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Abstract—The modular multilevel matrix converter (M3C) is a
promising topology for high-voltage and high-power direct ac-to-ac
power conversion applications. Fault tolerance ability is one of the
advantages of the M3C. To further enhance the reliability of the
M3C, this article proposes a novel branch current configuration
method for branch fault conditions, which is available either one
or two branches are failed. By deriving basic branch current
configurations and analyzing branch dc power equations under
branch fault conditions, feasible branch current configurations can
be directly derived. In terms of minimizing the maximum peak
branch current, the derived configuration is also the optimal one
for the single branch fault condition. Compared with the existing
method, the proposed method does not need to solve configura-
tion coefficients of branch currents offline, which is automatically
adaptive to different load conditions. An M3C prototype with three
submodules each branch is built, and experimental results are
presented to validate the proposed branch fault tolerance method.

Index Terms—Branch current configuration, branch fault
tolerance, energy balance, modular multilevel matrix converter
(M3C).

I. INTRODUCTION

ODULAR multilevel topologies present several merits,
M such as high modularity, easy scalability, high-quality
output voltage, and high reliability, which are particularly suit-
able for high-voltage and high-power applications [1]—[3]. The
modular multilevel matrix converter (M3C) is one of these
topologies, which is capable of realizing direct ac-to-ac power
conversion. It has gained much attention on several applications,
such as variable-speed motor drive [4]—[6], low-frequency
power transmission [7], [8], offshore wind energy conversion
[9]—[11], and pumped hydro storage plants [12]. Reliability is
of great importance for these applications. Similar to the widely
studied modular multilevel converter (MMC), the M3C is easy to
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realize SM fault tolerance by configuring redundant submodules
(SMs). Several SM open-circuit fault detection and tolerant
control methods have been proposed to realize SM fault-tolerant
control of the MMC [13]—[15], which are also applicable for the
M3C after modification. The operating range of the M3C after
SM failures is discussed in [16]. In [16], a neutral point shift
method is proposed to maximize the available output voltage
and output power of the M3C with a reduced number of SMs,
which indicates that the M3C can operate with full input and
output voltage range even a limited number of SMs are failed.

Branch failure is more severe and challenging when compared
to SM failure. The reason is that branch currents should be
reconfigured to maintain desired input and output currents and
branch energy balance, since the topology of the converter is
changed under branch fault conditions. This kind of fault may
be caused by too many failed SMs in one branch, malfunction
of SM open-circuit control, mechanical connection failure, etc.,
[17]—[20]. Among these reasons, too many failed SMs in one
branch may be the one with the highest probability of occur-
rence, which will lead to that the maximum output voltage of
the cascade SMs is not enough to support the voltage difference
between the input and output side. As a result, the branch current
will be out of control. This situation has been considered in
[17], an IEEE guide for the application of the MMC in unified
power flow controllers in the power grid, which also should be
considered for the M3C. Second, according to the experimental
results in [15], if the SM is not successfully bypassed after the
open-circuit faults of power devices, the branch current and
output current will be distorted and the capacitor voltage of the
failed SM will keep increasing, which affects the stable and safe
operation of the converter. In this case, the branch fault-tolerant
control may be needed to enable the converter to operate stably
and safely. The mechanical connection failure may mainly be
caused by the mechanical stress produced by severe failures of
the SM, which can completely disconnect the SM and lead to
open circuit of the whole branch.

In [18], control of the single branch failed MMC is analyzed,
feasible branch voltage and current configuration are derived by
three basic operating constraints of the MMC, i.e., symmetrical
output currents, balanced branch energy, and stable dc-link
current without fundamental component. However, limited by
the maximum output voltage after the fault, this method cannot
be applied to the grid-connected MMC. In comparison to the
MMC, the M3C can operate with a full range of input and
output voltages even though three symmetrical branches are
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lost [19]. Therefore, the M3C has a certain degree of branch
redundancy naturally, which is also an advantage of the M3C
in realizing ac-to-ac energy conversion when compared with
the back-to-back MMC. But on the other hand, there are more
degrees of freedom in the M3C topology. Thus, the branch
fault-tolerant control of the M3C is more complex and flexible.

Branch fault tolerance of the M3C is first discussed in [19]. In
[19], three branches with symmetrical positions are all removed
once one of them fails. As aresult, the M3C degenerates to a six-
branch topology, which is called the Hexverter. The Hexverter is
still a symmetrical topology, and it can operate by employing the
branch current configuration proposed in [21]. However, there
are two drawbacks of this method. First, since two additional
nonfailure branches are removed simultaneously, the remaining
branches need to stand larger currents, which leads to a more
significant decrement of the power capability under branch fault
conditions. Second, the reactive power difference between the
input and output system leads to branch energy imbalance.
Common-mode voltage (CMV) and circulating current need
to be injected into each branch simultaneously to compensate
for the energy imbalance. The injection of the CMV raises
the maximum branch voltage, resulting in the increment of the
voltage stresses on the SM capacitors and power semiconductor
devices.

To overcome the two drawbacks, an optimized branch current
configuration method is proposed in [20]. In [20], each branch
current is expressed as a linear combination of input and out-
put currents in the o reference frame with four coefficients.
According to the current constraints at input and output nodes
and the constraints of branch energy balance, the relationship
between the coefficients of branch currents can be expressed
as a series of equality constraints. To determine the optimal
branch current configuration, minimizing the quadratic summa-
tion of branch current configuration coefficients is selected as
the optimization objective. According to the existing equality
constraints, the optimal solution is solved by employing the
MATLAB solvers offline. This method is validated for different
branch fault conditions as long as there are feasible solutions for
certain fault conditions. Compared with the strategy proposed in
[19], this strategy ensures that the M3C can continue to operate
on the condition that only the faulty branches are removed,
avoiding the injection of the CMV for different load conditions.
However, there are still some shortcomings in this method. First,
the optimal branch current configuration cannot be expressed as
an analytical expression, which requires to be solved offline for
load conditions with different power factors. Therefore, it is
necessary to store a lookup table of configuration coefficients in
the control chip in advance and switch configuration coefficients
according to load power factors online to adapt to different load
conditions. Meanwhile, several lookup tables need to be stored
for the faults of different branches. As a result, a certain amount
of the control chip memory space is occupied, and it is also hard
to realize the fine adjustment of the configuration coefficients
under different power factors, which is not convenient. Second,
it is hard to analyze peak branch currents and capacitor voltage
fluctuation rates without analytical expressions of branch cur-
rents, which is adverse to analyze the safe operation area (SOA)
under branch fault conditions.
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Fig. 1.

Circuit topology of the M3C.

To further improve the shortcomings of the method proposed
in [20], a novel branch current configuration method is pro-
posed by this article, which separates the determination of the
optimal branch current configuration into two steps. The first
step is equally allocating the currents of faulty branches to other
branches according to the fault conditions. Then, circulating
currents are injected in healthy branches to realize branch energy
balance in the second step, which can be derived theoretically by
solving branch dc power equations. Compared with the existing
method, the proposed method can directly derive the analytical
branch current configurations adaptive to different load power
factors. In terms of minimizing the maximum peak branch
current, the derived results are optimal for the single branch fault
condition and suboptimal for two branches fault conditions. This
article is organized as follows. Section Il introduces the proposed
branch current configuration method and presents the results
for different branch fault conditions. Section III compares the
proposed and existing methods. Section IV illustrates the whole
control scheme under branch fault conditions. Experimental
results presented in Section V verify the validity of the proposed
method. Finally, Section VI concludes this article.

II. BRANCH FAULT ANALYSIS AND BRANCH CURRENT
CONFIGURATION

A. Operating Constraints and Basic Theory of the M3C

The circuit topology of the M3C is shown in Fig. 1, which
directly connects two three-phase systems by nine branches (the
input and output system are denoted as “UVW” and “RST”, re-
spectively). Each branch consists of several cascaded full-bridge
SMs and a branch inductor L;,.

Ignoring the voltage drop on the grid-connected inductor L,
the phase voltage and current of the input side, i.e., v, and i, (x
= u, v, w), and that of the output side, i.e., vy and iy, (y = r, s, 1),
can be defined as (1). In (1), 941 and %91 denote the amplitudes
of the input voltages and currents, while v,, and img denote
that of the output side. 1 and o are the power factor angles
of the input and output system, respectively. Generally, input
currents are controlled to unity power factor, i.e., ;3 = 0, which
is a prerequisite for the following analysis of this article. 6 is the
initial phase angle difference between the voltages of the two
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systems

Vg R Vgg = g1 €OS (w1t + ag) , iy = %g1 cos (wit — @1 + o)
T = u, v, W, ay = 0,00, = —27/3,00,, = 27/3

Uy = U2 €OS (wat + ay +0) ,

iy = Ima COS (wat + vy + 0 — @)

y=r,8,t o = 0,05 = —27/3,00; = 27/3. (D

Whether in normal or fault conditions, two basic constraints
should be satisfied to guarantee the operation and stability of the
M3C, which are described as follows.

Constraint 1: The input and output currents should be main-
tained as desired, which means nine branch currents, i.e., ip; (i
=1, 2,..,9), need to satisfy Kirchhoff’s current law (KCL) at
each input and output node. This constraint can be expressed as

1p1 + 1p2 + 1p3 = Ty, ipa + b5 + 1b6 = Ly, to7 + b8 + 1pg = lu

Up1 + pa + Uo7 = Tp,Gp2 + Gps + lpg = Us, b3 + Gpe + Gp = it

@)

Constraint 2: The dc power of each branch should be con-
trolled to O to maintain the energy balance of each branch. This
constraint can be expressed as (3), where p‘,}f is the dc power of
branch i and v;; is the output voltage of cascaded SMs in branch
i

P = Upi b = 0,4 =1,2,3,....9. 3)

Applying Kirchhoff’s voltage law to Fig. 1, the basic mathe-
matical model of the M3C can be described as (4). vcom denotes
the CMV between the neutral points Ny and Ny, which equals 0
if no CMV is injected in branch voltages

Uy — Uy Uy — Up Uy — Upr 111
Vy — Vs Uy — Vs Uy — Vs | — Veom | 111
Vy — Vp Uy — U Uy — Ut 111
p 1p1 Tbd b7 Up1 Ups Vb7
= Lb% b2 b5 Tbs | + | Vb2 Vbs Upg | - “4)
b3 166 b9 Vb3 Ub6 Vb9

When v¢op, is 0 and the voltage drop on L; is neglected, vy,
is approximately equal to the difference of the input and output
phase voltage. For example, v;; can be expressed as

Vpl = Uy — Up. (5)

To realize the decouple control of the M3C, double o0
transformation T2, 3, which is defined as (6) is proposed in [22]
and [23]. T2, is a linear transformation to a certain 3 x 3 matrix
Ms,3

Toas(Msys) = Tas - Mays - Top’

) 2 -1 -1
Tas =3[0 V3 —V3|.  ®
1 1 1
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Appling T2, to (4), the following equation can be derived:

0 0 —urst p laa iap  iN1/3
0 0 —v' | =Ly— | ipa igs  i5"/3
VAV OB —Ueom /3 i /30
Vaa VaB Va0
t | Vsa Uss Upo
Voa Vos Voo
(7

where iy, ing, iga, and igg are four inner circulating currents
of the M3C, which represent four degrees of freedom, which
can be independently controlled by corresponding transformed
branch voltages, i.€., Voo, Vas, Vga, and vgg. According to
[6], when all circulating currents are controlled to 0, branch
currents can be expressed as (8), where iy;coy) (0 = 1,2,...9)
are called the basic branch currents under the normal condition.
In this configuration, each branch current consists of one-third
corresponding phase current of the input and output side

ip1(Co) Tba(co) To7(CO) ) by Ty
1p2(Co)  b5(CO)  b8(CO) =3 Ty Ty fw
1p3(Co)  b6(CO)  b9(CO) Ty by Gy
. (2
+ - Z's Z.s Z's . (8)
3
U 1t

It can be proved that this configuration satisfies the two con-
straints at the same time, and it is an optimal configuration with
the minimum quadratic summation of branch current configu-
ration coefficients according to the optimization results in [20].
Therefore, branch currents of the M3C are generally controlled
as (8), with small circulating currents injected to compensate for
possible branch energy deviation.

One or more branches may fail during the operation of the
M3C. As described in [21], the Hexverter, after three symmet-
rical branches removed, is the simplest topology to connect
two three-phase systems. The M3C cannot continue operating
after more than three branches are lost. Since the operation of
the Hexverter has been detailedly analyzed in [21], this article
mainly discusses the control method under one or two branch
fault conditions, where the M3C operates asymmetrically.

B. Branch Current Configuration Under Eight-Branch
Operating Conditions

When one of nine branches fails, the M3C degenerates to
an eight-branch topology. Since each branch of the M3C is
rotationally symmetric, the fault of branch 3 is taken as an
example, which is shown in Fig. 2. The feasible branch current
configuration can be determined by applying the “Constraint 1”
and “Constraint 2” step by step.

First, since i3 is 0, current components of i, and i; in branch 3
need to be allocated to other branches to guarantee “Constraint
1.” A simple allocation method is to evenly allocate current
components in i3 to other branches. Therefore, according to
the first and the last equations in (2), the current component
that equals i, / 6 + i; / 6 needs to be injected in i1, ip2, ipe,
and ip9. Then, the current component that equals — i,, / 12 — i,
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Fig. 2.  Circuit configuration when branch 3 is failed.

/ 12 needs to be injected in in ip4, i35, ip7, and ipg at the same
time to guarantee other equations in (2). In order to expand
the SOA of the M3C after the branch fault, it is necessary to
reduce the current stress on power devices as much as possible,
which means the maximum peak branch current, i.e., %bi(max),
should be limited as small as possible. However, this allocation
may not minimize :L:bi(3p_max) (The subscript 3F refers to the
branch 3 fault condition) when branch 3 is failed. Therefore,
based on this allocation, the magnitudes of the additional i,, and
i components in i; should be adjusted to obtain a general branch
current configuration for optimal analysis. Finally, the general
branch current configuration under the branch 3 fault condition,
i.e., ipi(3F_co), can be expressed as (9), in which the magnitudes
of the additional i,, and i components in each branch are adjusted
by four coefficients a, b, ¢, and d

. iu, Z.r iu it . .
= — —_— _— —_ by b
1p1(3F_C0) 3 3 + 6 + 6 + ai,, + by
. (N ls Ty 1t . .
1.62(3ch0) = 373 T% + r at, — big
ip3(3F_co) = 0
. Ty _,_% iw it (a+eo). (b+d) .
i =— 4+ - ———-—— Ty — i
b4(3F_C0) 3 3 12 12 D) 5 L
. T T +(a—c). +(b—d)_
Th5(: ==+ - —=—-— Tu i
BERCO T 3 T3 T 12 12 2 2
. ly 1t [ 1t . .
Lb6(3F_CO) = & 4+ —+ =+ — +ciy +diy
3 3 6 6
. 71w+2r Ly 1t (a—c)‘ (b_d)
17(3F_C0) — 3 3 12 12 B) 2n 5 (2
. Tw ls T 1t (a + C) . (b + d) .
i =— 4+ - = —= - — Ty i
b8(3F_C0) 3 37 12 12 5 5 ¢
. Tw Ut Ty Ut . .
W9(3F_CO) = 3 + 3 + G + 5 G diy.
)
According to (3) and (5), the dc power of fault-free branches
under this situation, i.e., pgf(gcho) (i=1,2,4,..,9),canbe

derived as (10). It is evident that all components in P‘(i?fF co)
cannot be controlled to 0 simultaneously only by adjusting the
values of a, b, ¢, and d. Therefore, “Constraint 2” cannot be sat-
isfied when merely employing the branch current configuration
expressed by (9).
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Although branch 3 is failed, there are still several circulating
currents, which can be employed as degrees of freedom to con-
trol the energy balance in the eight-branch topology. According
to the basic theory of the circuit, for a circuit with b branches
and n nodes, the sum of the number of independent circuit loops
and independent branches equals b — n + 1. Thus, the number
of independent circulating currents when branch 3 fails is 3,
according to Fig. 2

[, dc
Py1(3F_co)
dc
Pr2(3F_co)
dc
Pya(3F_co)
dc
pie _ | Pes(sF_co)
(3F_C0) dc
Pys(3F_co)
dc
Py7(3F_co)

d
pbg(sF,co)

d
_pbg(SF_CO)

[ (1 + 4a + 2b) cos /8 — v/3(1 + 6b) sin 3 /24
(1 — 4a — 2b) cos p2/8 + /3(1 — 6b) sin y /24
(a+c—b—d)cosps/8+V3[1+6(b+ d)]sinp,/48
(—a+c+b—d) cos py/8—+/3[1 — 6(b — d)] sin /48
—(1+ 2¢c+4d) cos 2 /8
(a—c—b+d)cosps/8+3[1+6(b— d)]sinp,/48
(~a—c+b+d) cosps/8—/3[1 — 6(b+ d)] sin 5 /48

| (-142c+4d) cos 2/8

(10)

The branch currents after injecting circulating currents can be
expressed as

Um2tm?2-

lbl(BF):§+§+E+E+azu+blt+lcl
. Zu ls 7/u 1t . . .
@bQ(BF):§+§+E+6_alu_b@t_lc1
Z_ i e (atd), (btd),
MER TR T 12 12 2 2 !
_Z('1+Z('2
2
. Zv_’_ls (2N Zt+(a_c)- +(b_d)
i =242 x_ = i i
BEE T3 TS T 12 12 2 2
el — 1¢2
+
. iv Z'15 Zu it . . .
ZbG(SF):§+§+§+E+C1u+dlt+%2
. iw+ir Zu it (a—c)_ (b_d)
Wr3F) = — + — — — — — — Ty — i
VIBR) T T3 T 12 12 2 2
_ch_zc2
) 2 )
. 7Zw+zs y 1t +(a+c) +(b<i>d)
WSEF) T 3T T 9 T 1 9 v 5
ch+262
Zbg(gp):§+§t+€+é—mu—dzt—zc2.

(1)
These equations can be easily derived according to “Con-
straint 17" and Fig. 2. For instance, when i.; is injected in branch
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(@ (b)

Fig.3. Directions of the four current components ini.j and .. (a) Directions

of 44,V and 44" (b) Directions of i7" and 4},°".

1 to eliminate pgf(stco)’ —i.1 needs to be injected in branch
2 to ensure “Constraint 1”. The same as the injection of i,
in branch 6 and branch 9. For the other four branches, half of
i.1 and i o are injected in them considering the symmetry of
dc power expression in (10) and the balance of peak branch
currents.

According to the orthogonality of the sine function, i,
(j = 1, 2) should contain both the input and output fundamental
components to realize the energy balance of each branch. For
the sake of generality, i.; is defined as (12), which consists of
the orthogonal components, which are separately in phase with
the - and [-axis voltage components of the input and output
system. The directions of 7{;"*, i"*, i75t, and i:ﬁt are presented
in Fig. 3 for the sake of intuition

icj = ki1 8" ko 15" ks i) 4 ks i;ft,j =1,2

iU = 741 cos (wit) g = ig1 sin (wit)

it = 2 COS (wat + 0) ,i:ft = G0 Sin (wot +0) . (12)

This indicates that feasible branch current configurations are
determined by eight coefficients, which can be solved by em-
ploying “Constraint 2”. The incremental dc power produced by
i.j can be derived by multiplying the injected circulating current
and branch voltage in each branch, which is denoted in matrix
form as (13), where coefficient matrix Azp) is given in (15),
shown at the bottom of this page

AP((i?fF) =Apnk

T
AP?§F) = [Apgf(gp), Ap§§(3F)7 Apfi(gp), XX Ap‘gg(gp)]
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k= [ku1, ki, kus, kia, koo, koo ks, kaa] . (13)

To ensure “Constraint 27, the incremental dc power should
fully offset the original dc power expressed by (10), i.e.,

APp) = —Plp co) = Aapk = —Pl5p o (14)

According to the basic principle of linear algebra, the solution
of (14) depends on the rank of the coefficient matrix A 3r). When
cospy # 0, the rank of A (3 is 8. Therefore, there is only one set
of solutions for (14), which is derived as (16). In (16), kF _g)
is the solution corresponding to the condition whena = b = ¢
=d=0

kizry = k@r_s) + k@ra) T k@ry) + Kar o) + K@r_a)

ksr s) = [0,0,cos ©2/4 —\/3sin v2/12, —V/3cos py /12

—sin 3/4,0,/3/6,0,0 '

k@ o) = a[-1,0,0,0,0,0,0,0]"

kipp) =b [0, 0, cos @a/2 — V/3sin 3 /2, V3 cos py /2
+sin ¢2/2,0,0,0,0]"

k@sr o) = ¢[0,0,0,0,-1,0,0,0]"

T
Kesp a) = d{o, “V/3/3 + tan s, 0,0,0,0,0,2 cos @2/\/??} .
(16)

As aforementioned, minimizing ’Zbi(gp_ max) 18 employed as
the criterion to obtain the optimal circulating current coefficients
and branch current configuration. According to (11), branch
1, 2, 6, and 9 present the larger peak branch currents since
more fundamental current components are injected in them.
Therefore, peak branch currents of them are analyzed, which
are derived as (17) and (18). In (17), k13(3r_s) and k14(3p_g) are
the third and fourth elements in k3 _g)

2
2 2 ]- \/g 2
1p1(3F) = W2(3F) — 1 + <3 — tan <p2> d? - ig

+Vm2+n2 i
m = 1/4 4 k13(3r_s) €0S 02 + k14(37_s) Sin 2

n= —3/12 — kizar_s) sin 2 + kia(sr_s) COS @2

[ cospa/2 0 -1/2 0
—cos p2/2 0 —1/4 V/3/4
cosp2/8 —+/3cospa/8 1/4 0
A = 0 0 0 0
cos /8 V3cospa/8 1/4 0

0 0 0 0

—cosp2/8 V3cosps/8 1/8 —/3/8 cosys/8 —\/3cospy/8 —1/8 /3/8

— 08 P2/8 —\/3cos /8 1/8 —/3/8 —cospa/8 —/3cospy/8 1/8 —+/3/8

0 0 0 0

0 0 0 0
cos /8 —v/3cospe/8 1/4 0
D2 15
—cospy/4 V3cospa/4 1/4 \/3/4 2ime (1>
—cospa/8 —\/3cos /8 —1/4 0

cospa/d  \3cospa/d —1/4 —/3/4
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ki3sr_s) = cos /4 — V3 sin pa/12

kiyisrs) = — V3 cos ©2/12 — sin o /4 17)

ib6(3F) = \/5/3'2g1+\/(1/4 —gd)*+ (\/5/4 - hd)2~%m2

N “ 2
1p9(3F) = \/?:/3'ig1+\/(1/4+gd)2 + (\/5/4 + hd) I

(2 cospasingy 1 > b <20052<p2

V3 2

/3 2
(18)

The variables a, b, and ¢ do not appear in %b1(3p), ’zbg(gF),
%b6(3F), and %b9(3F) because the original injected components
related to them in (9) are eliminated by the components in i.;
and i.2, whichare related tok(sr_q), k(3F_p), and k(s _.) current
coefficient matrix, i.e, according to k(sp) expressed by (16).
Since a, b, and ¢ do not have any influence on gbl(gp), ’Zbg(gF),
%b6(3F), and %b9(3F), they can be set to O to simplify the results
of k(gp) .

For %b1(3F) and %bg(gF), it is evident that the maximum value
of them is minimum when d = 0 since they are increasing
functions about |d|. While for 5b6(3F) and gbg(gF), two functions
can be defined for the second terms of them, i.e., (19), which are
functions related to d. Minimizing the maximum value of %bG(BF)
and Ebg(gp) is equivalent to minimizing the maximum value of
Fl(d) and Fg(d), i.e., Fmax(d)

Fi(d) = (1/4—g-d)>+ (ﬂ/z;— h-d)2
= (¢ + %) d* ~ [g/2+ VBh/2| d+ 1/4

Fy(d)

(1/4+g-d)* + (\/§/4+h-d)2
= (¢ +h*)d®+ [g/2+\/§h/2] d+1/4.  (19)

When g #0 or h # 0, F1(d) and F2(d) are quadratic functions,
which are symmetric with regard to d = 0. Since F1(0) =
F5(0), Fiyax(d) is minimum when d = 0 according to the basic
properties of quadratic function curves, and the minimum value
of Finax(d) is 1 / 4. While when g = h = 0 (i.e., 2 = 7/6),
F1(d), and Fa(d) always are equal to 1 /4 regardless of d, which
is the same as the former result.

Therefore, to minimize the maximum value of 2b6(3p) and
%bg(gp), the optimal solution is to set d = 0, which is coincident
with the solution for minimizing the maximum value of %bl(gF)
and %bg(gp). Consequently, the optimal solution to minimize
’Zbi(gp_ max) iStoseta =b = ¢ =d =0, and the optimal circulating
current coefficient matrix, i.e., K(3r_opt), i equal to k(zp g) in
(16). This proves that the configuration that equally allocates
the current components in i3 to other healthy branches is the
optimal configuration when branch 3 is failed, which also can be
called as the basic branch current configuration under the branch
3 fault condition.
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Fig. 4. Four situations when 2 branches are failed in the M3C. (a) Branch 2
and 3 are failed. (b) Branch 3 and 9 are failed. (c) Branch 3 and 4 are failed.
(d) Branch 3 and 5 are failed.

When cosps = 0, the rank of A(sr) changes to 4, there are
infinite sets of solutions theoretically. According to the criterion
to minimize %p;(3F_max). the optimal solution can be derived as

k11(3F_0pt) |Lp2=i7r/2 =0, k12(3F_0pt) |<p2:i7r/2 =0

k13(3F_opt) |<p2:i7r/2 =—V3/12, k14(3F_opt) ’m:ﬂ/z
——1/4

k21(3F_opt) |t,02:i7r/2 =0, k22(34F_opt) |<P2:i7r/2 =0

k2335 _opt) |pamtn/2 = 0, k24(3F opt) |psmtn/z = 0. (20)

Thus far, based on the analysis of “Constraint 1” and “Con-
straint 2”, a feasible and optimal branch current configuration
under the branch 3 fault condition is determined. In practical
application, cosy and sinys can be calculated online by coor-
dinate transformation according to load voltages and currents.
Then, the coefficients of the four current components in i.; and
i.2 under different load conditions are determined.

C. Branch Current Configuration Under Seven-Branch
Operating Conditions

Based on the failure of branch 3, the M3C degenerates into
seven-branch topologies if another branch is failed. According to
the rotationally symmetric of the M3C, there are four situations,
as shown in Fig. 4. The situations in Fig. 4(c) and (d) are treated
as two typical fault conditions considering that the relationships
between the phase sequence of the input components and that
of the output components in two faulty branches are different.
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Specifically, the phase sequences of the input and output com-
ponents in branch 3 and 4 are the same for the case of Fig. 4(c),
while the phase sequences of the components in branch 3 and 5
are opposite in Fig. 4(d).

For the first situation, i31(23r) should be configured as the
following to meet “Constraint]”:

ey

1p1(23F) = lu-

If vi1 keeps as (5), the dc power of branch 1 is derived as

pgf(QSF) = COS P2 - Dmaima/2. (22)

Since there is no circulating current that can be injected in
branch 1 according to “Constraint 17, pgllc(%F) is unable to be
controlled to 0. Therefore, the M3C cannot continue operating
under this fault condition unless v;; is also changed, which is
not discussed in this article. The same as the second situation.

For the last two situations, branch energy balance is possible
to be achieved. The situation when branch 3 and 4 are failed is
taken as an example to show the analysis process. According
to the analysis of the branch 3 fault condition, the basic branch
current configuration under the branch 3 and 4 fault condition
can derived as (23) by equally allocating the current components
in i3 and ip4 to other fault-free branches

1348 00y = b3+ ir/3 + 14/6 +i1/6 + iy /6 + i /6
ib2(34F_C0) = Gu/3 +1s/3 + i /6 + it /6 — i, /6 — i, /6
1p3(34F_co) = 0

tpa(3ar_co) =0

ib5(34F_C0) = G /3 +is/3 41y /6 +ip/6 — iy /6 — it /6
ib6(34F_C0) = Gu/3 +1t/3 + 1y /6 + 14t /6 + iy /6 + 4. /6
1p7(34F_C0) = /34 ir/3 40y /64 ir/6 — iy, /6 — i1 /6
ips(34F_C0) = Gw/3 +is/3

ib9(34F_C0) = Gw/3 + it /3 + 14 /6 + 11 /6 — i, /6 — i, /6.
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Then, the dc power of fault-free branches under this situation
can be expressed as

dc
Pyi1(347_co0)
dc
Pya(347_c0)
dc
Pys5(347_c0)
Pdc _ dc
(34F_N0) = | Po6(347_co)
dc
Py7(34F_C0)

dc
Dys(34F_C0)

dc
| Pro(34F_co) |

i —/3sin y /24
cos p2 /8 4+ \/gsingpz/m
oS g /8 — /3sin /12

= \/gsingog/24

— oS o /8 + /3 sin o /24
0
| — cos @2/8 — /3 sin s /24 |

Dm2ima. (24)

Second, circulating currents should be injected in each fault-
free branch to control the dc power to 0. According to Fig. 4,
the number of independent circulating currents when branch
3 and 4 fail is 2. Considering “Constraint 17, the branch cur-
rents with circulating currents injection are derived as (27)
follows:

k(3ar) = K@34r_s) + A1k(3ar_B1) + A2K(34r_B2)

K(ap 5) = [1/6,0,005 02/6 — V/3sin s /12, —5sin a/12, 0,
T
V3/12, —V/3sin g /4, —V/3 cos o /12 + sin<p2/12]

T
K(3ap 1) = [\/3/3 cos g, —1/ cos 2,v/3/3,1,0,0,0, 0}

(23)  kzar B2y = [0,0,0,0,1/ cos ¢2,0,1,0]" (26)
[ cospa/2 0 -1/2 0 0 0 0 (.
— cos g /2 0 —1/4 /3/4 0 0 0 0
0 0 0 0 cospa/4 —+/3cospa/d —1/4 \/3/4
Aup) = 0 0 0 0 —cospa/4 V3cospa/d 1/4 V3/4 | - Omaime (25)
cospa/d  3cospa/d 1/2 0 0 0 0 0
—cospa/4 —\/3cospa/d 1/4 —\/3/4 —cospa/d —/3cospa/4 1/4 —/3/4
L 0 0 0 0 cos a4 \/3cospa/d —1/4 —+/3/4 ]
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ip1(34F) = G /3 +ir /3400 /6 + 0t /6 + iy /6 + iy /6 +icy
1p2(34F) =dy/3+is/3+0u/6+101/6—iy/6—0r/6— i
ip5(34F) = Go/3 4 1s/3 4 1y/6 + i /6 — iy /6 — i /6 — ico
ib6(34F) = v /3 + it /3 + i /6 +i1/6 + iy /6 + iy /6 + ica
ib7(34F) = G /3 + 1r /3 + 0y /6 + 0 /6 — iy /6 — 0t /6 — i
Qpg(34F) = Gw/3 + 1s/3 4 i1 +dc2
ip9(34F) = tw/3 + it /3 + i /6 4 11/6 — iy /6 — iy /6 — ico.
27

The expressions of i.; and i.o are the same as (12). Similar
to the aforementioned eight-branch operating condition, the
incremental dc power under the branch 3 and 4 fault condition

are denoted as (28), where the coefficient matrix A (34 is given
in (25)

AP(34F) A(34F)k
AP?34F Apbl (34F)> Apb2(34F A19175(34F), EEE AP%(?AF)}
k = [k11, k12, k13, k1, ka1, koo, ko3, koa] " (28)

The “Constraint 2” under this condition can be expressed as
AP?§4F) = _P?§4F,co) = A(34F)k = _P?§4F,co)~ (29)

When cosps #+ 0, the rank of A(ssr) is 6. Therefore, the
solution of (29) consists of one special solution of A (34p)k =
_P?3C4F_co)’ i.e., k(34p_s), and a linear combination of the two
basic solutions of A g4k = 0, i.e., k(z4r_p1) and Ks4r p2),
which are derived as (26). In (26), A; and XAy are utilized to
represent the linear combination of k(34r 1) and Ksur p2),
which can be arbitrary values. Itis evident that k34r_g1) is only
related to the coefficients of i.; while k(34r p2) is only related
to the coefficients of i ..

Different from the branch 3 fault condition, the expressions
of peak branch currents under the branch 3 and 4 fault condition,
ie., %bi(34F), are relatively complex. The general expression of
%bi(34F) can be defined as (30), where Ky; 1(34r) and Kp; 2(34F)
are the magnitudes of the input and output current components in

ivi(34F)- Kpi_1(3ar) and Ky; o(347) can be calculated according
to (26) and (27)

ipigaary = Kpi 1340y 191 + K 2(341)im2, Kpi_1(34w)

Ky; o347) > 0. (30)

Considering Kj; 1(34r) and Ky; o(34r) may be related to
A1 or Ao simultaneously, the maximum value of ibi(34F) and
corresponding optimal A; and A, are also related to %91 /%mg.
Generally, parameters of power components in the M3C are
designed on the condition where 941 = ¥,2. According to the
active power balance between the input and output side, the
relationship between zgland ng can be expressed as zgl =
Em2|cos 2| on this condition, which is employed to calculate
1pi(34F) -

According to (27) and the results of k(34r_p1) and K(34r p2),
%b1(34F), %b2(34F), and %b7(34p) are only related to Ay, while
1p5(34F)> Lb6(34F)» and zb9(34p) are only related to MAo. There-
fore, the maximum one of 7,1 (34r), zb2(34F) and zb7(34p), ie.,
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tpmax1(34F), and that of ip5(347), p6(34r), and ipg(34r), i.€.,
%bmax2(34F) are employed to analyze the optimal A; and X,
respectively. Considering the magnitudes of fundamental cur-
rent components in branch 8 are less than that in other branches,
§b8(34F) does not need to be considered. Since the expressions of
Ky;_1(34r) and Ky; o (347) are relatively complex, the analytical
optimal results of A, and A, are challenging to be derived. As
a result, curves of i 15i(34F)» tb max 1(34F)> a0d 7 max 2(34F) under
different ¢, are presented in Figs. 5 and 6 to assist the analysis,
where the minimum values of %y, a5 1(34F) and ¢ meax2(34F) un-
der the optimal A; and A2 (i.e., A1_op and Ao_qp¢) and the values
when XA; and A5 are equal to O are also presented. As shown in
Figs. 5 and 6, the optimal values of 1; and A5 change along
with ¢o. Meanwhile, although the values of %b max 1(34F) and

%bmax 2(34F) at A1 = 0 and A2 = 0 are not minimum, they are not
much larger than their minimum values. Considering the optimal
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A1 and A, are difficult to be expressed by analytical expressions,
the branch current configuration when setting A; = Ao = 0 is
a simple and suboptimal one. Therefore, this configuration is
selected to realize the operation under the branch 3 and 4 fault
condition, and the selected circulating current coefficient matrix,
i.e., K(34F sel), 18 equal to k(345 _g) in (26).

In addition, it is also possible to solve the optimization prob-
lem of minimizing b max 1(34F) and b max 2(34F) Offline to obtain
the optimal A; and A5 under different ¢o and store the optimal
results as alook-up table to determine the optimal branch current
configuration.

When cosps = 0, the rank of A (34r) changes to 4, the selected
coefficients are

k11(34F sel) | pamtn/2 =0, K12(34F sel) | ppmtn/2 =0
k13(34F_sel) ‘(pgi‘n’/Q = _\/3/127 k14(34F_sel) ’Lpgiﬂ'/Q = _5/12
ko1(34F sel) | pamin/2 = 0, ka2(34F_sel) | ppmin/2 =0

k23(34F_Sel) ‘gpgi‘n’/Q = _\/§/4v k24(34F_sel) |<p2j7r/2 = ]-/]-2
(€29}

For the situation when branch 3 and 5 are failed, the selected
branch current configuration can also be derived by the same
approach as the branch 3 and 4 fault condition. The derived
results and selected circulating current coefficients are expressed
as follows:

ip1(35F) = /3 + ir /3 + 00 /6 4 01/6 — 1u/6 — is /6 + ic1
ipa(35F) = Gu/3 +is/3+0u/6+ 0t /6 + 1y /6 +is/6 — iy
ipa(asE) = G0/3 +ir /34 1y/6 +15/6 — iy /6 — i1 /6 —ica
Tb6(35F) = Gv/3 + it/3 4 10 /6 + 01 /6 + 0y /6 +i5/6 + ico
ib7(35F) = Gw/3 +ir/3 —dc1 +ic2

ib8(35F) = /3 +is/3 + 1y /6 +is/6 —iu/6 — i1 /6 +ic
ib9(35F) = Guw/3 it /3 4+ 1 /6 + 0t /6 — iy /6 — is/6 —ic

(32)
k11(35F_sel) = —1/6, k12(35F _set) = 0
K13(35F _sel) = €08 /12 — V3 sin g, /6
k1435w sel) = —V3cos /12 — sin o /3
ka1(35F set) = 0, kaa(35F set) = V3/12
k23(35F _sel) = — €08 p2/8 — V3sin @, /6
koa35F se) = —V/3cos p2/24 + sin s /3. (33)

For the situation when cosyps = 0, the selected coefficients
are

R11(35F sel) ‘Sozzi‘fr/Q =0, k12(35F _sel) |¢;2:iw/2 =0
F13(357 _sel) ‘@z:EW/Z :_‘/3/67 K14(35F _ser) ’mrhr/z =-1/3
K21 (35F sel) ‘Sﬁzzi‘fr/Q =0, k22(35F_sel) |¢2:iw/2 =0

k23357 _sel) |pamin/2 = —V/3/6, kou(35F_sel) | pamin/2 = 1/3.
(34)
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III. COMPARISON BETWEEN THE PROPOSED AND EXISTING
METHOD

For the existing method proposed in [20], each branch current
is expressed as a linear combination of input and output currents
with four coefficients, i.e.,

~UVW

ipi = Pil g

1=1,2,3,...9

SUVW

+pi2-tg  +DPi3- in’t + pia - iESta

TSt

1oy = %mg COS (WQt + 60— (,02) ,igst = %mg sin (CUQt + 60— QDQ) .
(35)

i’ and ¢;5°" are the a- and S-axis components of the output
currents, which are in different directions with {** and i;St in
(12) unless cosgs = 1.

The branch 3 fault condition is taken as an example to compare
the two methods. For the method proposed in [20], the coeffi-
cients of branch 3 are set to 0 automatically. Then, “Constraint
1” and “Constraint 2” are expressed by 24 and 8 equations,
respectively. Finally, the following equation is selected as the
optimization objective to determine the optimal branch current
configuration, which is an optimization model with 32 coeffi-
cients and 32 equality constraints:

9 4
MinimizeJ = » > " p?,.
i=1 m=1
The optimal coefficient matrix [p;,]Em) (m = 1, 2, 3, 4)
under the load condition when 5 is 7.2° is presented in [20],
which is

1St st

(36)

[ 0.512 0 0.4709 —0.327 ]
0.488 0 —-0.4709 0.327
0 0 0 0

—0.256 0.1339 0.2645 0.1635
—0.244 0.1548 —0.0145 0.2695
0 0.5774 —0.25 —0.433
—0.256 —0.1339 0.2645 0.1635
—0.244 —0.1548 —0.0145 0.2695
0  —0.5774 —0.25 —0.433 |

The optimal results derived by the proposed method in (11),
(12), and (16) can be converted into the form of (35). The
converted coefficient matrix [p,]pn) is
[ 0.5 0 0.4562 —0.3463 ]

0.5 0 —0.4562 0.3463

0 0 0 0
—0.25 0.1433 0.2719 0.17315
—0.25 0.1433 —0.0219 0.25985

0 05774 —-0.25 —-0.433
—0.25 —0.1433 0.2719 0.17315
—0.25 —0.1433 —0.0219 0.25985

0 —0.5774 —0.25 —0.433

The values of J when employing the existing and _proposed
method, i.e., Jem) and Jpa), can be calculated as

Jeen) = 2.9974, Jpar) = 2.9988.

[pim](PM) = (38)

(39)
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Fig. 7. Whole control scheme of the M3C under branch fault conditions.

It can be seen that although the method of [20] ensures
minimum J by solving the quadratic optimization problem,
Jpw) is only 0.047% larger than J(gnr), which present little
difference. Actually, (36) partly represents the summation of the
peak branch currents. However, in terms of minimizing %bi(max),
the optimization result obtained from (36) is not necessarily the
optimal one. Assuming 041 = 0,2 under this load condition, the
peak branch current in unit form can be expressed as

ibi_pu = \/D? + D% o8 2 + (/P + P2y

The maximum value of ibi_pu for the existing and proposed

(40)

method, i.e., ip;_py(max_EM) a0d ip;_pyu(max_PM). €an be calcu-
lated as

%bi_pu(max_EM) = ’zbl_pu(EM) = 1.0813

Ubi_pu(max_PM) = 1b6_pu(pn) = 1.0728. (41)

It can be seen that %bi,pu(max,EM) is 0.8% larger than
ibifpu(max _pM)- This is in coincidence with the theoretical anal-
ysis in Section II that the proposed configuration can minimize
/Zbi(max) for the single branch fault condition. Therefore, the
configuration proposed by this article is better than the existing
one from the point of view of minimizing ibi(max) under this
fault condition. As for two branches fault conditions, although
the analytical optimal configuration is not derived, the selected
analytical configuration is a simple and suboptimal one. Even
though the offline optimization method is employed to solve the
optimal configuration, the proposed method only needs to solve
two undetermined coefficients A1 and A5 for two branches fault
conditions, which is much simpler than the existing methods
both in the solving process and the complexity of the optimal
coefficients lookup table.

As a whole, compared with the method proposed in [20],
the proposed method transfers the problem of branch current
configuration into that of solving 8 coefficients but not solving 32
coefficients, which is much easier. And it can directly derive the
analytical optimal or suboptimal branch current configurations
by preallocating branch current averagely, avoiding solving the
optimization equations offline.

IV. CONTROL SCHEME

The control scheme of the M3C under branch fault conditions
is presented in Fig. 7. In Fig. 7, X represents the identifiers
of failed branches, corresponding to that in Section II. For the
three reasons aforementioned that may lead to the branch fault,
fault detection methods are different. For the case that there are
too many failed SMs in one branch, the fault can be detected
by counting the number of faulty SMs online and judging
whether the remaining SMs are enough to support the input
and output voltage. For the latter two cases, i.e., malfunction
of SM open-circuit control and mechanical connection failure,
the current observation methods proposed in [14] and [15],
which are employed to detect the SM open-circuit fault can be
utilized to observe branch currents and detect the branch fault
by combining with the actual values of branch currents. Once
a branch fault is detected and located to branch X, all of the
controllable SMs, i.e., the SMs without communication error, in
branch X should be blocked to make branch X out of operation.
Then, these SMs are operating in the diode-rectifier mode. The
capacitor voltages of them will keep fluctuating in a certain
range, which is determined by the voltage difference between the
input and output nodes. As long as there are enough controllable
SMs in branch X, the capacitor voltages of the blocked SMs
will not exceed the safe value. At the same time, the current
of branch X is almost 0, with only a minuscule component to
compensate for the currents of SM discharging resistors, which
means branch X is in an equivalent open-circuit state on this
condition. Certainly, if there is a mechanical connection failure,
branch X is fully open circuit. If each branch is equipped with
a circuit breaker, the one in branch X can also be disconnected
to remove it from connection and discharge the capacitors in it
completely.

Similar to the normal condition, the capacitor voltage bal-
ancing control is divided into three levels, i.e., overall energy
control, branch energy balancing control, and individual voltage
balancing control. It should be noted that when branch X is
failed, the capacitor voltages in this branch, i.e., u.x, are set to
their rated value U/, to avoid their impact on the overall energy
and branch energy balancing control.

First, the overall energy control is employed to control the
average value of all SM capacitor voltages to U, , which is
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Fig. 8.

Closed-loop control scheme of 4

realized by controlling the active current component of the
gird-side ¢y ;. The reactive current component i, is set to 0
to guarantee the unit power factor.

Second, although the branch energy can be maintained bal-
anced by employing the branch current configurations derived in
Section II theoretically, circuit-parameter differences in actual
systems can produce additional energy imbalance. Therefore,
it is necessary to add closed-loop branch energy control based
on the existing branch current distribution to ensure the branch
energy balancing in actual systems. The closed-loop branch
energy control is realized by employing the method proposed in
[23]. This method transfers summation of capacitor voltages of
each branch into eight values in the double a,50 frame, i.e., u ¢ 0,
U o, etc. Additional circulating currents, i.e., i’&a;bal, i;ﬁ,bal’
130,pal» a0d U534 , are employed to control the eight transferred
capacitor voltages to O to ensure branch energy balance. The
closed-loop control schemes of the four circulating currents are
derived according to the relationship between them and the eigth
transferred capacitor voltages, with the control scheme of 7, ; .;
presented in Fig. 8 as an example. The derived branch current
configurations, such as (11), (27), and (32), are also transferred
by double «50 transformation into four circulating currents,
e, (XF_0)» CtC. It should be noted that cosys and sings in
the coefficients of i,y and i.o are calculated by transforming
the three-phase output currents into dg-axis currents by rotating
coordinate transformation, with the phase angle of u,. (i.e., waf +
) taken as the angle of coordinate transformation. i*aa(xp_o) and
Ina pat (the same as the others) are added as the final reference
value of circulating currents, as shown in Fig. 7. The control
of circulating currents is realized by 4 PR controllers. Each PR
controller has two resonance points with frequencies equaling
w1 and w9, which can achieve the accurate tracking of the ac
components in the reference value. v;a(XF), vl B(XF) UEQ(XF)
and v}g 5(xF) are circulating voltages in the double a,50 frame.
They should be transferred into nine values corresponding to
each branch by inverted double oS0 transformation T;iﬁ,
which is defined as

X1 = Xaa
X2 = (\/§Xﬁa - Xaa)/2

X3 = — (Xaa + \/§X['3a)/2
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X4 = (V3Xas = Xaa)/2

X5 = (Xao +3X88 — V3Xas — V3X8a)/4
X6 = (Xaa — 3X38 — V3Xap + V3Xsa)/4
X7 = — (Xaa + \/§xaﬁ)/2

X8 = (Xao — 3X38 + V3Xas — V3X8a)/4

X9 = (Xaa +3xps + \/§Xo¢/3 + \/§Xﬁa)/4'

(42)

For branch fault conditions, v;a(XF), UZB(XF), ”Ea(XF)v and
v;; 4(x) are not independent considering the degenerative de-
grees of freedom. There are only three and two degrees of
freedom for eight and seven branch operating conditions, re-
spectively. Thus, one or two of the four circulating voltages
needs to be expressed by others. Since the faulty branches
are uncontrolled, the relationship among the four circulating
voltages can be derived by setting the transferred circulating

*

voltages in these branches to 0. For instance, by setting v’ 3(3F)
=0, U};a(gF) can be derived as

Vha(ar) = ~Vaa(ar)/ V3 (43)
For the two seven-branch operating conditions discussed in
Section II, similar results can be derived as

U;,@(34F) = U;a(34F)/\/§7 Uga(34F) = _71211(341?)/\/g

(QUZa(35F) + 3”26(35F)) .
/3 » VBa(35F)

- v;a(SSF)/\/g' (44)

Finally, the phase-shifted carrier (PSC) PWM-based method

is employed to guarantee the individual voltage balancing in

each branch. This is realized by slightly adjusting the duty ratio

of each SM according to capacitor voltages and the direction of
branch current.

”25(351:) =

V. EXPERIMENTAL RESULTS

A. Experimental System

An M3C prototype with 3 SMs in each branch (27 SMs
in total) is built to verify the proposed branch fault control
method. The circuit diagram of the experimental system and
the experimental platform are shown in Fig. 9. Three circuit
breakers are connected in series with branch 3, 4, and 5 to
completely disconnect the corresponding branch after it is failed.
It should be noted that, as mentioned in Section IV, they are
not necessarily required to realize the fault-tolerant control of
the branch fault, which can be realized by just blocking all
controllable SMs in the faulty branch. Two adjustable resis-
tors Ry; and Ry, are connected in parallel to form the load
resistor. A load transformer is connected in series with the
load inductor L to widely adjust cosys online by changing
the equivalent load inductance, which is utilized to verify that
the proposed branch current configurations are automatically
adaptive to different 5. The central controller of the prototype
consists of a digital signal processor TMS320F28377 and an
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(a) Circuit diagram of the experimental system. (b) Experimental

field-programmable gate array (FPGA) EP3C25Q240C8, which
is utilized to implement the main control algorithm. Each SM
has a complex programmable logic device (CPLD) based SM
controller to transmit capacitor voltage, receive the reference
signal, and realize the modulation of the H-bridge circuit. The
data of capacitor voltages and reference signals are transmitted
between the central FPGA and SM CPLDs by 54 optical-fiber-
based serial communication interfaces. Each SM synchronizes
the carrier phase by the completion of receiving according to
the identifier of the SM. As a result, PSC-PWM is realized. The
detailed experimental parameters are summarized in Table I.

B. Experimental Results of Eight-Branch Operating
Conditions

Fig. 10 presents the experimental results when branch 3 is
failed, including the whole process waveforms, the zoomed
waveforms of the branch fault transient state and steady state
(from left to right of each line). As presented in the whole process
waveforms, the M3C prototype operates normally from #1¢ to
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TABLE I
EXPERIMENTAL PARAMETERS

Parameters Value Parameters Value
Rated capacitor . . -
voltage U, =120V Grid frequency fi =50Hz
SMs per branch N=3 Grid vgltage vy =120V
magnitude
SM capacitance C = 880uF Output frequency f»=30Hz
' Branch L,=2mH Output Yoltage b, =120V
inductance magnitude
' AC grid L.=5mH Ratf:d load Riv =150
inductance resistance
Carrier _ Rated load _
frequency o= 2kHz inductance Liy=10mH

t11 with load resistance R;, = Ry and load inductance L;, =
L1 n (g2 = 7.2°). At the moment 711, assuming that the fault of
branch 3 is detected, all SMs in branch 3 are blocked, and circuit
breaker S3 is open to disconnect branch 3. It should be noted that
although the detection methods of the branch fault are shown in
Fig. 7, the fault detection process is omitted in the experiments
of this article. After the moment 7,2, the load is changed to that
Ry, =165 Q and Ly, = 35 mH (p2 = 21.8°) by adjusting the
turns-ratio of the load transformer. Ry, is also changed because
the stray resistances of Ly and the load transformer equivalent
to the primary side also increase along with the increment of
equivalent inductance. The actual load parameters are derived
by the calculated results of cosys and the value of %mg after the
load is changed.

As seen from the waveforms of capacitor voltages, the pro-
posed method can guarantee the capacitor voltage balance of
healthy branches when branch 3 is failed, whatever for the
initial rated load or the changed low power factor load, since
the coefficients of i,y and i.5 can be directly obtained by cal-
culating cosp- and sings online. This proves that “Constraint
2” is satisfied. u.31 (the capacitor voltage of the first SM in
branch 3) gradually decreases after S3 is open because there
is no energy supplement anymore. From the waveforms of
transient state, branch currents and fluctuation components of
capacitor voltages both keep symmetrical before S3 is open,
since the M3C prototype operates under the normal condition.
After S3 is open, i3 changes to 0 immediately, and currents of
other branches begin to tracking the reference branch currents
expressed by (11), which are not symmetrical anymore. At the
same time, capacitor voltage fluctuations of several branches
become larger. In addition, the transition from the normal to
branch 3 fault condition is smooth, without voltage or current
spike. From the steady-state waveforms, the grid-side currents,
i.e., iy, i, and i,,, are controlled three-phase symmetrically and
in phase with gird voltages v 4, V40, and v4,,, which guarantees
the unity power factor of the grid side. Meanwhile, the output
voltages and currents also keep symmetrical basically. In order
to compare the input and output currents before and after the
branch fault in the frequency domain, Figs. 11 and 12 present
the frequency spectrums of i,, and i,- under the normal and branch
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Fig. 10.  Experimental results when branch 3 is failed. (From top to bottom: Currents of branch 1 to 3, currents of branch 4 to 6, currents of branch 7 to 9, capacitor
voltages of branch 1 to 5, capacitor voltages of branch 6 to 9, ac grid phase-to-neutral voltages, input three-phase currents, output phase-to-neutral voltages, output
three-phase currents, and common-mode voltage between input and output neutral points.).
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condition.

3 fault condition, respectively. It can be seen that although the
amplitudes of several low-order harmonic components in the
frequency spectrums of i, and i, under the fault condition in-
crease, the increments are relatively minor, which will not bring
about significant influences on their total harmonic distortion
(THDs). Therefore, the proposed method does not bring about
the apparent influence on the input and output currents, i.e.,
“Constraint 1” is also satisfied. Finally, it can be seen from the
waveform of v, that there is no CMV injection after branch 3
is failed.

C. Experimental Results of Seven-Branch Operating
Conditions

Fig. 13 presents the experimental results when branches 3 and
4 are failed simultaneously, with the arrangement of waveforms
the same as Fig. 10. Similar to Fig. 10, the M3C prototype
operates normally from 7o to t27 with rated load (o = 7.2°). At
the moment 79, circuit breakers S3 and S, are open to imitate
that the simultaneous failure of branch 3 and 4 is detected. After
the moment 5, the load is also changed to that Ry, = 16.5 €2 and
Lz, =35 mH (2 = 21.8°). As shown in Fig. 13, the proposed
method can ensure the capacitor voltage balance in the whole
process, and the input and output currents are also controlled as
desired from the zoomed waveforms.

Fig. 14 presents the experimental results when branch 3 and
5 are failed one after another. In Fig. 14, the M3C prototype
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TABLE II
THDS AND IMBALANCE FACTORS OF THE INPUT AND OUTPUT CURRENTS
UNDER DIFFERENT CONDITIONS

Operating conditions THD i, Al, THD_iy, Al
Normal 4.14% 0.42% 1.32% 0.29%
Branch 3 is failed 4.52% 0.44% 2.25% 1.61%
Branch 3 and 4 are failed  5.28% 0.55% 2.60% 1.51%
Branch 3 and 5 are failed ~ 5.43% 0.43% 2.61% 2.13%

operates normally from 73¢ to 37 with rated load (o = 7.2°).
At the moment #31, assuming that branch 3 is failed, the M3C
degenerates to an eight-branch topology. Then, branch 5 is
failed at the moment 735, and the circuit continues to degenerate
to a seven-branch topology. Compared with the simultaneous
failure of two branches, this kind of failure may occur more
frequently in practice. As shown in Fig. 14, capacitor voltage
balance is ensured in the whole process. Although the waveforms
are slightly distorted when compared with the branch 3 fault
condition, the steady-state input and output currents are also well
controlled. The capacitor voltage fluctuation of this condition is
larger than that of the branch 3 and 4 fault condition. The reason
is that the relationship between the phase sequence of the input
components and that of the output components is different from
the branch 3 and 4 fault condition, which lead to different final
branch current expressions and capacitor voltage fluctuations. In
addition, there is also no CMV injection for the two conditions.

The two experiments prove the effectiveness of the proposed
method for seven-branch operating conditions, no matter the
failure of two branches occurs simultaneously or successively.

The THDs and imbalance factors of input and output currents
under different conditions are shown in Table II to quantita-
tively compare the control performances of the input and output
currents before and after the branch fault. In Table II, THD_i,
and THD_i,, stand for the THDs of input and output currents,
respectively, which are the average values of three-phase THDs.
The imbalance factor of input grid currents, Al, is calculated by
(45) according to IEEE std 112-1991, where I, (x = u, v, w) refers
to the rms value of the input phase current. Similar expression is
employed to calculate the imbalance factor of output currents,
ie., Al,

max {| [, — Ig_avr| o[ 1y — Ig_avr| | — Ig_avr|}

I_ g_avr

Al =

(I, + I, + I,) /3. (45)

I g_avr —

According to the results shown in Table II, although THD_i,
and THD_i,, increase under branch fault conditions, their in-
crements are only about 1.3% even on two branches fault con-
ditions, which is not significant. On the other hand, A/, does
not present apparent variations on branch fault conditions, while
Al, presents a small increment compared with the normal con-
dition. The main reason is that the input currents are closed-loop
controlled, while the output currents are completely open-loop.
Therefore, Al,, under fault conditions can be improved by
employing closed-loop control to the output side.
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In conclusion, the proposed branch current configurations
do not cause significant influence on the THDs and imbalance
factors of the input and output currents whether there is one or
two branches failed.

VI. CONCLUSION

This article proposes a novel branch current configuration
method to realize the stable operation of the M3C under branch
fault conditions. Both the eight-branch and seven-branch oper-
ating conditions are analyzed and verified. According to two
primary constraints of the normally operating M3C, the pro-
posed method separates the determination of the optimal branch
current configuration into two steps. First, the currents of failed
branches are equally allocated to other branches according to
the fault conditions and KCL equations of the input and output
nodes. Second, the dc power of healthy branches is calcu-
lated based on the configuration of the first step. Then, two
circulating currents, which contain both the orthogonal input
and output current components, are defined and injected into
each healthy branch to offset the branch dc power to 0. By
solving branch dc power equations, feasible coefficients of the
input and output current components in circulating currents are
derived. Consequently, the analytical solution of branch current
configuration is determined. In terms of minimizing the maxi-
mum peak branch current, the derived analytical configurations
are optimal for single branch fault conditions and suboptimal
for two branches fault conditions. Compared with the existing
method, the proposed method transfers the problem of branch
current configuration into that of solving 8 coefficients but not
solving 32 coefficients, which is much easier. Furthermore, the
proposed method can directly derive the analytical optimal or
suboptimal results, which are adaptive to different load power
factors, avoiding solving configuration coefficients of branch
currents offline. The analytical results can also help to derive
analytical peak branch currents and capacitor voltage fluctuation
in future analysis, which can be utilized to determine the SOA
of the M3C under branch fault conditions. Several experiments,
one branch is failed, two branches are failed simultaneously,
two branches are failed one after another, and changing the load
power factor after the branch failure, are carried out on a 27-SM
M3C prototype, which verify the effectiveness of the proposed
method.
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