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A Path-Based Switch Open Circuit Fault-Tolerant
Method for Three-Phase DAB Converter

Yuanpeng Guan ", Yiting Xiao”, Li Qin“, Xiong Liu

Abstract—The three-phase dual active bridge (DAB3) converter
achieves the bidirectional power transmission and voltage conver-
sion in dc power grid. However, DAB3 is susceptible to switch open
circuit fault (SOCF), causing transmission power loss and excessive
current stress. Thus, a path-based fault-tolerant method (PFTM)
for SOCF in DAB3 is proposed. First, the transferred energy of
each phase is investigated by modality analysis of DAB3, thus, a
path energization method is proposed for PFTM, and switching
pattern reconfiguration strategy is summarized by switching func-
tions during SOCF, enlarging maximum transmission power within
maximum high-frequency-link (HFL) inductor current. Moreover,
in the PFTM, the fault paths/legs are employed, reconfiguring
the current path of modality, actively adjusting the ON-time of
antiparallel diode, and realizing the bidirectional transmission
power improvement. Furthermore, the optimization strategy of
phase shift ratio is proposed to reduce HFL current stress and
keep zero-voltage switching, when SOCF is in primary and sec-
ondary sides. Compared with traditional methods, the PFTM
can realize a wider power range and voltage gain, and a higher
maximum transmission power, to ensure the safety and reliabil-
ity of DAB3. Finally, experimental results verify the theoretical
analysis.

Index Terms—Maximum transmission power, path-based fault-
tolerant method (PFTM), switch open circuit fault (SOCF), three-
phase dual active bridge (DAB3) converter.

NOMENCLATURE
DAB3 Three-phase dual active bridge dc—dc converter.
HFL High-frequency-link.
SOCF Switch open circuit fault.
ZNVS Zero-voltage switching.
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Path-based fault-tolerant method.

Antiparallel diodes of MOSFETs, i =1...12.
Outer phase shift ratio.

Phase shift ratio between phases A and B.

Phase shift ratio between phases B and C.

Fault modality that occurs after SOCF,i = 1...10.
Switching frequency.

Input current.

Output current.

Three-phase high-frequency-link current, x = A, B,
C.

Maximum value of three-phase high-frequency-link
current.

Voltage gain.

Equivalent high-frequency-link inductor, x = A, B,
C.

Equivalent value of high-frequency-link inductor.
High-frequency-link current slope, x = A, B, C.
Turns ratio of transformer.

Modality in normal operation, i = 1...18.
Transmission power in PFTM.

Transmission power in normal.

Transmission power in open-phase method.
Transmission power in frozen-fault-leg method.
Maximum value of P.

MOSFETs, i =1...12.

Switching function, x = A, B, C, a, b, c.

One period.

Half-period.

New modality when PFTM is employed for primary
SOCEF,i=1...6.

New modality when PFTM is employed for sec-
ondary SOCF, i =1...2.

Input voltage.

Output voltage.

Three-phase voltage of the primary side, x = A, B,
C.

Three-phase voltage of the secondary side, x = a, b,
c.
Transferred energy of each phase, x = A, B, C, a, b,
c.

Total transferred energy.

Total transferred energy in normal.

Transferred energy of each phase in PFTM, x = A,
B,C, a,b,c.

Total transferred energy in PFTM.
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Wsi-nom  Transferred energy of each switch in normal, i =
1...12.

Wsisocr Transferred energy of each switch in SOCF, i =
1...12.

W’si Transferred energy of each switch in PFTM, i =
1...12.

I. INTRODUCTION

N RECENT years, the three-phase dual active bridge

(DAB3) converter has been widely used in dc power grid,
due to its high directional power transmission and efficient dc
voltage transformation [1], [2]. However, the switch is one of
the vulnerable components in power electronics converter, and
switch fault accounts for about 46% of the total faults [3].
The switch open circuit fault (SOCF) is significant in DAB3,
leading to component overstress, transformer saturation, and
transmission power loss [4], [5]. Therefore, reducing SOCF
impact is necessary to keep the stability and reliability of DAB3
and dc power grid [6], [7].

To maintain the safe operation of the system after SOCF, the
common methods are fault isolation and fault tolerance. In the
fault isolation method, when SOCF occurs, the fault submodule
is blocked by turning OFF all switches in the fault submodule,
and the other submodules remain in normal operation [8]. This
method isolates the fault submodule, preventing fault impact
on whole system. It is usually employed for multiple modu-
lar converters. However, for the SOCF in the single modular
converter, the system will be interrupted, and the component
overstress, transformer saturation, and transmission power loss
will be exacerbated [9].

Therefore, to withstand SOCF and improve the reliability of
DAB3, several fault-tolerant methods have been proposed. The
previous fault-tolerant methods for DAB-type converters mainly
contain the following categories.

1) Redundant hardware [10], [11], [12]. The redundant hard-
ware is used to compensate the failure state in SOCEF,
including redundant switch, bridge leg, and module. In
[10], a redundant switch is used to maintain the power
transmission for series-resonant dc—dc converter under
fault operation. In [11], the redundant bridge leg and
inductor are applied to replace the fault leg for the three-
phase full-bridge circuits in the dual-winding motor drive
system, guaranteeing the drive system to work normally.
In [12], the redundant bridge leg is applied to isolate fault
bridge leg for the proposed three-level T-type inverter,
maintaining the normal output. The topologies in [11] and
[12] can be a form of three-phase full-bridge in DAB3.
Thus, the redundant bridge leg method provides a way
for SOCF tolerance in DAB3. However, these redundant
hardware methods make topology more complex and have
a high cost of redundancy, which is not suitable for DAB3
with at least 12 switches.

Topology modification [13], [14]. In [13], a fault-tolerant
capacitor leg is employed, and the complementary switch
in the faulty leg is shorted and in DAB. In [14], the topol-
ogy of DAB is reconfigured by a half-bridge conduction
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branch after fault, which maintains power transmission.
However, this method makes topology more complex,
which is not suitable for DAB3 with the Y-Y connection.
Modulation reconstruction [15], [16], [17], [18], [19],
[20], [21]. The switch state is reconstructed to maintain
the operation of the converter in SOCF, without complex
control strategies and high-cost redundancy. In [15], when
SOCEF occurs in secondary side, the fault leg is frozen
to obtain symmetrical topology, eliminating the dc bias
and maintaining stable operation for DAB. In [16], the
fault complementary switch or the fault leg is blocked
to reconfigure the symmetric topology, eliminating the
dc bias and voltage imbalance in 2/3-level DAB during
SOCEF. In [17], the faultleg of DAB3 is frozen in secondary
SOCEF. In the frozen-fault-leg method, the antiparallel
diode is employed to reconfigure topology after SOCF,
making the waveforms of high-frequency-link (HFL) volt-
age symmetrical. However, in the frozen-fault-leg method,
the impacts of the specific modality and its duration on
the performance are usually ignored during operation,
causing the transmission power in fault-tolerant operation
is reduced greatly. Moreover, the current path is limited
and reduced. Then, the transmission power is reduced,
especially the transmission power from the fault primary
side to the normal secondary side. Thus, the frozen-fault-
leg method is not suitable for primary SOCF. In [18] and
[19], a primary side lower power method is proposed for
primary SOCF of DAB. However, there is a dc bias in
the transformer current, leading to transformer saturation.
Besides, the reduced current stress and improved trans-
mission power are contradictory in SOCF. The open-phase
method is applied for DAB3 within Y-A connection [20]
and current-fed DAB3 [21] during SOCF, which makes
DAB3 operate in single-phase mode. However, DAB3
transfers at most two-thirds of the normal power by this
method in SOCF, which greatly reduces transmission
power.

Therefore, in the conventional SOCF tolerant methods for
DAB3, the transmission power is limited and the current stress is
increased. It has negative impacts on the performance of system
and needs to be improved.

To solve the above-mentioned issues, a path-based fault-
tolerant method (PFTM) for DAB3 in SOCF is proposed in
this article, to improve bidirectional transmission power, reduce
current stress, and keep zero-voltage switching (ZVS). First,
based on modality and path analysis during SOCF in DAB3, a
path energization method is proposed to reveal the relationship
between the switching pattern and transferred energy. Then,
the switching pattern reconfiguration strategy is summarized
by switching functions during SOCF, to enlarge the maximum
transmission power within the maximum HFL inductor current.
Second, PFTM is proposed for SOCF tolerance on primary and
secondary sides. In the PFTM, fault paths/legs are employed to
reconfigure current path of modality, actively adjusting the ON-
time of antiparallel diode, enlarging bidirectional transmission
power within maximum HFL inductor current. Third, based on
the fault-tolerant operation and bidirectional transmission power

3)
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Fig. 1. Topology of DAB3 based on Y-Y connection.

improvement, the optimization strategy of phase shift ratio is
proposed to reduce HFL current stress and keep ZVS. Moreover,
compared with traditional methods, the PFTM can realize a
wider power range and voltage gain, and a higher bidirectional
transmission power, keeping ZVS.

The rest of this article is organized as follows. In Section II,
the normal and SOCF operation of DAB3 are depicted and the
path energization method is proposed for PFTM. In Section III,
the PFTM is introduced and the operating principle is detailed.
In Section IV, the performances of DAB3 under PFTM are
analyzed. In Section V, experiments are performed to verify
theoretical analyses. Section VI concludes this article.

II. NORMAL AND SOCF OPERATIONS OF DAB3
A. Normal Operation

The topology of DAB3 based on Y-Y connection is shown in
Fig. 1. In the primary side of DAB3, the phases are represented
by “phase A,” “phase B,” and “phase C,” respectively. In the sec-
ondary side of DAB3, the phases are represented by “phase a,”
“phase b,” and “phase ¢,” respectively. Phase a (b, ¢) is the dotted
phase of phase A (B, C), and phase A (B, C) is the dotted phase of
phasea (b, ¢). V; and V5 are input and output dc voltages. i, and i
are input and output dc currents. Cp and Cg are capacitances on
primary and secondary sides. Switches S;—S¢ with antiparallel
diodes D1—Dyg are in primary three-phase bridge, and S7—Si2
with antiparallel diodes D7—D;5 are in secondary three-phase
bridge. The turns ratio of high frequency transformer is n:1,
and the star points are denoted as N in primary side and M in
secondary side. L4, Lp, and L are the equivalent transformer
inductors, and Ly = Lp = Lo=L. iy, ip, and i represent the
three-phase HFL currents, respectively.

The switching frequency is defined as f;. T is one period and
Ths 1s half-period. D is outer phase shift ratio, and set as [0, 1];
d; is phase shift ratio between phases A and B, d is phase shift
ratio between phases B and C, phase shift ratio between phases
Cand A is (2-d;-d>»), and di = ds.

The three-phase HFL currents can be described as follows:

ia,B,c(t) =1a0,B0,cO

Van,Bn,on(t) — nVanrpm,enr ()

M L

At (1)

where I49, Ig, and Iy are the initial current in each time
interval, and Ar is the duration of an interval. V4, Vg, and
Ven are the phase voltage of primary side. Vs, Vs, and Vs
are the phase voltage of secondary side. The phase voltages can

1579

Power flow
—»

+ 1Y
; / ;

2 4

3

!
J

Fig. 2. Transferred energy in normal operation.

be described by switching function S, (x = A, B, C, a, b, ¢)

{VAN,BN,CN(t) = (254.B,c — SB,c,A — Sc,a.8)V1/3
Varps,ent(t) = (2Sa.b.c — She.a — Se.ap)Va/3 o

)
where S, = 1 represents the path related to positive potential in
phase x is conductive. S, = 0 represents the path related to neg-
ative potential in phase x is conductive. In normal operation, if
S = 1, the upper switch/diode is ON and the lower switch/diode
is OFF in path. If S, = 0, the upper switch/diode is OFF and the
lower switch/diode is ON in path. In SOCF operation, the upper
switch and lower switch are the conditions in fault. When the
upper switch is SOCF, if S, = 1, the upper diode is ON and the
lower switch/diode is OFF in path. If S, = 0, the upper diode is
OFF and the lower switch/diode is ON in path. When the lower
switch is SOCEF, if S, = 1, the upper switch/diode is ON and the
lower diode is OFF in path. If S, = 0, the upper switch/diode is
OFF and the lower diode is ON in path. Based on Y-Y connection,
the three-phase HFL currents are regarded as balanced [22]

ia(t) +ip(t) +ic(t) =0. (3)

Besides, the transferred energy of each phase W, (x = A, B,
C, a, b, ¢) is described as follows:

Wy =Wa = [EVan(t)ia(t)dt
Wp =W, = [y Van(t)ip(t)dt )
Weo =W = [ Van(t)ic(t)dt

where the total transferred energy W = W, +Wp+We. Then,
the transferred energy is carried out by the switches in the path.
Thus, a path energization method can be proposed.

The transferred energy of path can be described by the corre-
sponding current slope. Based on (1) and (2), the HFL current
slope m, (x = A, B, C, a, b, ¢) can be expressed as follows:

ma = Mg
= |(284 — 2kS,) + (2kSy + 2kS. — Sp — Sc)| V1 /3L
mp = my
= |(2Sp — 2kSy) + (2kS, + 2kS. — Sa — Sc)| V1 /3L
mgc =M
= |(2Sc — 2kS.) + (2kSp + 2kS, — Sp — S4)| V1 /3L

)

where k =nVy/V;. m, s mainly determined by the switch states,
so m,, can be adjusted by switching pattern reconfiguration.
According to the proposed path energization method, in Fig. 2,
the power flow from the primary side to the secondary side rep-
resents the forward power flow. Besides, the path through switch
represents the forward direction, and path through antiparallel
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Fig. 4. Path and transferred energy of DAB3 when S1 is SOCFE.

diode represents the reverse direction. But both conducting
switch and diode are represented by O or 1 in the switching
function S,. For example, the direction from node 1 to A
represents the path of S;-ON, and the direction from node A
to 1 represents the path of D;-ON. But both the path of S;-ON
and the path of D;-ON are represented by switching function S 4
= 1. In normal, each switch is used equally in path to transfer
energy bidirectionally. The transferred energy of each switch is
Wsi-nom 1N normal.

The waveforms and modal paths of DAB3 in normal operation
are shown on the left side of Fig. 3 and 5, where N;-Ng
are the normal modalities. The modal path is the current path
in each modality, which is listed below the waveforms. In
normal operation, the current and voltage waveforms of each
phase are the same, the phase shift time between each phase is
2/3Ths, and current waveforms are symmetric without dc bias.
Thus, the transferred energy of each phase is equal to 1/3 of
the total energy W, 5., Then, the transmission power P, of
DAB3 is [6]

nVi Vo D 1
Pnamzwnom: QJVD( —3) 1 ?SDSEQ
T (D -D"—g5) 5<D<3

(©)
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TABLE I
TRANSFERRED ENERGY PATHS FROM PRIMARY SIDE TO SECONDARY
SIDE IN PHASE A

i ip ic Current paths
Primary side Secondary side

>0 >0 <0 AARY D:S1Dy5, D:DoD 2, SsDoD
>0 <0 >0 818485 S184Ds D:D1yS;2, D7D oDy, SsD oDy
>0 <0 <O | S8i8:S6 SiSiDs, SiD3Ss D7SoD 12, D7D 19D, D7D 10S1
<0 >0 <0 858586 S283Ds DsDoS11, DsDoD;5, S:DoD ;5

<0 <0 >0 855485, S2D3Ss DsSoD 1, DsD oDy, S7D10Di;
<0 >0 >0 858585, S283Ds, S2DySs DgS19D11, DsDgS 15 DsDoD

where P, is adjusted by D. Moreover, the transferred energy
paths from the primary side to the secondary side in phase A are
listed in Table I.

From Table I, the conducting primary side switches associated
with paths are more than secondary side switches. Thus, the
primary side switch is dominant for energy transformation, and
the impact of SOCF on primary side is more serious than that
on secondary side.

B. Primary Side SOCF

The waveforms and modal paths of DAB3 are shown in Fig. 3,
when S; of phase A is SOCF. In Fig. 4, there is no feasible path
for positive current in fault phase A. Then, the fault modalities
E;-E7 occur when S; is SOCF, and the primary phase voltage
in E; and E; is established as follows:

VAN(f) = (—SB — Sc)V1/3
VBN(t) = (QSB — Sc)V1/3 (7
VCN(t) = (QSC — SB)V1/3

Then, the dc bias is accumulated in HFL current by (1) and
(7). Thus, a completely negative dc bias occurs ini4, and i g and
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Excessive stress

Fig. 6.  Path and transferred energy of DAB3 when S7 is SOCE.

i present the positive dc bias to maintain three-phase balance
in HFL transformer. It causes excessive current stress and even
leads to transformer saturation. Moreover, in the paths of the
fault modalities E;—E4 in Fig. 3, the current is through the
switch directly without freewheeling diode. Thus, the ZVS of
So, S3, Ss, and Sy is destroyed. Besides, in Fig. 4, the fault
switch S; cannot transmit energy bidirectionally, so transferred
energy is maintained at 1/3W,,,,, via the rest switches. Then, the
transferred energy of each switch Wg;_socr in SOCF is larger
than Wg;_n0m, in normal, resulting in normal switch overcurrent.

C. Secondary Side SOCF

The waveforms and modal paths of DAB3 are shown in Fig. 5,
when S7 of phase a is SOCF. In Fig. 6, there is no feasible path
for negative current in fault phase a of modalities N5 and Ny3.
Then, the fault modalities Es—E1 occur when S; is SOCF, and
the secondary phase voltage in Eg is established as follows:

Va]\/[(t) = (_Sb - Sc)‘/2/3
Vom (t) = (28p — Sc)V2/3 . ®)
‘/(’M(t) - (2Sc - SI))‘/2/3

Then, the dc bias is accumulated in HFL current by (1) and (8),
and the fault modality Eg occurs. Thus, a positive dc bias occurs
in ig, and ip and i¢ present the positive dc bias to maintain
three-phase balance in HFL transformer. It causes excessive
current stress and even causes saturation of transformers to
saturate. Moreover, in the path of the fault modalities Eg in Fig. 5,
the current is through the switch directly without freewheeling
diode. Thus, the ZVS of S; is destroyed. Similarly, in Fig. 6,
the fault switch S7 cannot transmit energy bidirectionally, so
transferred energy is maintained via the rest switches, causing
normal switch overcurrent.

Thus, to reduce excessive current stress in SOCEF, the total
transferred energy should be lower than normal. Moreover, the
transferred energy can be lowered by reducing the current slope
m, and adjusting duration. Therefore, the switching pattern
reconfiguration strategy is summarized by switching functions
to determine HFL current slope m, during SOCF, as listed in
Table II. Then, it achieves transferred power improvement within
maximum HFL inductor current by limiting the transferred
energy of fault phase, when SOCF occurs. For example, when
S1 is SOCF, the HFL current slope m 4 of fault phase A needs
to be lowered to limit the transferred energy of fault phase A.
As shown in Fig. 3, the negative dc bias is accumulated in HFL
current of fault phase A, so V4 n(t)-nV 4 p(t) in fault modalities is
lower than 0. Thus, to lower m 4, V 4 n(t) needs to be increased or
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TABLE II
PROPOSED SWITCHING PATTERN RECONFIGURATION STRATEGY IN SOCF
Fault switch iy ip ic Path (switch functions)
S[/Sg - + SA =] or Su:0
Sz/S7 + - - SA =0or Su:]
Sj/S]{) + - - SBZOOVS/,:I
S4/Sg - + + SE =] or Sb =0
S5/S]2 + - - SCZOOI‘S(»:]
Sﬁ/Sl} - + + S(jZIOVSCZO
Fault side 222" g Normat side Fault side 22" w. Normal side
1 3 1 3

Sy=1 S,=0

(b)

. Power flow
Normal side ——————w= Fault side
3

S.=0

©

Fig. 7. Proposed switching pattern reconfiguration cases for SOCF. (a) and
(b) When S; is SOCEF. (c¢) and (d) When S~ is SOCF.

V() needs to be lowered. Then, when S; is SOCF, switching
function S, = 0 is adopted to make V,,(t) lower, or switching
function S4 = 1 is adopted to make V 4 y(t) larger. In addition,
Sa = 1and S, = 0 are not contradictory and can be satisfied
simultaneously or arbitrarily.

When S; is SOCEF, the employments of “S4 = 17 or “S, =
0 are in Fig. 7(a) and (b). The path of D;-ON and S5/D5-OFF
or the path of S7/D7-OFF and Sg/Dg-ON is employed for fault
tolerance. When S; is SOCF, the employments of “S4 = 0” or
“Sq = 17 are in Fig. 7(c) and (d). The path of S;/D;-OFF and
S2/D2-ON or the path of D7-ON and Sg/Dg-OFF is employed for
fault tolerance.

III. PFTM FOR SOCF IN PRIMARY AND SECONDARY SIDES OF
DAB3 BASED ON PATH ENERGIZATION

A. Primary Side SOCF Tolerance

When SOCF occurs in primary side, the stress and bias of HFL
current are excessive without limiting the transmission power.
Thus, the PFTM is introduced, including the reconstruction
of path and its duration, to achieve tolerant operation, reduce
current stress, and improve transmission power. When PFTM
is applied for SOCF in primary side, according to Table II,
the diode of the dotted phase in normal bridge is employed by
blocking the corresponding switches in the dotted phase of the
fault phase. Thus, it can achieve tolerant operation for SOCF
and ensure that power can be transferred from primary side
to secondary side. Furthermore, according to path energization



1582
S, A d; Ty d,T),
543 [T}
NAW) iy
sx?) [ | | | o
S5(Ss)
S@C_pn [T — 1
Vin :HV ,:HZBV’ 3V, T3V
Vau | L
[T
/3V 2737,
Vin 13V, 137, —F
Vi :’I— g
" 23V,
AV R LE 13V, L p
eM e L
Ven— | —t— L
T
t
0 >
1y
ip
Modified path (S,=0)
D, S;|S: " S, (S, S, S,!S,'D,'D;'D; ' D,
S3, S3 (S5, S3|S3 DyDySy S¢Se Sy | D3
Ss1 Ss|Ss | Ds|S5 1S51 S51851 85185 1Ds | Dg
D71 D7|Ds | Dy |Dg'Dg'Dg Dg|Ds1D; 1D; | D7
S10' S10)Do ' Dy [Dg Dy Dg'So! So'Dyy' Dy | Dio
D3 Di3Diy D3| S;58,:D1011P 11Dy Dy | Din
fh tp Lot U4ttt ts bty te tg
Tp1 Tpa Tps Nig NisNigN ;N g N Tea Tps Tes
Fig. 8. Waveforms of DAB3 under PFTM when SOCF occurs in Sj.

method, the fault leg is used to reconfigure the current path of
modality, actively adjusting the ON-time of antiparallel diode,
enlarging the transmission power from the fault side to the
normal side. Moreover, to reduce the HFL current stress under
maximum HFL current in normal, the HFL current slope can be
adjusted by active modulation of fault legs/paths. Meanwhile,
the ZVS of switches can be achieved by the direction of HFL
current path and switch states. Then, the phase shift ratios d; and
ds are optimal, under transmission power improvement in PFTM
and avoiding current overstress during fault-tolerant operation.
The duration of the rest of normal switches is maintained as
T}s. Thus, in the PFTM, HFL current stress and bidirectional
transmission power are optimized in the fault-tolerant operation
of DAB3.

For example, when S; of the fault phase A is SOCF, the
waveforms and modal paths of DAB3 under PFTM are shown
in Fig. 8, and Tp;-Tpg are the new modalities in PFTM. The
path with S, = 0 is inserted to replace the path with S, = 1 by
blocking S7 and Sg of phase a. As shown in Fig. 9(a) and (b),
i4 flows through Dg instead of S7, so modalities Tps and N4
occur during to-t4” in Fig. 8, and modalities N5 and E4 in Fig. 3
do not occur in PFTM in Fig. 8.

The HFL currents in Tpsg and Ny4 in Fig. 8 are established as
(9) and (10), respectively.

ZA(t) =140+ ( Vi +TLV2) . At/3L

iB(t) =1po+ (2V1 — QTL‘/Q) . At/?)L ©)
ic(t) =Ico + (Vi +nVa) - At/3L

iA(t) =T40+ ( A -|—77,V2) . At/3L

ip(t) = Ipo+ (Vi —2nVs) - At/3L (10)
ic(t) = Ico + (Vi +nla) - At/3L
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Fig. 9. Modified paths during S; in SOCF under PFTM. (a) Tps. (b) N14.

The current i 4 in fault phase A is described as follows:

ia(to) = 0
ia(tr) = (Vi — 20V3)(2 — D — dy — da)Ths /3L
ia(ta) =ia(t1) + (=Vi —2nV2)(D +dy — 1)Ths/3L
iA(tg) = iA(tz) + (- + nVQ)(dg — D)Th5/3L
ia(ts) =ia(t3) + (- 2V1 +nV2)(1 —d2)Ths /3L
iA(t5)=iA(t4)+( +TlV2)(D+d2—1)ThS/3L
ia(te) =ia(ts) + (— V1 +2nV3)

X (2 - D — dl — dg)Ths/?)L
iA(t7) = iA(tG) + (W + 27”LV2)(D +d; — 1)Th5/3L
iA(tg) = iA(t7) + (‘/1 — ’I’L‘/vg)(dg — D)Ths/?)L
iA(tg) = ’iA(t ) + (2V1 — TLVQ)(I — dg)T;LS/SL
ia(tio) = ia(te) + (Vi —nVa)(D +dy — 1)Ths /3L

an

Moreover, based on Table I, the modalities and paths for
transferred energy from primary side to secondary side in phase
A are marked by blue shade in Fig. 8. According to path
energization method, the fault leg is used in Tpo-Njg to enlarge
the transmission power from the fault side to the normal side.
Thus, it can achieve tolerant operation for SOCF and ensure
transmission power from primary side to secondary side.

Then, D, d, and d- are changed optimally, and the duration of
switches S1-Sg and Sg9-S12 is maintained as 7},;. The operation of
S, in fault leg is optimized, leading to modalities of D7 and Dg
being changed forcedly. According to (9) and (10), the slopes of
i4,ip,andi¢areall reduced. Thus, the negative dc bias of i 4 and
the positive dc bias of iz and i are alleviated, which reduces
transferred energy and current stress. So, the HFL current stress
is reduced.

Thus, when PFTM is employed for S; in SOCEF, according to
(4) and (9)—(11), the transferred energy W,” (x = A, B, C, a, b,
¢) and total energy W’ from primary side to secondary side are
as follows:

WA—W’—h[(f—D—le dz)D
o )n ]
W,B = Wl; = h[(S 7D — 2d; + QdQ)D
(3 di + dg)d1 + (3 — ng) 9 — 4] (12)
WL = W! = h[(8 = 7D — 2dy + 2d5)D
+(3 —di + dg)d1 + (3 — 2d2)d2 — 4]
W' = 3h [(10 — 6D — 4d1)D + (6 — 2d1)d1
+ (2 —dg2)dy — 5]
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Fig. 10.  Waveforms of DAB3 under PFTM when SOCF occurs in S7.

where h = V;V,T?/36L. In (12), the transferred energy of each
phase can be regulated by D, d ;, and d s, to further reduce current
stress and improve transmission power.

B. Secondary Side SOCF Tolerance

When SOCF occurs on secondary side, the stress and bias of
HFL current are also excessive without limiting the transmission
power. Thus, the PFTM is introduced, including the recon-
struction of path and its duration, to achieve tolerant operation,
reduce current stress, and improve transmission power. When
PFTM is applied for SOCF in secondary side, according to
Table II, the diode in the fault phase is employed by blocking
complementary switches in the fault phase, to achieve tolerant
operation. Furthermore, according to path energization method,
the fault path is used to reconfigure the current path of modality,
actively adjusting the ON-time of antiparallel diode, ensuring
transmission power from normal side to fault side. Moreover, to
reduce the HFL current stress under maximum HFL current in
normal, the HFL current slope can be adjusted by active mod-
ulation of fault legs/paths. Meanwhile, the ZVS of all switches
can be achieved by the direction of HFL current path and switch
states. Then, the phase shift ratios d; and do are optimal, under
transmission power improvement in PFTM and avoiding current
overstress during fault-tolerant operation. The duration of the
rest of normal switches is maintained as T},,. Thus, in the PFTM,
the HFL current stress is optimized and the transmission power
is maintained, based on fault-tolerant operation of DAB3.

For example, when S; of the fault phase a is SOCF, the
waveforms and modal paths of DAB3 under PFTM are shown
in Fig. 10, and Tg;-Tgo are the new modalities in PFTM. The
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path with S, = 1 is inserted to replace the path with S, = 0 by
blocking Sg of phase a. In Fig. 11, i 4 flows through D7 instead
of Sg, so the modality N5 occurs during ty-t; of Fig. 10, and
modality Ny in Fig. 5 does not occur in PFTM in Fig. 10.

The HFL currents in N5 in Fig. 10 are established as follows:

ia(t) = Lao+ (2V3 —nVa) - At/3L
iB(t) =1Ipo+ (—Vl + 21’LV2) . At/3L
ic(t) = ICO + (*Vl — TLVQ) . Aﬁ/3L

(13)

where the slopes of i4, ip, and i¢ are all reduced. Thus, the
positive dc bias of i 4 and the negative dc bias of ip and i are
alleviated, which reduces transferred energy and current stress.

The i4 in dotted phase A of fault phase a is described as
follows:

ZA(to) =0
iA(tl) = ( V — an)(l - dg)ThS/SL
ia(ta) =ia(t1) + (Vi —nVa)(D +do — 1)Ths/3L
’iA(tg) :ZA(tQ) (‘/1 72n‘/2)(27D7d17d2)Th9/3L
ia(ts) =ia(t3) + (V1 = 2nV2)(D +dy — 1)Ths/3L
iA(tg,) = ZA(t4) + ( Vi+ nVQ)(dQ - D)Ths/?)L
ia(te) =ia(ts) + (=2V1 +nV2)(1 — d2)Ths /3L
ia(ty) =ia(te) + (=Vi+nV2)(D 4+ dy — 1)Ts/3L
ia(ts) =ia(ty) + (=Vi + 2nV3)

X (27D d1 7d2)Ths/3L
ta(ty) =ia(ts) + (Vi +2nV2)(D 4+ dy — 1)T}s/3L
iA(tlo) - ZA( 9) (V1 — an)(dg — D)Ths/?)L

(14)

Moreover, based on Table I, the modalities and paths for
transferred energy from primary side to secondary side in phase
A are marked by blue shade in Fig. 10. According to path
energization method, except for Ny, Nyg, and Tso, the fault
paths are used in the rest of modalities to realize the transmission
power from the normal side to the fault side. Thus, it can achieve
tolerant operation for SOCF and maintain transmission power
from primary side to secondary side.

Then, D, d1, and d, are changed optimally, and the duration of
switches S1-Sg and Sg-S12 is maintained as T}s. The operation
of S; and Sy in phase A is optimized, leading to modalities of D
and Dg being changed forcedly. According to (13), the slopes of
iA,ip,andicare all reduced. Thus, the positive dc bias of i 4 and
the negative dc bias of iz and i are alleviated, which reduces
transferred energy and current stress. So, the HFL current stress
is reduced.

Thus, when PFTM is employed for S; in SOCF, according to
(4), (13), and (14), the transferred energy W,’ (x = A, B, C, a, b,
¢) and total energy W’ from primary side to secondary side are
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Fig. 12. Transmission power curves. (a) Relationship among transmission
power, d;, and d2 under PFTM. (b) Relationship among transmission power,
d1(d2), and D under PFTM. (c¢) Transmission power comparison among fault-
tolerant methods and normal operation.

equal to (12). Thus, the transferred energy of each phase can be
regulated by D, d;, and d3, to further reduce the current stress
and improve transmission power.

In summary, some achievements in PFTM are as follows.

1) Reconfiguring the fault paths/legs via path energization

method. It improves the bidirectional power transmission
of DAB3 in SOCF via inserting the paths related to nor-
mal switch of fault paths/legs, especially the transmission
power from fault side to normal side.
Optimizing the phase differences between fault phase and
normal phase. The operation of normal switch in fault
legs/paths is reconfigured in PFTM, optimizing the dura-
tion of the corresponding modalities about the antiparallel
diodes, whatever SOCF is in primary and secondary sides.
The optimal range of phase shift ratios D, di, and ds is
analyzed in Section IV-E. Thus, in PFTM, HFL current
stress is reduced.

2)

IV. PERFORMANCE ANALYSIS OF PROPOSED
FAULT-TOLERANT METHOD

A. Transmission Power Analysis

Combined with (12), the transmission power in PFTM is
summarized as follows:
nV1Vs
12fsL

+ (6 — 2d1)dy + (2 — do)ds — 5).

P=W'T = [(10 — 6D — 4d,)D

s)

In the traditional open-phase method [23], the transmission
power P, of DAB3 is
nViVs
o = D(1—-D).
P 4st ( )
In the traditional frozen-fault-leg method [17], the transmis-
sion power Py, of DAB3 is
nViVy D 24 4D
4fsL 27 9 )
Accordingto (6) and (15)—(17), the transmission power curves
are shown in Fig. 12. The unified transmission power P’ is
defined as P’ = P/Ppqse and Ppgse = 1V Vo/8fsL. When D =
0.5, P, achieves maximum Pqp_max = Ppase. From Fig. 12(a),

for DAB3 under PFTM, the transmission power is with a wider
adjustable area and larger than Pop max. When di = do, the

(16)

Py = an
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TABLE III
ZN'S CONDITIONS OF SWITCH IN PFTM

Phase | A | B | C
Primary side SOCF (Fig. 8)

ZVS - S}Z iB(t9)<0 S5I ic(t3)<0
conditions S4: i[;(t4)>0 Se: ic(tg)>o
of switch Sg: iB(t2)>0 SHZ i((t5)>0

Sloi i,g(t7)<0 SIZ: i((t0)<0
Secondary side SOCF (Fig. 10)

ZVS Sli iA(t3)<O S}Z iB(t1)<0 S5I ic(t5)<0
conditions So: i4(t3)>0 S4: ip(te)>0 Se: ic(to)>0
of switch So: i[;(t4)>0 S ic(t7)>0

Sio: i[;(tg)<0 Sia: ic(t2)<0
o8 ZVS
v w0
: <
R G g
(a) (b)
Fig. 13.  ZVS ranges of DAB3 under PFTM. (a) SOCF in primary side.

(b) SOCF in secondary side.

transmission power range of PFTM is shown in Fig. 12(b) and
maximum transmission power Py ,x under PFTM is P« =
1.5Pgp-max- When d; = do = 2/3, the transmission power curve
with varied outer phase shiftratio D is shownin Fig. 12(c). In nor-
mal, the transmission power achieves maximum Py ormal-maxs
when D = 0.5. When D = 0.6, transmission power under
PFTM achieves maximum, 80.5% of Pyormal-max- Compared
with traditional methods, transmission power under PFTM is
increased by 24%.

B. ZVS Range Analysis

The direction of current is considered as the basic condition
for ZVS approximately [24]. According to Figs. 8 and 10, the
ZVS conditions of switch in PFTM are listed in Table III.

Combined with (11) and Table III, the ZVS condition under
primary SOCF is summarized as follows:

D <2—di —ds

D>1—d,

(3de — 1D)k+2D —dy +da+2>0

[(D+d1—2d2—1)k‘—D+2d1] <0

Combined with (14) and Table III, the ZVS condition under
secondary SOCF is summarized as follows:

(k—2)(dz —1) > 0
D—|—2d1+2d2—4)k—d1—2d2+320

(
(D —3dy/2 + 1)k +d1 +3d2/2 -2 >0
(k=1)(D—d2) <0

The ZVS ranges of DAB3 under PFTM are displayed in
Fig. 13. In primary side SOCF, except for switch in fault leg,
the switches can achieve ZVS in PFTM in Fig. 13(a). In sec-
ondary side SOCEF, all switches can achieve ZVS in PFTM in

(18)

19)
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Fig. 14.  Voltage gain k of DAB3 with varied phase shift D.

Fig. 13(b). However, in traditional methods by frozen-fault-leg
and open-phase, the HFL resonant inductor value is increased
by changed winding structure [23]. Thus, the HFL current slope
is reduced, leading to ZVS loss probably and unexpectedly.

C. Voltage Gain Analysis

According to (18), voltage gain k = nV/V; can be derived as
follows:
k= ul
12fsL

X [(10 — 6D — 4d1)D+(6 — 2d1)d1+(2 — dg)dz — 5]
(20)

Fig. 14 shows the voltage gain k of DAB3 with varied phase
shift D. The voltage gain range of DAB3 under PFTM is from
0.45 to 1.05. Besides, the voltage gain range under PFTM is
increased by 20%, compared with the traditional methods.

D. Current Stress Analysis

According to (11), in primary side SOCF, the maximum value
of three-phase current /,,, ., in PFTM can be described as follows:

Imax = |ZA(t5)|
— (2D + 2dy + ds + 2k — 3kds — 2)V1/12f,L. (21)

According to (14), in secondary side SOCF, [,,,, in PFTM
can be described as follows:

Imax - ‘ZA(t7)|

= [(D = 3dy + 2)k + D + 2dy + 2dy — 3|V1/12f, L.
(22)

The unified maximum current stress I, 4, 1s defined as I’,,, 4.
= Ima:r/Ibasev and Tpose = V1/6st

The current stress of DAB3 in normal, open-phase, and
frozen-fault-leg methods are as follows:

Tnax—nom = (3kD + 1)V1/18f5L
Irnax—op = D(l - D)V1/4st
Imax—fr - DV1/4f5L

Based on (21)—(23), the current stress in DAB3 with varied
load conditions is shown in Fig. 15. Under SOCF, PFTM can
reduce current stress in the full power range, compared with
open-phase and frozen-fault-leg methods. Thus, transformer
saturation can be avoided, and transformer operates safely.

(23)
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Fig.16.  Optimalrange of D, d 1, and d2. (a) When SOCF occurs on the primary

side. (b) When SOCF occurs on the secondary side.

E. Phase Shift Ratio Optimization

As earlier analyses, transmission power, current stress, and
ZVS range in PFTM limit the phase shift ratios D, d;, and d,
providing the optimization for D, d;, and d2 in fault-tolerant
operation. The common constraints of D, d;, and d» are

{0§D§1

1/2<dy =dy <5/6 @4

When SOCF occurs on the primary side, the current stress
Lna in PFTM needs to be less than the maximum HFL inductor
current I,,q5-nom 1N normal to meet the reliability and safe
operation, i.e.,

Irnax < Imax —nom :>
(2D + 2dy + dg + 2k — 3kdy — 2)
Vi/12fsL < 0.195kV; /2, L. (25)

To keep the ZVS, the constraint of ZVS in PFTM is shown in
(18). Combined with (18), (24), and (25), the optimal range of
phase shift ratios D and d; = d» are obtained, as in Fig. 16(a).

When SOCF occurs on the secondary side, the current stress
L0z In PFTM needs to be less than /,,44-nom to meet the
reliability and safe operation, i.e.,

IHIB,X < IHIB,X —nom :>
(D = 3dy + 2)k + D + 2d; + 2ds — 3]
x Vi /12f,L < 0.195kV; /2f, L. (26)

To keep ZVS, the constraint of ZVS in PFTM is shown in
(18). Combined with (19), (24), and (26), the optimal range of
phase shift ratios D and d; = d» are obtained, as in Fig. 16(b).
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Fig.18.  Waveforms of HFL current and voltage in normal operation. (a) Three-

phase currents. (b) Three-phase voltages.

Therefore, according to the transmission power range in
Fig. 12 and phase shift ratio optimal range in Fig. 16, the
phase shift ratios between fault phase and normal phase are
optimized. The operation of normal switch in fault legs/paths is
recon-figured, optimizing the duration of corresponding modal-
ities about antiparallel diodes. Thus, under transmission power
improvement in PFTM, HFL current stress is reduced and ZVS
is kept during fault-tolerant operation of DAB3.

V. EXPERIMENTAL VERIFICATION

In this section, a DAB3 with the Y-Y connection experiments
setup is established in Fig. 17, which contains a dc supply,
control board, and oscilloscope based on Tektronix MSO56 and
TBS 2000B. The main parameters are presented in Table IV.
In normal operation in Fig. 18, i4, ip, and i are symmetric
without dc bias, and the maximum value /,,,,. 1S about 4 A.

A. Transmission Power From Primary Side to Secondary Side

To verify the effectiveness of PFTM, the comparison ex-
periments of PFTM, open-phase method, and frozen-fault-leg
method are completed, when SOCF in primary and secondary
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sides. The transmission power in these experiments is from
primary side to secondary side, where the dc voltage source
is on the primary side and the output load is on the secondary
side.

The PFTM is employed when S; and S7 are SOCF in Figs. 19
and 20, respectively. When S; is SOCF, in Fig. 19(a) and (b), a
completely negative dc bias occurs in i4 and a positive dc bias
occurs in ig and i. The maximum value /,,,; is about 7.5 A,
exceeding the normal current stress. In Fig. 19(d) and (e), the
primary HFL voltages present the duty loss. During PFTM in
Fig. 19(c), the negative dc bias of i 4 and the positive dc bias of i g
and i ¢ are alleviated. [, is decreased to 3.6 A, which reduces
the current stress. Besides, the ZVS is achieved. In Fig. 19(f),
the primary HFL voltages are returned to normal. When Sz is
SOCEF, in Fig. 20(a) and (b), a positive dc bias occurs in i 4 and
a negative dc bias occurs in ip and ic. The maximum value
Lnqy 1s about 6.2 A, exceeding the normal current stress. In
Fig. 20(d) and (e), the secondary HFL voltages present the duty
loss. During PFTM in Fig. 20(c), I,,4; 1s decreased to 3.2 A,
and the current stress is reduced. Besides, the ZVS is achieved.
In Fig. 20(f), the secondary HFL voltages are reshaped, and the
duty loss is complemented.

The open-phase method is employed, when S; and S; are
SOCF in Figs. 21 and 22, respectively. When S; is SOCF, in
open-phase method in Fig. 21(a) and (b), the HFL current in fault
phase A is zero, and HFL currents in phases B and C are shifted
by T In Fig. 21(c) and (d), HFL voltages in fault A are zero,
and HFL currents in phases B and C are two-level square waves
and are shifted by 7},. When S+ is SOCF, in open-phase method
in Fig. 22, the HFL currents and voltages are the same as that in
Fig. 21.

The frozen-fault-leg method is employed, when S; and S;
are SOCF in Figs. 23 and 24, respectively. When S; is SOCF,
in frozen-fault-leg method, the S; and Ss on the fault leg are
frozen so that the rest of paths are not related to S; and Ss.
Then, according to Table I, there is no feasible path that transfers
the power from the primary side to the secondary side in fault
phase A. Thus, in Fig. 23(a) and (b), there is only a small HFL
current in fault phase A, and HFL currents in phases B and C
are shifted by 7},,. Besides, excessive current stress occurs in the
transition process. In Fig. 23(c) and (d), HFL voltages present
the duty loss. When S7 is SOCEF, in frozen-fault-leg method in
Fig. 24(a) and (b), the current stress in HFL is reduced. However,
in Fig. 24(c) and (d), HFL voltages present the duty loss.

Besides, the input/output currents and voltages under PFTM
and traditional methods, when S; and S; under SOCF are
displayed in Fig. 25. When S; is SOCF, in PFTM, output
voltage V5 is dropped from 257 to 205.5 V, as in Fig. 25(a).
In open-phase method, V5 is dropped from 257 to 171.4 V, as in
Fig. 25(b). In frozen-fault-leg method, V5 is dropped from 257
to 126.5 V, as in Fig. 25(c). When S; is SOCF, in PFTM, V;,
is dropped from 257 to 205 V, as in Fig. 25(d). In open-phase
method, V5 is dropped from 257 to 171.4 V, as in Fig. 25(e). In
frozen-fault-leg method, Vs is dropped from 257 to 187 V, as in
Fig. 25(f). Therefore, When SOCF occurs on primary side, the
transmission power from fault primary side to normal secondary
side is enhanced in PFTM. When SOCF occurs on secondary
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zoom-in view. (d) HFL voltages. (e) Region 1 of HFL voltages, zoom-in view. (f) Region 2 of HFL voltages, zoom-in view.
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Fig. 20.

zoom-in view. (d) HFL voltages. (e) Region 1 of HFL voltages, zoom-in view. (f) Region 2 of HFL voltages, zoom-in view.

HFL currents and voltages in PFTM, when S7 is SOCF. (a) HFL currents. (b) Region 1 of HFL currents, zoom-in view. (c) Region 2 of HFL currents,
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side, the transmission power from normal primary side to fault
secondary side is enhanced in PFTM.

B. Transmission Power From Secondary Side to Primary Side

To prove the bidirectional power transfer capability in PFTM,
the experiments about transmission power from secondary side
to primary side are also shown in Figs. 26-28. The output load
of secondary side is replaced by a dc voltage source, where the

(d)

HFL currents and voltages in frozen-fault-leg method, when St is SOCF. (a) HFL currents. (b) Zoom-in view of (a). (c) HFL voltages. (d) Zoom-in view

voltage is set as 250 V. The dc voltage source of primary side is
replaced by a load, where the voltage is set as about 400 V.
Under load in primary side in Fig. 26(a) and (b), when PFTM
is employed for S; in SOCF, positive dc bias of i4 and the
negative dc bias of ip and i¢ are alleviated. I,,,,, 1s decreased
from 7.8 to 3.6 A, which reduces the current stress. Besides,
in Fig. 26(c) and (d), the HFL voltages are returned to normal.
Moreover, in Fig. 28(a), the output voltage V; of primary side is
dropped from 402 to 320.6 V in PFTM, which is 79.7% of the
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Input/output currents and voltages in SOCF. (a) PFTM, when S is SOCF. (b) Open-phase method, when S; is SOCF. (c¢) Frozen-fault-leg method, when

S1 is SOCE. (d) PFTM, when S~ is SOCF. (e) Open-phase method, when S~ is SOCF. (f) Frozen-fault-leg method, when S7 is SOCE.

normal. Thus, the experiment results and operation characteris-
tics in Figs. 26(a), (b), and 28(a) are consistent with PFTM for
secondary side SOCF under load in secondary side in Figs. 20
and 25(d).

Under load in primary side in Fig. 27(a) and (b), when PFTM
is employed for S; in SOCF, negative dc bias of i 4 and the posi-
tive dc bias of i g and i ¢ are alleviated. I, is decreased from 9.6
to 5.0 A, which reduces the current stress. Besides, in Fig. 27(c)
and (d), the HFL voltages are returned to normal. Moreover, in
Fig. 28(b), the output voltage V1 of primary side is dropped from
402 t0 321.9 V in PFTM, which is 80% of the normal. Thus, the
experiment results and operation characteristics in Figs. 27(a),

(b), and 28(b) are consistent with PFTM for primary side SOCF
under load in secondary side in Figs. 19 and 25(a).

C. PFTM Under Various Conditions

To prove the effectiveness of PFTM under the various condi-
tions, the experiments of PFTM under load variation are shown
in Figs. 29, 30, and the experiments of PFTM under D, d;, do,
k gains variation are shown in Figs. 31-33.

1) Load Variation: To explore the influence of varied loads
on the PFTM, the currents and voltages in PFTM are shown in
Figs. 29 and 30, when R in the load is reduced from 5 Q2 to 3.5 Q.
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Fig. 26. HFL currents and voltages in PFTM, when S; is SOCF. (a) HFL currents. (b) Zoom-in view of (a). (¢) HFL voltages. (d) Zoom-in view of (c).
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Fig. 27.  HFL currents and voltages in PFTM, when S7 is SOCF. (a) HFL currents. (b) Zoom-in view of (a). (c) HFL voltages. (d) Zoom-in view of (c).
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L 15:200V/div ! Va: 200V/div! of varied D, d;, d», and k on the PFTM, the currents and voltages
in PFTM are shown in Figs. 31-33, when D = 0.25,d; = 0.7,
dp = 0.7, and voltage gain k = 0.7.
i 6A/diy iz 6A/div InFig.31(a) and (b), when PFTM is employed for S; in SOCF,
* * the negative dc bias of i 4 and the positive dc bias of iz and i - are
‘ ‘ alleviated. /,,,, is decreased from 6.1 to 2.8 A, which reduces
the current stress. Besides, in Fig. 31(c) and (d), the primary
HFL voltages are returned to normal. Moreover, in Fig. 33(a),
the output voltage V5 is dropped from 137 to 110 V in PFTM,
@ ®) which is 80.2% of the normal.
Fig. 28.  Input/output currents and voltages in PFTM. (a) When S; is SOCE. In Flg: 32(a) a.nd (b), when PFTM lslemp loy.ed for S7in SOCF,
(b) When S7 is SOCF. the positive dc bias of i 4 and the negative dc bias of i g and i - are
alleviated. /,,,, is decreased from 5.8 to 2.8 A, which reduces
the current stress. Besides, in Fig. 32(c) and (d), the secondary
From Figs. 29(a) and (b), when the PFTM is employed for S;  HFL voltages are returned to normal. Moreover, in Fig. 33(b),
in SOCEF, there is almost no fluctuation in the HFL current and  the output voltage V5 is dropped from 143 to 114 V in PFTM,
voltage waveforms under load variation. Besides, in Fig. 29(c), ~ which is 79.7% of the normal.
the output current is from 3.7 to 3.9 A, and the output voltage Therefore, the fault-tolerant operation is also achieved in
is from 205.5 to 200 V, which is stable under load variation. PFTM, when D, d;, d», and k are varied.
From Fig. 30(a) and (b), when the PFTM is employed for S
in SOCEF, there is almost no fluctuation in the HFL current and . .
. . R D. PFTM for Tolerance of Double SOCFs in the Same Side
voltage waveforms under load variation. Besides, in Fig. 30(c), . .
the output current is from 3.7 to 3.9 A, and the output voltage is and in Both Sides
from 205.5 to 200 V, which is stable under load variation. In addition to the application of PFTM when single SOCF
Therefore, the PFTM has good stability under load variation, occurs on primary side and secondary side, the applications
when SOCEF is in primary and secondary sides. of PFTM in double SOCFs in the same side and in both
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Fig. 29. Currents and voltages in PFTM under load variation, when S1 is SOCF. (a) HFL currents. (b) HFL voltages. (c) Input/output currents and voltages.
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Fig. 30.  Currents and voltages in PFTM under load variation, when S7 is SOCF. (a) HFL currents. (b) HFL voltages. (c) Input/output currents and voltages.
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Fig. 31.  HFL currents and voltages in PFTM under D, d;, d, and k variation, when S is SOCF. (a) HFL currents. (b) Zoom-in view of (a). (c) HFL voltages.
(d) Zoom-in view of (c).

sides are shown in Figs. 34-40, which contains the following result in PFTM is similar to the result in open-phase without

categories. adjusting phase differences, and the output voltage is decreased
1) Double SOCFs in the Same Side of the Same Phase: from 257 to 135.2 V.

PFTM is employed under both S; and Sy in SOCE, as shown in PFTM is employed under both S; and Sg in SOCF, as in
Fig. 34. In this situation, fault tolerance can be achieved. The Fig. 35. In this situation, fault tolerance can be achieved. The



1592 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024

{Srin SOCF } PFTM PFTM : | S in SOCF } PFIM S PFTM
iy: 3A/div ) in: 3A/dIV| meaaias20V/diy AL T
- e ) - -
/\/\/\/\/\ P 400V /div, '4!-,%1 )
in: 3A/div o S2OVIALY_ ‘L_l..~. o
| \,WW Kaaiz 300NV e M =" el
o T d_,}’
. . Ven: 520V/div -+ 11 1
ic: 3A/div ic: 3A/div | e "-H'J e e
W Vem: 400V/div Vo 400V/diY L
Time: Sms/div Time: S0us/div Time: Sms/div Time: 50us/div

(@) (b) (c) (d)

Fig. 32.  HFL currents and voltages in PFTM under D, dy, dg, and k variation, when S7 is SOCF. (a) HFL currents. (b) Zoom-in view of (a). (c) HFL voltages.
(d) Zoom-in view of (c).
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Fig. 38.  Currents and voltages in PFTM, when S7 and Sg are SOCF. (a) HFL
currents. (b) HFL voltages. (c) Input/output currents and voltages.
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Fig. 35.  Currents and voltages in PFTM, when S7 and Sg are SOCF. () HFL g 1ati0n, fault tolerance can be achieved. The result is consistent
currents. (b) HFL voltages. (¢) Input/output currents and voltages.

with PFTM employed when S; is SOCF, and the output voltage
is decreased from 257 to 205.5 V.
result is consistent with PFTM employed when S7 is SOCF, and 3) Double SOCFss in the Same Side of the Different Phases:
the output voltage is decreased from 257 to 203 V. PFTM is employed under both S; and S, in SOCEF, as in Fig. 37.
2) Double SOCFs in Both Sides of the Same Phase: PFTM  In this situation, fault tolerance can be achieved, and the output
is employed under both S; and Sg in SOCEF, as in Fig. 36. In this  voltage is decreased from 257 to 167 V.
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TABLE V
COMPARISONS OF EXPERIMENTAL OUTCOMES IN PFTM, OPEN-PHASE METHOD, AND FROZEN-FAULT-LEG METHOD

Fault-tolerant method SOCF on the primary side _ SOCF on the secondary side B
V>(V) Lnax(A) P/Pom ZNS Bidirectional V>(V) Lyar(A) P/P,om ZVS Bidirectional
PFTM 205.5 3.6 80.5% V V 205 32 80.5% D V
Open-phase [21] 171.4 3.6 66.7% \ \ 1714 3.6 66.7% v v
Frozen-fault-leg [17] 126.5 35 51% \ x 187 3.7 72.7% v x
SSamSOCE | PFTM__ {SSwinSOCE | PPN |sisuinsOCE .}.';;'.'{3:«“' Table V. When SOCF occurs on primary side, compared with
i, —— open-phase method and frozen-fault-leg method, the proposed
Vi: 520V /div ; o PFTM can achieve a higher output voltage (205.5 V), a lower
A —— i SAvdiv current stress (3.6 A), a larger transmission power (80.5%),
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Fig.39. Currents and voltages in PFTM, when S and S1¢ are SOCF. (a) HFL
currents. (b) HFL voltages. (c¢) Input/output currents and voltages.
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Fig. 40. Currents and voltages in PFTM, when S3 and S7 are SOCF. (a) HFL
currents. (b) HFL voltages. (¢) Input/output currents and voltages.

PFTM is employed under both S7 and Sg in SOCEF, as in
Fig. 38. In this situation, fault tolerance can be achieved, and
the output voltage is decreased from 257 to 164 V.

4) Double SOCFs in Both Sides of the Different Phases:
PFTM is employed under both S; and S1 in SOCF, as in Fig. 39.
In this situation, fault tolerance can be achieved, and the output
voltage is decreased from 257 to 166 V.

PFTM is employed under both S3 and S; in SOCE, as in
Fig. 40. In this situation, fault tolerance can be achieved, and
the output voltage is decreased from 257 to 165 V.

In general, the fault tolerance of double SOCFs can also
be achieved by PFTM, when the double SOCFs occur in the
same side and in both sides. Compared with the single SOCF
tolerance, the PFTM can maintain HFL current stress under
the maximum HFL current in normal, however, leading to a
heavy drop in transmission power and voltage. It is because the
current path is lost greatly in double SOCFs. Thus, the proposed
PFTM in this article is mainly for the single SOCF tolerance. The
fault-tolerant method for double SOCFs is further investigated
in future work.

E. Comparisons in PFTM, Open-Phase Method, and
Frozen-Fault-Leg Method

The experimental outcomes in PFTM, open-phase method,
and frozen-fault-leg method are compared and listed in

and better bidirectional transmission power capability. Besides,
ZNS is achieved by all fault-tolerant methods. When SOCF
occurs on secondary side, compared with open-phase method
and frozen-fault-leg method, the proposed PFTM can achieve
a higher output voltage (205 V), a lower current stress (3.2 A),
a larger transmission power (80.5%), and better bidirectional
transmission power capability. Besides, ZVS is achieved by all
fault-tolerant methods.

VI. CONCLUSION

In this article, a PFTM of DAB3 is proposed for SOCF in pri-
mary and secondary side bridges, improving bidirectional power
transmission and reducing current stress based on fault-tolerant
operation. The transferred energy of each phase is investigated
by modality and path analysis, then, a path energization method
is proposed to introduce PFTM, and the switching pattern recon-
figuration strategy is summarized by switching functions during
SOCEF, enlarging the maximum transmission power within max-
imum HFL inductor current. Moreover, PFTM is proposed for
SOCEF tolerance on primary and secondary sides. In the PFTM,
the fault paths/legs are employed, reconfiguring the current path
of modality, actively adjusting the ON-time of antiparallel diode,
and realizing the bidirectional transmission power improvement.
Furthermore, the optimization strategy of phase shift ratio is
proposed, to reduce HFL current stress and keep ZVS. Compared
with traditional methods, in PFTM, power range, and voltage
gain are increased by 24% and 20%, respectively. Moreover, the
idea of reconstructing fault paths and path energization can be
applied to the fault tolerance of other multiswitch converters.

REFERENCES

[1] D. Sera, M. Kerekes, T. K. Sen, and P. Rodriguez, “DC microgrids—Part
I: A review of control strategies and stabilization techniques,” IEEE Trans.
Power Electron., vol. 31, no. 5, pp. 3524-3541, May 2016.

[2] R. W. A. A. De Doncker, D. M. Divan, and M. H. Kheraluwala, “A
three-phase soft-switched high-power-density DC/DC converter for high-
power applications,” IEEE Trans. Ind. Appl., vol. 27, no. 1, pp. 63-73,
Jan./Feb. 1991.

[3] L. F. Costa, F. Hoffmann, G. Buticchi, and M. Liserre, “Comparative
analysis of multiple active bridge converters configurations in modular
smart transformer,” IEEE Trans. Ind. Electron., vol. 66, no. 1, pp. 191-202,
Jan. 2019.

[4] S. Siouane, S. Jovanovi¢, and P. Poure, “Open-switch fault-tolerant opera-
tion of a two-stage buck/buck-boost converter with redundant synchronous
switch for PV systems,” IEEE Trans. Ind. Electron., vol. 66, no. 5,
pp- 3938-3947, May 2019.



1594

[3]

(6]

(71
(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

L. E Costa and M. Liserre, “Failure analysis of the DC-DC con-
verter: A comprehensive survey of faults and solutions for improv-
ing reliability,” IEEE Power Electron. Mag., vol. 5, no. 4, pp.42-51,
Dec. 2018.

S. K. Rastogi, S. S. Shah, B. N. Singh, and S. Bhattacharya, “Mode
analysis, transformer saturation, and fault diagnosis technique for an
open-circuit fault in a three-phase DAB converter,” IEEE Trans. Power
Electron., vol. 38, no. 6, pp. 7644-7660, Jun. 2023.

H. S. H. Wang, F. Blaabjerg, and M. Pecht, Reliability of Power Electronic
Converter Systems. London, U.K.: IET, 2015.

Y. Wang et al., “A multiple modular isolated DC/DC converter with bidi-
rectional fault handling and efficient energy conversion for DC distribution
network,” IEEE Trans. Power Electron., vol. 35,no. 11, pp. 11502-11517,
Nov. 2020.

D. Zhou, S. Yang, and Y. Tang, “A voltage-based open-circuit fault
detection and isolation approach for modular multilevel converters with
model-predictive control,” IEEE Trans. Power Electron., vol. 33, no. 11,
pp- 9866-9874, Nov. 2018.

L. Costa, G. Buticchi, and M. Liserre, “A fault-tolerant series-resonant
DC-DC converter,” IEEE Trans. Power Electron., vol. 32, no. 2,
pp. 900-905, Feb. 2017.

X. Jiang, Q. Li, W. Huang, and R. Cao, “A dual-winding fault-tolerant
motor drive system based on the redundancy bridge arm,” IEEE Trans.
Ind. Electron., vol. 66, no. 1, pp. 654—-662, Jan. 2019.

S. Xu, J. Zhang, and J. Hang, “Investigation of a fault-tolerant three-
level T-type inverter system,” IEEE Trans. Ind. Appl., vol. 53, no. 5,
pp. 46134623, Sep./Oct. 2017.

P. S. Bhakar and K. Jayaraman, “A new fault-tolerant scheme for
switch failures in dual active bridge DC-DC converter,” [EEE J.
Emerg. Sel. Topics Power Electron., vol. 10, no. 6, pp.7627-7637,
Dec. 2022.

H. Shi, H. Wen, G. Chen, Q. Bu, G. Chu, and Y. Zhu, “Multiple-
fault-tolerant dual active bridge converter for DC distribution sys-
tem,” IEEE Trans. Power Electron., vol. 37, no. 2, pp. 1748-1760,
Feb. 2022.

Y. Wang, Y. Guan, M. Molinas, O. B. Fosso, W. Hu, and Y. Zhang, “Open-
circuit switching fault analysis and tolerant strategy for dual-active-bridge
DC-DC converter considering parasitic parameters,” IEEE Trans. Power
Electron., vol. 37, no. 12, pp. 15020-15034, Dec. 2022.

C. Song, A. Sangwongwanich, Y. Yang, and F. Blaabjerg, “Open-
circuit fault diagnosis and tolerant control for 2/3-level DAB con-
verters,” IEEE Trans. Power Electron., vol. 38, no. 4, pp. 5392-5410,
Apr. 2023.

S. Haghbin, F. Blaabjerg, and A. S. Bahman, “Frozen leg operation of a
three-phase dual active bridge converter,” IEEE Trans. Power Electron.,
vol. 34, no. 5, pp. 4239-4248, May 2019.

N. Zhao, J. Liu, Y. Shi, J. Yang, J. Zhang, and X. You, “Mode analysis and
fault-tolerant method of open-circuit fault for a dual active-bridge DC-DC
converter,” IEEE Trans. Ind. Electron., vol. 67, no. 8, pp. 6916-6926,
Aug. 2020.

H. Wen, J. Li, H. Shi, Y. Hu, and Y. Yang, “Fault diagnosis and tolerant
control of dual-active-bridge converter with triple-phase shift control for
bidirectional EV charging systems,” IEEE Trans. Transp. Electrific.,vol. 7,
no. 1, pp. 287-303, Mar. 2021.

M. Berger, I. Kocar, H. Fortin-Blanchette, and C. Lavertu, “Open-
phase fault-tolerant operation of the three-phase dual active bridge con-
verter,” IEEE Trans. Power Electron., vol. 35, no. 4, pp. 3651-3662,
Apr. 2020.

T.-T.Le, M.-K. Nguyen, T.-D. Duong, C. Wang, and S. Choi, “Open-circuit
fault-tolerant control for a three-phase current-fed dual active bridge DC—
DC converter,” IEEE Trans. Ind. Electron., vol. 70, no. 2, pp. 1586-1596,
Feb. 2023.

N. H. Baars, J. Everts, C. G. E. Wijnands, and E. A. Lomonova, “Perfor-
mance evaluation of a three-phase dual active bridge DC-DC converter
with different transformer winding configurations,” IEEE Trans. Power
Electron., vol. 31, no. 10, pp. 6814-6823, Oct. 2016.

J. E. Ochoa Sosa, R. O. Niiiez, G. G. Oggier, and G. O. Garcia, “Open
transistors fault-tolerant schemes of three-phase dual active bridge DC—
DC converters,” IEEE Latin Amer. Trans., vol. 19, no. 3, pp. 385-395,
Mar. 2021.

D. Mou et al., “A periodic-steady-state analysis model in time domain for
dual active bridge converter,” IEEE Trans. Power Electron., vol. 37, no. 4,
pp. 41214132, Apr. 2022.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024

i
\

!

—
o

w
AN

-

)

Yuanpeng Guan received the B.S. degree in elec-
trical engineering from the Huazhong University of
Science and Technology, Wuhan, China, in 2014,
the M.S. degree in power electronic from South
China University of Technology, Guangzhou, China,
in 2017, and the Ph.D. degree in power electronic
from the School of Electric Power, South China Uni-
versity of Technology, Guangzhou, China, in 2020.
From 2020 to 2023, he was an Associate Professor
with the Energy Electricity Research Center, Inter-
national Energy College, Jinan University, Zhuhai,

China. He is currently an Associate Professor with the School of Automation,
Guangdong University of Technology, Guangzhou, China. His current research
interests include grid-connected inverter and dual-active-bridge dc—dc converter.

Yiting Xiao received the B.S. degree in informa-
tion security in 2021 from Jinan University, Zhuhai,
China, where she is currently working toward the
M.S. degree in circuit and system with Energy Elec-
tricity Research Center.

Her current research interests include dual-active-
bridge dc—dc converter and open circuit fault toler-
ance.

Li Qin received the B.Sc. and M.Sc. degrees in elec-
trical engineering from the South China University
of Technology, Guangzhou, China, in 2013 and 2017,
respectively. He is currently working toward the Ph.D.
degree in power electronics with Guangxi University,
Nanning, China.

He joined Foshan Power Supply Bureau of Guang-
dong Power Grid Company, Ltd., and China Energy
Engineering Group Guangxi Electric Power Design
and Research Institute Company, Ltd., in 2017 and
2019, respectively. His current research interests in-

clude modular multilevel converter and dual-active-bridge dc—dc converter.

Xiong Liu (Senior Member, IEEE) received the B.E.
and M.Sc. degrees in electrical engineering from
the Huazhong University of Science and Technol-
ogy, Wuhan, China, in 2006 and 2008, respectively,
and the Ph.D. degree in electrical engineering from
the School of Electrical and Electronic Engineer-
ing, Nanyang Technological University, Singapore,
in 2013.

From July to November 2008, he was an Engineer
with Shenzhen Nanrui Technologies Company, Ltd.,
Shenzhen, China. From 2011 to 2012, he was a Vis-

iting Scholar with the Department of Energy Technology, Aalborg University,
Aalborg East, Denmark. From 2012 to 2013, he was a Researcher with the
Energy Research Institute, Nanyang Technological University. From 2013 to
2020, he was a Principal Technologist with Rolls-Royce Electrical, Rolls-Royce
Singapore Pte. Ltd., Singapore. He is currently an Associate Professor with
the Energy Electricity Research Center, International Energy College, Jinan
University, Zhuhai, China. His research interests include power electronics,
motor drive, and electrical/hybrid propulsion system for marine and aerospace.

Dr. Liu was the recipient of the Best Paper Award at the IEEE Interna-
tional Power Electronics and Motion Control Conference-Energy Conversion
Congress and Exposition Asia in 2012.



Hui Deng received the M.Sc. and Ph.D. degrees in
control engineering from North China Electric Power
University, Beijing, China, in 2007 and 2016, respec-
tively.

From 2016 to 2019, he was a Postdoctoral Fel-
low with the School of Control and Computer En-
gineering, North China Electric Power University,
Beijing, China. He joined the Faculty of the Energy
Electricity Research Center, Jinan University, Zhuhai,
China, where he is currently an Associate Professor.
His research interests include intelligent systems and
process control.

GUAN et al.: PATH-BASED SWITCH OPEN CIRCUIT FAULT-TOLERANT METHOD FOR THREE-PHASE DAB CONVERTER 1595

Weixiong Wu received the B.S. degree in thermal
energy and power engineering from the Guangdong
University of Technology, Guangzhou, China, in
2012, the M.S. degree in thermal energy and power
engineering from the Guangdong University of Tech-
nology, Guangzhou, China, in 2015, and the Ph.D.
degree in energy chemical engineering from South
China University of Technology, Guangzhou, China,
in 2019.

He is currently an Associate Professor with the
Energy Electricity Research Center, International En-
ergy College, Jinan University, Zhuhai, China. His current research focuses
on the engineering thermophysics involved problems in new energy utilization
and energy storage, such as battery management and integrated optimization of
energy storage system.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


