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Abstract—An  interleaved three-level DC/DC zero voltage
switching (ZVS) converter is presented in this paper. There are
two circuit modules in the proposed converter to share the load
current and power rating. The interleaved pulse-width
modulation (PWNM) scheme is adopted to control two circuit
modules such that the ripple currents at the input and output
sides are reduced. Each circuit module has two three-level
DC/DC converters with the same power switches to reduce the
voltage stress of each MOSFET at F},/2 and achieve load current
sharing, Thus, the current stress and power rating at the
secondary side components are reduced. The current double
rectifiers are used at the secondary side to partially cancel the
output ripple current. Thus, the sizes of the magnetic components
and output filter capacitance are reduced. Due to the resonant
behavior by the resonant inductance and resonant capacitance at
the transition interval, MOSFETs can be turned on at ZVS under
a wide range of load condition and input voltage. The
experimental results based on a 1¥W prototype are provided to
verify the effectiveness of the proposed converter.

L INTRODUCTION

Multilevel converters/inverters [1]-[3] have been proposed
to reduce the voltage stress of power switches for high voltage
and medium/high power applications. For modern switching
mode power supplies such as the cloud server power unit and
telecommunication applications, the high efficiency and high
power density DC/DC converters have been demanded to
meet the efficiency requirements of the Environment
Protection Agency (EPA) and Climate Saver Computing
Initiative (CSCI). Three-level DC/DC converters have been
proposed in [4]-[5] to reduce the voltage stress of power
switches at V3,/2. Thus. MOSFETs with voltage stress 600V
can be used in the rear DC/DC converter. However, switches
are operated in the hard switching such that the circuit
efficiency is low if the high switching frequency is adopted.
Three-level soft switching DC/DC converters [6]-[9] have
been proposed to meet the demand of high circuit efficiency,
small volume and light weight. Thus, all power switches can
be turned on at zero current switching (ZCS) or zero voltage
switching (ZVS) at the desired load range. The leakage
inductance of the transformer (or external inductance) and the
output capacitance of power swilches are resonant at the
transition interval such that the drain-to-source voltage of
MOSFETs can be decreased to zero voltage before the
MOSFETs are turned on. Thus, MOSFETs can be turned on at
ZVS and the circuit efficiency is improved for high switching
frequency. In the secondary side, the center-tapped rectifier
can be used to regulate output voltage, smooth the output
current and have one diode voltage drop. However, the
drawback of the center-tapped rectifier is the high voltage

stress on the rectifier diodes. The current doubler rectifier has
one voltage drop, low output ripple current and low current
stress of the output filter inductors. Thus, the current doubler
rectifier has high efficiency compared with the center-tapper
rectifier for high output current applications.

This paper presents an interleaved three-level DC/DC ZVS
converter for high voltage and medium power applications.
There are two circuit modules operated by an interleaved PWM
scheme to share load current and reduce the ripple currents at
the input and output capacitors. Thus, the size of the input and
output capacitors can be reduced. For each circuit module, two
three-level PWM circuits with current double rectifiers share
the same power switches and reduce the current stress of the
transformer windings. rectifier diodes and output filter
inductors. The voltage stress of each MOSFET is clamped at
one-half of the input voltage. Based on the resonant behavior
by the output capacitance of MOSFETs and the leakage
inductance of the transformer (or external inductance), all
MOSFETs can be turned on at ZVS at the wide ranges of load
current and input voltage. The operation principle, circuit
analysis and design example of the proposed converter are
discussed in detail. Finally, experiments with a 1XW prototype
are provided to verify the effectiveness of the proposed
converter.

Fig. 1 The circuit configuration of the proposed interleaved three-level PWM
DC/DC ZVS converter.
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Fig. 2 PWM waveforms (a) the circuit module 1 (b) key waveforms of the
proposed mterleaved DC/DC converter.

L CIRCUIT CONFIGURATION

Fig.1 gives the circuit configuration of the proposed ZVS
converter. There are two circuit modules in the proposed
converter to share load current for high input voltage and the
medinm/high power applications. The interleaved PWM with
the phase-shift of 90 degrees is adopted to control two circuit
modules. Thus. the ripple currents at the input and output
capacitors are reduced. In each circuit module. there are two
three-level PWM circuits with the same power switches to
achieve ZVS murn-on for all switches, clamp the voltage stress
of MOSFETs at ¥,,/2 and share the load current. In the first
module. the components of the first three-level PWM circuit
include C,-,,j. C,—n_v. Dﬂ. D;:,‘ Cﬂ 5;-54. C,.)-C,q. C_;. I.,.;. T]. D_{-Dj.
L, and L, The second three-level circuit includes the
components of Cy,p. Cyz. Do Dy Cgp. Sp=54 Coy=Crgy Cou Ly, T,
D;-D,, L,; and L, Three voltage levels V5, V/2 and 0 are
generated on the voltages 143 and vge. Since the average
voltages Ve=Ver=V;/2. three voltage levels F;,/2. 0 and -V;,/2
are generated on the primary side voltages 1v;; and v, The
current double rectifiers are adopted at the secondary side to
obtain a stable output voltage ¥V, with one diode conduction
loss and partially cancel the output ripple current. In the same
manner. the second module includes the components of Cj;.
C.{,,g. Dc. D,j. ij 55-53. C,-j-Crg. (._(-C4. L,-_z-Lr,g. T;—ﬂ. Dj-Dg and
L,5L,s. In the proposed converter, Cj; and (. are large
enough to share the input voltage vy =vem=Fu/2. 5;-S; are
power MOSFETSs with the voltage stresses V,,/2. C,;-C,; are the
output capacitances of MOSFETs S;-S;. respectively. D,-D, are
the clamped diodes. Cyy and Cj; are the flying capacitances with
the average voltages Vieg=Ve=V,,/2. C-C, are the DC
blocking capacitances with the average capacitor voltages
Vers...=VersViy/2, Ly-L.y are the resonant inductances. L;-
L,,; are the magnetizing inductances of the transformers 7;-T,.
respectively. D;-Dy are the rectifier diodes. L,;-L,g are the
output filter inductances. R, and C, denote the load resistance
and output capacitance.

1I. OPERATION PRINCIPLE
Fig. 2(a) shows the theoretical PWM waveforms of the
circuit module | in a switching period. Two circuit modules
are operated with the interleaved PWM operation by the
phase-shift of 7./4 where T; is a switching period. Fig. 2(b)
gives the key waveforms of the proposed interleaved DC/DC
converter. Some assumptions are made to discuss the system
analysis.
(1) Power semiconductors S;-Sg. D;-Dg and D,-D, are ideal.
(2) LmI=Lm2=Lm3=I-m4=Lm- I-r.l'=Lr3=-Lr'3=Lr4=I-r<3:£m and
I'ol=- o, =I'o.9=£o‘
(3) Cypr=Cyp> are large enough to be considered as two
voltage sources Vepi=VFen=Vin/2 and Cpy=.....=C,5=C,.
(4) I} —T, have the same turns ratio n=rn,/7;.
(5) C)-Cy and Cy-Cpy are large enough to be treated as the
constant voltages F3,/2.
(6) C, is large enough to be considered as a constant output
voltage V.
To simply the operation principle of the proposed converter.
only circuit module 1 is discussed in the following. Based on
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the on/off states of 5;-5, D,-Dy and D;-D,. there are ten
operation modes in circuit module 1 during a switching cycle.
Fig. 3 shows the equivalent circuits of five operation modes in
a half switching cycle. The operation of the second half
switching cycle is symmetrical to the operation in the first
half switching cycle. Thus. only five switching modes are
discussed in the following. Prior to time 75, S;. Sy Dj and Dy
are conducting.
Mode 1 [t;<t<t;]: At time f, switch S; is turned off. Since
ir(tg)=0 and ip(79)=0, C,; is charged linearly from zero
voltage and C,; is discharged linearly from F;,/2 via flying
capacitor Cp. The rising slope of the drain-to-source voltage
of S; is limited by C,y and C,, such that switch 5; is turned off
at ZVS. If the energy stored 1 L,;. L,». L, and L,; are greater
than the energy stored in C,; and C,. then C,; can be
discharged to zero voltage. Thus. the ZVS turn-on condition
of switch S, is expressed as:

(Lr +”2I‘n)(i12.'rl (10) gk IE?E(FO)) 2 Ceri /2 (])
At time ;. v =Vi/2 and v¢,..=0.
Mode 2 [t;<t<t3]: At 1. vou=Va/2, vou=0 and D, is
conducting. Since 7g(f;)<0, the anti-parallel diode of S, is
conducting. Thus, S; can be turned on at this moment to
achieve ZVS. In mode 2. v45=vpe=V3/2 and vp=v,:=0. Thus,
the primary and secondary winding voltages of T; and T, are
all zero. D;-Dy are all conducting and v, =V, :=Vie:=Viee=V,
such that 77,)-77,4 decrease with the current slope of -V,/L,.
Diode currents ip; and ipy decrease, and ip; and ip; increase in
this time interval. The time interval in this mode is equal to
(0.5-0)T, where & 1s the duty ratio of the proposed converter
when both S; and S, are in the on-state.
Mode 3 [t;<1<f;]: At 15, S; is turned off. Since 7p,(f;)<0 and

i1,2(1:)=0. C,; and C,3 are charged and discharged. respectively.

The rising slope of the drain-to-source voltage of S; is limited
by C,, and C,; such that $; is turned off at ZVS. Since D)-Dy
are still conducting. the primary and secondary windings of T;
and T are all zero voltage. If the energy stored in Z,; and L,
are greater than the energy stored in C,; and C,s, then C,; can
be discharged to zero voltage. Therefore. the ZVS turn-on
condition of S; is given as:

L (in () +ifpn (1) 2 C Wy 12 )
Mode 4 [t;:<t1<tj]: At 135 vee=0. Since ig(r3)<<0. the anti-
parallel diode of S; is conducting. Therefore, $; can be turned
on at this moment to achieve ZVS. In this mode, the AC side
voltages v4p=V;, and v5c=0 such that the primary side voltages
Vor=Vu/2 and v, =-73/2. Since D;-D, are still conducting in
this mode. the primary and secondary winding voltages of T;
and T, are all zero. Thus, v, =Fiy-Fe1=Vin/2 and vi,o=-Ver—-
Vi/2. The inductor cwrrent ir,; increases linearly from -iz,./n to
Iirop/n. and ir,; decreases linearly from iz,2/n to -ir,«/m i this
mode. Inductor currents iy -7y, all decrease with the slope of
-V,/L,. At time f,. the diode currents /p; and /pys are decreased
to zero. Since both switches S; and S, and diodes D;-D, are in
the on-state. no power is transferred from input voltage source
Vi to output load R, Thus. the duty loss in mode 4 is
expressed as:

‘Z'?‘Ic-rf.i
2nV,,

where I, and f; are the switching period and switching
frequency. respectively.

Mode 5 [t,<f<ts]: At ty. ip/=ip~0. T; and T are working as the
forward type transformers to transfer power from F;, to R,.
Thus. iy, increases and 7#;,, decreases linearly. Power is
transferred from ¥, to R, with the time interval (& &,:; )75,
iro; and iz,s increase. and ir,» and ir,z decrease in this mode.
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Fig. 3 Operation modes of the circuit module 1 dunng first half switching
cycle (a) mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (&) mode 5.

III. CIRCUIT CHARACTERISTICS
The circuit characteristics of the proposed converter are

discussed in this section. Since the time intervals in modes 1, 3.

6 and 8 are much less than the turn-on time of three voltage
levels on the transformer primary side, we neglect the effects
of these four operation modes in the following discussion.
Each circuit module provides one-half of load power. In
modes 2 and 7 shown in Fig. 3. the average flying capacitor
voltage can be obtained as Veng=Fep=VFu/2. From the volt-
second balance on (Z,; and L,;) and (L, and L,) in circuit
module 1 and on (Z,; and L,;) and (L., and L,,) in circuit
module 2, the average blocking capacitor voltages V-V are
obtained as:

Ver=Vey =Ves =Vea =V /2 4
Based on the volt-second balance on L_;-L,g at steady state,
the output voltage ¥, is given as:

g Llols ®
2n 2nVy,

where V; is the voltage drop on diode D;-D; The output

voltage V, is related to &. V. fi. L. n and I,. In steady state.

the average output inductor currents Ir,;=.....=I;,s=I,/8. The

ripple currents on L,;-L, s can be expressed as:

Wy +V [V =20V, +V )]

Ai; g =....=Ai = 6
Lol Lo8 Lo Vm ( )
Thus, the output inductances L,;=... =L, s=L, are given as:
V. VTV, —20(V, +V7
10 > ( [ f) s-[ in P"( o f)] (7)
AILD]J.I]&XVWF

The ripple currents on the magnetizing inductances L,;-L,.4
can be expressed as:
Vm (5 - 51055,4)T5 _ WMTS _ L,IO

Aipy = (8)
Lm 2r, 2L, 4nl,
The average currents of 1;-Dj are expressed as:
E.Dl.av :"":IDS,a\’ zIcr /8 (9)

In modes 5 and 10, we can obtain the voltage stresses of D;-Dj.

= o = VDB stress < Vi /2n (10)
The peak currents of switches S)-S; are approximately
expressed as:

1'Dl,sness

‘iS],peak = :iSS,peak

L WV =200, 4V 8,7, L1, D
4n LV, 2L, 4nL,,
The root-mean-square (rms) currents of S;-Sz  are
approximately given as:
Iﬂ
i =..= =0 12
151 7ms 158 rms 4”\/5 (12)

The voltage stresses of §;-S; are clamped at 77,/2. At time 1,
(or #p+7,) in mode 10, the inductor currents ir,(75) and ir,(7g)
are expressed as:

. . I102,
111 (70) =1 1 suin — %
(13)
_ VT, N Li, I, WV, +V IV =20V, + V)]
4L,  8uL, 8n 2LV,
. . i
T1r0 (10) = 11w mma +%
(14)
T L1, 1, Tt VOL, ~ 20, +7)]
4L, 8L, 8n 2LV,

In the same manner. the inductor currents 7r,;(f;) and ir,(f;) in
mode 2 are given as:
L1 I

T
in“s 4 “r'e ‘o

I 1, )=— e
m(f2) 4L,  sal, Sn s
Ve AV L =20V, + V)] . V, +V )05-8)1,
2L,V nL,
=Tl Lo Lo
- 4L, 8nL, 8n
(16)
. (Vo +V e[V —20(V, +V )] B (¥, +V, )N0.5-8)T;
2L,V nL,

With the derived inductor currents in (13)-(16), the necessary
resonant inductance L, can be obtained from (1) to achieve
ZVS turn-on of S;. Sy S5 and Sy and from (2) to achieve ZVS
turn-on of S,. S;. Ss and S5,

IV. EXPERIMENTAL RESULTS

In this section, the experimental results based on a
prototype circuit are provided to verify the effectiveness of the
proposed converter. The specifications of the prototype circuit
are V,=480V-580V. F7,=24V. P,=1kW and f=100kHz.
Therefore, the power rating of each circuit module is 500W,
Fig. 4 gives the measured PWM waveforms of switches S5;-S3
at full load and high input voltages. The PWM signals of S;-S;
are phase-shifted one-fourth of switching period with
respective to the PWM signals of S;-S,. Figs. 5 and 6 give the
measured results of the gate voltage and drain voltage of
switches S; and S, at 25% load with low and high input
voltages. respectively. It is clear in Figs. 5 and 6 that the
switches 5; and S, are all turned on at ZVS from 25% load to
100% load. The voltage stress of both switches S; and S, is
Vi/2. Since the PWM waveforms of S; and S, and the PWM
waveforms of 5, and S; are identical. it is clear that S; and S,
can achieve ZVS from 25% to 100% loads. Fig. 7 gives the

417



measured waveforms of the flying capacitor voltages and the
DC blocking voltages at full load with high input voltage. All
of these voltages are equal to V/2. Fig. 8 illustrates the
measured results of the gate voltages vy, and vy, and the
primary side voltages v,;-1p, at full load and V;,=580V. There
are three voltage levels on the primary side voltages 1,1,
The measured waveforms of the primary side currents at full
load and F,=580V are shown in Fig. 9. The current
waveforms in the primary side of two circuit modules are
balanced and phase-shifted by one-fourth of switching period.
Fig. 10 shows the measured results of the secondary side
currents of circuit module 1 at full load and F,=580V. The
output diode currents and the filter inductor currents of two
current doubler rectifiers are balanced. Fig. 11 illustrates the
measurad output currents of two circuit modules at full load
and V;,=580V. It is clear that the output currents of two circuit
modules are balanced.

E T 1
T 1
L I L L R L

J’..‘.;“ : * j;H.HHmL .

Fig. 4 Measured PWM waveforms of switches 5,-S5 at full load with input
voltage V=580V
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Fig. 5 Measured waveforms of the gate voltage and drain voltage of switches
S; and S; at V=480V and 25% load.
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Fig. 7 Measured waveforms of the flying capacitor voltages and
blocking voltages at full load with input voltage F;,=380V.
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side voltages vy;-vpq at full load with input voltage F;,=380V
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V. CONCLUSION
An interleaved three-level PWM DC/DC converter with
flying capacitor is presented to achieve the features of 1) ZVS
turn-on for all switches from 25% load to 100% load, 2) low
voltage stress of active switches Ve, =Fy/2. and 3) low
ripple currents at input and output sides using the interleaved
PWM scheme. Phase-shift PWM is adopted to control four

MOSFETSs in each circuit module. Thus the switches can be
turned on at ZVS during the transition interval. The system
analysis, operation mode. circuit characteristics and design
example of the proposed converter are discussed in detail.
Finally, experiments with 1AW prototype are provided to
verify the effectiveness of the proposed converter.
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Abstract—A new DC/DC converter is presented for high input
voltage and high load current applications. In order to reduce the
converter size and achieve high circuit efficiency, MOSFETs with
high switching frequency are adopted in the converter. To
achieve high circuit efficiency, two half-bridge converters are
connected in series to reduce the voltage rating of power switches
and asymmetric pulse-width modulation is adopted to control
output voltage and achieve zero voltage switching turn-on for all
power switches. In order to share the load current and reduce the
current rating of rectifier diodes for high output current
applications, two center-tapped rectifiers are connected in
parallel. The series-connected transformers at high voltage side
are used to balance two output inductor currents. Two series
capacitors are connected at the AC terminals of two half-bridge
converters to balance two input capacitor voltages in every
switching cycle. The output capacitances of MOSFETs and the
resonant inductances are resonant at the transition instant such
that MOSFETs can be turned on at zero voltage switching.
Finally, experiments based on a laboratory prototype with 14W
rated power are provided to verify the effectiveness of proposed
converter.

Keywaords—DC-DC Converter, ZVS.

L INTRODUCTION

Recently high input DC converters have been studied and
developed for many industry applications such as ship electric
power distribution system [1], three-phase switching mode
power supplies, and high speed railway electrical system [2].
Thus, power switches with high voltage rating and low
switching frequency are used for high input voltage
applications. Three-level converters/inverters [3]-[7] based on
neutral-point diode clamp. capacitor clamp or series H-bridge
topologies have been developed to reduce and limit the

voltage rating of power devices. For modern power converters,

the compact size, high power density and high circuit
efficiency are normally demanded. In order to achieve high
power density and compact size for high voltage applications,
power switches with high switching frequency and low
voltage rating such as MOSFETs are adopted in three-level
converters. By using the more MOSFETs. split capacitors and
clamp diodes. the voltage stress of each MOSFET can be
reduced to one-half of DC bus voltage. Therefore MOSFETs
with 600V voltage stress can be used in the rear DC/DC
converter for high input voltage applications. The phase-shift
PWM IC was normally adopted to generate four PWM signals
for power switches with ZVS turn-on at the designed load
range. The center-tapped rectifier or diode bridge rectifier is
adopted in the secondary side for low voltage or high voltage

978-1-4799-3939-8/14/831.00 ©2014 IEEE
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application. Compared to the two-level converters, the three-
level converters have more circuit components and high cost.
Three-level zero voltage switching (ZVS) converters [8]-[13]
have been developed to reduce the switching losses on power
switches such that power converter with high circuit efficiency
can be achieved.

A new soft switching DC converter is presented in this paper
for high input voltage and high load current applications. The
main advantages of the proposed converter are low switching
losses. ZVS turn-on and low voltage rating of MOSFETs. Two
input capacitors and two half-bridge converters are connected
in series at high voltage side to reduce the voltage rating of
MOSFETs at V,/2. Thus, power MOSFETs with 500V voltage
rating can be used in DC converters with 1000V input voltage.
In order to balance two input capacitor voltages, two balance
capacitors are connected in series between the AC sides of two
half-bridge legs. Therefore, two input capacitor voltages can be
automatically balanced in each switching cycle. Two center-
tapper rectifiers are adopted to reduce the current rating of the
transformer windings and rectifier diodes. The primary
windings of two transformers are connected in series in order
to balance the secondary winding currents. Thus, power can be
equally transferred to output load through two center-tapped
rectifiers. Asymmetric pulse-width modulation is adopted to
control four MOSFETs. MOSFETs can be turned on under
ZVS at the transition interval due to the resonant behavior by
output capacitance of MOSFETs and resonant inductance.
Experiments with a laboratory prototype are presented to
demonstrate the performance of the proposed converter.

II.

Fig. 1(a) gives the circuit configuration of the conventional
halt-bridge converter with APWM scheme to achieve ZVS
turn-on for all switches. The voltage stress of power switches
is equal to 7, Power MOSFETs with 600V voltage stress are
normally adopted in the APWM half-bridge converter which
is used after the single-phase power factor corrector. If the
three-phase AC/DC converter with power factor correction is
necessary in the switching mode power supplies, then the
900V voltage stress MOSFETs or 1200V IGBTs should be
used in the second stage DC/DC converter. In order to use the
low voltage stress MOSFETs and high switching frequency,
two APWM half-bridge converters shown in Fig. 1(b) are
connected in series at high voltage side to reduce the voltage
rating of power switches and connected in parallel at low
voltage side to reduce the current rating of passive and active
components. Thus, the voltage stress of each power switch is

CIRCUIT CONFIGURATION
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equal to F;/2. However. the input two split capacitor voltages
can be unbalanced and will result in the unbalanced output
inductor currents.

I

R A

L,
a1, 6 0 | bl

ipenyy HAE Yoyl
! ;47 Lot

_—., Three-Phase
= PFC Cirenit

Fig. 1 Circuit configuration (a) asymmetric half-bridge converter (b) two
series asymmetric half-bndge converters.

Fig. 2 shows the circuit configuration of the proposed
converter. The DC bus voltage after the three-phase power
factor corrector is normally in the range of 750V-800V. Two
input split capacitor voltages Fey; and Fezo can be
automatically balanced by two DC clamped capacitors C,; and
C,.>. There are two series half-bridge converters in the
proposed converter. The first half-bridge converter includes
Cucts St Sz, Ly Ta, Toy Cot, Cogy Cor, Dy, Do, L,y and C,. The
second half-bridge converter includes the components of Cj...
853, 8g Ly, Ty, T, Cry, Crg, Cea, D3, Dy, Loy and C,. Vy, is the
input DC bus voltage and ¥, is the output voltage. C, is output
capacitance and R, is load resistance. C.; and C., are DC
blocking capacitances. C,-C,s are output capacitances of
MOSFETs S,-S,. respectively. L, is resonant inductance. L,;
and L, are the magnetizing inductances of transformers 7;
and 75, respectively. L,; and L,; are output inductances. D;-Dy,
are rectifier diodes. Asymmetric PWM scheme is used to
control MOSFETs §;-5;. S5; and S; have the same PWM
signals and S, and S; have the same PWM waveforms.
However, S; and S, are complementary each other with a dead
time to allow ZVS operation. Cy4; and Cg.» are input capacitors
to split the input voltage (Fege1=Feic2=Vi'2). Cp and C.; are
connected in series between the AC terminals @ and  in order
to automatically balance two input split capacitor voltages
Veaer and Vegeo. If S; and S; are conducting and S; and S, are in
the off-state, then the voltage across C,; and C.; is equal to
Veaer and the voltage stresses of S, and S, are equal to Feayg
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and Fegeo. respectively. If S; and S; are in the off-state and S;
and Sy are in the off-state. then the voltage across C,; and C,;
is equal to Fg and the voltage stresses of S; and S; are equal
t0 Veger and Fegeo, respectively. Based on the on/off states of
S1-Ss two split capacitor voltages Feg;=Vear=Vi/2 and the
voltage stress of 5;-Sy is equal to 7,/2.

I{in
1514
SpiRzT Cr )
Lol
CaciT Val2 | _rrpl_ Vo I,
"0
Salf
[ .
iLo2
5
~— ]
153y 02
RH
CacrVinl2
SyURTL Cry
=2

Fig. 2 Circuit configuration of the proposed converter.

III. OPERATION PRINCIPLE

Fig. 3 shows the key waveforms of the proposed converter
in a switching cycle. The duty cycle of S; and S; is & and the
duty cycle of S; and S, is 1-8 Before the discussion of the
proposed converter. the following assumptions are made to
simplify the system analysis. (a) Two isolated transformers T;
and 7, are identical with the magnetizing inductances
Ly1=Lp:=L,, and the turns ratio n=n,/m =n,/i,. (b) power
switches S;-S; and rectifier diodes D;-D, are ideal. (c¢)
resonant capacitances C,3=C,=C;3=C.=C,. (d) DC blocking
capacitances C.,=C.,=C.. (e) input split capacitances
Cc1=Cgc2. (£) output inductances L,;=L,;. and (g) the energy
stored in resonant inductances is greater than the energy stored
in resonant capacitances such that the ZVS turn-on of all
switches can be achieved. Based on the on/off states of 5;-5;
and D;-D,. the proposed converter has eight operating modes
during one switching cycle. Fig. 4 illustrates the
corresponding equivalent circuits of eight operation modes.
Before time #;. S5, S; and D;-Dy are conducting.
Mode I [fg=t<t;, Fig. 4(a)]: At t. ip;=ip,/~0 such that D, and
D, are turned off. Since L=l
Vimi=Vimr=Vee 2=(Vi/2-vee)/2. The output inductor currents
71,1 and 7r,> both increase with the slope of [(Fi/2-vee )/ 2n-
V,|/L,. Power is transferred from Cy.; and C,; to R, through §;,
83, Cer, Cea, Ty, T3, Ly, Dy, Ds. L,y and L,;. This mode ends at 1,
when S; and S; are off.
Mode 2 [t;=<t<t,. Fig. 4(b)]: At ;. S; and S; are off. Since
it {11)=0. C,; and C,; are charged linearly, and C); and C,; are
discharged linearly. This mode ends at f; when vgo=ve,; and
VYers=Veer
Mode 3 [t,=t<t; Fig. 4(c)]: At f2. veo=vee and vgs=vee. Thus,
the primary and secondary winding voltages of T; and T are
equal to zero voltage and diodes D;-D, are all conducting. The
output inductor voltages vy,; and vr,; are equal to -¥, and the
inductor cwrrents ir,; and ir,; both decrease. Diode currents ip;
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and ip; decrease, and ip; and ipyincrease in this mode. C,; and
C,; are continuously charged. and C,; and C,; are discharged
in this mode. If the energy stored in L, is greater than the
energy stored in C,j-C,,. then C,; and C,4 can be discharged to
zero voltage. At 73. vgo=Vg.s=0. The time interval in modes 2
and 3 can be expressed as:

Car Pl

2C V.
Aty =t -y =—"" (D
FLr(Il)

In order to twm on S, and S; under ZVS, the dead time #;
between 5; and S, should be greater than the time interval Af;;. Car

— 4,
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Fig. 3 Key waveforms of the proposed converter.
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Fig. 4 Operation modes of the proposed converter in a switching cycle (a)
mode 1 (b) mode 2 (c) mode 3 (d) mode 4 () mode 5 (f) mode 6 (g) mode 7
(h) mode 8.

Mode 4 [t;=1<1. Fig. 4(d)]: At 15, C,; and G,y are discharged to
zero voltage. Since ir,(f;) is positive, the anti-parallel diodes of
S; and Sy are conducting at #;. Thus. S; and S, can be turned on
at this moment to achieve ZVS. Since D;-D, are still in the
commutation state. the inductor voltage vr,=-(V;,/2-vee Ve
Thus, i;, decreases in this mode. At f,. diode currents
ip;=ips=0. In this mode. the cumrent wvariation on L, is
Ai;, =1, /n. The time interval in this mode is given as:

LI, LI,

1V [ 2=veey)  mvey
In this mode, S, and S, are in the on-state and vy,;=v;,,=-F,.
Thus, the duty loss in mode 4 is given as:

S A’34 z‘cr“?o.fs

I

T, Vet
Mode 5 [1y=t<fs5. Fig. 4(e)]: At 1. ip; and ip; are decreasing to
zero current. Thus, the inductor current i;, decreases in this
mode. Since the duty ratio of S; and S; is less than 0.5, the
average voltages of C,; and C,, are less and larger than 7,/4.
respectively. Thus, the output inductor cwrrents 7r,; and ir,;
decrease with the slope of [ve/2n-V,]/L,. Power is transferred
from Cy.; and C,; to R, through S, Sy, Cpp, Coo, 71, T2 Ly, Dy,

Dy L,yand L. At 5. S; and S, are turned off.

Mode 6 [t;=1<ts Fig. 4(f)]: At 15. S, and S, are turned off.
Since ir,(t5)<0. C,; and C,; are charged, and C,; and C,; are

Atyy =ty —13

2

3)

oss. 4 T

13

discharged in this mode. In this mode. 77, is almost constant.
At 14, the capacitor voltages veo=vee; and vz =vee.

Mode 7 [te=t<t;. Fig. 4(g)]: At f5 ver=vee and ves=vee.
Therefore, the primary and secondary winding voltages of T;
and T, are all equal to zero voltage. Diodes Dj-D, are
conducting. The output inductor voltages vy, =vr,>=F, such
that i;,; and 7;,; both decrease. In this mode. /p; and ip;
increase and ip; and ipy decrease. C,; and C,; are continuously
discharged, and C,, and C,, are charged. C,; and C,; can be
discharged to zero voltage if the energy stored in L, is greater
than the energy stored in C,;-Coy. At f7. Vo =ves=0. The time
interval in modes 6 and 7 can be given as:
2(-'-?‘?}7!

Atsy =ty —t5 = -

iy (Ij )
The dead time 7; between S; and S; should be greater than the
time interval Afs; in order to turn on S; and S; under ZVS.
Mode 8 [t;=t<tp+T,. Fig. 4(h)]: At f7. ve. =vg3=0. Since iz, (17)
is negative, the anti-parallel diodes of S; and S; are
conducting. Therefore. S; and S; can be turned on at this
moment under ZVS. Since D;-D, are in the commutation state,
the inductor voltage vi,=(V/2-veg = vee: and ip, increases in
this mode. At #+7,. diode cwrrents ip~ip,~0. The current

)

variation on L, is A7 = I o /1 and the time interval in this

mode is expressed as:

ero _ ero

1(Viy I 2=veq)  nvee
In this mode. S; and S; are in the on-state and vy, ;=vy,=-V,.
No power is transferred from input voltage 7, to output load
R, Thus. the duty loss in mode 8 is given as:
A"7’0 Lr' U o f 5

T, Ve

Aty =t; =1y (5)

5.{055.8 = (6)
Then the circuit operations of the proposed converter in one
switching cycle are completed.

IV. CIRCUIT CHARACTERISTICS
Since the capacitance of C,;-C,, are much less than the DC
clamped capacitances C,; and C,. the charged and discharged
times of C,;-C,, at turn-on and turn-off instant in modes 2. 3. 6
and 7 can be neglected to derive the DC voltage conversion
ratio. Thus. only modes 1. 4, 5 and 8 are considered in the
following discussion. The key waveforms of the proposed
converter under the simplified operation modes are shown in
Fig. 5. From the volt-second balance on Z,, L,; and Z,,. the
average capacitor voltages Ve,; and V¢, are derived as:
— (1 - 5)Vm
=

in

Ve = - Veer (7)

where & is the duty cycle of S; and S;. Based on the volt-
second balance on L,; and L,; at steady state, the DC voltage
conversion ratio of the proposed converter can be derived as:

Vo + Vf _ - 252 + 5(2 + 5105:.8 - 5?05:.4) - 5!’05:.8
V; 4n
where Fris the voltage drop on each diode of D;-D,. The final
output voltage ¥, can be obtained from (3) and (6)-(8).

(8)
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v, :%:[5(1_5)_@]_@ ©)

nv,
From (9). the output voltage 7, is a function of duty cycle &.
input voltage ¥;,. switching frequency f. resonant inductance
L,. turns ratio # and load current [,. The average output
inductor currents under the steady state are Iy, ;=I1,,=I,/2. The
ripple currents of output inductors are give as:

V, |2-Vo )2 —(V, +F )
Aipy =Aipyy = ( Bl ( 2 (6~ Ops )T
L (10)
VMTJ S 3 & ‘!L:']of_r(jf)‘_l} 4 Lr]af_r 2
=lnls 18-y 1-28)+ e T 2
41.’1.0[ (=i ) nv,, 1—5( nv, 1

Due t0 ire; o=lces =0, the average magnetizing current can be
derived as Ip,~(1-20)[/n. The average diode currents are

expressed as and

iDray =ip3ay =0, /2
ipaay =ipaay =(1—0)I, /2. The voltage stresses of rectifier
diodes are obtained as Vpjgress = Vpaswess = OFy, /11 and
VD2stress = VD stress = (L — Oy, /1. The s currents of S;-S,
are expressed as g . =iy = (3—48), V& i(2m) and
53 ms =isams = (@6 1)1, V1-8/(2n) . The voltage ratings

of S;-S, are clamped at V,/2.
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Fig. 5 Mamn PWM waveforms of the proposed converter based on the
simplified operation modes.
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Fig. 6 Measured PWM waveforms of §;-5; under 25% load and 800V mput
voltage
N EXPERIMENTAL RESULTS
Experiments based on a laboratory prototype are presented
in this section to verify the effectiveness of the proposed
converter for high input voltage applications. The circuit
electric specifications are V=750-800V. V,=24V. P =1kW.
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The switching frequency is 100kHz. Power MOSFETs
IRFP460 are used for active switches $;-S;. The DC blocking
capacitances Co1=C2=200#%F. Input capacitances
Cer=C4-2=6804F. The resonant inductance L,=214H. Turns
ratio of transformers of 7; and 7, is 22:10:10. The
magnetizing inductances of 7; and 7, are L,;=L,,=400uH.
The fast recovery diodes 60CPQ150 are used for D;-D,. The
output inductances L,;=L,; =204H. The output capacitance is
C,=44004F. Fig. 6 illustrates the measured PWM waveforms
of §;-S; at 25% load. Fig. 7 gives the measured gate voltage.
drain voltage and switch current of switches S;-S; at ¥;,=800V
and 25% load condition. The drain voltages vgj g-vss4 have
been decreased to zero voltage before switches S-S, are
turned on. Since power switches are difficult to achieve ZVS
at light load and easy to implement ZVS at full load. it is clear
that §;-5 can be turned on under ZVS from 25% load from
Fig. 7. Fig. 8 gives the measured voltage waveforms vey;.
Vede. Veel- Vieer and vietvees at full load. It can be observed
that three voltages vey . Veger and v tve,, are balanced. Fig.
9 shows the measured waveforms of v g. i1, Ve and ve; at
full load. When §; is in the on-state, 7;, increases. On the other
hand. 7;, decreases if S; is in the off-state. Fig. 10 gives the
measured waveforms of v g ipj-ips. izo; and iz, at full load
condition. Two output inductor currents 7;,; and 7, are
balanced each other.
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Fig. 7 Measured gate voltage, drain voltage and switch current of switches at
V=800V and 25% load condition (a) 5; (b) 5: (c) S5(d) S
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Fig. 8 Measured voltage waveforms veger. Veaer. Veer. Veer and veetvee: at full
load under 800V mput voltage.
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Fig. 9 Measured waveforms of vs; g. iz Voo and ve at 800V mput
and full load.

voltage

l‘z.\'j‘g\ 2
|
.

[

10!

" ing in2 r
¥ X I
»l M o }[N
ips ing 3
:< >< E[;é
. st . I T g W . }
o o ]
Pl Tt %
B> Pamppe e L ”'(wjj E g
o 12
BRI ) s L0I 1102 18
fE
2us 3
1 Lo b b byl RN N AN O S NN ST NN NN T B W |

Fig.10 Measured waveforms of vs; . ip1-ips. iz01 and iz, at full load condition.
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VI. CONCLUSION

This paper presents a new series APWM converter for high
input voltage and high load current applications. Two half-
bridge converters are connected in series to reduce the voltage
stress of power switches at 75,/2. Thus. MOSFETs with 500V
voltage stress can be used at 800V input voltage applications
to achieve high switching frequency. low converter size and
high circuit efficiency. Two series capacitors are connected at
the AC terminals of two half-bridge converters in order to
balance two input capacitor voltages in every switching cycle.
Since APWM scheme is adopted to regulate output voltage.
power switches can be turned on under ZVS within the
desired load range and the magnetic flux can be reset. Two
center-tapped rectifiers are used in the secondary side to share
load current for high output current applications. Finally.
experiments with 1AW prototype are provided to demonstrate
the performance of the proposed converter.
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