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Abstract: Modular multilevel converter (MMC) is distinguished by its modularity. In order to
improve its reliability and avoid unscheduled maintenance, it requires the MMC to continue operating
even though some of its submodules (SMs) have failed. In this paper, a grouping management method
of SMs in MMC is first presented where every six SMs are conceptually grouped into a virtual subunit
(SU), and on this basis, a simplified space vector modulation (SVM) implementation is developed.
Then, the fault-tolerant solutions are proposed by investigating the post-fault operation of the MMC
based on the virtual SU concept. It is analyzed that the SU failures can be categorized into three basic
types, according to the phase where the failed SMs are located, and also multiple SM failures can be
decomposed into one or multiple basic fault types. In this way, the fault-tolerant solutions are unified
regardless of the number of faulty SMs. Further, the sorting capacitor voltage control is combined into
the proposed methods to balance all of the SM capacitor voltages. With the proposed fault-tolerant
method, the amplitude and THD of the line voltages are almost unchanged under fault conditions
when compared with normal operations. The simulation and experiment verify the propositions.

Keywords: fault tolerance; modular multilevel converter (MMC); post-fault operation; space vector
modulation (SVM)

1. Introduction

Modular multilevel converters (MMCs) have become more and more attractive for
medium/high voltage applications, especially high-voltage direct current transmission
(HVDC) and medium-voltage motor drives, due to their modularity and extensibility [1-3].
However, since there are a huge number of SMs in MMC (Figure 1), they are loaded against
their reliability [4]. It is not until MMC can permit one or some of its broken SMs that
the whole system’s reliability would be greatly improved. Failure types of SMs, failure
rates and failure consequences have been shown in [5]. All of these faults will affect the
normal operation of MMCs. Therefore, it is necessary to provide suitable fault-tolerant (FT)
methods to avoid unscheduled shutting down [6-8].

To enhance the fault-tolerant capability of MMC, several strategies have been presented
in the literature which can be divided into hardware-based strategies and software-based
strategies [9-23]. Hardware-based methods mainly make use of redundant SMs. Redun-
dant SMs can be designed to be cold-reserved or hot-reserved. In cold-reserve methods,
redundant SMs are bypassed during normal operations and inserted when a failure hap-
pens. Thus, there are transient process problems during bypassing or inserting a SM. In [9],
a seamless operation is achieved by proposing a transition control method in which the
references of SMs are changed. In [10], a topology of redundant SMs is presented based on
multilevel modular capacitor-clamped dc/dc converters (MMCCCs) which can produce
three voltage levels. The redundant SMs are inserted after a failure occurs. Obviously, with
hardware-based FT methods, the peak values of output voltages are the same as those
generated under normal conditions. However, before inserting into operation, it takes time
for the capacitors of the cold-reserved SMs to be charged to the desired value. Besides,
redundant SMs bring in additional economic cost.
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Figure 1. Circuit diagram of one phase of MIMC.

In terms of hot-reserve methods, redundant SMs are not always bypassed during
normal operations, and their operation modes are just the same as other SMs [11-16].
In [11], a rotating sliding box is used to select the SMs to be inserted based on carrier
phase-shifted (CPS) modulation. The sliding choice box is updated when a fault occurs and
the FT operation can be achieved with a nearly seamless transition. In [12], CPS modulation
is combined with a sort balancing control to choose the healthy SMs and to bypass faulty
SMs at the same time. This method doesn’t have to reconfigure all the carriers every time a
failure occurs. By modifying the average capacitor voltage, Ref. [13] improves the operation
of MMC with arms containing a different number of SMs which is caused by faulty SMs,
and the energy is balanced in each arm. In [14], faulty SMs are bypassed when a fault
occurs and a closed-loop control is used to improve the operation of MMC with arms
containing a different number of SMs. In [16], not only the faulty SMs are bypassed, but
a certain number of healthy SMs in the corresponding arms are also bypassed so as to
achieve a symmetrical operation of MMC. Similar to the above cold-reserved methods,
the hot-reserve methods increase the economic cost due to the design of redundant SMs.
Especially, when the redundant SMs are exhausted, these hardware-based FT methods
become invalid.

In recent years, some FT strategies have been presented based on modifying soft-
ware [17-26]. In these software-based methods, there are no redundant SMs. For example,
in [17], faulty SMs are bypassed and the modulation reference is changed when failure
happens. In [18], a model-predictive-based FT control is proposed. However, Refs. [17,18]
didn’t consider the requirements for the amplitude and THD of the line voltages. Recently,
the neutral-point-shift (NPS) based methods have attracted the attention of scholars [19-22].
By shifting the neutral point, the balance of three-phase line voltages can be guaranteed.
In [19], NPS is achieved through modifying the references of three-phase voltages. NPS
is realized by adding a voltage to the output voltage which is calculated carefully in [20].
NPS and sort balancing control are combined in [22]. However, the NPS-based methods
are not suitable for the applications where space vector modulation (SVM) is adopted.
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For AC drive applications, SVM is always a preferred modulation method with more
flexibility to select the switching vectors and arrange the switching sequences, especially
when involving the achievement of better performances e.g., high DC voltage utilization
and the suitability for implementation in digital signal processors [27]. Therefore, quite
a few authors utilize the vectors flexibility of SVM algorithm to realize FT operation of
multilevel converters. However, few SVM schemes have been reported for the MMC. One
of the main obstacles is resulting from the largely increased number of switching states
and switching sequences that accompanies the large number of levels. The other obstacle
is due to the special structure of the MMC, in which each phase has an upper arm and a
lower arm, so it is even more complicated to apply the multilevel SVM in MMC than in
conventional multilevel converters such as the flying-capacitor multilevel converters and
the diode-clamped multilevel converters. Ref. [28] employs a modified SVM technique to
realize FT operation. In the modified SVM, a reformed space vector diagram is used to
generate phase voltages with equal amplitudes that have different number of levels. Since
the reformed space vector diagram is structured according to the modified switching states
of the faulty MMC, the versatility of the method is very limited.

In this paper, a unified fault-tolerant strategy is proposed. Firstly, a simplified SVM
implementation for the MMC is developed by presenting the grouping management of
SMs [29]. On this basis, a fault-tolerant operation strategy is proposed. Since the complexity
of the proposed fault-tolerant strategy is basically irrelevant to the number of faulty SMs,
the post-fault operation whether with one SM failure or with multiple SMs failures is
unified. The rest of the paper is organized as follows: Section 2 introduces the concept of
the SMs grouping management and the realization of the simplified SVM. In Section 3, a
standardized reference coordinate system is first proposed to be compatible with normal
cases and faulty cases. Then, based on the proposed virtual subunits (SUs), the post-fault
operation of MMC is categorized into three basic types with proposing the corresponding
SVM-based FT strategies. Especially, multiple SMs failures are decomposed into multiple
basic types. The propositions are verified by simulation in Section 4 and experiment in
Section 5.

2. Proposed SMs Grouping Management and SVM Realization
2.1. Concept of the SM Grouping Management

Since the MMC topology has a large number of switches, and hence very many
switching states, it is a heavy burden to map out the complete space vector diagram of the
MMC, not to mention the design of the next post-fault operation such as detection, location
of fails and fault-tolerant operation, etc.

In this respect, the concept of the SMs grouping management is firstly proposed,
which will facilitate the realization of SVM and implementation of the tasks related to the
post-fault operation. As seen in Figure 2a, every six SMs of the same side bridge arm are
grouped into a subunit (SU), in which every two SMs belong to the same phase. Evidently,
each phase in a SU can output three voltage levels: 2u,., 1. and 0, so it is called a three-level
SU in this paper. Here, u, is the capacitor voltage and ideally equals to Ug./n. Thus, an
MMC topology with n SMs per arm can be divided into n three-level SUs, half of which
are on the upper arm and half on the lower arm. It is worth mentioning that the SMs in a
SU are not necessarily located adjacent to or at the same position on the arms, so the SU;
(i=1,2,...,n) is conceptually “virtual”.
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Figure 2. SMs grouping management to form three-level SUs (a) three-level SU and its (b) space

vectors diagram.

2.2. Realization of the Simplified SVM

Due to similarity of structure, it is easy to analyze that each SU can be modulated with
the three-level SVM algorithm, and the corresponding space vector diagram is revealed
as in Figure 2b. Thus, the determination of the switching sequences and the on-time
calculation of the voltage vectors for each SU become much easier. As seen from Figure 2b,
there are 19 vectors including six large vectors, six medium vectors, six small vectors, and
one zero vector. The three letters in each vector bracket indicate the states of the three-phase
system by corresponding to the phases u, v, w. “P” indicates that the phase in the SU
outputs the highest voltage level, 2u.. “O” means the phase output in the SU is at the
intermediate level, u.. When the phase voltage is 0, which is the lowest level, it is defined as
the state “N”. As seen, each small vector has redundancy. For example, the vector (NON)
is the redundancy of the vector (OPO). The use of redundant vectors may be an easy way
to achieve fault-tolerant operation, but this is not applicable for all fault conditions. For
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example, the medium vectors and large vectors have no redundancy, so the fault-tolerant
operation cannot be achieved by just using the redundant vectors.

On this basis, a simplified SVM implementation method is derived for the MMC and
the whole schematic diagram of its implementation is illustrated in Figure 3. As seen, the
SVM process for a high-level MMC can be easily completed through fulfilling multiple
traditional three-level SVM algorithms. Therefore, the complicated off-line or on-line
efforts/tasks about mapping switching states or sequences in the conventional multilevel
SVM are not necessary any more. Besides, in order to achieve a higher equivalent output
harmonic order, the sampling moments for the modulated references of the different SUs
are staggered as [01,07,..., 0], as shown in Figure 3.

MMC
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Figure 3. Schematic diagram of the presented SVM for MMC.

3. Proposed Fault-Tolerant Operation Schemes
3.1. Standardization of Reference Coordinate System

When a SM fails, the usual practice is to bypass it. In the MMC, each phase has two
arms and the two arm voltages synthesize the output phase voltage. In order to ensure
the symmetry of the output, not only the faulty SM is bypassed, but the other arm in the
same phase should also bypass the same number of SMs including the faulty and normal
ones. Therefore, it permits at most half number of SMs in a phase to fail. Thus, only the rest
healthy SMs can be inserted into the MMC operation, so the voltage of each SM capacitor
at the steady state will be

u'e=Ugc/(n —ny) @

In (1), n¢is the number of SMs bypassed due to failures in an arm.

Itis clear u’c > uc. As aresult, the reference coordinate system of space vector diagram
under the faulty situation is different from that under the normal situation. Therefore, the
reference vector length is standardized here. Define a scalar factor of vector length k,

K=u'c/Quc)=n/[2(n — ns)] 2

As an example, the standardized reference coordinate system of the SU with one
broken SM in phase u is given in Figure 4. As seen, the unit length of the coordinate
system for the normal phase is 1 while the unit length for the faulty phase is k. Thus, the
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space vector locations with faulty SMs can be illustrated in the same way as that in the
normal condition.

Figure 4. Standardized reference coordinate system with phase 1 broken.

3.2. Proposed Fault-Tolerant Operation Scheme

The proposed fault-tolerant scheme is based on the concept of SUs. According to the
number of the faulty SMs, the following analysis will be divided into two cases: one SM
failure and multiple SMs failures.

(1) One SM failure

When a MMC has a SM failure, the defected SM may appear in phase u, phase v or
phase w, and the corresponding failure is called as type u, type v or type w, respectively.
The space vector diagrams for each failure type are illustrated in Figure 5. Due to a SM
failure, the defected phase only has two voltage levels: u’c and 0. Following the definition
of the states in Figure 3, u’. corresponds to the “P” state, and there is no “O” state due to
there being no intermediate level. Therefore, the vectors related to the “O” state of phase
u is missed, as the grey vectors in Figure 5. As seen, the missed vectors include six small
vectors, two medium vectors and a zero vector. As analyzed before, small vectors have
redundancies, so the missed six small vectors can be replaced by their redundant ones.
However, there is no substitute for the missed medium vectors. Therefore, they are virtual
vectors as drawn in blue arrows and will be composited by other adjacent vectors.
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Figure 5. Space vector diagram of typical fault types (a) type u (b) type v and (c) type w.
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(2) Multiple SMs failures

When a MMC has multiple SMs failures, the defected SMs may appear in one phase,
two phases or even three phases. In these cases, this paper presents a SM exchanging
strategy. This means the faulty SUs borrow a SM from other healthy SUs. In this way, the
cases with multiple SM failures can be changed into multiple typical fault types, which will
be divided into two cases.

One case is that the failed SMs are in the same phase in a SU. As shown in Figure 6a,
both SMs in phase u are defected, as the highlighted SMs with grey color. By exchanging
SMs with a healthy SU, the faulty SU; with two faulty SMs and the borrowed healthy SU,
are changed into two faulty SUs both with type u.

SU/(type u)

F ?%J_E_SMJ_E_S_“_AJ_

W SU ) SUfpew ,
Esw‘jsw‘jsm L) Ho) Lsw

o _S_“f_'_E_S_“f_'_E_S_“_“l
E‘s?m‘a‘ggg[a‘;m Yaw) _‘|‘s‘g4;|'5‘;m‘

] o) 5] E_E__SMJ_E_S%_I_E_S}_A_I_

(b)

Figure 6. Decomposition of multiple SM faults in (a) one defected phase (b) two defected phases.

The other case is that the failed SMs are in different phases. As shown in Figure 6b,
both phase u and phase v have a faulty SM. By exchanging SMs with a healthy SU, the
faulty SUrand the healthy SUj, are changed into two faulty SUs, respectively, with type u
and type v.

It is worth pointing out that when there are more than two SM failures in a SU, the
defected SU needs to exchange SMs with more than one healthy SU. If the number of the
defected SMs in a SU is m, the number of the healthy SU required for exchange is m — 1.
Thus, a SU with multiple SM failures is decomposed into multiple SU with one defected
SM. Therefore, the fault tolerance methods can be unified as type u, type v and type w.
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From the above, with SMs grouping management, the fault-tolerant strategies can be
summarized into the above three types, regardless of how many SMs of a SU fail. As a
result, the fault-tolerant operation of MMC are unified.

3.3. Implementation

As analyzed above, in each of the three failure types, there are two medium vectors
lost. Since medium vectors don’t have redundant vectors, it is necessary to synthesize the
lost medium vectors by utilizing the remaining adjacent vectors. For example, in type u,
the lost medium vectors are (OPN) and (ONP), so they are combined by the adjacent large
vectors. Suppose the action times of vectors (OPN) and (ONP) in normal operation are 2¢,
and 2t,, respectively. According to the length of vectors in the space vector diagram, there
are the following triangle synthesis rules, as shown in Figure 7.

t X(NPN) t, X (PNP)

2 z
A
S Al
< A X
Q &
t_x(PPN) t, < (NNP)

Figure 7. Vector synthesis diagram.
The realization of the synthesis process can be expressed by the following equations:
2ty x (OPN) =ty x (NPN) + ¢, x (PPN) (©)]

2t, x (ONP) = £, x (NNP) + t, x (PNP) ()

Here, the calculation of vector action time in the conventional three-level SVM can be
used as (5).

— — — —
{ Vit1 4+ Vot + Vst = VrefTs (5)
ti+t+t3 =T

— - = — —

Vyer is the reference vector, V1, V; and V3 are three static vectors closest to V.r. Ts is
the carrier cycle and equals to the sampling period. According to (5), the action periods
t1, t; and t3 can be calculated. In this paper, the corresponding vectors are divided into
seven stages to act in each cycle. Although t1, t; and ¢3 are different in every small sector,
they can be arranged as a time sequence by corresponding to the vectors. In the normal
operation, the action sequence is described as

t1 tp t3 t1 t3 fp &
SE—1231321 (6)

T l472727272"2°4
The values of t;, t; and t3 depend on the calculation results in different sectors.
It should be noted that in order to avoid possible increasing of the harmonics and
switching losses, it is necessary to reasonably arrange the action order of vectors. Therefore,
two criterions should be considered: (1) center symmetry pulse sequence and (2) as few
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switching processes as possible. Therefore, the action sequence of the vectors may be
different from that in normal conditions.

Here, type u in Figure 5a is taken as an example, all possible sequences are derived
as (7). Since phase u has a faulty SM, the medium vectors in sectors II and V are missed.
As a result, the sequence arrangement in these two sectors are more complex than those
in other sectors, so the sector 1I-5 is taken as an example to show the derivation of the
sequences. Table 1 shows the action sequences of vectors under the normal conditions and
type u fault, respectively.

SE2 hy t3 & t3 t3 t
|:2]’4f’ Zf’tz’ i’ Af’2li|

3 tp t ty ty t
SE3 |:3[ 2[ thll 2, 2, 3:|

S O I Y Y W NI WY
SE4__2'2+4'8’4'8'2+4'2}

@)
}

)
oo

_ (et bttt bt
SES= |}, 3 +%4. 4.3, 4 5+ 4.4

_[hthbtsts b by
SE6 = _2,2,4,2,4,2,2}

(ts 1t b b bt t3

SE7 = | 2727472747727 2}

2727472747272

SE8 — (b s h b b B tz}

Table 1. Action sequence of vectors in sector II-5.

Conditions Action Sequence of Vectors
Normal NON NPN OPN OPO OPN NPN NON
Type u fault NON NPN PPN PPN PPN NPN NON

As seen, under normal conditions, the action sequence is just as SE in (6). The action
periods for (NON), (NPN), (OPN) and (OPO) are t1/2, t,, t3 and t1 /2, respectively. For a
type u fault, (OPO) is replaced by (NON), so the total action time of (NON) is increased by
t1/2 which is originally the action time for (OPO). Since (OPN) is synthesized from (NPN)
and (PPN) as given in Figure 7, according to equation (3), the increased action time of
(NPN) and action time of (PPN) are ¢3/2 which is half of the action time for (OPN). Finally,
the action times for (NON), (NPN) and (PPN) are ¢;, tp+t3/2 and t3/2, respectively. To
achieve the above two criterions, the action sequence of vectors is arranged as the second
line in Table 1. In this way, the action sequence is SE4 given in (7). For the sake of saving
space, the derivation process of action sequences in other sectors are not given here. Table 2
shows the vector sequences in all small sectors and the corresponding time sequences.

Due to three-phase symmetry, for the other two failure types: type v and type w, the
process to calculate the action time and arrange the sequence is similar to that with type u.
Due to space limitations, exact results are not given here.

The flow chart of the presented fault tolerant strategy is shown in Figure 8. It is worth
mentioning that this paper focuses on the post-fault operation of MMC, so there is no
discussion about the fault detected process here.
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Table 2. The sequence and action time of vectors.

Sectors Time Switching Sequence

I-1 SE7 POO-PPO-PPP-PPP-PPP-PPO-POO

I-2 SE6 POO-PPO-PPP-PPP-PPP-PPO-POO

I-3 SE8 PON-POO-PPO-PPO-PPO-POO-PON

I-4 SE7 PON-POO-PPO-PPO-PPO-POO-PON

I-5 SE8 PON-PPN-PPO-PPO-PPO-PPN-PON

I-6 SE8 PNN-PON-POO-POO-POO-PON-PNN
-1 SE1 NNN-NON-PPO-PPO-PPO-NON-NNN
1I-2 SE1 NON-PPO-PPP-PPP-PPP-PPO-NON
II-3 SE2 NON-NPN-PPN-PPO-PPN-NPN-NON
11-4 SE3 NON-NPN-PPN-PPO-PPN-NPN-NON
II-5 SE4 NON-NPN-PPN-PPN-PPN-NPN-NON
11-6 SE5 NPN-PPN-PPO-PPO-PPO-PPN-NPN
I-1 SE8 NNN-NON-NOO-NOO-NOO-NON-NNN
111-2 SE7 NNN-NON-NOO-NOO-NOO-NON-NNN
11-3 SE7 NON-NOO-NPO-NPO-NPO-NOO-NON
111-4 SE6 NON-NOO-NPO-NPO-NPO-NOO-NON
I1-5 SE6 NOO-NPO-NPP-NPP-NPP-NPO-NOO
11I-6 SE6 NON-NPN-NPO-NPO-NPO-NPN-NON
Iv-1 SE7 NNN-NNO-NOO-NOO-NOO-NNO-NNN
V-2 SE8 NNN-NNO-NOO-NOO-NOO-NNO-NNN
V-3 SE6 NNO-NOO-NOP-NOP-NOP-NOO-NNO
Iv-4 SE7 NNO-NOO-NOP-NOP-NOP-NOO-NNO
V-5 SE6 NNO-NNP-NOP-NOP-NOP-NNP-NNO
V-6 SE6 NOO-NOP-NPP-NPP-NPP-NOP-NOO
V-1 SE1 NNO-POP-PPP-PPP-PPP-POP-NNO
V-2 SE1 NNN-NNO-POP-POP-POP-NNO-NNN
V-3 SE3 NNO-NNP-PNP-POP-PNP-NNP-NNO
V-4 SE2 NNO-NNP-PNP-POP-PNP-NNP-NNO
V-5 SE5 NNP-PNP-POP-POP-POP-PNP-NNP
V-6 SE4 NNO-NNP-PNP-PNP-PNP-NNP-NNO
VI-1 SE6 POO-POP-PPP-PPP-PPP-POP-POO
VI-2 SE7 POO-POP-PPP-PPP-PPP-POP-POO
VI-3 SE7 PNO-POO-POP-POP-POP-POO-PNO
VI-4 SE8 PNO-POO-POP-POP-POP-POO-PNO
VI-5 SE8 PNN-PNO-POO-POO-POO-PNO-PNN
VI-6 SE8 PNO-PNP-POP-POP-POP-PNP-PNO
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Figure 8. Flow chart of the presented FT strategy.

3.4. Capacitor Voltage Balance

Regardless of whether it is in the normal operation or in fault-tolerant operations,
the SM capacitor voltage balance is a problem that must be considered. According to the
operation principle, the arm current is positive, the accessed SMs are charged, and when
the arm current is negative, accessed SMs are discharged. Therefore, the capacitor voltage
sorting strategy is merged into the proposed strategy to keep capacitor voltage balance in
this paper, as the red block shown in Figure 8.

According to the sorting results of the SM capacitor voltages and the direction of the
arm currents, the switching signals calculated by the three-level SVM algorithm are dis-
tributed to the selected SMs. In this understanding, it is easy to know that after considering
the capacitor voltage balance, the switching signals are directly assigned to SMs, not SUs.
Therefore, “SU” is just a virtual concept derived from the description of the modulation
process. This also further illustrates the statement in Section 2, that the SMs in a SU are not
necessarily located adjacent to or at the same position on the arms.
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4. Simulation Results

The performance of the proposed FT strategy is first evaluated on a MatLab/SimuLink
three-phase MMC model. The parameters are shown in Table 3.

Table 3. Simulation parameters.

Parameters Indexes Values
No. of SMs per arm N 10
DC-link voltage Uqc 800 V
Switching frequency fs 1 kHz
Modulation index m 0.97
Fundamental frequency fo 50 Hz
Arm inductance Ls 3mH
L 3mH
Load foad m
Rioad 100

Take phase u as an example, the simulated waveforms of phase voltages, line voltages
and load currents in the normal operation are displayed in Figure 9. As seen, the MMC
can work well; especially the phase voltage has 11 levels, while the line voltage waveform
is also very symmetrical. Figure 10 shows the simulated results with the type u failure
where only phase u has a defected SM. Obviously, even if one SM in the MMC fails, the
MMC can still keep operating. However, since the defected SM and another healthy SM in
the other arm are bypassed, the faulty phase only has eight SMs inserted every moment.
Therefore, the phase voltage with the faulty SM only has nine levels while the waveform of
the line voltage is not as symmetrical as in the normal operation. Further, the calculated
THD values of the line voltages are also concluded in Table 4. As seen, the fundamental
amplitude values of the line voltages are only slightly changed, and the THD results are
just slightly increased.
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Figure 9. Simulated waveforms (normal operation).
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Figure 10. Simulated waveforms (type u fault).

Table 4. The values of line voltages.

Conditions Uyo Upw Uy
THD (%) Amplitude (V) THD (%) Amplitude (V) THD (%) Amplitude (V)
Normal 7.98 779.9 7.95 780 7.98 780
Type u 9.52 776.7 8.27 779.8 9.52 777.3

5. Experimental Results

A three-phase MMC lab prototype with four SMs per arm is also built to verify the
propositions. The control system is based on a digital signal processing chip (DSP) and
three field-programmable gate array (FPGA) and the tested parameters are given in Table 5.

Figure 11 shows the tested waveforms of phase voltage, the line voltage and the output
current of phase 1 under normal conditions. As seen, under normal conditions, the MMC
can work well with the phase voltage and the line voltage being very neat and symmetrical
multilevel waveforms shown in Figure 11a,b. From Figure 11d, the SM capacitor voltages
can be kept at 75 V which is the balanced voltage value. Also in Figure 11d, from the
bottom curve which is the zoomed-in capacitor voltage, the voltage ripple is less than 1 V.
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Figure 11. Experimental results under normal conditions (a) phase u voltage (b) line voltage 1,
(c) current of phase u (d) some SM capacitor voltages of phase 1 and one zoomed-in curve.

Figure 12 shows the tested waveforms of phase voltage, the line voltage and the output
current of phase u with type u failure. During testing, as an example of type u fault, the
second SM in the upper arm of phase u is turned off to imitate an open-circuit fault, and the
tested waveforms with the presented fault-tolerant method are given in Figure 12. Since
phase u has a broken SM, it has three SMs inserted in every switching period, while phase v
and phase w have four SMs inserted, respectively. Therefore, the waveform of 1y, is similar
to that under the normal condition, while the waveforms related to phase A such as u,
and uy,, are changed. From Figure 12a,b, the level number of the line voltages related to
the broken phase is reduced during post-fault operations, so the line voltage waveform
is not as symmetrical as in the normal operation. However, the peak values of the line
voltages are not reduced due to the use of the presented strategy. As seen in Figure 12d, the
balanced capacitor voltages of the phase u are increased to be 100 V. This is because the
phase u only has three SMs inserted in every switching period while the healthy phases v
and w, respectively, have four SMs inserted in every switching period.

Figure 13 shows some tested waveforms of the transient process from normal operation
to type u failure. As seen in Figure 13a—c, the transient process is gentle. In Figure 13d,
after the failure happens, the SM capacitor voltages in failure phase increases from 75 V to
100 V due to less SMs inserted.

Table 5. Experimental parameters.

Parameters Indexes Values
No. of SMs per arm N 4
dc-link voltage Uge 300V
SM capacitance C 2350 uF
Switching frequency fs 1 kHz
Modulation index m 0.97
Fundamental frequency fo 50 Hz
Arm inductance L 7.7 mH

Lioad 1mH

Load
o Rioad 50 O
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Figure 13. Experimental results of transient process from normal operation to type u failure (a) phase
u voltage (b) line voltage u,, (c) current of phase u (d) some SM capacitor voltages of phase 1 and
one zoomed-in curve where the voltage ripple is less than 1 V.

6. Conclusions

By introducing the concept of the SMs grouping management, the SVM implemen-
tation for the MMC is simplified and can be completed only by carrying out multiple
three-level SVM algorithms. On this basis, the post-fault operation of the MMC is investi-
gated and a unified fault-tolerant operation strategy is proposed. In terms of a subunit (SU),
its failure can be categorized into three basic types with each type having one SM failure
in a SU, and the failures with more defected SMs can be decomposed into multiple basic
types by exchanging SMs with other healthy SUs. Further, the corresponding fault-tolerant
strategies are developed and unified by only proposing the fault-tolerant strategies for
three basic failure types. Additionally, the sorting capacitor voltage control is combined
into the proposed methods to solve the SM capacitor voltage balance problems. Simulation
and experimental results verify the propositions by providing some key waveforms in
normal condition and with SM failures.
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