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Abstract—The modular multilevel matrix converter (M3C) is
an attractive topology for high-voltage and high-power direct ac-
to-ac power conversion applications. SM fault-tolerant control is
of great importance for the M3C. This letter proposes an opti-
mum common-mode voltage injection (CMYV) method which can
maximize the input and output voltage ranges of the M3C after
nonredundant submodules (SMs) are failed. The injected optimum
CMY is calculated in real-time according to the relationship be-
tween the fundamental reference voltage and maximum available
voltage of each branch, which can be adaptive to different load
and fault conditions. The operating area of the M3C after the fault
when employing this method is also discussed. Experimental results
implemented on an M3C prototype with three SMs in each branch
are presented to validate the proposed method and analysis.

Index Terms—Adaptive optimum common-mode voltage
(CMYV), fault-tolerant control, modular multilevel matrix converter
(M3C), submodule (SM) fault.

I. INTRODUCTION

HE MODULAR multilevel matrix converter (M3C) is
T capable of realizing direct ac-to-ac power conversion,
which has gained much attention in several applications, such as
variable-speed motor drive [1], low-frequency power transmis-
sion [2], offshore wind energy conversion [3], [4], and pumped
hydro storage plants [5].

The circuit topology of the M3C is presented in Fig.1, which
directly connects two three-phase systems by nine branches.
Each branch consists of N cascaded full-bridge submodules
(SMs) and a branch inductor L;. Similar to the traditional dc—ac
modular multilevel converter (MMC), when nonredundant SMs
in the M3C are failed, the maximum available branch voltages
may not be able to support the input—output voltage difference,
which affects the stable operation of the M3C. Therefore, to
further enhance the reliability of the M3C in these applications,
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Fig. 1. Circuit configuration of the M3C.

special measures should be taken to realize the fault ride-through
of nonredundant SMs.

This kind of problem has been widely studied in the MMC.
The basic idea is to avoid overmodulation by injecting common-
mode voltage (CMV) in output phase voltages. However, the
key point is what kind of CMV can maximize the output voltage
range after the fault within the limited available range of the
CMYV, which can be treated as the optimum CMV. A method
based on the neutral shift (NS) of ac-side voltages is first pro-
posed in [6]. However, it is not necessarily optimum when only
the NS of the ac-side is employed. To take advantage of more
degrees of freedom, a strategy that combines the NS of the ac
and dc side is proposed in [7]. Based on the method proposed
in [7], the optimum NS combinations which can maximize the
output voltage range when there are different numbers of faulty
SMs in each branch are presented in [8], which are obtained by
numerical calculation and need to be stored as a lookup table
for utilization. In addition, two methods are proposed in [9]
and [10] to solve the fault-tolerant problem of the back-to-back
MMC. In [9], a method that increases the capacitor voltages of
healthy SMs based on the NS method is proposed. By gradually
increasing the capacitor voltages of the healthy SMs after the
fault, the output voltage of the MMC can gradually return to its
rated value. Another method that increases the output voltage
of the inverter-side MMC after the fault by reducing the dc-link
voltage is proposed in [10]. This method can increase the output
voltage amplitude compared with the optimum NS combination
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proposed in [8], and it does not require a neutral-voltage shift
which produces CMV. However, since the modulation index of
the rectifier-side MMC is generally fixed and close to 1, the
reduction of the dc-link voltage is limited, which limits the
feasible region of this method.

Similar to the NS method employed in the MMC, a method
that simultaneously shifts the input and output ac voltage is
proposed in [11] to realize the fault-tolerant control of the M3C.
The overmodulation of each branch is avoided by adjusting the
neutral-point voltages of the input and output sides. However, the
voltage waveforms of nine branches of the M3C change along
with the load frequency and initial load phase angle (ILPA).
Therefore, the optimized NS voltages which can enlarge the
input and output voltage range (IOVR) as much as possible are
related not only to the numbers of failed SMs in each branch but
also to the load frequency and ILPA. Even though the numerical
method is utilized to calculate the optimum results, the results
are quite complex and difficult to be stored as a lookup table
since they are related to multidimensional variables. Moreover,
the injected CMV by the NS method is a combination of input
and output fundamental voltages, which is just a specific form
and not all frequency components are considered. Therefore, it
may not necessarily maximize the [IOVR.

This letter proposes a simple but effective method to deter-
mine the optimum CMYV for the M3C after nonredundant SMs
are failed. The basic principle is that when the fundamental
reference voltage of a certain branch exceeds the limitation of
its available voltage, the value of the excess part is taken as the
CMYV to be injected in each branch. Consequently, the reference
voltage of this branch is limited to its maximum or minimum
available value. Meanwhile, as long as the calculated CMV is
within the available range of the CMV, it is a feasible solution that
can also avoid the overmodulation of other branches. Since the
proposed method always uses the CMV with the minimum am-
plitude to avoid overmodulation of each branch at any moment,
the injected CMV can automatically maximize the IOVR, which
is the optimum solution. Moreover, considering that the injected
CMYV is calculated in real-time according to the fundamental
branch voltages, it can be adaptive to various conditions without
the requirement of complex offline calculation and the storage
of lookup tables, which is more convenient to be utilized than
the existing NS method.

II. BASIC OPERATING PRINCIPLES OF THE M3C

Ignoring the voltage drop on the grid-connect inductor L, the
phase voltages of the input and output sides, i.e., v, (x = u, v, w)
and v, (y = r, s, t), can be defined as (1), where 0 is the ILPA.
In (1), wy = 27f1 and wy = 27f5, where f1 and f; are the input
and output frequencies, respectively.

Vg R Vgy = Ug1 €Os (Wit + ) , Oy
=0, = —27/3,ayy = 27/3
Uy = D2 cos (wat + oy +0) , o

= 0,0, = —27/3, 0 = 27/3 (1)
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According to Kirchhoff’s voltage law, the basic mathematical
model of the M3C can be derived as (2), where v, denotes the
CMV between the neutral points Ny and Ns.

Vy — Uy Uy — Uy Uy — Up 111
Uy — Vg Uy — Vg Uy — Vs | — Veom | 111
Vy — Vi Uy — Up Uy — Uy 111
d iyl Tp4 Tp7 Up1 Vb4 Vb7
= Lb% Z:b2 Z:b5 Z:bS + | Vb2 Vb5 Ubg (2)
153 b6 b9 Vb3 Vb6 Vb9

Neglecting the voltage drop on L;, the fundamental branch
voltages without vy, injection, i.e., vy; 0 (i = 1, 2,..., 9), are
nearly equal to the differences of the corresponding input and
output phase voltages. For instance, vy o can be expressed as
follows:

Up1,0 A Uy — Uy (3)

Considering that the possible maximum value of vy; o equals
041 + Uma2, the modulation index of the M3C, i.e., m, can be
defined as (4), which represents the IOVR. The optimum CMV
after nonredundant SM faults should maximize the maximum
available value of m, i.e., My a -

The branch voltage after v, injection, vp; com, is derived as
follows:

Vbi,com = Ubi,0 — Vcom- (5)

III. PROPOSED ADAPTIVE OPTIMUM COMMON-MODE
VOLTAGE INJECTION METHOD

A. Description of the Proposed Method

Assuming there are F; (i = 1, 2,.. ., 9) faulty SMs that have
been bypassed in-branch i, vy, ¢ and v; com need to be supported
by N — F; SMs. Therefore, the per-unit (p.u.) value of vy; o and
Vbi,coms 1€, Up; and vp;' . can be expressed as (6), where
U is the average capacitor voltage of each SM. It should be
noted that the proposed method only uses the CMV to realize
fault tolerance, and the U« of the remaining healthy SMs will
not increase after some SMs are failed, which is the premise of
analysis and discussion in this article.

vpio = Wi/ (N = F)Uc, 03 com = Vbicom/ (N — Fi)Uc.

(6)

Actually, v;}jcom is the reference modulation waveform of

each healthy SM in branch i. To avoid overmodulation, vy,

should be limited in the range expressed as (7). Dpax is the

maximum duty ratio during the PWM process, which can be

set to a reasonable value less than 1 according to the safe
requirements of the system.

v}l;)il,lcom € [_Dmaxv Dmax] . (7)

When one of F; is larger than a certain value, the maximum
value of the corresponding [vy; )| may exceed Dyyax. Therefore,
Veom heeds to be injected in each branch to ensure that all

pu e . ..
Vpicom A€ still in the range of (7). The maximum and minimum

1
,com
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available value of Vo, 1.€., Veom max and Veom min, Can be
derived as (8), and v, should be in the range of [Veom mins
Veom_max]- ObVIOusly, Veom max > 0 and veom min < 0 need to
be guaranteed. When @41 and f; are fixed, Veom_max a0d Veom_min
are functions of F;, U,,,2, f> and 6, which do not have generalized
analytical expressions.

Vcom_max — min{[Dmax(N - Fz)UC + 'Ubi,O} |Z = 17 27 .y 9}

Ucom_ min :max{[*Dmax(N - Fi)UC+vbi,0] |Z = ]-7 27 3 9} .

®)

Different from the NS method, the main idea of the proposed
method is not to use a specific CMV form, but to calculate
the optimum CMYV in real-time according to the relationship
between vg;fo and Dy,.x at any moment. Concretely, at any
moment, if the maximum one of vi’i‘fo (denoted as UE;O) is larger
than Dy, ., the value of the excess part is taken as V¢om, the
same as the situation where the minimum one of v, ;" (denoted
as vy, ) is less than —Dy,.x. Finally, the CMV injected by the
proposed method, i.e., Veom_pM, can be expressed as follows:

Ucom PM = (’Ulp,);'jo - Dmax) X (N - Fj)UC7ifU1I:;0 > Dnax

vhty = max{vhgli = 1,2,..,9},5 € {1,2,..,9}
Vcom_PM = (Ug);o"‘Dmax) X (N - Fk)UCvaEIS,O < _Dmax
UII:];O = mln{yl?:o‘z = ]'7 27 "79}7 k € {1a 2; 158 9} (9)

The p.u. value of v¢,,_pn in healthy SMs in branch i can be
expressed as (10). v2) 1\, may be different since F; are not
necessarily the same.

vgglm_PM,z’ = vcom_PM/(N - Fz)UC (10)

In this way, [v}} ., 08 [Vh) o | is always kept as Dypay in
the time range when |vy'| or [ug; | exceeds Diax. As long
as Veom_pM 18 in the range of [Veom mins Veom max]s the other
|U§ilfcom| are all less than Dy, after veom pu 1S injected, and
Veom_PM calculated by (9) is a feasible solution which can ensure
the normal operation of the M3C. Otherwise, it is impossible to
avoid overmodulation for all branches by injecting CMV, which
indicates that the numbers of faulty SMs exceed the safe values
of the converter. Undoubtedly, there is no feasible solution for
Veom_PM if the two cases in (9) occur simultaneously.

Fig. 2 presents the waveforms of vy’ ... vp; 0> and Ugey, pay 4
when F'y /N, F7 / N are both 0.2679 and the others are all O under a
specific load condition. It should be noted that to make the curves
in Fig. 2 clearer, only several vy; . which should be focused
on are presented. When v}iﬁ o 1s larger than Dy (i.€., 0.9 here),
Veom_pM With a positive value is injected to limit 1)54“, com 1O
Dnax. When veom, pym reaches veom max Which is determined
by g o at 11 (vyg ( is the minimum one of vy, o at 1), Vig o,
reaches —Dy,.x, Which indicates that the available range of the
CMV in (8) has been taken maximum utilization. Therefore,
if F, further increases, vcom pMm calculated by (9) will exceed
its available range and make vi’; com less than —Dy,.., leading
to overmodulation. This indicates that F4 / N has reached its
maximum value in this situation, the same as F; / N.
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Fig. 2. Waveforms of vgxcom, foo, and ”Sc‘:m_PM, 4 When using the pro-

posed method under the condition that m = 0.9, Dipax = 0.9, Om2 = 041, fo

=f1/3,and 8 =0, where F4 / N, F7 / N are both 0.2679 and the others are all
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Fig. 3. Principle of the traditional NS method for the M3C. (a) Input side.
(b) Output side.

It should be noted that m,,,x cannot be further increased by
using the NS method. For instance, for the situation shown in
Fig. 2, considering vy, ..., €quals Dyay and vgg' ..., equals
—Dax at t1, the injection of any form of nonzero CMV will
cause v&u, com to be larger than Dy, or vlf); com 0 be less than
—Dyax at t, according to the expression of vy, com in (5). This
indicates that the available range of v, py has been fully
utilized by the proposed method, and m,.x cannot be further
increased by injecting any form of nonzero CMV.

B. Comparison Between the Existing NS Method

The basic principle of the existing NS method for the M3C
is presented in Fig. 3. By adjusting the NS voltages of the input
and output sides, i.e., v41_ng and V2 ns, the overmodulation
of each branch is avoided without changing the line voltages of
both sides. v41_ng and v,,2_ns are the equivalent CM Vs injected
by the NS method. The generalized form of the CMV injected
by the NS method, i.e., vcom_Ns, can be expressed as (11), which
is composed of input and output orthogonal voltage components
and determined by four coefficients, i.e., k,, (n = 1, 2, 3, 4).

Vcom NS = k1041 cos(wit) + kalg1 sin(wit)



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

—— o
viye =1.081 |~ Vb2com

126 Vigo = 1.081\ 2
A Virom =09 ~ Vbscom

. 0.9 V}?:‘com =09 iy 7

Vl‘::,com
V}‘)"G‘,com
V}:‘;,com
Vl‘:;,com
ng,o

pu
== Vo

A-VE:mfwsA
0 01 02 03 04 05 06 07 08 09 1
txf

. - pu pu pu . -
Fig. 4.  Waveforms of Vpi com * Vbi,0° and Vcom NS,4 when using the tradi

tional NS method under the condition that m = 0.9, Dimax = 0.9, 02 = 941,
fo=f1/3,and 8 =0, where Fy / N, F7 / N are both 0.1898 and the others are
all 0.

+ kglA)mQ COS(WQt + 9) + k41A)m2 sin(th + 9)
(1)

The optimum values of k,, which can maximize m,,x can be
defined as k,,_ng. Since the time-domain relationship between
each ”11;;0 change along with f; and 6, k,,_ng are related not only
to the values of F; but also to f> and 6. Therefore, k,, ng can be
expressed as a function of F;, f5, and 0, i.e.,

kn?NS:f(Fi7f279)’n:1727374' (12)

Since the number of combinations of F, f>, and 6 is infinite
theoretically (considering that f5 and € are continuous variables),
the calculated results will be very complex, and it is difficult to
traverse all cases. Consequently, the optimized NS voltages are
difficult to be stored as a lookup table for utilization. On the con-
trary, for the proposed adaptive optimum method, although there
is no generalized analytical expression of veom pu, the injected
Veom_PM 18 adaptive to various conditions with different F, fo /
f1, and 6, since veon_pw is calculated in real-time according to
the relationship between ”5;0 and Dy,,. The proposed method
is much more convenient for utilization.

To illustrate that the proposed method is better than the ex-
isting NS method in terms of maximizing m,,x, the theoretical
results of the proposed method and the NS method are compared
under the same load condition. Fig. 4 presents the waveforms
of UL om » Vi 0 A0d V5o, N 4 When the NS method is employed
under the same load condition with Fig. 2. Different to Fig. 2,
F4 /' N, F7 | N are both 0.1898 in Fig. 4, which have been the
maximum values when employing the NS method. As presented
in Fig. 4, on the condition that Fy / N = F; / N = 0.1898,
the maximum values of v&u) com and v})’;’ com Teach 0.9, and the
minimum values of v,‘)); com> vi’; com> v,’f& com» and v};; com A€
close to —0.9. This indicates that k,, has reached their optimum
value k,,_ns when using the NS method under this condition.
The values of k,, ng are k3 ng = —0.3145, ks ns = 0, k3 _ns
= —0.2638, and k4 ns = 0. When F4 or F; further increases,
no matter how to adjust the value of k,,, the NS method cannot
guarantee that all v} | are limited within Dy,x. This implies

bi,com
that F4 and F; have reached their maximum values when the
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changes.

NS method is employed, which are 0.1898. However, Fy / N is
0.2679 in Fig. 2. Therefore, when m = Dy, = 0.9, the value
of Fy / N when using the proposed method can be increased
by nearly 41% compared with that using the NS method. This
also can be observed from the difference between the maximum
value of UEZ o in Figs. 2 and 4 [according to (6), the larger Fy
produces the larger vp,']. Consequently, the proposed method
ensures that the M3C can support the rated maximum input and
output voltage when more SMs fail. In other words, when F;
are identical, the value of my,,x when employing the proposed
method is larger than that when using the NS method, which is
better than the NS method.

In fact, in terms of avoiding over-modulation of all branches,
the absolute value of the CMV injected by the proposed method
is minimal since it always limits the maximum one of |v};' .|
t0 Dinax. When m increases, both |veom min] and |vcomimax|
will decrease. When the absolute value of the CMV reaches
[Veom_ min| OF [Veom_max|» 71 r€aches myy .. Therefore, if the CMV
with the minimum absolute value is always employed to avoid
over-modulation within the range of [Vecom mins> Veom maxls it
must be able to maximize my,,x. Therefore, veom py injected
by the proposed method is the optimum one for maximizing

mIIlaX .

C. Discussion of the Operating Area

To study the operating area of the M3C after the fault, the
maximum number of nonredundant faulty SMs in one branch is
analyzed. Fig. 5 presents the analytical results under different
0 and f> / fi. It should be noted that the condition that only
one F; (denoted as Fp,) is not O but the other F; (i = 1,2,...,9,
i # h) are all 0 is considered here. In Fig. 5, Fiyax min 1S the
minimum one of the maximum values of F; when the fault
occurs in each branch in turn and m always maintains m,,x.
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In addition, the variation 0,2/ 141 under the same m does not
influence Fiyax min / N since it does not change the time-domain
relationship between each vé’i‘jo. It can be seen that Fiyax min / N
varies in a certain range along with 6 and f5 / f1, and its minimum
value is 0.2679. Therefore, to ensure that the M3C can support
the rated maximum input and output voltage under any # and fo
/ f1, F; /I N should not exceed 0.2679.

In addition, assuming that m,, 1 is the value of 7,5 on the
condition that one of F;, i.e., Fy, is M7 (0 < M; < N) and the
other F; are all O while my,ax 2 is the value of my,,« when F},
is M, the mathematical definition of 71,5y 1 and My, 2 can be
expressed as

Mmax,1 = Mmax |F, = My,he{1,2...,9},F; =0,i =1,2,...,9,i#h
Mmax,2 = Mmax |F}, = My,he{1,2...,9},F; =0,i =1,2,...,9,i%h '
(13)
Then, the relationship between myayx,1 and myax 2 can be
derived as follows:

mmax,l/mmax,2 = (2_M1/N)/(2_M2/N) (14)

By setting mmax,1 = Dmax and My / N = 0.2679, the values
of myayx under different F, / N (i.e., M ax 2 under different Mo /
N) can be calculated according to (14), which can be utilized to
determine the operating area of the M3C with different numbers
of no redundant faulty SMs.

The cases in which other F; are also not zero in addition to
F'j, can be divided into two categories.

The first case is that all branches with F; not O are in the same
row or column in the M3C topology. For example, F1, F,, and
F are not 0, whereas other F; are 0. In this case, the largest
one of F'1, Fy and F7 can be regarded as M5 in (14) to calculate
Mmax,2. Forinstance, when Fy > F; > Fr, the value of 4 can be
directly substituted to calculate my,,x 2. Although F; and F7 are
not O at this time, their values do not have effect on 1,5 of the
M3C. The reason is that the three branches in the same row or
column always contain the input or output fundamental voltage
component with a phase difference of 27 / 3. Regardless of how
f> and 6 change, the fundamental voltages of any two of the three
branches in the same row or column will not be the maximum
and minimum one of all branches at the same time. According
to (8), the available CMV range of the M3C is determined by
the fundamental voltages of the two branches with the largest
and smallest amplitude at the same moment. Therefore, when
F; are not O in the three branches in the same row or column,
the fundamental voltages of the two branches with smaller F;
do not effect on the CMV range, which does not affect m of the
M3C.

The second case is that all branches with F; not O are not in
the same row or column in the M3C topology. For example, Fy
> F; > Fg > 0, while other F; are 0. As shown in Fig. 2, at the
moment f1, vp; ., Teaches 0.9 and vy reaches —0.9 when
Fy /N = 02679 and Fs / N = 0. If Fy is not 0, Ul?;,com will
be less than —0.9 at the moment #; and cause overmodulation,
which means that the value of m when Fg / N is not O under the
condition of Fig. 2 should be reduced. In this case, the expression
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TABLE I
EXPERIMENTAL PARAMETERS

Parameters Value Parameters Value
SMs per branch N=3 Grid voltage V=130V
Carrier frequency f;=2kHz Output voltage V., =130V

i R.=15Q
Rated capacitor U =100 V R-L load L
voltage L, =10 mH

of (14) should be changed to (15)

mmax,l/mmax,2 = (2 - Ml/N)/(l + Fsec/N - MQ/N)
(15)
In (15), Fscc is the largest F; of the branches which are not in
the same row or column as branch 4 (assuming myax,1 = Dmax
and M /N =0.2679 in (15), and F}, is the variable which is set
to My to calculate m,,,,x 2). It should be noted that F. should be
less than Fy, or the roles of Fg.. and F}, should be interchanged.
For instance, when Fy > F7 > Fg, Fee. 18 Fg, and F}, is Fy4. In
contrast, when Fg > F; > Fy, Fe.. is F7, and F}, is Fg. As a
result, my,ax,2 in the second case can be calculated.

IV. EXPERIMENTAL RESULTS

An M3C prototype with three SMs in each branch (27 SMs
in total) is built to verify the proposed method. The method
proposed in [12] is utilized to realize the branch energy bal-
ancing control (BEBC). Four digital-to-analog converters are
employed to present the waveforms of vy, and v2 L ..
Experimental parameters are shown in Table I, and an R-L load
is employed. In addition, f; is 50 Hz, f; is 50/3 Hz, and € is 0.
The whole experimental condition is similar to the theoretical
analysis condition of Fig. 2.

Fig. 6 presents the experimental results of the proposed
method. In Fig. 6, v, vs, and vy, are output line voltages,
and u.(4,1) is the capacitor voltage of the first SM in branch
iy, is the per-unit value of reference branch voltage with
circulating voltage excluded (“x“ means the reference value, the
same as the others). Before the moment #1, there is no faulty SM
in the prototype and it operates normally. At 71, assuming that
SM4,1) (the first SM in branch 4) is failed and bypassed (the time
required for fault detection is neglected to verify the steady-state
performance), the available voltage of branch 4 is not enough
to support v, — v, all the time. As a result, CMV is injected to
ensure that Ull?z::om is limited within £D,,,x, which is set to 0.9
in the experiment. When vp,"., reaches 0.9, v3g"c . is close to
—0.9. This indicates that m reaches its maximum value under
this condition, which equals 0.866 according to the parameters in
Table I. On the other hand, assuming mmax,1 = Dmax = 0.9 and
M7 /N =0.2679 in (14), while M5 / N is the value corresponding
to the experiment condition, i.e., 1/3, it can be calculated that
the theoretical value of 7, 2 is also 0.866, which is in accord
with the experimental parameters and results. This proves the
validity of (14). Then, at t2, SM(7,1) is also failed and bypassed.
The injected CMYV is adjusted automatically according to the
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Fig. 6. Experimental results of the proposed method when SM4 1) and
SM(7,1) are failed and bypassed one by another.

rule expressed by (9), and vp,",,, and vy, are both limited

within +0.9. Meanwhile, it can be seen that the waveform of
vl op 4 IS consistent with that in Fig. 2. In the whole process,
the iﬁjecﬁon of the CMV can ensure the stable operation of
the M3C and has no significant impact on the input and output
currents in the steady state, which remain symmetrical after the
fault.

In addition, the injected CMV of the proposed method con-
tains a certain amount of the input and output fundamental
components, which will lead to the variation of the branch dc
power distribution and affect the branch energy balance. Thus,
the BEBC will produce circulating currents with fundamental
components to ensure capacitor voltage balance after a dynamic
process. As a result, the maximum amplitude of the circulating
currents increases from 1.68 (under the normal condition) to 2A
(when SM(4,1) and SM(71) are failed), which increases by about
20% after the SM fault. Meanwhile, the circulating currents
produced by the BEBC lead to variations in branch currents
after the SM fault. The maximum amplitude of the branch
currents increases from 6.9 to 7.6A, which increases by about
10% after the fault. However, considering that this increment is
the result when 33% of nonredundant SMs in branches 4 and
7 are failed, the increment of the current stress caused by the
proposed method is not significant.

To compare the input and output currents before and after
the fault in the frequency domain, Figs. 7 and 8 show the

7553
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Fig. 7. Frequency spectrum of i,, under normal and SM fault conditions.
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Fig. 8. Frequency spectrum of i, under normal and SM fault conditions.

TABLE I
THDS OF THE INPUT AND OUTPUT CURRENTS UNDER DIFFERENT CONDITIONS

Operating conditions THD i, THD i,
Normal 2.77% 1.18%
SM,y) is failed 3.11% 1.57%
SM4,1) and SM7,y) are failed 2.96% 1.71%

spectrum of i, and i, under normal and SM fault conditions,
respectively. Regardless of whether the nonredundant SM fault
occurs in one branch (i.e., SM4,1) is failed) or two branch (i.e.,
SM4,1) and SM(7 1) are failed), only the amplitudes of several
harmonic components increase in the frequency spectrums of
i, and i,. However, the overall increments are not significant,
and the frequency spectrums of input and output currents do not
deteriorate obviously. The total harmonic distortions (THDs) of
input and output currents under different conditions are further
calculated, with the results shown in Table II. In Table I, THD_i
and THD_i,, represent the THD of input and output currents re-
spectively, which are the average values of three-phase currents.
It can be seen that THD_i, and THD_i,, after the SM fault
increase no more than 0.55% compared to those under normal
conditions. Thus, the THDs of the input and output currents are
not significantly affected when employing the proposed method.
In conclusion, although the CMV injected by the proposed
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method will maintain the branch voltage at a fixed value for
a period of time, it does not have significant impacts on the
frequency spectrums and THDs of input and output currents
after the SM fault.

V. CONCLUSION

This letter proposes an adaptive optimum CMV injection
method to realize the fault tolerance of the M3C under the fault
of nonredundant SMs. When the fundamental reference voltage
of a certain branch exceeds the limitation of its available voltage,
the excess part is taken as the CMV to be injected in each branch.
The calculated CMV is automatically adjusted in real-time,
which is adaptive to various load and fault conditions. Therefore,
the proposed method is much easier to be employed than the
existing NS methods. What is more, since the proposed method
always employs the CMV with the minimal amplitude to avoid
overmodulation of each branch, the injected CMV can maximize
the IOVR, which is also the optimum one. The operating area
of the M3C when the fault of nonredundant SMs occurs in
one branch is also analyzed. The results suggest that the M3C
can still support the rated maximum input and output voltage
when the number of nonredundant faulty SMs in one branch is
less than 26.79% of the total nonredundant SMs. Experimental
results have verified the effectiveness of the proposed method
and the analysis of the operating area, which also proves that the
proposed method does not have obvious influence on the THD
of the input and output currents after the fault.
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