for the
circulating current, irefo is the reference value for the load
current, uref is the reference value for capacitor voltage of
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Fig. 2: Current path of the open-circuit fault in an SM (a)
upper switch fault (b) lower switch fault.

TABLE I: SM x Output Voltage Difference ∆uc,x =
umeasured,x − uestimated,x Under Open-Circuit Fault Condi-
tions

Fault Location Current Switching signal
Direction ix 1 0

Sx
> 0 0 0
< 0 uc,x 0

S′
x

> 0 0 −uc,x

< 0 0 0

each SMs. In the end of each control period, the switching
combination is obtained. With the known applied switching
combination, it is very easy to locate the open-circuit switch
fault in MPC of MMCs. The detailed FDI scheme with the
applied switching combination information is presented in
section IV.

III. B A T MMC O -C
F

As shown in Fig. 2, there are two possible open-circuit
faults that may occur in each SM, i.e., the Sx fault and the S′

x

fault. In the MPC of MMCs, the expected or measured SM
capacitor voltage can be obtained by checking the switching
states obtained in the former control period. The actual voltage
can be estimated by circulating and load current models.
The voltage difference between the measured voltage and the
estimated one of an SM can be adopted for open-circuit fault
detection. In the upper switch fault case, the output voltage of
the faulty SM is expected to be uc,x when the faulty switch Sx

should conduct current. However, this current path is blocked
by the anti-parallel diode, and the actual current flows through
D′

x. Therefore, the estimated voltage of the faulty SM becomes
0 and the voltage error between the measured voltage and the
estimated one is equal to uc,x. When an open-circuit fault
occurs in an SM, the faulty SM’s state and the direction of
current flow through SM determine whether the SM’s output
voltage is affected, because the anti-parallel diode is assumed
to be unaffected by the open-circuit fault. If the faulty switch
does not conduct current, the control performance of MMCs
will not be affected, or in other words, the MMC operates
normally and the open-circuit fault cannot be detected.
Table I shows how the voltage error between the measured

voltage and the estimated one is affected by the arm current
direction at each of the two possible fault locations in an
SM. The converter operates normally when the complementary
switch of the faulty one is on. As shown in Table I, an open-
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Fig. 3: The proposed open-circuit fault FDI scheme for MMCs
with MPC.

circuit fault in an SM can be observed for two conditions, i.e.,
the Sx fault can be observed when ix < 0 and Sx conducts
current and the S′

x fault can be observed when ix > 0 and
S′
x conducts current. These observations are the basis for the

open-circuit fault detection scheme presented in this paper.

IV. F D I A
In this section, an approach for open-circuit switch fault

detection and isolation is presented. The proposed technique
takes advantage of the measurements and calculations per-
formed for the MPC and requires no extra hardware or
measurement. The whole diagram of the FDI scheme for
MMCs with MPC is presented in Fig.3. The proposed scheme
is carried out in three steps: 1) fault detection 2) possible open-
circuit fault location 3) fault isolation. In the fault detection
stage, health state of MMCs is monitored. Unless the fault is
detected, the fault location process will not be implemented.
In the second stage, the possible faulty switch location can be
narrowed into one of the four groups by checking the voltage
error polarity. In the last stage, the faulty switch is isolated
by directly checking the switching states.

A. Fault Detection
The sum and difference of upper and lower arm voltages

can be estimated by

usum,e = Udc − 2La
ic

k − ic
k−1

Ts
− 2ic

kRa, (14)

udif,e = (La + 2Ll)
io

k − io
k−1

Ts
+ io

k(Ra + 2Rl).(15)

The measured sum and difference of upper and lower arm
voltages can be obtained from the former control cycle

usum,m =

N∑
i=1

(Su,i · uc,u,i) +

N∑
i=1

(Sl,i · uc,l,i) , (16)

udif,m = −
N∑
i=1

(Su,i · uc,u,i) +

N∑
i=1

(Sl,i · uc,l,i) . (17)

TABLE II: Voltage Error Characteristics Under Open-Circuit
Fault Conditions

State Voltage Faulty switch
errors location

Normal εsum ≈ 0, εdif ≈ 0. Healthy

Faulty

εsum > Uth, εdif < −Uth. Sx fault in SMu,x

εsum < −Uth, εdif > Uth. S′
x fault in SMu,x

εsum > Uth, εdif > Uth. Sx fault in SMl,x

εsum < −Uth, εdif < −Uth. S′
x fault in SMl,x

The voltage errors between the measured voltages and the
estimated ones can be utilized to locate the possible fault
primarily.

∆usum = usum,m − usum,e, (18)

∆udif = udif,m − udif,e. (19)

To simplify the analysis, each SM’s capacitor voltage is
assumed to be perfectly balanced. In order to make the FDI
independent to SM capacitor voltage, these errors can be
normalized as

εsum =
N∆usum

Udc
, (20)

εdif =
N∆udif

Udc
. (21)

The proposed fault detection is implemented by introducing
a threshold Uth. If the difference between the estimated
voltage and the measured one satisfies |εsum| > Uth or
|εdif | > Uth, the fault can be detected. However, a transient
spike caused by estimation errors, measurement noise or
electromagnetic interference may lead to erroneous diagnosis.
Although these errors are very small and within the predefined
threshold in the normal case, they may, however, occasionally
exceed the threshold and cause a false alarm. In order to elim-
inate this situation, the fault detection scheme is modified. If
the difference between the estimated voltage and the measured
one satisfies |εsum| > Uth or |εdif | > Uth, and this condition
lasts for five control cycles, then, it can be deduced that an
open-circuit fault occurs and the FDI scheme enters the fault
isolation mode. Otherwise, the FDI scheme stays in the fault
detection mode.

B. Possible Open-Circuit Fault Location
These two normalized errors between the estimated voltage

and the measured one can be utilized for fault isolation. Taking
the open-circuit fault at S1 for example, whenever S1 should
conduct current, the voltage errors between the sum and the
difference of upper and lower arm voltages are as follows
according to (20)(21)

εsum ≈ 1, (22)

εdif ≈ −1. (23)

Based on this feature, the possible open-circuit fault switch
can be narrowed by introducing a threshold Uth. For example,
when εsum surpasses the positive threshold and εdif surpasses
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Fig. 4: Flowchart of the proposed FDI approach.

the negative threshold, the possible faulty switch can be
narrowed to Sx fault in the upper arm. Other types of the
open-circuit fault can be narrowed in the same way and the
whole table for the possible location of open-circuit switch
fault is given in Table. II. As shown in Table II, the possible
faulty switch location can be narrowed into one of the four
groups by checking the voltage error polarity.

C. Open-Circuit Fault Isolation
Due to the discrete characteristic of MPC, the switching

state of each SM is known, which makes it easy for fault
isolation. Unlike checking the capacitor voltages in prior ap-
proaches, the proposed approach directly checks the switching
states of SMs for fault isolation. After the possible faulty
switch is narrowed into one of the four groups, for example,
if Sx fault is in the upper arm, the potential faulty switch
location set can be represented as

SF = {Su,1, Su,2, ..., Su,N} . (24)

The fault isolation process is to make SF have a single
element.
When there exist errors between the measured and estimated

voltages, it indicates that one of the inserted SMs in SF

fails and the ones not inserted in SF are in healthy condi-
tions. By taking this feature into consideration, the fault can
be fast isolated by introducing a counter to each potential
faulty switch. For example, if the voltage errors between the
estimated voltages and the measured ones are not zero, the
counters of the possible faulty switches in SF increase by

TABLE III: Parameters Used in Experiments

Parameters Values Parameters Values
DC bus voltage: UDC 240 V Arm inductance: La 5 mH

DC bus capacitance:CDC 3.9 mF Arm resistance: Ra 0.2 Ω
Sampling frequency 1/Ts 10 kHz SM capacitance: C 940 uF
Rated output frequency: 50 Hz Load inductance: Ll 2 mH

No. of SM in each arm: N 3 Load resistance: Rl 5 Ω

Fig. 5: Experimental setup of the single phase MMC (1)
control desk (2) DSPACE MicroLabBox (3) DC source (4)
converter (5) load resistance (6) arm inductor (7) load inductor.

one, and the counters of the healthy switches in SF decrease
by one. This idea can be denoted as follows

if(Si == 1), Tcnt,i+ = 1, (25)

if(Si == 0), Tcnt,i− = 1. (26)

As long as one of the counters has the largest value, the open-
circuit fault can be isolated. The overall flowchart is outlined
in Fig. 4.

V. E R
A. Experimental Test Rig
The single-phase MMC inverter shown in Fig. 1, whose

detailed parameters are listed in TABLE III, was built in the
laboratory. The experimental setup is illustrated in Fig. 5. A
dSPACE MicroLabBox DS1202 was adopted to implement
the digital control and a slave Xilinx was applied to generate
the gate signals for SMs. The voltage and current quantities
required by the proposed control strategy were sampled every
Ts to calculate the switching signals for each SM. A resistive
load of 5 Ω was adopted in the experiments. In the following
experiments, the IGBT open-circuit faults were generated
by permanently inhibiting the corresponding gate signals to
emulate the open-circuit fault caused by wire bond lift-off or
failure in the gate-drive circuitry.

B. Immunity Test
Fig. 6 presents the robustness test of the proposed FDI

approach to the step change of load current. The waveforms
of arm currents, load current, circulating current, six SMs
capacitor voltages and voltage errors are presented. It is
observed that during the transient, the two normalized voltage
errors stay within the predefined threshold Uth = 0.8. No
false alarm occurs during the test, indicating the robustness
of the FDI approach to the load current step change. Fig. 7
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presents the robustness test of the proposed approach to the
step change of DC-link voltage from 180 V to 240 V. As
shown in Fig. 7, the two voltage errors remain unchanged
within the predefined threshold and no false alarm is issued
during the transient process, indicating robustness of the FDI
approach against the step change of dc-link voltage.
The measured arm voltages are obtained using the measured

SM capacitor voltages and the switching states obtained in
the former sampling period. These values are obtained directly
and are not affected by the parameter variations. However, the
estimated voltages are obtained using the mathematic model
of MMCs and these values are affected by the parameter vari-
ations. In order to test the robustness of the proposed approach
against inductance variations. The numerical simulation-based
analysis is given in Fig. 8. The estimated voltages under
variations of arm inductance and load inductance from 50%
to 150% are tested to verify the robustness of the FDI
approach. La0 and Ll0 are the initial values for the controller
which are always obtained by offline measurement. The actual
inductances La and Ll may vary with conducting current
and core temperature. Therefore, in the tests, the inductance
values utilized for the voltage errors calculation are set to
constant values and the actual values vary from 50% to
150%. As shown in Fig. 8 (a), the arm inductance variation
affects the values of both εdif and εsum, which coincides well
with (14) (15). The larger the difference between La0 and
La, the larger the voltage errors are in the normal operation
conditions. With 50% La/La0, the normalized voltage errors
reach the maximum values of 0.57. However, these values are
also within the predefined threshold 0.8, indicating no false
alarm will be triggered in the normal operation. The minimum
voltage errors under faulty conditions are always higher than
the predefined threshold, indicating the open-circuit fault can
be detected in the worst cases. As shown in Fig. 8 (b), the
load inductance variation affects the value of εdif and almost
has no effect on the value of εsum, which coincides well
with (14)(15). The larger the difference between Ll0 and Ll,
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Fig. 7: Immunity test to step change of dc-ink voltage.

the larger the voltage error εdif is in the normal operation
conditions. With 50% Ll/Ll0, the normalized voltage errors
reach the maximum values of 0.4. However, these values are
also within the predefined threshold 0.8, indicating no false
alarm will be triggered in the normal operation. The minimum
voltage errors under faulty conditions are always higher than
the predefined threshold, indicating the open-circuit fault can
be detected in the worst cases. These results verify that the
proposed FDI scheme is robust to the inductance variations in
a certain range.

C. FDI Results
Experiments were conducted to verify the validity of the

analyzed fault behavior of MMCs and the developed FDI
approach. Fig. 9 shows the experimental waveforms with Su,3

fault in SMu,3. Initially, it can be seen that the observed
voltage errors stay around zero, indicating the measured
voltages well coincided with the estimated ones. But when
the open-circuit fault occurs, the normalized voltage errors
deviate from zero. εsum surpasses the positive threshold and
the εdif surpasses the negative threshold which is in agreement
with the theoretical relationship in Table II. When the two
voltage errors surpass the threshold and this situation lasts
for 0.5 ms, the fault detection signal changes from 0 to 1,
indicating the fault is detected. After the fault is detected,
the fault isolation is implemented. By checking the voltage
error polarity, εsum > Uth and εdif < −Uth are observed.
Therefore, the possible faulty switch location can be narrowed
to Su,x in the upper arm by looking up Table II. After the
possible faulty switch is narrowed to Su,x in the upper arm,
the counters for each SM are adopted to isolate the faulty
switch. As long as the faulty switch is conducting current,
the voltage errors will surpass the threshold. As discussed in
Section IV, the proposed approach checks the switching states
directly for faulty switch isolation. For instance, when voltage
error exceeds the threshold and the upper switch in SMu,1 and
SMu,2 is on, the upper switch in SMu,3 is off. This means
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Fig. 8: Normalized voltage errors at inductance variations during normal and faulty states.
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that the upper switch in SMu,3 is healthy and the upper switch
in SMu,1 and SMu,2 is the possible faulty switch. In this
case, the counters for the upper switch in SMu,1 and SMu,2

increase by 1 and the counter for the upper switch in SMu,3

decreases by 1. When the voltage error is zero, these counters
keep unchanged. In the next sampling period, this process
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of uc,u uc,l, normalized voltage errors, fault detection signal,
fault isolation counters for each potential faulty SM, fault
isolation signal.

repeats until one of the counters becomes the largest among
the three counters. As shown in Fig. 9, when the counter value
of Tcnt,3 becomes the largest, the open-circuit fault is isolated
where Tcnt,1 = 3, Tcnt,2 = 3, and Tcnt,3 = 5. The fault
isolation process is completed in five control periods.
Fig. 10 shows the experimental results for the case of S′

l,3
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TABLE IV: Average isolation periods in terms of No. of SMs

No. of SMs 10 20 30 100
Average isolation periods 4.58 5.62 6.21 7.96

fault in SMl,3. By checking the voltage error polarity, It is
found that εsum < −Uth and εdif < −Uth. Therefore, the
possible faulty switch location can be narrowed into Sl,x in
the lower arm by looking up Table II. As shown in Fig. 9,
when the counter value of Tcnt,3 becomes the largest, the
open-circuit fault is isolated where Tcnt,1 = 10, Tcnt,2 = 10,
and Tcnt,3 = 12. The faulty switch is isolated at Sl,3 fault in
SMl,3. These results confirm that the faults can be accurately
detected within 1 ms and isolated within 1.2 ms by the
proposed FDI approach.

D. Discussion on the Threshold and the Average Detection
Time
As shown in section IV, only one threshold needs to be

tuned in the proposed FDI approach. The normalized errors are
lower than 0.3 in normal condition. Therefore, the threshold
with a value higher than 0.3 can be adopted to avoid false
alarms. A higher value of Uth will decrease the probability
of false alarm caused by transient disturbances and parameter
variations. On the other hand, when the capacitor voltage is
perfectly balanced, then the normalized error will become 1
at the open-circuit fault case. However, this voltage error is
not a perfect dc component but dc has an ac component with
fundamental frequency. In addition, in the open-circuit fault
case, the capacitor voltage will deviate from the balanced state.
Therefore, a conservative threshold value of 0.8 is adopted to
avoid false alarm in this paper.

Another important issue for the FDI is the assessment on
average detection time. However, it is very hard to evaluate
the average detection time directly since the switching state of
each SM is unpredictable. In order to simplify the analysis, the
average detection time is evaluated based on the Monte Carlo
method [32]. In the faulty mode, the capacitor voltage of the
faulty SM will deviate from that of healthy SMs. This will
lead to the situation that the faulty switch is always inserted
for capacitor voltage balancing, which means the counter of
the faulty SM is monotonic-increasing. The switching states of
the healthy SMs are random with 50% probability. Based on
this assumption, the probability of isolating the faulty switch
at each sampling period Pk can be given using the numerical
simulation. The Pk at numbers of sampling period Tk is
presented in Fig. 11. The average sampling period Td required
to isolate the fault is obtained by Td =

∞∑
k=1

TkPk. The average

detection time with certain numbers of SMs is presented in
Table IV. As shown in Table IV, the average numbers of
sampling periods required for fault isolation increase with the
increasing numbers of SMs. However, the increased detection
time is insignificant. Even there are one hundred SMs, the fault
can be isolated at average values of 7.96 sampling periods,
indicating the proposed fault isolation approach is fast and
efficient even with a large number of SMs. Although the
switching state is not random in the real case, the Monte
Carlo method is also an effective way to evaluate the average
detection time in an approximate way.

VI. C

In this paper, a voltage-based single switch open-circuit
fault FDI approach has been proposed to enhance the reli-
ability of MMCs with MPC. The single switch open-circuit
fault can be detected by comparing the estimated arm voltages
with the measured ones. The proposed fault isolation approach
is achieved by directly checking the known switching states
of MMCs with MPC. The proposed FDI scheme is robust
to transient disturbances and is free from tedious threshold
tuning. Unlike other fault detection approaches in the litera-
ture, no additional hardware is required in the proposed FDI
approach. It is possible to detect and isolate an open-circuit
fault in several sampling periods and it is also applicable
to MMC with a large number of SMs. Meanwhile, the high
immunity to the false alarm is also guaranteed. Experimental
results demonstrate the feasibility and effectiveness of the
proposed FDI approach. This FDI approach can be applied
to other modular converters with MPC. Nevertheless, there is
one limitation of this FDI approach that it can only detect and
isolate the single open-circuit fault and it fails when multiple
open-circuit faults occur simultaneously. This calls for further
work and improvement.
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