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Abstract

This paper presents a fault-tolerant powertrain topology for series hybrid electric vehicles (SHEVS).
The introduction of a redundant phase leg that is shared by three convertersin a standard SHEV drive system
allowsto maximize the reliability improvement with minimal part-count increase. The new topol ogy features fast
response in fault detection and isolation, and post-fault operation at rated power throughput. The operating
principle, control strategy, and fault diagnostic methods are elaborated. The substantially improved reliability
over the standard topology is verified by the Markov reliability model. Time-domain simulation based on a Saber
model has been conducted and the results have verified the feasibility and performance of the proposed SHEV
drive system with fault-tolerant capability. The experimental results from a prototype have further validated the
robust fault detection scheme and excellent post-fault performance.

I. INTRODUCTION

Hybrid electric vehicles (HEVs), with their exceite
mile-per-gallon performance, have been considesed@votal
technology to mitigate concerns over the rapidngsiof
petroleum cost, increasingly worsening air pollnta;md global
warming associated with greenhouse gas emission Al]
literature survey conducted by the authors offihiser suggests
that the major research effort has been focusedmmer
electronic converter topologies and motor contrgétems
related to HEVs while significantly less attentibas been
devoted to the reliability and fault mitigation diEVS’
powertrains. In fact, aggregation of many powercteteic
devices into drive systems of vehicles adverseliects
reliability of the overall system [2]. The reducediability of
HEVs not only discounts fuel-saving premium, busoal
increases repair time and maintenance cost. I b§lsafety
concerns, faults that occur in electric drives fwopulsion
systems of HEVs can be critical since an uncomdobutput
torque exerts adverse impact on the vehicle stabilhich can
ultimately risk the passenger’s safety. Therefariult tolerant
operation even with partial functionality (commotigown as

limping-home function) is desirable [3]. This paper compares0

and contrasts several candidates for fault-tolemdesigns
employed in HEVs electrical machine driving systemterms
of performance and cost. In [4-5], the authors gméesvo types
of switch-redundant fault-tolerant motor drive inegs with the
feature of lower part count. However the dc-linkaeitors have
to be oversized to absorb fundamental load currentier

faulted conditions. Consequently the post-fault imaxn

output power is reduced to such an extent thagriders the
long-term operation impossible. The multi-phase analrive
inverter has inherent redundancy, but such a corgtpn is
only suitable for motors with particular structupg]. The
authors of [7] present a four-leg motor drive ireerwith

redundancy, which does not require oversized dc-lin
capacitors and can provide the same peak outpuémponder
the normal and faulted conditions at the pricesigher cost.
One common limitation among the aforementioned ltugies
is that they can only handle open-switch faultsjlevishort
switch is also a common failure mode that compremigliable
operation of motor driving systems [8]. The authofs[9]

propose a new inverter topology for motor drivest ik capable
of dealing with open-switch and short-switch faélsirof the
inverter. The main drawback of the scheme propase@]

arises from the high component-count of auxiliagyides and
the associated higher cost.

A fault-tolerant electric drive system for serigdbtid electric
vehicles (SHEVSs) is proposed to overcome the litoites that
are associated with the existing topologies [10&s&l on
performance metrics proposed in [11], the new togplcan
btain the post-fault operation at rated powerughput with
silicon-cost increase by 64% and seven ac switchagpared
with the standard topology. But only faults of IGBTre
included in [10]. In this paper, the faults of tasti-parallel
freewheeling diodes are also investigated.

The rest of the paper is organized as the followifige
operating principle of the proposed topology is lakgd in
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Fig. 1. Proposed fault-tolerant SHEV powertrain.
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Section Il. The salient reliability metrics of tkisting and

motor driving inverter faults. In case of a shdrtuit failure on
any switch, one phase of the motor will be conrkcte
permanently to the positive or negative rail of deebus, which
results in the pulsating electromagnetic torquedevice is
needed to isolate the faulted switch from the dvengstem.
Herein, an ac switch is utilized to fulfill this rigtion. For
instance, in the case that a short-circuit failoceurs on the
upper switclg,,0f thea-phase leg of the inverter, tagphase of
the motor will be directly linked to the positivailrof the dc bus,
as shown in Fig. 1. The resultaatphase current becomes
uncontrolled. After this fault is successfully iatdd through
turning off the switchS,, further remedial measures can be
employed to restore the normal operation of théesys

Since the inverter, the rectifier and the buck/baasverter

proposed SHEV powertrain are assessed and comparedshare the same backup leg, a connecting devicecisaary to

Section lll. Section IV presents the time-domaimudation
results that verify the control of the proposeddlopgy. A 5 kW
prototype and the experimental results are predent8ection
V. Finally, a summary and brief discussions coneltids paper.

Il. PROPOSEDSHEV POWERTRAIN WITH FAULT-TOLERANT
CAPABILITY

A standard SHEV drive system consists of a thressgh
rectifier, a three-phase inverter and a bidireciodc/dc
converter. Faults on any power device can causseytem to
shut down due to lack of redundancy. A fault-totererive
system for SHEV is proposed to reduce unexpectgubages
caused by faults of semiconductor devices. As shiaviig. 1,
the newly proposed system is composed of a starfaldielN
powertrain, a redundant phase leg, connecting dsvand

fault-isolating components. The backup phase legéd byS,

connect the redundant leg to the output termiffdlese devices
need to block bidirectional voltage and conductkratite
current. Under post-fault operating conditions, tieanecting
devices for the inverter and the rectifier comnwiatce every
fundamental cycle, so a low-speed low-cost ac $vtidfices to
handle this task. Although the buck/boost convertay operate
in the discontinuous mode and consequently the exiimy
device has to commutate at the switching frequetiey same
low-speed ac switch can still be applied to thisvaster as the
connecting device, due to the inherent zero-curteming-off
characteristic of the discontinuous-mode buck/boosterter.
Herein, a TRIAC or double-thyristor connected in an
anti-parallel manner is used to connect the bad&gpto the
poles of three converters.

B. Fault Types
Herein, each switch in the three power convertecemposed

and Sy provides a redundancy not only to the motor-drivef an IGBT and an anti-parallel freewheeling diodehe

inverter, but also to the rectifier and the dc/dowerter. Under
the conditions of open-switch or short-switch fegluof any
switch including switching devices and
freewheeling diode in these three converters, {stes can
maintain an uninterruptible and long-term postifayderation
without compromising the power throughput. Sincee¢h
converters share one redundant leg, the relatigt cbthe
system is lower than other four-leg fault-toleranvterters that
have been reported in literature for motor drives.

A. Isolating and Connecting Devices
The short-switch fault is one of the most commopesy of

Redundant Leg

a-phase leg is faulted and disabled

ig. 2. Power circuit of the dc/ac part afteratphase leg is faulted.

T

proposed topology can handle open-circuit and stiogtit
faults of IGBTs and diodes in the three convertéte same

anti-parallecontrol strategy for fault isolation can be appltedall these

types of faults. Fault diagnostic methods for sisaitch and
open-switch faults are different.

Since the IGBT and diode are connected in antillgdra
manner, the short-circuit failures of the IGBT atidde result
in the same configuration of the system. As a teghke
short-circuit failures of the IGBT and diode candstected by
the same fault diagnostic method and termed as-stitch or
short-circuit fault.

Unlike the short-circuit fault, it is more involved identify
the open-switch fault of the diode. When an opecudt failure
occurs to a diode, only the IGBT in the faultedtstviis left.
Since IGBTs only conduct unidirectional current thductive
current that originally goes through the faultedddi has to
charge the parasitic capacitor of the switch amdideto high
emitter-to-collector voltage across the IGBT thah damages
the IGBT. Therefore, an open-circuit fault in thatigoarallel
freewheeling diode of an IGBT finally causes anrepicuit or
short-circuit fault to the IGBT. Therefore, the opgwitch fault
of diodes can be identified by the fault detecigoiation logic
of the IGBTSs.
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In the paper, the faults of IGBTs are mainly inigeted, and
the short-switch and open-switch faults refer te thults of
IGBTSs.

C. Control Strategy

The proposed fault-tolerant solution shown featutes
unified fault isolation scheme for both short-sWwitand
open-switch faults. The control strategy is briefkplained as
follows. Once a fault in a switch is detected,dghéng signals of
the faulted and the healthy switches in the faulegl are
immediately disabled to prevent fault propagati®dhen the
corresponding ac switch is turned off to isolate faulted leg
from the rest of the system. Upon successful igoladf the
fault, the corresponding connecting device is paendy
triggered and the original gating signals of thelttd leg are
routed to the corresponding switches in the redondig.
Therefore, the redundant leg fully replaces thdtéauleg and
the system transits to post-fault operation that th@ normal
performance. The transition process of the systetind case of
a fault is further illustrated with a short-switfailure to the top

short-circuit protection, the design of the thrddhof the
current is a challenging task. A lower thresholddioort-circuit
detection logic will increase sensitivity of deieat circuit but
may lead to high possibility of misjudgment. On tduntrary,
while raising the threshold enhances the reliabdit the fault
diagnosis, the fault detection circuit is less #essto faults and
a large inrush current may be generated beforefbg-circuit
protection actuates.

The proposed diagnosis method for a short-switalt faill
properly function within a wide threshold rangeeaplained in
the following. The proposed diagnosis logic for mkaircuit
faults is based on the fact that the current thinoagswitch
(IGBT) should be zero when the gating signal ofs¥wéch is at
low level and that a short-circuit fault is certairthe switch
current is non-zero given a low-level gating sigridierefore,
the current threshold can be much lower than thgirman
operating current under normal operating conditidrine
effectiveness of the method is not affected by loadditions.
For instance, in light-load condition or the neightood of the
load current’s zero-crossing point, the currenivitgy through

switch S, in thea-phase leg. When the short-circuit failure ofthe switch will still increase to the thresholdshbrt-circuit fault
the switchS,, is detected, the controller immediately disablegjagnosis circuit in the case of short-switch fad@ince the
the gating signals of both switch&g andS,, In the meantime, swjitches are identical, the scheme of fault diagnoan be
the ac switct§, is turned off and the connecting devicBais  applied to other switches as well.

turned on. Then the original gating signalsjyf and S, are The diagnosis logic for an open-switch fault iséshsn the
utilized to control the switche®, andS, in the redundant phase gating signal and the collector-to-emitter voltaggof a switch
leg. The normal operation of the drive systemssineed. Fig. 2 (IGBT). The open-circuit fault that occurs to theper switch
shows the reconfigured power circuit of the inveetlter one g of thea-phase leg is taken as an illustrative case. Utider
switch of thea-phase leg fails. After the redundant leg replacesormal operating condition, when the gating sigioals,, is
the faulteca-phase leg, the post-fault topology is identicath®  high, the voltage/,, across the switcB,, must be at low level.
standard three-phase inverter bridge except fométtion of  Otherwise, if the voltag of the switchS,, is at high level
the connecting devic€D,. The same transition steps can bgyhen its gating signal is at high level, an opewtt fault is
applied to open-circuit faults of the switch andlfs.of switches ¢ertain to occur t&,, An open-switch fault is asserted.

in other phase legs and other converters.

RELIABILITY ANALYSIS OF THEFAULT-TOLERANT SHEV

D. Fault Diagnosis Il
POWERTRAIN

Fault detection and identification are two impottateps to
prevent fault propagation and to maintain propestiiault
operation of the system. Table | shows the logicfanflt
diagnosis for the upper switc®,, in the a-phase leg of the
inverter. Herein it is assumed that a switch cassian IGBT
and an anti-parallel diode. It is worth noting tlatTable I,
when the current flows through the anti-paralledddi of a
switch, the current through the switch is assunoebet at low
level.

The principles of the diagnosis method are elakdrats
follows. If the gating signal to a switch is at Iéevel, while the
sensed current through the switch is at high levehort-circuit
failure is thus asserted. In order to avoid falstedtion caused extensive database of various types of parts. Tdwerdt is
by the turn-off delay of IGBTS, the gating signéltioe lower widely accepted and frequently utilized to detemmialiability
switch S, which is complementary to that of the upper dwitcof various electronic equipments. In order to make of the
Sy is utilized to detect short-switch faults. Fomeentional failure rate models of components from the handbdbk
following operating conditions have been assumed.

1) The junction temperature of semiconductor desisel50

The reliability of the system is closely relatedhe repair cost
and repair time. This section quantitatively assesshe
reliability of the proposed and the standard SHEwved
systems. In the assessment of the new drive systetiability
improvement, semiconductor devices IGBTs, diodesl an
TRIACs, and relays are considered to demonstrate th
methodology although inclusion of other passive gonents is
rather straightforward.

A. Components Failure Rates
The reliability handbook MIL-217F [12] provides an

TABLE I. FAULT DETECTIONLOGIC OFSppe

C, and 100C for relays.

Driving Driving Voltage Current Fault i f - . deab

signal of Sy | signal of Sw | acrossSy | through S, | detection 2) Fai ure ra_tgs of components in inactive modea tpizero.
High / High / SpOC fault The reliability model of TRIAC is determined by

/ high / High SpSC fault
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Amnc = A Uty Urr, Oz Orz, O (3)

where A, is base failure ratefZ. is temperature factor that is

based on the junction temperature of a devi@g;denotes
current rating factor that is determined by thedaturrent of

aOl alZ

© -(D -2

Fig. 3. State transition diagram of the propose&® powertain.

divided into two subsystems: one including all IGB&nd

the device;7Tis voltage stress factor that depends on the ratiééodes, and the other consisting of TRIACs. Repaicesses

of the applied block voltage to the rated blocktage of
TRIAC; 7T,is quality factor; and/z; is environmental factor

that models the effect of environmental stresses.

The MIL-HDBK-217F contains no reliability data alio
IGBTSs. In consideration of the similarity betwed tinternal
structures of IGBTs and MOSFETSs, the failure ratedet of
MOSFTs is chosen to estimate failure rates of IGBience,
the failure rate of IGBT can be expressed as

Acer =4, Urg, Orr, Uz, U, (4)

have not been considered in this study. The sy$igthree
states:
State 0: All devices work well, and the redundamd a
connecting devices are in inactive mode;
State 1: One switch (IGBT, diode, or both) fail;dathe
redundant leg and correspondent connecting deviRi&Q is
activated;
State 2: two components (IGBTs or TRIAC or in conglion)
fail, and the system shuts down.

The state transition diagram of the system istilated in Fig.
3. A short-switch or open-switch failure of any ai¢he IGBTs

where7T, is application factor while the other parametergeha in the rectifier, the inverter or the dc/dc coneerteads to

the same meanings as those of the TRIAC reliabiiibglel.
The diode’s failure rate model is determined by

Aiose = A, Ot Urtg Oz, Uz, Urz (5)

where 77 is contact construction factor, while other fastare

the same as those of the TRIAC and IGBT failure ef&d
The solid-state relay is utilized, and its failua¢e model is

Argay = A, U, U1z (6)

relay

where 71, and 77 are quality factor and environmental factor

respectively.

Based on the previously assumed operating conditio

known environmental and application conditions, tagure
rates of IGBT, diode, TRIAC, and relay are evaldated listed
in Table 1.

B. Reliability Evaluation of the SHEV Driving System

At the system level, Markov chain [13] is an effeet
approach to evaluating the reliability of faultatdnt systems.
This approach can cover many features of redunsigstems
such as sequence of failures,
state-dependent failure rates. Markov model cantitieed to
estimate various reliability metrics such as faluate, mean
time to failure (MTTF), reliability, and availakiyi among
others.

Herein, Markov reliability model is adopted to assdhe
reliability of the fault-tolerant SHEV drive systetm order to
reduce the order of the state equation and simhldyanalysis,
all devices with the same operating states andsitian
processes are treated as one subsystem. The syaterne

TABLE Il. FAILURE RATES OFCOMPONENTS

Component Failure Rate Unit
IGBT 39.798 Failure per
TRIAC 4.693 10° hours
Diode 4.938
Relay 0.661

transition of the system to state 1 from state ile Transition
rate 'y, is the sum of failure rates of all operating IGBTs
diodes and relays, which can be expressed as

o = 14(/]|GBT + Adiode) +7A @)
Transition between state 1 and state 2 are triggeyea failure
of one IGBT in remaining healthy and the redundegs or the
TRIAC that s in active mode. The transition ra¥g, comprises

the failure rates of operating IGBTS, diodes, TR]A@d relays.
It is worth noting that only one TRIAC operatesstate 1.

a,, can be determined by

aOl = 14(/1IGBT + Adiode) + 6Are|ay + ATI RAC
The state equation of the SHEV system can be aatain

relay

(8)

—ay 0 0 P(')(t) d P(')(t)
ay  —a, O R(t)|=—|R(t) )
0 a, 0] [B() P(t)

Since the reliability of the system is the sum tbge

failure coverage ap@obabilities that the system is in the functiostaltes at time,

the reliability function of the system can be obéal

R(t) = Ry(t)+R(t) (10)

|— Poposed SHEV powertrain
leee Standard SHEV powertain

08

0.6
L)

By
0.4

0 2107 6210° 8x10° D10

Time (hour)

Fig. 4. Reliability functions of the proposed varslard SHEV powertrains.
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TABLE Ill. MTTF OF THEPROPOSED ANDSTANDARD SHEV

POWERTRAIN
Topology MTTF
Standard powertrain 1597 hours
Proposed powertrain 3160 hours

Fig. 4 illustrates the reliability functions of tipeoposed and
the standard SHEV drive trains. It is evident that reliability
of the proposed drive system is much higher tham of the
standard one due to the presence of the reduntasépeg.

The mean time to failure (MTTF) is another impottamlex
indicating the reliability of a system, which i®skly related to
the reliability function by the following,

MTTF = j:’ R(t )dt (11)

In Table I1ll, MTTFs of the new fault-tolerant arttie
standard SHEV drive trains are listed. The sigaiiity
improved MTTF demonstrates the super reliabilitsf@enance
of the new topology, since its operating time witho
disturbance is greatly improved to twice as mucthas of the
standard one.
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Fig. 5. Simulation results in case of short-swithlt S5 (b) the fault signal,
the load current of the faulted phase, the curierdugh the faulted switch,
and the voltage across the faulted switch; (afab# signal and three-phase
currents.

TABLE IV. SPECIFICATION ANDPARAMETERS OFSIMULATION MODEL

dc-link voltage 600 V
Fundamental frequency 60 Hz
Switching frequency 5 kHz
PWM technique SPWM
Modulation index 0.95

Load resistance 18Q
Load inductance 1mH

IV. SIMULATION RESULTS

The post-fault operating performance of the proddSHEV
driving system is verified by time-domain simulatioThe
simulation is based on the fault-tolerant design SMEV
powertrain as shown in Fig. 1. Because the faugmuibsis
scheme and post-fault remedial strategy are idantar the
inverter, the rectifier and the dc/dc convertettydhe faults on
the dc/ac inverter that directly drives the motard athe
corresponding post-fault performance are investimatThe
simulated system model consists of the proposdttttaarant
three-phase inverter and a resistance-inductanad. [dhe
detailed specification and parameters of the systnm
tabulated in Table IV.

Fig. 5 shows the transition process of the systemim fthe
normal operating condition to short-switch faulbddion of the
inverter. At the instant of 0.05s, a short-switellf occurs to
the upper switch S, of the a-phase leg. A
much-larger-than-normal current through the faultklice
substantially results, as shown in Fig. 5(a). Thenediate
remedial action should be taken to avoid fault pggdion.

The fault-detection method presented in this pégeatures a
very short delay of approximate 208 that is caused by the
analog components and a low-pass filter in thetfedection
circuit. At time instant t = 50 ms, a short circaitcurs toS,,
Once the fault is detected, the gating signal etibttom switch
S,»in thea-phase leg is disabled and the large current flgwin
through the faulted leg during the interval of fau$
immediately terminated, as shown in Fig. 5(a). Thbhe
isolating devices, is controlled to be open, and the connecting
deviceCD,is triggered. At time instant t = 74 ms, the refais
fully disconnected. And in another delay of abolitris, the
original gating signals to both switches of theltizdi leg are
routed to the corresponding switches of the badégmt t = 85
ms. Herein, the delay between time instants t m34nd t = 85
ms is inserted to guarantee that the relay is fiikgonnected
before the redundant leg participates in operaifdhe system.
Otherwise, the bottom switc8, in the redundant leg and the
faulted switchS,, will form a shoot-through path. The post-fault
operation starts and normal system performancessmed
from t = 85 ms, as shown in Fig. 5(b).

The transition process of the open-switch faultustrated in
Fig. 6. The fault isolation actions taken by thetcoller are the
same as the ones for the case of the short-swvaitdheixcept that
the fault-detection logic is different, which haseln explained
in Section Ill. For the open-switch fault, sinceeth is no
concern about shoot-through path that formed byfaléed

Page5 of 7



Proceedings of the 2013 Ground Vehicle Systemsrigeging and Technology Symposium (GVSETS)

Fault signal

to S, After about 400 ns turn-on delay, the swighis turned
on, and the short-circuit path consisting of thdidk capacitor
and two switches in the faulted leg forms, andféhdt current
flowing through the faulted switcB,; increases dramatically, as
shown in Fig. 7(a). Then the fault is identifieshdathe gating
signals to the switches in the faulted leg areldlésh As a result,
the fault is cleared, the fault current disappedrscan be
observed that the fault only approximately lastgragimately
— ‘ ‘ ‘ 200 ns, and the short-switch current that flowsugh the
faulted switch is only approximate 31 A. It furthearifies the
fast response of the proposed fault detection ndetho

Since it takes approximate 24 ms for the relay utby f
disconnect, the delay time of 35 ms between idgntf the
short-switch fault and enabling the redundant emserted to
prevent a short-circuit path formed by the faukadtch and the
complementary switch in the backup leg. From Fi{@),7after
approximate 100 ms, the load currents restore imttonal
operation. The disturbance time is mainly caused thwy
connection time of the electronic loads rather thwathe control
strategy. In the case of motor, the disturbancee tim
determined by the delay time between detectingtsvatch
fault and enabling redundant leg and can be grshtiytened.

Fig. 8 shows the fault transition process of thesiter in the
case of an open-switch fault to the top swigfof the inverter
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Fig. 6. Simulation results in case of open-switahltfS;; (b) the fault signal, hk‘_
the load current of the faulted phase, the curierdugh the faulted switch, ]
and the voltage across the faulted switch; (afab# signal and three-phase . . . . -
currents.

L CHi: Current of Sap

[ CH2:Voltage of San

(73 [ CHB: Current of a-phase filter indnctor -
+ CHE4: Fault-flag signal

switch and one switch in the redundant leg, theimddnt leg

can be enabled immediately after the redundanslégabled. Glas—ssvachs a0 Mioons A Chi 7 346V
Herein, the delay time between disabling the fauleg and Gha Y00W MY 500

enabling the backup leg is set to 1.8 ms. Thergfthe @

disturbance of the system in the case of the opéksfault is 3= - e

greatly reduced. CH2: b phase load cugrmnt
CH3: o phass load coment

CH4: Fault-flag siznat

V. EXPERIMENTAL RESULTS

A 5 kVA prototype of a three-phase inverter basedthe
fault-tolerant topology as shown in Fig. 1 has bbaitt. The
parameters of power circuit are the same as thiosienalation
model, as shown in Table IV. IGBT modules with grdrallel
diodes consist of main switches and connectingcgsyiand a
relay with the release time of approximate 24 msised as
fault-isolating component. The dc-link voltage é& gp by a dc
power supply. Three electronic loads are used adslof the
inverter. The LC filter is inserted absorb switaiifinequency

. ! Chll 10.0V < Ch2 10.0 A< M20.0ms A Ch4 S~ 3.40V
ripple so that the electronic load can normallyrape 10.0 A QNCh4|_5.00 V
Fig. 7 demonstrates the fault transition procesb®inverter (b)

for the short-switch fault o&,, At the rising edge of the fault
signal, the gate-to-emitter voltage of the uppeitadws,; is
forced to be constantly high, so that a short-gwisilt occurs

Fig. 7. Experimental results in case of short-swii@ult of S;p (b) the fault
signal, the voltage across the swih the current through the faulted switch
Sy and the load current of the faulted phase; (&) fdult signal and
three-phase curren.
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Fig. 8. Experimental results in case of open-switalit of S;x (a) the fault
signal and three-phase currents; (b) the faultadjgand the three-phase
voltage.

__.

Ch3

a-phase leg. It can be observed that the systersiti@rs to the
post-fault operation that is the same as normalatjpm after a
disturbance of approximate 1.8 ms due to the fault.

VI.

A fault-tolerant powertrain for series hybrid eléctvehicles
has been presented. The newly proposed drive systnres
nearly disturbance-free operation of the HEVs fpem-circuit
and short-circuit faults of IGBTs and diodes. Tlere, the
vehicle safety has been improved. Moreover, theeisop
post-fault operating performance allows the vehiol®perate
over a sustained long period of time after fadltse full power
operation distinguishes the limping-home capabibfy this
solution from the existing art. The excellent rbiidgy of the
proposed topology is verified by the quantitatissessment
based on Markov reliability model. The mean timéaiture as
high as twice that of the standard topology greatisluces
unscheduled maintenance, repair time and repat; wdsch
would offset the initial cost penalty for additidrauxiliary
devices. In addition,
experimental results evidently corroborate that tiwrmal
operation the system can be resumed after a ststurtzthnce
for short-switch and open-switch faults.

CONCLUSION

the time domain simulationd an
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