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Abstract: In future dc distributed power systems, high performance high voltage dc-dc converters
with redundancy ability are welcome. However, most existing high voltage dc-dc converters do not
have redundancy ability. To solve this problem, a wide load range zero-voltage switching (ZVS)
three-level (TL) dc-dc converter is proposed, which has some definitely good features. The primary
switches have reduced voltage stress, which is only Vj,/2. Moreover, no extra clamping component is
needed, which results simple primary structure. Redundancy ability can be obtained by both primary
and secondary sides, which means high system reliability. With proper designing of magnetizing
inductance, all primary switches can obtain ZVS down to 0 output current, and in addition, the added
conduction loss can be neglected. TL voltage waveform before the output inductor is obtained, which
leads small volume of the output filter. Four secondary MOSFETs can be switched in zero-current
switching (ZCS) condition over wide load range. Finally, both the primary and secondary power
stages are modular architecture, which permits realizing any given system specifications by low
voltage, standardized power modules. The operation principle, soft switching characteristics are
presented in this paper, and the experimental results from a 1 kW prototype are also provided to
validate the proposed converter.

Keywords: modular structure; ZVS; redundancy ability

1. Introduction

The dc distribution, with several good features, e.g., high system stability, high conversion and
transmission efficiency, high flexibility and easy system control [1-3], seems to be the most attractive
solution for future power systems with the increasing percentage of renewable energy sources, such as
photovoltaic, wind power, and fuel cells. To improve the overall performance of a dc distribution, high
dc input voltage is preferred. Therefore, dc-dc converters for high voltage dc distributions with good
input and output characteristics, simple and compact circuit structure, good efficiency performance
have already become hot issues in the power electronics society [4]. The main challenge caused by high
dc input voltage is how to select proper power devices to fulfill power conversion task without system
performance and reliability compensating [4]. Full bridge (FB) dc-dc topology with high voltage rating
MOSFETs and IGBTs may be directly used in high voltage dc-dc conversion, but, high conduction loss
and worse switching characteristics of these high voltage rating power devices may greatly degrade
the conversion efficiency and power density. Moreover, high voltage dynamic transition would cause
some electrical-magnetic compliable (EMC) problems, which is not preferred in the designing and
producing procedure of the high input dc-dc power converters. Therefore, using series connected
low voltage rating and high-performance power modules to sustain high dc bus voltage is still the
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best solution in high voltage dc-dc applications. Several good research papers have been published,
and these solutions can be concluded into two kinds, which are TL dc-dc converters [5-19] and input
series cells dc-dc converters [20-32]. The first TL dc-dc converter was proposed in [5], which is a
diode clamped half bridge (HB) dc-dc converter. In [5], the voltage stress on each primary switch is
only Vi,/2, and the primary switches can obtain zero-voltage switching (ZVS) with limited load range.
A series of zero-voltage and zero-current switching (ZVZCS) TL dc-dc converters were proposed
in [6], and the primary switches in this converter can achieve ZVZCS operation over wide load range;
furthermore, a simple switching scheme is used in these converters, which makes these topologies
more convenient to industrial customers. Then, many other good research results have been reported
in following main aspects: new topologies for special applications [8-10], wide range soft switching
technologies [6,10-16], and converters with reduced volume of the input and output filters [16-19].
All above mentioned papers have made the TL dc-dc converters more applicable.

Input series cells de-dc converter (ISCDC) is another solution for high voltage dc-dc conversion,
which is composed of several series connected cells to reduce the voltage stress on the primary switches.
Compared to TL dc-dc converters, ISCDCs have a simple and compact primary circuit due to its
modular structure, which is attractive to high input industrial applications. In [20,21], ISCDCs based
on forward or fly-back cells were proposed, which can reduce the voltage stress on the primary
switches. The main drawback of these converters is hard switching operation, which results low
power transferring efficiency. Some resonant ISCDCs were presented in [22,23], and these converters
can achieve good soft switching characteristics, as well as low voltage stress on the primary switches.
Half bridge (HB) based ISCDCs were reported and analyzed in [24-26], and some of these converters
have input voltage auto-balance ability. Input-series output-parallel dc-dc converters (ISOPDCs)
are new type ISCDCs, which are considered as the most promising choice due to its truly modular
structure, which means normal two-level modules can be directly connected for special high voltage
applications [27,28]. The main challenge of ISOPDCs is the input voltage balance problem, which
can be solved by many control strategies [29-31] with increased cost and circuit complexity. In [32],
a flying capacitor is added to achieve input voltage auto-balance ability, which makes the ISOPDC
more applicable [32]. Figure 1 shows the ISOPDC in [32], which is composed of two two-level FB
cells series connected in the primary side and parallel connected in the secondary side. Two FB cells
are synchronously switched with the PS switching scheme, and a flying capacitor is used to obtain
auto-voltage balance ability.
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redundancy ability ;e
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Figure 1. ISOPDC in [32].

However, limitations still exist. As shown in Figure 1, the midpoint voltage is still highly
dependent on the states of the input series and output parallel connected modules. Any errors
occurring in each module, i.e., S; is broken, would cause the converter halting due to the voltage of
the input capacitors cannot be balanced again, which means the primary and secondary sides of the
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converter in Figure 1 having no redundancy ability. In fact, this is a common problem of most ISCDCs.
In addition, the converter in Figure 1 has some other disadvantages: the secondary rectifier voltage
waveforms are still two-level, which needs a large output filter to minimize the output current ripple,
and a large input EMI filter is also required; the ZVS load range is narrow, which results in high power
loss especially under the light load condition. Therefore, it is still a worthy task to find new high
voltage dc-dc converters with redundancy ability, modular structure, simple input voltage balance
circuit, reduced volume of the output and input filters, and good soft switching characteristics.

In this paper, a wide load range ZVS high voltage dc-dc converter with redundancy ability,
modular structure, simple input voltage balance circuit, reduced volume of the output and input
inductors is proposed and investigated. The outline of this paper is concluded as follows. In Section 2,
the configuration of the proposed converter is presented. Normal operation principle is discussed in
Section 3. And in Section 4, module failure operation principle is analyzed to prove the redundancy
ability. Some important technical issues are analyzed in Section 5. Experimental results are presented
and discussed in Section 6. The main conclusions are given in the last section.

2. Circuit Configuration

Figure 2 shows the presented circuit. In the primary side, Ci,; and Cj; are the input capacitors
with the same value, which are used to split the input voltage. 51-Sg are the primary switches; D;-Dg
are the anti-parallel diodes of 51-Sg, and C;-Cg are corresponding parasitic capacitors of the primary
switches. During the operation, OFF voltages across S;-Sg are directly clamped by Cjn; and Cipp, thus,
no extra clamping component is needed. Cpr; and Cgp are two dc blocking capacitors, which is series
connected with Njp and Npp. Lix; and Ly, are the leakage inductors of the transformers; Ly, and Loy
are magnetic inductors of the transformers, which is designed to a specific value to help the ZVS of
S1-Sg. In the secondary side, two parallel-connected rectifier modules are included. The first rectifier
module is built of Sg1-Sgp, Do1-Dog, Lo1 and Coy; while, the secondary module is composed of Sg3-Sq4,
Do7-Do12, Loz and Cop.
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Figure 2. Proposed high voltage zero-voltage switching (ZVS) dc-dc converter with redundancy ability.
3. Normal Operation

Before the discussion, some assumptions are concluded as follows: (1) the on-resistance of
the primary switches are neglected; (2) the voltage ripple on Cini, Cinz, Cpr1 and Cprp can be
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neglected due to high capacitance; (3) the output capacitance of the power devices is identical, and
is represented by Co; (4) L1 and Ljx, are identical, and are represented by Lix; (5) L1y and Lopy
are identical, and are represented by L; (6) Ny, is identical to Nap, and Nig1 = Nig» = Ny = Nog;
(7) kr = N1p/Nis1 = Nop/Nos1; (8) the current ripple of iry1 and iry is neglected; (9) With proper
controlling, the output currents of the two paralleled connected modules can be identical, and the
controlling method is not discussed in this paper. Therefore, i1 o1 = if 2. i101 and i1 o are represented by
I, ; (10) i;, is identical to iy, + icin, and its AC content is defined aszn. During the normal operation,
the proposed converter can be controlled in the secondary side and primary side modulation modes.
Figure 3 depicts the key waveforms, Tables 1 and 2 show the switching status in each stage.
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Figure 3. Key waveforms: (a) secondary side modulation; (b) primary side modulation.

Table 1. Switching scheme in the first half switching period (secondary side modulation mode).

Item St S, S3 Sy S5 Se Sy Sg Ss1 Ss2 Ss3 Ssa

Stage 1 ON OFF OFF ON OFF ON ON OFF ON OFF ON OFF
Stage 2 OFF OFF OFF  OFF OFF OFF  OFF OFF ON OFF OFF ON
Stage 3 OFF OFF OFF  OFF OFF OFF  OFF OFF ON OFF OFF ON
Stage 4 OFF ON ON OFF ON OFF  OFF ON ON OFF OFF ON
Stage 5 OFF ON ON OFF ON OFF  OFF ON ON OFF OFF ON
Stage 6 OFF ON ON OFF ON OFF  OFF ON OFF OFF OFF OFF

Table 2. Switching scheme in the first half switching period (secondary side modulation mode).

Item Sq1 S, S3 S4 Ss Se Sy Sg Ss1 Ss2 Ss3 Ssa

Stage 1 ON OFF OFF ON OFF ON ON OFF OFF OFF OFF OFF
Stage 2 OFF OFF OFF ON OFF ON OFF OFF OFF  OFF OFF OFF
Stage 3 OFF OFF OFF ON OFF ON OFF OFF OFF OFF OFF OFF
Stage 4 OFF ON OFF  OFF OFF OFF  OFF OFF OFF OFF OFF OFF
Stage 5 OFF ON OFF  OFF OFF OFF  OFF ON OFF  OFF OFF OFF
Stage 6 OFF ON ON OFF ON OFF OFF ON OFF OFF OFF OFF

3.1. Secondary Side Modulation

As shown in Figure 3a, the primary switches can be divided into two groups. The first group is
51, S4, S¢ and Sy; while another group is Sy, S3, S5 and Sg. The switches in each group are switched
ON and OFF synchronously, and the switches in different groups are switched in the complementary
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mode. In the secondary side, Sy and Sg3 are switched ON and OFF synchronously; while Sq; and Sgy
are switched ON and OFF synchronously. Sq; and Sg3 are switched in the complementary mode with
Sg» and Sg4. Vo, can be regulated by the phase angel between gate signals of Sq; and Sy, Sg3 and Ss.
When these angles equal 180°, V, = Vi,/(2kt). There are 12 operation stages in one switching cycle,
and the operation stages in the first half switching cycle are illustrated in Figure 4.

Figure 4. Operation stages of the secondary modulation: (a) stage 1; (b) stage 2; (c) stage 3; (d) stage 4;
(e) stage 5; (f) stage 6.

Stage 1 [Figure 4a]: before ty, the circuit is stable. Input source powers the load. In the primary
side, Sy, Sy, S¢ and Sy are ON; vep = Vin/2, and vap = —Vin/2; i1p = 2lo/kt, and iz, = —2lo/k. ipxg and
ilez are

. 21 . V;
i () = k_TO + i1m (to) + ZLI;(f— to) )
. 21 . V;
it (t) = _k_TO +iom(to) — 2le1 (t-to) 2

iin = ivin + icin1 With the value of ir ;1. The DC content of iy, flows from the input source to the primary
sides of the transformers directly. icin1 is partial AC content of i;, depends on the reactance distribution
of the input source and input capacitors. As icin; is identical to icjnp, the midpoint voltage of Cj,; and
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Cinp is constant during this period. vs, and vgs are clamped by Cy,1, and vsz and vgg are clamped
by Cin2'

In the secondary side, Sq and Sy are ON; Dy1, Dos, Dog and Dgjp are conducted;
Urectl = Urect2 = Vin/kT.

Stage 2 [Figure 4b, to-t1]: Atty, S1, S4, Sg and Sy are switched OFF. In the primary side, the slope
rates of ij, and ipy, are very slow, and the absolute value of these currents is constant value Ip,.
Therefore, the absolute value of if 1 and ipjx, during this period is

|iL1kl (t>| = |ile2(f)| =1, + 2L, -

kr
i k1 charges Cy and Cy, discharges C, and Cjs; while i1 5o charges Cq and Cy, discharges Cs and

Cg. vs1, Usq, Vs and vgy are
Lk + 21,

’Usl'(f) = 2%1Ca t, i=1,4,6,7 4)

Vs, Us3, Uss and Usg are

Vin _ Ika + 210

vsk(t) = > ZkT—COt’ k=2,3,58 ®)

According to (4) and (5), the voltage of S;-Sg is lower than Vj,/2, before the end of this stage.
This stage lasts until vg; is Vi,/2, and the interval is

VinCokr

Tig= —m8M8M88
107 Wkr + 210)

(6)
icin1 18 identical to icjnp, which is if 1 —i1 k2, and under ideal condition, this value is zero. Therefore,
the midpoint voltage of Cjn; and Cipy can also be stabled during this period.

In the secondary side, Sq; and Sgq are ON; D1, Dog, Dog and D11 are conducted; Urect1 = Urect2 =
2ocp(t)/kt = 2lvap (H)|/kt.

Stage 3 [Figure 4c, t1-tp]: Atty, Dy, D3, D5 and Dg are ON. In the primary side, vcp = —Vin/2, and
AB = Vin/2; L1m and Ly, sustain negative voltage, and i1, and 7oy, are

. o Vin
. V;
lzm(t> =-I,+ ZLIII; (t — t1> (8)
ik and ip o are
. 21o Vin Lm + le
i () = (52 4 L,) - 2= Ty )
Lika (£) (kT m) = Loy (t—t)
. 21 Vin Lm + L
it (t) = _(k_TO + 1) + zmr]:n—LH(H((f— t1) (10

iin = iVin + icin1 With the value of i . The DC content of i, will flow from the input source to the
primary sides of the transformers directly. icin is partial AC content of i, depends on the reactance
distribution of the input source and input capacitors. As icjy; is identical to icinp, the midpoint voltage
of Cip1 and Cypp is constant during this period. vg; and vgg are clamped by Cyn1, and vsy4 and vgy are
clamped by Cinz. Sy, S3, S5 and Sg should be gated after t; to achieve ZVS operation.

In the secondary side, Dy3-Dog and Dg9-Dy1p are ON to free-wheel the secondary currents.
Urectl = Urect2 = 0.

Stage 4 [Figure 4d, tp-t3]: Atty, Sy, S3, S5 and Sg are switched ON with ZVS. In the primary side,
i1m, i2m, 11p and ipp keep increasing in the reverse direction, and the increasing slope are defined as (13)
to (16). iy = fvin + icing With the value of if . icin1 is partial AC content of i, depends on the reactance
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distribution of the input source and input capacitors. As icin1 is identical to icinp, the midpoint voltage
of Cin1 and Cipp is constant during this period. vg; and vgg are clamped by Cin1, and vs4 and vg; are
clamped by Cjp».

In the secondary side, Do3-Dyg and Dyg-Dy12 are conducted to free-wheel the secondary currents.
S¢1 and Sgq are ON. As the currents through Sg; and Sy are 0, thus, Sq; and Sg4 can achieve ZCS turned
on after this period. vyect1 and vyectp are zero.

Stage 5 [Figure 4e) t3-f4]: At t3, the absolute value of i1, and iy, is Io/kr. In the primary side, S, S5,
Ss and Sg are ON; vcp =—Vin/2, and vap = Vin/2; i1p = —lo/kt, and ipp = Io/k1. i1m and ioy, are

. . v,
llm(t) = llm(t3) - le; (t_ t3) (11)
. . V;
m
i1 and ip o are . v
i () = —ﬁ +i1m(t3) = 2Lm (t-t3) (13)
m
. I . V;
il (t) = é +iom(t3) + f(f - 1) (14)
m

iin = ivin + Icin1 With the value of iy p. icin1 is partial AC content of i, depends on the reactance
distribution of the input source and input capacitors. As iciy1 is identical to icinp, the midpoint voltage
of Cin1 and Cip is constant during this period. vg; and vgg are clamped by Cin1, and vsy4 and vg; are
clamped by Cjp».

In the secondary side, D4, D5, Dog and Dy1p are conducted; Urect1 = Urectz = Vin/(2kT).

Stage 6 [Figure 4f, t4-t5]: Atty, Sg; and Sg4 are OFF with zero-current switching (ZCS). After 5,
the circuit will be operated into the secondary switching period, and detail analyses are not provided
here for the sake of simplicity.

The ideal output-input voltage ratio in this mode is

Vo (1+D)

Vi 2kr 15)

3.2. Primary Side Modulation

When the phase angle between Sg; and S; is 180°, the secondary side modulation mode cannot
further change the output voltage. To regulate output voltage down to zero, the converter must be
controlled into the primary side modulation mode. In this mode, the secondary switches Sq1-S¢4 are
OFF; the primary switches are divided into two groups, which are S; to S4 and S5 to Sg. As shown
in Figure 3b, the primary switches in each group are switched in the PS switching scheme, and S;
and Sq are switched with the same phase angle. D; and D, are duty ratios of 5;-S; and S5-Sg, and
with symmetrical switching pattern, D; = D,. The output voltage is varied with the value of D; and
D,, when Dy = D; = 0, the output voltage is zero. The key waveforms of this mode are depicted in
Figure 3b, and the operation stages in the first half switching cycle are illustrated in Figure 6.

Stage 1 [Figure 5a]: before ¢;, the circuit is operated in steady condition. Input source powers
the load. In the primary side, S1, Sy, S¢ and Sy are ON; vep = Vin/2, and vap =—Vin/2; i1p = —lo/kT,
and i2p = Io/kTo

i1 and i o are

. _ I0 Vin
i (f) = . L + ZLm(t to) (16)
. I V;

i (t) = é + I — = (t—to) (17)

2L
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iin = fvin + icin1 With the value of i jx1. icin1 is formed by partial AC content of i;;, depends on the
reactance distribution of the input source and input capacitors. As icjn is identical to icin2, the midpoint
voltage of Cjn1 and Cjpyp is constant during this period. vs; and vgs are clamped by Cjn1, and vg3 and
vsg are clamped by Cjn».

In the secondary side, Ss1-Sg4 are OFF; Dy3, Do, Do19 and Dy11 are conducted; vrect1 = Urect2 =
Vin/ (ZkT)~

(e)

Figure 5. Operation stages of the primary side modulation mode: (a) stage 1; (b) stage 2; (c) stage 3; (d)
stage 4; (e) stage 5; (f) stage 6.

Stage 2 [Figure 5b, t1-t;]: At t;, S; and Sy are switched OFF. In the primary side, S; and Sy can
obtain zero-voltage turned OFF due to existence of C; and Cy. i1y, and ipy, reach their maximum
absolute value I,,. Therefore, the absolute values of ifj and i are

livma (8)] = i ()] = In + i—; (18)

i k1 charges Cq, discharges Cy; while i1 i, charges Cy, discharges Cg. vg; and vgy are

vgi(£) = I";I;CTT—ZOI%, i=1,7 (19)

vgp and vgg are
Vin _ Ika + Io

osi(t) = = T k=28 (20)
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According to (19) and (20), vs1, vsp, vsy and vsg is lower than Vi,/2 before the end of this stage.
This stage ends until vg; and vgy is Vin/2, and the time is

VinCokr

Ty = —2——_
2 (Ika + Io)

(21)
icin1 is identical to icinp, which is i 1 -ip1K2, and with symmetrical switching sequence icjn is zero.
Therefore, the midpoint voltage of Ciy1 and Cjyp is constant during this period.
In the secondary side, Do3, Dos, Do10 and D11 are conducted; vrect1 = Urect2 = vep(t)/kt = 0aB (£)I/kT.
Stage 3 [Figure 5¢, tp-t4]: At tp, D and Dg are on. In the primary side, vcp = vap = 0; i1 and ipy,
keep constant value Iny; i1p and ipp, are with the same absolute value [Io/kt|, During this period, i i
and iy, are

. Io

itk (t) = . + I (22)
. Io
it (t) = _(E + 1) (23)

icin1 is identical to iciyy with the value of i i1 -1 k2, thus, with symmetrical switching cycle, icin1
and icjnp are zero, which means stable midpoint voltage of input capacitors can be achieved. Therefore,
the midpoint voltage of Ci; and Cipp is constant during this period. vg; and vgs are clamped by Cin,
and vs3 and vgy are clamped by Cinp. S; and Sg should be gated after £ to achieve ZVS operation, and
according to Figure 3b, S, and Sg are switched at f3.

In the secondary side, Dy3-Dog and Dgg-Dy1p are ON to free-wheel the secondary currents.
Urectl = Urect2 = 0.

Stage 4 [Figure 5d, t4-t5]: At t4, S4 and Sg are switched OFF. In the primary side, S4 and Sg can
obtain zero-voltage turned OFF due to C4 and C¢. The primary currents keep constant during this
stage. ir k1 charges Cy4, discharges Cs; while i1 > charges Cg, discharges Cs. vsy and vgs are

Tokp +1 .
vsi(t) = %éo"t, i=45 (24)
vgz and vgg are v e
() = n _ Tt o, 5 g (25)

2 2ktCo

This stage ends until vg4 and vsg are Vi,/2, and the time is

Tsy = VinCokr (26)
2(Lkt + 1o)

icin1 is identical to iciny with the value of iyjy;-ijk2, thus, with symmetrical switching cycle,
the currents flowing through C;,; and Cjj,p are zero, which means stable midpoint voltage of input
capacitors can be achieved. Therefore, the midpoint voltage of Ci,; and Cjyp is constant during
this period.

In the secondary side, Dy3-Dog and Dg9-Dy1p are ON to free-wheel the secondary currents.
Urect1= Urect2 = 0.

Stage 5 [Figure 5e, t5-tg]: At t5, D3 and D5 are ON. In the primary side, vcp = —Vin/2, and
vAB = Vin/2; negative voltage is applied on magnetic inductors, and ij, and ipy, are

iim(t) = I = 51 (1) @7)
oo (£) = —Ty + 2 (¢ — £5) (28)

2Lm
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i and ip o are

Lo Vin Lm + Lix

ik (t) = (kT +1y) - TTle(t_ ts) (29)
. I Vin Lm+ L
it (f) = =(3> +In) + 5 T (1) (30)

iin = Ivin + icin1 With the value of iy . icin is partial AC content of i, depends on the reactance
distribution of the input source and input capacitors. As icin; is identical to icinp, the midpoint voltage
of Cin1 and Cjyy is constant during this period. vs; and vgg is clamped by Ciyq, and vgg and vgy is
clamped by Cin. S and Ss should be gated after f5 to achieve ZVS operation, and according to
Figure 3b, Sz and Ss are switched at f;.

In the secondary side, Dy3-Dog and Dg9-Dy1p are ON to free-wheel the secondary currents.
Urectl = Urect2 = 0.

Stage 6 [Figure 5f, te-t7]: At t7, i1, equals —Io/kr, and ip, equals Lo/kt; the free-wheeling mode
is over. Input source powers the load. In the primary side, Sy, S3, S5 and Sg are ON; vcp =—Vin/2,
and vap = Vin/2. iy = fvin + icin1 With the value of iy . icin1 is partial AC content of i;, depends
on the reactance distribution of the input source and input capacitors. As icin is identical to icino,
the midpoint voltage of Cin; and Cip is constant during this period. vs; and vg3 are clamped by Cin1,
and vgy4 and vsy are clamped by Cjpp.

In the secondary side, Sq1-Sss4 are OFF; Dy4, Dos, Dog and Dy1p are conducted; vrect1 = Urect2 =
Vin/ (ZkT)'

The ideal output-input voltage ratio in this mode is

Vo D

Vi 2kr G

4. Module Failure Operation

The most important feature of the proposed converter is the redundancy ability for the primary
and secondary sides. In this part, the operation principle of module failure operation is briefly described
to illustrate the redundancy ability. To simplified the description, S is set to be broken, which causes a
primary module failure. It should be pointed out that the proposed converter can also be operated
with a secondary module failure. During the module failure operation, the proposed converter can
also be operated in the secondary and primary side modulation switching schemes according to the
output voltage, and key waveforms are given in Figure 6. The switching scheme of the secondary side
modulation is illustrated in Table 3.

Table 3. Switching scheme in the first half switching period (secondary side modulation mode).

Item Sl Sz SS S4 Ssl SSZ

Stage 1 ON OFF OFF ON ON OFF
Stage 2 OFF OFF OFF OFF ON OFF
Stage 3 OFF OFF OFF OFF ON OFF

Stage 4 OFF ON ON OFF ON OFF
Stage 5 OFF ON ON OFF OFF OFF
Stage 6 OFF ON ON OFF OFF OFF

4.1. Secondary Side Modulation

Figures 6a and 7 show the key waveforms and operation stages of the secondary side modulation.
As shown in Figure 6a, Sg is broken due to some unknown reasons. In the primary side, S5-Sg are
stop, and S;-S4 are switched in the mode which is identical to the secondary operation mode of
normal operation. According to Figure 7, the input capacitor currents remain zero during stages 3 to 6,
the mid-point voltage of the input capacitors are balanced during these stages. In addition, during
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stages 1 and 2, the input capacitor currents are identical to partial AC content of i, thus, the mid-point
voltage of the input capacitors are also balance during stages 1 and 2. Therefore, a stable mid-point
voltage can be obtained during the first switching cycle, and in the secondary half switching cycle,
the same conclusion can also be achieved. The primary waveforms of vcp, irjk1, i1m and i1p are quite
similar to that of the normal operation, which is not analyzed here for the sake of simplicity. The OFF
voltage of the primary switches is clamped by Cj,1 and Cin, which is not higher than Vj,/2.

‘i)utput mcreaﬂ g;»tput decreasing
S1, Ss S, S S1, S | r
U(‘D—l [ Sst S [ Sa :{t
Vin/2
» . Ts/2
i 0 . S 1[S [T & 1[5,
i 2k, \,j K s s Arsirs,
> e
1Lk 2 i itm ~t
N\ o o A el
— t 7 ~— 7/
i 3 k~ 1Lk /_\ /}t
/ 5 /f\ Urecl\_/ N, Van/ZkT\_/
'Urecﬂ_,— “/4[“\A Vin/2kT q i ¢
tah Zts tats t’tn\ 9 ' MDT;/Z

(€] (b)

Figure 6. Key waveforms: (a) secondary modulation; (b) primary modulation.

Vinl +

1|If

" Cyy et

(d (f)

Figure 7. Stages of the secondary side modulation in failure mode: (a) stage 1; (b) stage 2; (c) stage 3;
(d) stage 4; (e) stage 5; (f) stage 6.
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In the secondary side, the down cell is stop, and the up cell operates in the same pattern with that
of the normal operation, and detail analysis is not provided here for the sake of simplicity.

4.2. Primary Side Modulation

During the primary side operation, the proposed converter can be treated as a conventional TLDC
in [8]. Figure 6b illustrates key waveforms. The output can be regulated down to zero by switching
scheme in Figure 6b. The operation principle about this procedure is not provided here for the sake of
simplicity and detail information can reference [8].

4.3. Output Range of the Module Failure Operation

The output voltage of the module failure mode is quite similar to that of the normal operation.
When Vip/kt > Vo > Vin/2kt, the proposed converter is operated in the secondary side modulation,
the output voltage is varied from Vi,/kt to Vin/2kt with the duty ratio D; When Vj,/2kt > V, > 0,
the proposed converter is operated in the primary side modulation, the output voltage is varied Vi,/2kr
to 0 with the duty ratio D.

5. Technical Analysis

5.1. ZVS of the Primary Switches

The soft switching characteristics of the normal and module failure operation are quite similar,
thus, only the soft switching characteristics of the normal operation are analyzed in the following parts.

5.1.1. Secondary Side Modulation

When the converter is operated in the secondary side modulation mode, the primary switches can
obtain ZVS down to zero load current with proper designing of i;m, I =1 and 2. And the Ly, should

observe following equation [19]
V3T, [Li
< — 2
Lin < ==/ C. (32)

Figure 8 shows the required magnetizing inductance versus C,, Ljx and Ts. It should be pointed
out that I, is irrelevant to the load current and increased with input voltage, hence, there is still enough
energy stored in the leakage inductance to ensure ZVS for all primary switches under no loads or high
input condition. Consequently, the proposed converter will have higher efficiency compared to its

competitors under light loads and high input applications.

Cor0.0014F
Lie=10uH

Figure 8. Required Ly to obtain ZVS versus C,, Ly and Ts: (a) Ts = 50 ps; (b) Ly = 10 uH;
(c) Co, =0.001 pE

5.1.2. Primary Side Modulation

During the primary side modulation, the primary switches are switched in the PS mode, Sy, Sy, S¢
and Sy are controlled as the leading leg switches; while S, S3, S5 and Sg are switched as the lagging leg
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switches. Just as traditional PS FB converter, the leading leg switches can be switched with ZVS easily,

and the ZVS criteria is )
1 2 COViI‘l
Lip ™ = =

where Lip/ is the sum of Ly; and kt%L,;, with the help of the output inductance and magnetic inductance,

these switches can be achieved ZVS down to no-load easily.

Sy, S3, S5 and Sg are lagging leg switches, and with proper designing of L, i = 1 and 2, these
switches can also be achieved ZVS down to no-load.

i=1,2 (33)

5.1.3. ZVS Load Range

The minimum ZVS load currents for the two operation modes are concluded in Table 4.

Table 4. Zero-voltage switching (ZVS) load range of the secondary and primary side modulation
(Im = 600/0113, rate)«

Minimum ZVS Added Conduction Loss
Mode Switches Load Current (Ratio of Primary Side Rate
Conduction Loss) [19]
Secondary side modulation Sp to Sg 0 12%
Sl, 54, 56 and S7 0

Primary side modulation 112.8%

52, 53, 55 and 58 0

As illustrated in Table 4, with the help of the magnetizing currents, all the primary switches can
obtain ZVS down to 0 load currents, furthermore the added conduction loss in the secondary side
modulation are quite smaller than that of the primary side modulation. Therefore, it is recommended
that the proposed converter should be designed to operate into the secondary side modulation mode
during most operation situations, and only to operate into the primary side modulation mode in some
abnormal situation, such as overload, to regulated output down to zero.

5.2. ZCS of the Secondary Switches

During the secondary side modulation, all secondary switches can obtain ZCS independent of
the load condition [19]. S is selected as an example. As shown in Figure 3a, Sq; is on at this stage.
But, the current flowing through S is zero due to the reverse voltage applied to Dy;. As shown in
Figure 3b, Sq1 is switched off at zero current. Therefore, the switching loss of the secondary switches
can be minimized.

5.3. Output Inductance

The reduction of the output inductance with TL secondary rectified voltage waveform has been
discussed in [19]. According to these references, the required output inductance of the converters with
TL secondary rectified voltage waveform is about one-third of that of conventional two-level converters.
Therefore, the volume of the output filter in the proposed converter can be significantly reduced.

5.4. Voltage Balance Principle of the Input Capacitors

The initial voltage across the input capacitors is Vi,/2 due to the configuration of the proposed
converter. During the operation, the voltage across the input capacitors can be maintained if this
capacitor can observe charge balance principle over each switching cycle. Tables 5 and 6 show the
currents of the input capacitors, as proved in Tables 5 and 6, with symmetrical switching scheme,
the input capacitors voltage can be stable properly. Detail descriptions have been provided in Section 3.
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Table 5. Currents of the input capacitors during the secondary side modulation.

Item Normal Operation Module Failure Operation
icinl icinz icinl icinz

Stage 1 Partial of?in Partial of?in
Stage 2 iK1 — inke =0 Partial Oon
Stage 3 Partial of iy, 0

Stage 4 Partial of i, 0

Stage 5 Partial of iy, 0

Stage 6 Partial of 7, 0

Stage 7 Partial of?in Partial of?in
Stage 8 iK1 — iLe =0 Partial OfFlTin
Stage 9 Partial of?in Partial of?in
Stage 10 Partial of?in Partial of?in
Stage 11 Partial of iy, Partial of iy,
Stage 12 Partial of iy, Partial of iy,

Table 6. Currents of the input capacitors during the primary side modulation.

Item Normal Operation Module Failure Operation

icinl icinZ icinl icinZ

Stage 1 Partial of iy, Partial of iy,

Stage 2 ikt — ke =0 ILIk1 —iLIK1

Stage 3 i1 — k2 =0 iLIK1 —iLlk1

Stage 4 iLik1 — ik =0 LIkl US|

Stage 5 Partial of i;, 0

Stage 6 Partial of i, 0

Stage 7 Partial Oon 0

Stage 8 i1 — ke =0 —iL1i1 iLIk1

Stage 9 ikt — ke =0 —iLIK1 ILIk1

Stage 10 itk — ike = 0 —iLIk1 _fka

Stage 11 Partial of i;, Partial of ij,

Stage 12 Partial of?in Partial of?in

5.5. Comparison

The circuit and performance of the proposed converter and the converter in [32] are compared
in this part, and the circuit of the converter for comparison is provided in Figure 1, and the detail
operation principle about this converter can reference [32]. Tables 7 and 8 illustrate the components
and performance comparison.

Table 7. Components comparison.

Item Proposed Figure 1

Primary side components

Switches 8 8
Flying capacitors 0 1
Blocking capacitors 2 2
Input capacitors 2 2
Primary coils 2 2

Secondary side components

Rectifier diodes 12
Secondary coils 4
Switches 4 0

N oo
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Table 8. Performance comparison.

Item Proposed Figure 1
Voltage stress of the primary switches Vin/2 Vin/2
Primary side redundancy ability Yes No
Secondary side redundancy ability Yes No
TL secondary rectified voltage waveform Yes No
Soft switching characteristics of the primary switches Good Normal
System dynamic response Fast Normal

5.5.1. Redundancy Ability

Compared to the converter in Figure 1, the redundancy ability is an obvious advantage of the
proposed converter, which ensures higher system reliability. As shown in Figure 1, the primary side is
built of two series connected modules, and the converter must be shut down when one primary switch
is broken due to the remained switches would suffer higher voltage stress. However, as shown in
Figures 6 and 7, the proposed converter can still be operated safely when one primary switch is broken.

5.5.2. Components Comparison

The primary side components number of the proposed converter is similar to that of the converter
in Figure 1, and as proved in pervious sections, OFF voltage across each primary switch is directly
clamped by the input capacitors, thus no added clamping device is required. The secondary structure of
the proposed converter is a little complex than that of the converter in Figure 1 to achieve TL secondary
rectified waveforms, which would result reduced volume of input and output filter. In addition,
according to Table 8, the system dynamic response of the proposed converter is higher than that of the
converter in Figure 1. As shown in Table 8, the voltage stress on the primary switches of the proposed
converter and the converter in Figure 1 are identical with the value of Vi,/2, thus, these two converters
are well suitable for high input voltage dc-dc power conversion.

5.5.3. Soft Switching Characteristics

With proper designing, the ZVS load range of the primary switches in the proposed converter is
down to zero, which is better for wide load range applications. Furthermore, the turn-off switching
loss can be reduced by increasing output capacitance of the primary switches. However, as depicted
in [32], the lagging switches in Figure 1 cannot achieve wide ZVS load range due to only the energy
stored in the leakage inductance can be used [32]. And the turn-off switching loss cannot be optimized
due to limited ZVS load range of the lagging switches. As illustrated in Table 8, the proposed converter
features have better soft switching characteristics, which means higher power conversion efficiency
especially under light load and high input voltage operation.

5.5.4. Power Loss

The power loss distributions of the proposed converter and the converter in Figure 1 are compared
in Figure 9. The data is obtained by power analyzer (PW60001), and the converters for comparison are
operated with Vi, =600 V and I, =2 A. As shown in Figure 9, the proposed converter has lower power
loss due to good switching loss of MOSFETs, which is an attractive characteristic of the proposed
converter. As illustrated in Figure 9, the conduction loss of the proposed converter is a little higher
than that of Figure 1 due to higher magnetizing current and extra secondary MOSFETs. Therefore,
the expected efficiency of the proposed converter is better.
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Figure 9. Power loss distribution.

6. Experimental Results

The performance of the proposed converter is verified by a 1kW prototype, and the main
parameters of the prototype are provided in Table 9. Figures 10 and 11 give some experimental results.
Figure 12 illustrated the prototype, and the control signals for the switches are generated by two
UCC 3895s in synchronized mode. In the efficiency experiment, the power loss of control circuit and
cooler system are considered. The proposed converter has several operation modes, and some key
waveforms of these operation modes are quite similar. Therefore, only some typical experimental
results are selected to validate the proposed converter for the sake of simplicity.

Table 9. Parameters of the prototype.

Item Parameters
Input voltage 500-600 V
Output Voltage 250V
Power rating 1kW
fs 100 kHz
Primary switches IRFP460
kr 3
Lim and Loy, 300 uH
Loy and Loy 30 uH
Col and Coz 220 ]J.F
Secondary switches IPP600N25N3G
Rectifier diodes IDP18E120

As shown in Figure 10a, OFF voltage across the primary switches in the proposed converter is
even in the secondary side modulation mode, and the midpoint voltage of the input capacitors is stable
and equals Vj,/2. Figure 10b proves the voltage stress across the primary switches and the midpoint
voltage of the input capacitors is also even and stable in the primary side modulation mode.

As proved in Figure 10c, the voltage applied to the primary coils is Vi,/2, and iy j; is not a constant
value because i1y, is enlarged to help ZVS of the primary switches. As i1y, is not in phase with load
current, the added primary RMS current is smaller. Thus, the added conduction loss is also smaller.
As proved in Figure 10d, the duty ratio of vpc is 100% and uncontrolled during the whole operation
stages, which means zero primary circulating current.

As depicted in Figure 10e, the secondary rectified voltage is a TL waveform, which significantly
reduces the volume of the output filter. The output voltage is adjusted by changing the time of
high output voltage level. As there is no free-wheeling time, the input current ripple is also smaller.
The voltages across the rectifier diodes are shown in Figure 10f,g.

The waveforms of the drain-source voltage and current of S; are shown in Figure 10h, and it
is clearly that Sg1 can obtain ZCS. The ZVS characteristics of the primary switches in the proposed
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converter are test with zero load current. The waveforms of the gate signals and the drain-source
voltage of switch S; is depicted in Figure 10i. In Figure 10i, the gate-source voltage of S; is much
lower than the threshold voltage when the drain-source voltage of S; decreases to zero, thus, S; can
obtain ZVS.

Figure 10j gives some experimental results of the failure mode operation, and it is similar to that
of normal operation. From Figure 10j, we can conclude the proposed converter can be operated into
the failure mode operation. Other waveforms in the failure mode operation is not provided in this
paper for the sake of simplicity.
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Figure 10. Experimental results: (a) vs; and vsg during the secondary side modulation (Normal
operation); (b) vs; and vsg during the primary side modulation (Normal operation); (c) vap and ip ji1
during the secondary side modulation (Normal operation); (d) vcp and vap during the secondary side
modulation (Normal operation); (e) ir,; and vyet; during the secondary side modulation (Normal
operation); (f) vpy; and ey during the secondary side modulation (Normal operation); (g) vpo3
and vyeqyp during the secondary side modulation (Normal operation); (h) ZCS of Sgy; (i) ZVS of 5;
with zero load current; (j) vps(s) , gss1y and 71 during the secondary side modulation (Failure
mode operation).
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Figure 11a shows the efficiency comparison under different load current with 600V input voltage,
and the comparison is carried out under the same base line. As all primary switches can obtain ZVS
in wide load range, the proposed converter has higher efficiency with smaller load. In Figure 11b,
the efficiency results under constant I, and variable Vj, condition are shown, and the proposed
converter can obtain more optimum high input efficiency owing to the ZVS operation can still be
assured with increasing of the input voltage.

95
93 -
P n
o Q
g ol g
k= g ~
= E 93] il Proposed ~
= H ~
89 Reference [32] ~
~
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr . 92 ~
: e
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0.8 1.6 2.4 3.2 4 500 550 600
Output current(A) Input voltage (V)
(@ (b)

Figure 11. Efficiency comparison: (a) Efficiency with constant V;, and variable I,; (b) Efficiency with
constant I, and variable V.

Figure 12. Photo of the prototype.

7. Conclusions

A wide load range ZVS high voltage dc-dc converter is proposed and analyzed in this paper.
From above theoretical and experimental analysis, the advantages of the proposed converter can
be concluded as follows: Low voltage stress on the primary switches with auto-balanced ability;
Redundancy ability for the primary and secondary sides, which ensures high system reliability;
Modular structure for the primary and secondary sides; Full ZVS load range for the primary switches,
and less primary conduction loss is added; TL secondary rectified voltage waveform can be obtained,
which reduce the volume of input and output filter size. The added secondary switches can obtain
ZCS independent of the load current.

The main disadvantage of the proposed converter is that the VA rating of the transformers in
the proposed converter is a little higher than that of Figure 1 under variable input and constant
output condition.
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