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Abstract—Medium-voltage DC (MVDC) distribution system is
considered as the promising power architecture of future ship-
board power system. Fault-tolerance ability is of great importance
for power system on ships. In this paper, zonal DC-DC conversion
system based on modular multilevel converter (MMC) and
three-phase bridge rectifier are proposed with its hierarchical
fault-tolerant scheme. The topology configurations of the
front-end MMC with multi-winding medium frequency trans-
former (MFT) under normal and post-fault circumstances are
presented. The reconfiguration scheme and fault-tolerant control
strategy are also proposed to ride-through sub-module (SM) level
fault, phase level fault and bus level fault. Based on the hierar-
chical fault-tolerant scheme, redundant configuration of the
MMC sub-module is further analyzed with the hierarchical reli-
ability modelling. The effectiveness of the proposed control
strategy is verified by the experimental results.

Index Terms—Shipboard power system, Medium voltage DC
(MVDC), Modular multilevel converter (MMC), Fault-tolerance,
Redundant configuration.

I. INTRODUCTION

Medium—voltage DC (MVDC) distribution system is
thought to be the promising power architecture of future
shipboard power system [1-2]. With MVDC bus, high-speed
gas turbine generation and renewable energy generation de-
vices can be integrated together to achieve fuel-efficient oper-
ation.

In consideration of specific on-board working conditions, the
critical challenges of MVDC distribution system are fault
management, power density, etc. [3-5]. The power architecture
of zonal electrical distribution system (ZEDS), shown in Fig. 1,
is a representative solution to fault-tolerant and reconfigurable
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Fig. 1. Power architecture of shipboard zonal electrical distribution system.

shipboard power system [6-8]. In each electrical zone, the
service loads, organized to make zonal load centers are fed
from both port-side and starboard-side dc buses to enhance
survivability [8].

In DC ZEDS, the interaction between the front-end MVDC
bus and back-end low-voltage DC (LVDC) bus is usually
governed by DC-DC converters, which provide fault man-
agement, galvanic isolation and voltage regulation [1][4][8].
Due to convenient maintenance and ease of power or voltage
rating scaling, a modular design is more attractive for MV
applications and there are several categories of isolated modu-
lar DC/DC converters: modular multilevel DC converter based
on half-bridge (HB) or full-bridge (FB) and input-series out-
put-parallel (ISOP) DC converter based on dual half bridge,
dual active bridge (DAB), and series resonant converter (SRC)
[9-15].

In [3], a MV resonant DC-DC converter based on single
phase MMC with high-frequency transformer (HFT) is pro-
posed. Isolated dual-MMC DC-DC converter with an MFT in
the middle ac link is also designed in [4][11-13] for shipboard
power system. In [13], a conventional three-phase MMC is
used as the MVDC bus interface converter and a three-phase
bridge PWM rectifier is connected to the MMC to form the
back-end LVDC bus.

For high input-voltage and low output-voltage applications,
ISOP DC converter is also a feasible choice [14-17]. Modeling
and control of ISOP have been investigated in [15-16]. To
disconnect fully from the MVDC bus, an improved ISOP type
DC converter is proposed in [17] for MVDC power distribution
application with the switched capacitor converter (like the arm
of MMC) serving as the front-end interface of the ISOP.
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TABLE [
COMPARISON OF MMC-BASED DC CONVERTER AND SC-ISOP DC CONVERTER FOR MVDC APPLICATIONS

Item MMC+PWM rectifier

SC-ISOP

n*12, MVDC side

Switch number 6*2(PWM*2), LVDC side

Switch failure effect

Control complexity concentrated phase control for MMC;

Redundancy level including SM, phase and LV bus level
3-ph ac link access yes
DC bus structure monopolar-to-bipolar

Industrial adoption widespread adoption in industry

SM bypassed (2 switches) with one switch failure

individual control for each PWM rectifier

n*6, MVDC side
n*4, LVDC side
cell bypassed (10 switches, 1 HFT) with one switch failure
independent control for SC;
independent control for each DAB
only cell level
no
monopolar

mature technology, already adopted
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Fig. 2. MMC-based DC converter with four-winding MFT and dual LVDC bus.

MMC-based DC converter and ISOP DAB are analyzed and
compared in [9-10], and the resulting conclusion is that both of
them are feasible topologies considering power density, sur-
vivability and reliability are of primary concerns in shipboard
power system. ISOP-based dc-dc converters have higher power
density and lower total device rating while MMC-based DC
converters may have better energy storage ability and fault
operation performance. Since numerous devices should be used
in MMC and ISOP, the failure of submodule or cell is una-
voidable. The mentioned DC-DC converters can achieve re-
dundancy design to improve the reliability [9][10], which is
important for on-board MVDC power distribution system
because of the long maintenance cycle and harsh working
conditions.

For the ISOP proposed in [17], each cell consists of one DAB
(two H-bridges and one HFT) and one half-bridge based
switched capacitor converter (SC). Both the DAB and SC
should be healthy to maintain the normal operation of each cell.
Meanwhile, when one switch fails, the whole cell should be
bypassed so the impacts of switch failure on ISOP are more
serious than that on MMC as shown in Table I. For MMC, only
the faulty SM should be bypassed (or both the faulty SM and
another one in the other arm of the same phase-leg) [18-21].
Hence, fault-tolerant capability of MMC is higher than ISOP to
some extent. However, in practice, when the number of faulty
SMs exceeds the designed tolerated number, the three-phase
MMC usually should be disconnected or replaced with another
backup MMC. Then the module utilization rate is low and the
requirement of backup MMC means more space and invest-
ment, which are not economical for shipboard applications.
Therefore, it is interesting to investigate the multidimensional
fault-tolerant method to obtain the reliability as high as possi-
ble.
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Fig. 3. Some existing MFT solutions by different companies and universities.

In view of the situation mentioned earlier, this work
pro-poses a MMC-based DC converter as shown in Fig. 2 and
its comparison results with the ISOP-based DC converter in [17]
are shown in Table I [13][17][23]. In the MVDC side, the
MMC is integrated with MFT to generate nearly constant
three-phase ac power source [9][23]. In the LVDC side, two
three-phase bridge converters with mutual stand-by are intro-
duced to provide back-end dual LVDC bus, which has a
bi-polar structure. In the middle ac link, the integrated
trans-former can provide suitable voltage adaptation and gal-
vanic isolation and merge the function of arm reactors into
inherent leakage inductance with proper design of leakage
inductance. Due to their multifunctional role, the design of
MFT imposes certain challenges including inductance design,
magnetic material selection, insulation coordination [24-25]
and system optimization [26]. As illustrated in Fig. 3, some
existing solutions of integrated MFT with different materials
and structures, as well as novel model-based design optimiza-
tion methodology have been proposed for power electronic
transformer in [24-26].

Meanwhile, hierarchical redundant strategy and configura-
tion scheme including SM-level, leg-level and LV bus level are
designed to further improve the system fault-tolerant ability.
With presented fault-tolerant control scheme, the MMC as
zonal front-end interface can still provide three-phase ac power
even though the SM or one phase-leg of MMC is failed.
Moreover, reliability modeling of the MMC with proposed
redundancy strategy is deduced to verify the effectiveness and
help to determine suitable redundant configurations.

The paper is organized as follows: Section II presents the
topology configuration and system modeling under normal and
post-fault conditions. Section III proposes the hierarchical
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Fig. 4. Single-phase MFT. (a) Four-winding MFT. (b) Equivalent circuit.

lower arm

fault-tolerant control scheme. Section IV gives the redundant
configuration analysis of MMC with reliability consideration.
Experimental results and the conclusion are presented in Sec-
tions V and Section VI, respectively.

II. ToPOLOGY CONFIGURATION UNDER NORMAL AND
POST-FAULT CONDITIONS

A. Under normal operation

1) four-winding MFT

As illustrated in Fig. 2 and Fig. 4(a), the primary side of MFT
is connected to the MMC and the upper arm current i, and
lower arm current i, both flow through the primary windings.
With the arm current decoupled into common and differential
mode components, we have,

i =i, +i
{p cm dm (1)

i=i, —i,
In common current component case, for the same directions
of common mode current i, but the opposite directions of
upper and lower winding, the directions of the magnetomotive
force for each other are opposite. In differential current case,
the directions are the same. Hence, DC flux cancellation can be
achieved and the problem of magnetic saturation of the ac
transformer in [27] can be avoided in this arrangement.
Suppose the electrical parameters of the upper and lower
windings of MFT are identical. The modeling of the MFT can
be simplified as (2).
L=L_=L_,.L

— Hop2> GS:LGSIZLGSZ

R rsp:R tspl:Ran ’R cszR osl:R
L,=L+n’L /2,R =R _+n’R /2

os2

2

m/n=n2i,, =i, —i, =0 +i)/n
where L,, and R,, denote the leakage inductance and resistance
of the primary windings while L, and R, denote that of the
secondary windings. R, and L, are the equivalent leakage re-
sistance and inductance, respectively. n; and n, denote winding
turns and # is the turn ratio. 7; and i, are the output ac current of
the dual secondary windings.

Based on (2), the equivalent circuit can be obtained as
Fig.4(b). It can be observed that the inherent leakage induct-
ance of MFT could play the role of conventional arm reactors of
MMC. Thus, proper design of leakage inductance offers the
possibility of the removal of arm reactors. As presented in [24]
and [26], the diameters and the spacing of the coils could be

+

(a) (b)

Fig. 5. MMC. (a) Topology of phase-leg. (b) Equivalent circuit.

defined so as to reach the targeted value for the leakage in-
ductance while withstanding the dielectric requirement and
high leakage inductance value are easily reachable by HV
winding interleaving and positioning.

2) three-phase MMC

Based on the MFT equivalent circuit in Fig. 4, topology and
equivalent circuit of MMC leg integrated with four-winding
MFT can be depicted in Fig. 5. Hence, conventional MMC
modulation functions of upper arm (m,) and lower arm (m,) are
also feasible.

m,, =0.5-0.5ksin(et + x, gﬂ)
’j = A,B,C (3)
m,; =0.5+0.5ksin(ot + x, 5;;)
Where XA:L XBZO, XC:L

Suppose L, > L,, then the equivalent arm resistance Rgm
and inductance L., are obtained as,

Rarm = Rp + Rcr
4
Larm = LO' ( )
Applying KVL to each phase, we have,
di U
ulx + MP—\' + Rarmipx + Larm - = l’
dfit ?] x=a,b,c. %)
ulr - unr - Rarmin\' - Larm i = _i’
: : ) dt 2
The average model of MMC arm can be described as
Ccp = Csm / th H Ccn = Cym / Nhn
1 . 1 ¢,
ul']) = C_lecpdt’ ucn - C_mjlc'ndt (6)
i(p = mpip,im =m,,

where Ny, and N, denote the number of total remained healthy
SMs of each arm. Cyy, is the capacitance of SM. C,, and C,, are
equivalent capacitance of upper and lower arm, respectively.
ucp and u., are the voltages of the upper and lower dc link while
icp and i, represent the capacitor currents.

B.  Under post-fault operation
1) SM level

To make full use of sub-module and ensure immediate re-
dundancy, in this work, redundant SMs are designed to be
hot-reserved. Redundant SMs are always inserted and operat-
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ing in the same way as the other SMs. When SM failure occurs,
only the failed SM is bypassed and the other all SMs keep
working in the circuit. Thus, the equivalent capacitance of the
faulty arm increases while the capacitive impedance decreases
according to (6). Then the AC current is no longer evenly
distributed between the upper and lower arm. With the con-
sideration of asymmetrical AC current, the arm current i, and i,
are expressed as,

{il, =1, +0.51,y,sin(wt + )

. . @)
i, =1, —0.51 y, sin(wt+ @)

where Iz is the dc current of each arm. ¢ and [, are the phase
angle and amplitude of output ac current while y, and y, are the
unbalanced factors.

Then the sum of upper and lower arm voltage is deduced as,

u,+u, =mu, +mu, =m, Ciqupipdt +m, Cij,lindt
@ on

1. _ 1. _ Ky,
==N,u, +—N,u, +— (- cos(Bat + @)+

2 hp™ep 2 hn™"cn 6 4 ( Ccp Cm ) o ( go)

dc 3o
K +8 kI 1 1) ®
A I, Yo o cos(wt + p) ——%cos(wt + p)| — ——
64 (G, C, 4 ¢, G,

2]
2

s, (v, v, ). I, o
+—=2| L+ 22 {sin2eot + @) — —%sinRaot)| — + —
o2 e S o

cn p

cn wp

20

Once the faulty SM bypassed, y,#1, y:#1, Cei#Cep. Then the
fundamental and third harmonic components will be triggered
in the dc loop. Hence, corresponding fault-tolerant control
should be introduced to suppress the extra faulty components.

2) MMC phase level

When the number of failed SMs exceeds the designed toler-
ated number, it is considered as phase-level fault here. In prac-
tice, the MMC suffering phase-level fault should be shut down
and replaced with another backup MMC but the backup MMC
requires more space and investment. In this paper, to further
improve its redundancy ability, the MMC is designed to
ride-through phase level fault, which means the system opera-
tion can be ensured even with one disabled phase-leg.

As shown in Fig. 6, the upper and lower arms can be con-
nected to the mid-point of the front-end MVDC bus by bidi-
rectional switches, which can be realized by solid state switch
based on IGBT in real applications [24]. When the phase-leg is
broken, corresponding switches will be turned on to bypass the
faulty leg and the IGBTs will be blocked.

Suppose the leg-B is failed, the switches Sz and Sj, should be
turned on to remove the faulty leg and the corresponding
transformer as well. In this manner, the terminals of leg-B will
be connected to the mid-point O. Therefore, as demonstrated in
Fig. 6(b), the former arrangement of three transformers in Y-Y
configuration will turn into V/V transformer configuration and
its voltage phasor-diagram is presented in Fig. 7. Under sym-
metrical condition, the phase voltage of the secondary side can
be expressed as,

4
A A’
a-H-a’
A R
; bAIR Y/Y
C ¢ H ¢ @
C. C
C
b
a

(a) (b)
Fig. 6. Phase-level fault. (a) Topology reconfiguration. (b) MFT arrangement
with phase-B bypassed.

P S ¢
A . . a
il _ 0
O(B) b Ub=UCO /n a
c i i c Ag/n
n:1 b

(a) (b)

Fig. 7. Classical V/V transformer and its voltage phasor-diagram.

f’;ﬁ::f{;{”: ol L, R,
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Lo *nl i e ——>—o0
n'. G T | Iy~ 1, . « =
S
[ |
| P2 S2 |
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(a) (b)
Fig. 8. MFT. (a) MFT with faulty bus removed. (b) Equivalent circuit.

V.=V sin(wt+6)
V, =V, sin(wt +60-120°) ©)]
V. =V, sin(ot +6+120°)

where 6 is the initial phase of each phase voltage. Then the

phase voltage of the primary side can be obtained as (10)
according to Fig. 7.
Vio =0V, sin(wt +6+30°)
Vo =nV, sin(at +6+90°)
Hence, unlike Y-Y transformer, the phase difference be-
tween two input voltages of the V/V transformer should be
changed to 60 degrees instead of 120 degrees to obtain sym-
metrical ac power source in the secondary side. Thus, by re-
configuring the phase angles of the MMC modulation functions,
normal three phase power source could be ensured. More
details and the corresponding fault-tolerant strategy of control
level will be discussed in the next section.

3) LVDC bus level

The short-circuit fault management of MVDC and LVDC
buses is also critical issue for shipboard power system. In the
proposed architecture, both primary and secondary converters
can be blocked and the short-circuit current flowing through the
converter can be avoided [9][10].

(10)
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As shown in Fig. 2, in each electrical zone, the front-end
MMC is connected to port-side and starboard-side MVDC
buses to ensure MVDC bus redundancy. Back-end dual LVDC
bus with bi-polar structure provides LVDC bus redundancy for
the zonal load center.

With the ac circuit breaker in the middle ac stage, the fault of
the LVDC level bus can be cleared and the services load can be
shifted to the inherent standby LVDC bus. Assume that the ac
circuit breaker is activated to achieve the clearance of LVDC
bus fault and then the four-winding transformer turns into
three-winding transformer as shown in Fig. 8(a). In this way,
the modeling of the transformer can be deduced as,

LG=L6p+n2L RG=ch+anss

os 2

(11)

n /n,=n,2i, =i —

r l}'l:l“/n

um/ual =u,/u,~n

Then the equivalent circuit of the transformer under fault
conditions can be obtained as Fig. 8(b). Thus, the system can
still maintain normal operation with the inherent standby bus
taking over all connections from the faulty one. With the sin-
gle-core structure, the direction of the magnetomotive force by
common current component (highlighted as red arrow) are still
of opposite direction. Thereby its magnetic flux will still not
appear in the common iron core. DC flux cancellation can be
still achieved in this case.

III. FAULT-TOLERANT SCHEME OF CONTROL LEVEL

The system fault-tolerant scheme consists of topology re-
configuration and fault ride-through control. The system hier-
archical fault-tolerant scheme is shown in Fig. 9. Based on the
topology reconfiguration scheme in the previous section, cor-
responding fault-tolerant control scheme will be discussed in
this section.

A. SM-level fault-tolerant control

When the faulty SM is bypassed, extra fundamental and third
harmonic components will appear in circulating currents. Since
the third harmonic components are quite small compared with
the fundamental ones, the main control objects of the circulat-
ing currents under faulty cases are the newly introduced fun-
damental components and the inherent second harmonic
components.

To eliminate the faulty current components and the inherent
second-order harmonic in circulating current, a multi-PR con-
troller can be introduced here,

2k ws
2 2
ST +2w8 + @,

2k,w,s
s*+ 2,5 + Qay)’

G (s)=K, + (12)

leir _w eir 20

where K, is the proportional gain, ki, k> and ), w; indicate the
control gain and bandwidth.

As shown in Fig. 10, with the multi-PR controller, circulat-
ing current including faulty components can be suppressed
without extra coordinate transformation [28]. Moreover, it is
also feasible for symmetrical and asymmetrical AC system.

[ SMlevel |

Additional circulating

| SMlevel ,‘ current suppression
Faulty SM bypassed s Carrier frequency and
angle reconfiguration
“M | | Phase level | ﬂ
Faulty phase-leg bypassed Reconfiguration of
—> modulation phase angle
MEFT reconfiguration(V/V)
Adjustment of
) ﬂ modulation index
\\ LVbuslevel | % ﬂ
Faulty LVDC bus cut-off . LVbuslevel |

> L
Load shifted to another bus DC bus voltage stabilization

Maximum DC bus

[ Hardware level | Current limitation

| Controllevel |

Fig. 9. Hierarchical fault-tolerant scheme of topology and control level.

Conventional control

Sk +
lci)'72w7 0

=0 I S 1 Un -+

Fault-tolerant control

ok
lcirfw

AC circulating current

Fig. 10. SM-level fault-tolerant control.

Once Ny SMs (Ny<N;) are bypassed, the capacitor voltages
of the other SMs in the faulty arm should be increased to keep
the energy balanced among different arms [20], which results in
the transient charging process and the updated average capac-
itor voltage is,

Vc':VC N, +N,
N,+N, -N;

where V¢ is the rated capacitor voltage when all the SMs are
healthy. N;and N, are the number of redundant SMs and nom-
inal SMs per arm. Ny is the number of faulty SMs per arm.
Besides, when faulty SMs bypassed, the number of working
SM reduces. Hence, the frequency and phase-shifting angles of
the carriers will be reconfigured herein to mitigate distortions
of the upper and lower arm current.

(13)

B. Phase-level fault-tolerant control

Based on the topology reconfiguration scheme mentioned
above, the failed phase-leg will be bypassed and the trans-
former will work as V/V transformer.

To obtain a symmetrical ac power source, the phase differ-
ence between two input voltages of the V/V transformer should
be modified as 60 degrees instead of 120 degrees. Hence, the
MMC modulation functions should be reconfigured to
ride-through phase-level fault.
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Fig. 11. Voltage phasor-diagram of MMC under phase-level fault.

TABLE 11
MODULATION RECONFIGURATION

Phase Angle of Modulation Wave

Faulty Leg
Phase A Phase B Phase C
Leg A / 150° 210°
LegB 30° / 90°
LegC -30° -90° /

According to (13), if the initial phase angle is zero (6=0°),
modulation angle of phase A and C should be changed to 30
and 90 degrees in the event of phase B fault. Similarly, the
reconfiguration results in the cases of other phase-failure con-
ditions are listed in Table II.

As shown in Fig. 11, the magnitude of the transformer output
line-to line voltage under phase-level fault is equal to the

magnitude of the output phase-voltage under normal conditions.

Thus, the phase-voltage of the transformer is reduced to,

Ui 1y =U,/\3=Uye/2/3n (14)
where U, yy and U, are the phase-voltages of the transformer
under normal and fault-tolerant circumstances, respectively and
Ul is the MVDC bus voltage. It should be noted that the de-
creased transformer voltage is acceptable if the transformer
current increases to maintain the constant power supply and
LVDC bus voltage to load centers, which can be implemented
by the power flow control of the PWM rectifier in the LVDC
side. In addition, in order not to increase the current stress,
modulation index of the MMC could be adjusted to increase the
output voltage of the ac link and reduce the current to some
degree at the same time.

C. DC bus-level fault-tolerant control scheme

The main control objects of the back-end rectifiers are
voltage stabilization of the LVDC bus and maximum current
limitation. With output power control and fault current limiting
of MMC and back-end rectifiers as discussed in [4], the over-
load current of LVDC bus can be limited.

In this section, this work focuses on the clearance of faulty
LVDC bus and the redundancy of zonal power supply. To clear
the faults occurring in the secondary side, the IGBT blocking
signals are enabled and the corresponding rectifier should be
shut down. Moreover, ac circuit breakers (K1 or K2) of the
middle ac stage will be turned off to isolate faults. Importantly,

at least 2 out of 3 phases required

MMC unit }—'

<2
S, ( phase fault
M, ) | Naout of Ny per am
2 ams per phase

Phase unit

- > » Drive

Fig.12. Hierarchical reliability modeling and fault transient of MMC.

the zonal loads will be removed from the faulty bus and picked

up by the other normal bus to maintain normal operation, which

is the same case when one set of the secondary windings of the
MFT in the ac link is removed due to some certain ac faults.

IV. REDUNDANT CONFIGURATION WITH RELIABILITY
CONSIDERATION

To quantify the effectiveness of the proposed fault-tolerant
scheme and find out the suitable redundant configurations,
simplified reliability modelling based on a statistical method
will be discussed in this section.

A. Reliability modelling of MMC with the proposed hierar-
chical fault-tolerant control scheme

Based on the designed hierarchical fault-tolerant scheme,
hierarchical reliability modeling and fault transient of MMC
are shown in Fig.12.

When the number of faulty SMs (V) is less than that of re-
dundant ones (%,), the system turns into the first state Si:
SM-level fault. When the number of faulty SMs exceeds the
tolerated number and the corresponding phase-leg would be
bypassed, the system turns into the second state S»: phase-level
fault. When more phase legs are broken down, then the system
turns to the third state S3: MMC fault.

Based on the hierarchical reliability modeling, the reliability
function of each level can be obtained. Assume that the sub-
module failure rate is denoted as A, then its reliability function
and failure function can be expressed as (15).

{ Ry = e’

(15)
Fyy =1-Rgy

For phase-leg level, both upper arm and lower arm should be
healthy and at least N, SMs of each arm are normal which is
called k-out-of-n: G system in [29]. The phase-leg reliability
function based on combinatorial theory is deduced as (16).

N,

Rph = Rarm = (z C;\‘/” +N, RSNI\;[JrN/ 7k}751;\/1 )2 (16)

k=0

For the whole MMC, at least 2 out of 3 phases are required,
then the MMC reliability is calculated as Rymci in (17) without
the consideration of the remained healthy SMs in the bypassed
phase-leg.
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Rypyer = Csszzh (1- Rph) + C?&fh
N, N,
=G C o, R T FL) L= QO R TFL)T (1)
k=0 k=0

N,
k N, +N, -k 2k \6
+(QCh o R T F)
k=0

Rynica

where Rmmcz is regarded as the reliability function of MMC
with only SM redundancy but not phase-leg redundancy.

B. Reliability analysis and comparison of MMC with different
redundant designs

The MMC applied for medium voltage applications usually
require 4 to 10 basic SMs in each arm [18]. Considering relia-
bility requirement of MMC, redundant SMs should be intro-
duced. Reliability comparison results of MMC with and with-
out redundancy are plotted in Fig. 13, where specific number of
basic submodule and fixed submodule reliability are chosen to
quantify the reliability evaluation.

The curve 1 and 2 show the reliability results of MMC with
proposed hierarchical redundancy and only SM-level redun-
dancy, while the curve 3 represents the MMC reliability with no
redundancy. Compared with non-redundant designs, the in-
troduction of one redundant SM improves the MMC reliability
significantly. Compared with the redundant design of only
SM-level, reliability of MMC with hierarchical redundant
strategy is higher and decreases more slowly as the number of
basic submodule increases.

However, with only one redundant SM, the reliability re-
quirement is not met especially for the cases of lager submod-
ule number. More redundant SMs are needed for reliability
requirement. To make a trade-off between higher reliability and
less redundant SMs, reliability index is defined here.

S(N)=R,.. /N, (18)

l'f N 56:9411 —A— MMC1
2los A\‘\‘\.\“ﬁ - MMC2
;—; 06 1 —s— MMC3
Slo4 5

02 .\'\'\-—.

0 3

2 4 6 8 10 12 14 SM number

Fig.13. Reliability comparison of MMC with different redundancy.

TABLE III
RELIABILITY OF MMC WITH VARIABLE SUBMODULES

No Ram N Num Ram Rpn Runmet
1 5 0.946 0.894 0.969
4 092
2 6 0.991 0.983 0.999
1 7 0.897 0.805 0.901
6 092
2 8 0.979 0.958 0.995
1 9 0.842  0.708 0.795
8 092 2 10 0.960 0.921 0.982
3 11 0.991 0.983 0.999
1 11 0.782  0.611 0.664
10 092 2 12 0935 0.874 0.956
3 13 0.984 0.968 0.997

Solid-line— proposed hierarchical fault-tolerance
dashed-line— only SM-level fault-tolerance
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Fig. 14. Reliability comparison of MMC with different fault-tolerant strategies.
(a) With only one redundant SM. (b) With two redundant SMs. R1_4+1:
reliability of MMC (4 basic SMs and 1 redundant SMs) with proposed hierar-
chical redundant method. R2_4+2: reliability of MMC (4 basic SMs and 2
redundant SMs) with only conventional SM-level redundancy.

By comparing the changes of {(V;), reliable configuration of
redundant SMs can be determined. When &'(N;) = 0, the opti-
mum interval of redundant SMs can be estimated.

Table III shows the reliability of MMC with variable basic
SMs and redundant SMs. By adding the second redundant SM,
relatively high reliability for all the four cases can be obtained.
It may be enough to meet the system requirement for the MMC
with 4 to 6 basic SMs while the optimal redundant SM number
may be more than three for the case of 8 to 10 basic SMs.

To evaluate the MMC reliability over a time span of years,
specific SM failure rate should be obtained. The time-varying
reliability function of SM is approximately calculated as (19)
with the failure rate =10 [29][30].

RSM — eqo’“x — esmo*noﬂv (19)

The reliability comparison results of MMC with different
fault-tolerant strategies over 20 years are presented in Fig. 14.
The solid-line curves show the results of proposed redundant
design while the dashed-line curves denote the reliability of
MMC with only SM-level redundancy. According to Fig. 14,
with the presented hierarchical redundant method, the inclusion
of two redundant SMs can achieve system reliability require-
ment over a longer period. Compared with the MMC with only
regular SM-level fault-tolerant control, the MMC in the same
redundant configuration but with the proposed hierarchical
control can achieve higher reliability and the reliability de-
creases more slowly with the using time increasing.

V. EXPERIMENTAL VERIFICATION

Experiments are conducted in the RT-LAB platform to ver-
ify the proposed architecture and the hierarchical fault-tolerant
scheme of topology and control level. The control board based
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TABLE IV
SYSTEM PARAMETERS
System Ratings

MVDC bus voltage Unrpc 800V
LVDC bus voltage Urinc 600 V
Modulation frequency f° 200 Hz

MMC Parameters
Basic SMs Narm 4
Redundant SMs N, 2

MFT Parameters
leakage inductance L, (primary) 0.5mH
leakage inductance Lo (secondary) 50uH
leakage resistance Ros ImQ
Turn ration nj:nz 2:1

Load Parameters

RL load
Load resistance R; 1Q
Load inductance Ly 0.6 mH
PWM rectifier

DC capacitance Cac 5600uF
Load resistance Rac 30Q
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on DSP TMS320F2812 is connected to the signal acquisition
and output boards of the RT-LAB machine. System parameters
are demonstrated in Table I'V.

A. Experimental Results under normal circumstances

The three-phase MMC integrated with the MFT is connected
to the balanced three-phase RL loads and the experimental
results with no circulating current control are presented in
Fig.15. The MMC dc-link current, the upper and lower arm
current and circulating current in phase A are shown in
Fig.15(a). Fig. 15(b) shows the primary voltages upo, tno Of
MFT and the equivalent output current i;, of MMC. Fig. 15(c)
shows the load phase voltage and current in phase A. Fig. 15(d)
shows the upper and lower arm capacitor voltage and total
capacitor voltage, which are kept balanced. It can be observed
that the proposed architecture can operate the typical MMC and
provide two ac power interfaces.

B. Experimental Results under SM-fault circumstances

Experimental results of SM-level faults are shown in Fig. 16.
The circulating current i,, contains both fundamental and sec-
ond-order components as illustrated in Fig. 16(a). Fig. 16(b)

Usm_p
LLW’” n

P

Wi Al ki il )

Usum: n

(a)
Fig. 15. Under normal cases. (a) DC bus current, arm currents and circulating current. (b) primary voltages of MFT and system current. (c) output voltages and
currents. (d) SM capacitors voltages.
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Fig. 16. SM fault. (a) without control. (b) with second-order circulating current control. (¢) with fault-tolerant control. (d) SM voltages and arm currents.
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Fig. 17. Phase level fault. (a) SM voltage and arm current. (b) phase voltage and current. (c) arm voltages, line-to-line voltage and phase voltage. (d) dc-bus voltage
and load current of back-end three-phase bridge rectifier.
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shows the extra fundamental components introduced by SM
fault. However, as shown in Fig. 16(c), with the multi-PR
controller activated, the faulty and inherent circulating current
can be eliminated effectively. According to Fig. 16(d), it can be
seen that after the faulty SMs are bypassed, the capacitor
voltage of the healthy SMs will increase to keep the energy
balanced among different arms. Besides, when faulty SMs
bypassed, the number of working SM reduces. Hence, the
frequency and phase-shifting angle and of the carriers will be
reconfigured herein to mitigate distortions of the upper and
lower arm current, as shown in the close-up image (bottom) of
Fig. 16(d).

C. Experimental Results under phase-fault circumstances

As mentioned above, if the MMC leg is faulty and bypassed,
the fault-tolerant operation requires topology and modulation
reconfiguration. The experimental results of phase-B fault are
shown in Fig. 17.

As illustrated in Fig. 17(a), when the MMC leg of phase-B is
bypassed and all SMs in this phase are blocked, the three-phase
system will suffer unbalance. In Fig. 17(b), the phase current
and voltage of load-side are demonstrated. With the phase-B
bypassed, the voltage of phase-B turns to zero and the currents
become unbalanced. However, with the proposed modulation
reconfiguration scheme, symmetrical three-phase source volt-
age canbe restored again with reduced voltage level.

When two identical three-phase bridge rectifiers are con-
nected to MMC, the voltage and current of the LVDC bus will
fluctuate with the faulty leg-B bypassed as shown in Fig. 17(d).
With modulation reconfiguration, the normal DC bus voltage
and current can be obtained again.

D. Experimental Results under Bus-fault in the LVDC side

In this case, the three-phase MMC is connected to two PWM
rectifiers to provide dual LVDC bus with bi-polar structure.
Then the second PWM rectifier is removed via ac circuit
breaker K2 shown in Fig. 2 to simulate the dc bus failure. As
shown in Fig. 18(a), the dc link voltage Uy.» and load current
Lye> of the second PWM rectifier will decrease before its load is
connected to busl. When the busl pick up the load from bus2,
the dc link voltage should keep the normal level with the cur-
rent increasing to maintain normal power supply. Fig. 18(b)
shows the input current of phase A of two PWM rectifiers and
the output system current of phase A of the MMC. Hence, the
system can work normally even when one of the dc buses fails.

VI. CONCLUSIONS

The power architecture and hierarchical fault-tolerant
scheme of a DC/DC converter based on three-phase MMC and
three-phase bridge converter are investigated in this work.

The four-winding MFT connecting the front-end MMC with
two back-end rectifiers can save the MMC arm reactors with
reasonable leakage inductance and provide a dual bus structure
for redundancy improvement. The hierarchical topology and
control reconfiguration schemes can ride-through SM fault,
phase-leg fault and LVDC bus fault and improve the utilization
rate of MMC and power reliability of the zonal load center. The
hierarchical fault-tolerant scheme is proved to be effective with
the reliability modeling for MMC and can meet the reliability
requirement over a longer time span with reducing redundant
SMs, which is beneficial to the shipboard applications.

Some solutions of MFT have been applied to power elec-
tronic traction transformers but the multifunctional role of MFT
imposes certain challenges on its optimal design and still re-
quire future research. Meanwhile, for MMC on ships, protec-
tion coordination, possibility of efficiency improvement and
multiple-function integration such as energy storage ability
should be further studied in the future.
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