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Resonant Converter with F lying Capacitors —
Analysis and Expe riments
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Abstract—This paper presents a new resonant converter to
achieve soft switching on power devices. Two full-bridge
converters are connected in series to ciamp the voitage stress of
power switches at ¥,/2. Thus, power MOSFETs with 650V
voltage rating can be used for 1300V input voltage applications.
Two flying capacitors are connected on the AC side of two full-
bridge converters to automatically balance two split input
capacitor voltages in every switching cycle. Two resonant tanks
are used in the proposed converter to share load current and
reduce the current stress of passive and active components. If the
switching frequency is less than the series resonant frequency of
the resonant tanks, power MOSFETs can be turned on under
zero voltage switching and rectifier diodes can be turned off
under zero current switching. The switching losses on power
MOSFETs are reduced and the reverse recovery loss is
improved. Experiments with a 1.5kW prototype are provided to
demonstrate tiie performance of the proposed converter.

Keywords—Resonant converter, ZVS

L.

Three-level converters or inverters have been pmn@sed for
high voltage applications such as high speed railway electrical
system [1], three-phase high power factor correction converter,
ship electric power distribution system [2], reactive power
compensator [3]-[5] and AC motor systems [6]-[8]. Three-
level converters/inverters [3]-[8] with neutral-point diode
clamp, capacitor clamp or series H-bridge topologies have
been proposed and developed to decrease the voltage stress of
power devices and increase the switching frequency. Thus, the
size of passive components can be decreased. For modern
power converters, the compact size, high power density and
high circuit efficiency are normally demanded. Thus, three-
level converters [9]-[14] with zero voltage switching (ZVS)
have been proposed to reduce the switching losses on power
devices at the desired load range. Based on the resonant
behavior by the leakage inductance and the resonant
capacitance, the power switches can be turned on under ZVS
dnrm_o the transition interval. However, the ZVS range of
power switches is depended on load power and input voltage
conditions. Thus, it is very difficult to design a ZVS three-
level converter with a wide range of load condition. Recently,
resonant converters [14]-[16] have been drawn attention due
to its essential advantages of high conversion efficiency and
wide ZVS range of ioad condition. If the switching frequency
is less than the series resonant frequency, the rectifier diodes
at the secondary side are operated under zero current
switching (ZCS) and power switches are operated under ZVS
turn-on. Thus, the reverse recovery losses of diode rectifier are
improved and switching losses of power switches are reduced.

INTRODUCTION
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However, the voltage stress of power switches in conventional
resonant converter is equal to imput DC bus voltage. In
conventional three-level resonant converter [17]-[18],
input split DC voltages cannot be balanced automatically in
every switching cycle.

This paper presents a new resonant converter to have the
functions of low voltage stress of power switches, low
switching losses and the balanced input capacitor voltages in
every switching cycle. Two full-bridge resonant converters are
connected in series at high voltage side to limit the voltage
stress of power switch at V,/2. The secondary sides of two
full-bridge converters are connected in parallel to share load
current and reduce the size of active and passive components.
In order to balance two input capacitor voltages, two flying
capacitors are connected between the AC sides of two full-
bridge converter legs. Thus, the input capacitor voltages can
be automatically balanced in each switching cycle. The pulse
frequency modulation is adopted to regulate the output voltage.
The input impedance of the resonant converter is controlled as
an inductive load at the switching frequency. Thus, power
switches can be turned on under ZVS with a wide range of
load condition. If the switching frequency is lower than the
series resonant frequency, then rectifier diodes can be turned
off under ZCS. The system analysis, circuit characteristics and
design example of the prototype circuit are discussed in detail.

Finally, experiments are provided to demonstrate the
performance of the proposed converter.
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Fig. 1 Proposed ZVS converter with two full-bridge resonant circuits and two
flying capacitors.
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The circuit configuration of the proposed converter is
shown in Fig. 1. The front stage of this converter is a three-
phase power factor corrector to achieve high power factor.
The input DC bus voltage V;, of the second stage DC/DC

CircuIT CONFIGURATION

—_



converter is normally regulated at 750V-800V for a three-
phase 480V AC voltage system. Two full-bridge resonant
converters are connected in series at high voltage side to
reduce the voltage stress of power switches and to achieve
high circuit efficiency due to ZVS turn-on for each power
switch. The secondary sides of these two converters are
connected in parallel in order to reduce the current stress of
passive and active components. In order to automatically
balance two input split capacitor voltages vy, and veys, two
flying capacitors Cy; and Cp; are connected at the AC terminal
points (a, ¢) and (b, ). Thus, two split capacitor voltages and
two flying voltages are automatically balanced,
Veumr=Vemr=Ver=vee=Vu/2, in a switching cycle. Cy,; and Cy,»
are input split capacitances. 5;-S; are power MOSFETs. L,
and L, are resonant inductances. C,; and C,, are resonant
capacitances. C;-Cy are output capacitances of S-Sy,
respectively. D;-D, are rectifier diodes at output side. L,,; and
L, are the magnetizing inductances of transformers 7; and 7',
respectively. C; and Cp are flying capacitances. C, is output
capacitance. Two full-bridge resonant converters are used to
regulate output voltage. The first resonant converter includes
Cints S1-84, C-Cy, Cpps Liy, Ty, Dy, D and C,. The components
of the second resonant converter are C,2, S5-Ss, C5-Cs, Crz, Lra,
T, D3, Dy and C,. Cq and Cp; are used to balance vy, and
Vi in every switching cyele. The voltage stress of each
power switch is clamped at V;,/2. Therefore, MOSFETs with
500V or 600V wvoltage stress can be used at 800V input
voltage condition. The pulse frequency modulation scheme is
adopted to regulate output voltage. If the switching frequency
is less than the series resonant frequency at full load and
maximum input voltage case, power switches §,-S; are turned
on at ZVS and rectifier diodes D;-D, are tumed off at ZCS.
Thus, the switching losses of power switches are reduced and
the reverse recovery losses of rectifier diodes are improved.
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Fig. 2 Key waveforms of the proposed converter.

[II.  OPERATION PRINCIPLE

In this section, the system analysis and operation principle
of the proposed converter are discussed by the following
assumptions. (1) Transformers 7; and 7; have the same

magnetizing inductances L,;=L,.=L, and turns ratio
n=ny/ng=n,/ng, (2) S-Sy are ideal and have the same output
capacitances C;=...=Cy;=C,,, (3) diodes D,-D, are ideal, (4)
resonant inductances L,,=L,-=L,, (5) resonant capacitances
C,=C,:=C,, (6) C, is large enough so that ¥, is a constant
voltage, (7) V(_'mFV(_'fnz=I/'(._'ﬁ=Vq:=V;nf’2= and (8) Cy;=Ciyz
and Cy=Cp. Pulse frequency modulation is adopted to
change the input impedance of the proposed converter such
that the output voltage is regulated at the desired voltage
value against the different input voltage and load conditions.
Based on the on/off states of S-Sy and D;-D,, six operating
modes can be derived in a switching period. Fig. 2 shows the
key PWM waveforms of the proposed converter. The duty
cycle of 5;-5; is 0.5. §;, Sy, S5 and Sy have the same PWM
waveforms. In the same manner, S>, S; S5 and S; have the
same PWM waveforms. However, the PWM waveforms of S;
and S, are complementary each other. The equivalent circuits
of each operation mode are shown in Fig. 3. Before time ¢,
S1-8s, D> and Dy are all in the off-state. Capacitors C;, Cy, Cs
and Cy are discharged, and C;, C;, Cy and C; are charged.
Mode 1 [ty=<t<t;]: At t,, C;, Cy, Cs and Cy are discharged to
zero voltage. Since #;,, and i/, are both negative, the anti-
parallel diodes of 57, Sy, Ssand Ss are conducting. Therefore,
S, 84 Ssand Sy can be turned on at this moment to achieve
ZVS. The flying capacitor voltages vey=Ve, and veo=ves.
The voltage stresses of S; and S; are equal to V,, and the
voltage stresses of S, and S; are equal to Vg, In resonant
circuit 1, iy, ;>i;,; and diode D; conducts. Thus, v;,,;=nF, and
i 18 increasing in this mode. C,; and L,; are resonant with
the initial voltage V,,/2-nV,-v¢.(t;). Similarly, C; and L,, are
resonant with the initial voltage V,/2-nV,-vi.(ty) in the
second resonant circuit and i;,,> is also increasing. The input
power is transferred to output load through (S;, L,;, T}, S D))
in resonant circuit 1 and (S5, L2, T, Sy, D3) in resonant circuit
2

Mode 2 [t;<t<t;]: At ¢y, iy =ipm and ip.o=i;,;. Then diodes
D;-D, are all off in this mode. Since §; and §; are still
conducting, C,;, L,; and L,,; are resonant in resonant circuit 1.
In the same manner, S5 and Sy are still conducting such that
C,2, L, and L, are resonant in resonant circuit 2.

Mode 3 |t;<4<¢3]: At 15, 55, Sy, S5 and Sy are turned off and
diodes D, and Dy are conducting. Thus v;,,;=v;,-=-nV,. The
magnetizing currents iy,,; and i;,,> decrease with the slope of -
nV,/L,. Since iy, (t;)>0 and i;,x(t:)>0, C;, Cs, C; and Cy are
charged and C», C;, Cy and C; are discharged. If the energy
stored in L,; and L,; at /5 is greater than the energy stored in
C;-Cy, then Cs, C; Cy; and C; can be discharged to zero
voltage at time /5.

Mode 4 |t:5t<ty]: At 13, Cs, C3, Cs and C; are discharged to
zero voltage and the anti-parallel diodes of S, 53, S; and S;
are conducting. Before i;,; and i;,» are negative, S5, 5, S; and
§; can be turmed on at this moment under ZVS. Since D, and
Dy are conducting, vp,~vi,—-nV,. Thus, iy,; and iy,>
decrease in this mode. The voltage stresses of S, and S, are
equal to Ve, and the voltage stresses of Ss and Sy are equal
to Ve The flying capacitor voltages veynp =V and
Vep=Ve- In circuit module 1, C,; and L, are resonant with
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the initial voltage nV,-V;,/2-ve,(t5). Similarly, C,> and L, are
resonant with the initial voltage nV,-V;/2-veo(t;) in the
second resonant circuit. The input power is transferred to
output load through (S;, L,;, T}, Ss, D:) in resonant circuit 1
and (S», Lz, T, S5, D) in resonant circuit 2.

Mode 5 [tyt<ts]: At ty, ip=ip,,; and i;,>=i;,,> Thus, diodes
D;-Dy are all off. Since 5., 53, 55 and S; are still in the on-state,
C,;, L,; and L,,; are resonant in circuit 1 and C, L,> and L,,>
are resonant in circuit 2.The flying capacitor voltages
ven=Vem: and vep=vey, in this mode.

Mode 6 |ts<t<THy): At ts, S2, 53, S5 and S» are turned off and
diodes D; and D; are conducting. Magnetizing voltages
Vemi=Vima=nV,. Thus, i,,; and i, increase in this mode. Since
i and iz,» are negative, C;, C,, Cs and Cy are discharged and
C,, C;, Cg and C; are charged. If the energy stored in L,; and
L,> at 15 is greater than the energy stored in C;-Cy, then C;, C,,
Cs and Cy can be discharged to zero voltage at time 7.+,
Then, the operating modes of the proposed converter in a
switching cycle are completed.

Vi 1,

&l

2014 IEEE 9th Conference on Industrial Electronics and Applications (ICIEA)

iv¥ Ca ¥ Dy
(c)
Vin
¥ Vo,
S: >
| i

>

Ciy,

St g
fur¥

(e)

.rs_.+|
7, 5
Ci Li
i =) a .’Jl
Sy N b A
Vour o
ion¥ s, 1B "
+ iw¥ +fer
Cpe e

Vip

163



J”*‘_{‘.‘ il D Vi I,
xS
Cor Lot e " 4
= a m_[%ﬁ b 7 T
[y S oo Ly
VO fipyy .
; Cy
i ¥y Tz e i
o o ' !
4] i 2 is 4|02
Cam 4 Cpee
s . h-* s D;
o g T
[T i 15T > :
~ L on f
el b rvn.[?’}' d|
S =y ™= Il T:

-

ipp2

okd
ki

i W] ¥

(0
Fig. 3 Operation modes of the proposed converter in one switching cycle (a)
maode 1 {(b) mode 2 (c) mode 3 {d) mode 4 (e) mode 5 (f) mode 6.

IV. Circuir CHARACTERISTICS AND DESIGN EXAMPLE

The output voltage of the proposed converter is based on
the pulse frequency modulation. Thus, the fundamental
harmonic approach with variable switching frequency is used
to approximately analysis the steady state of the proposed
converter. The power transfer from input terminal to output
load through two full-bridge resonant tanks is depended on
the switching frequency. All harmonics of the switching
frequency are neglected in the flowing discussion. Fig. 4
shows the equivalent circuit of the proposed converter for the
derivation of steady state model. The equivalent circuit
components in two resonant tanks are identical. Each
resonant tank is supplied one-half of input power to output
load. Since the duty ratio of each power switch 1s equal to 0.5,
the input AC voltages v,;, and v,; of resonant tanks are the
square waveforms with two voltage levels F;/2 and -V7,/2.
The AC wvoltages v,;, and v, can be expressed as the
fundamental frequency term and harmonics term.

2’”’!‘”

"ac(l) "m’('r) =

: - 2V, .
snu::)sr+2—”'s.mn.a)sr=vf+vpI ()

n=2

From (1), the fundamental root-mean-square (rms) value of
v and v,y is equal to ﬁVl.nf;r, Due to the on-off states of
D-D,, the fundamental sms value of the magnetizing
=2\2n¥, /7 .
Since the average output current of each center-tapped
rectifier is equal to 7,/2, the rms value of the secondary
=, /42 .
Therefore, the load resistance R, reflected to the transformer
primary side can be expressed as:

voltages is expressed a5 Vi, =Vim2ms

winding currents is equal o i .0 =i 5 pms

2

v 16n~
Lml pms

Rac,l — Rac,? = Ra(‘ T T

7 R @)
ITl,rm.v,.s‘ In -

The resonant tank is excited by an effectively fundamental
sinusoidal input voltage v, and drives the effective AC

resistive load R,.. Pulse frequency modulation (PFM) scheme
is adopted to regulate the AC voltage gain of the proposed
converter. The AC voltage gain of the resonant tank can be
expressed as:

2

[
: ' Forwn  eonife i
G, (f)=1/ N+k(1 -z sl 1B
|G ()= V[ ( j;*)] +0 (fr f.c) 3)
whers olEE[ECY » 0=JLACIR, - =Ll

C,=C.-=C,, L;=L.:=L, and f, is the switching frequency.
The DC voltage gain G, of the proposed converter is given
as:
2n(V, +V,)
wm—g @)
where Vyis the voltage drop on rectifier diodes D;-D,. If the
mput and output DC voltages are given, the operating
switching frequency can be obtained by G =G,,.
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Fig. 4 Equivalent circuit of the proposed converter for the derivation of
steady state model.

Gad [0 ' '

P

Gemar=l 11 G piy=1.04
/

| L |
05 1 L5 F=f4,
Fig. 5 Gain curves of proposed resonant converter with Vi, =750V and
Vinma=800V.

A laboratory prototype is implemented with the following
electric specifications: V;,,=750V-800F, V,=48V, P,=1500W¥,
series resonant frequency f,=120kHz. The primary and
secondary winding turns of transformers 7, and T, are 34
turns and 4 turns, respectively. Thus, the minimum and
maximum DC voltage gains of resonant converter are
expressed as:
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2V, +V,) 2x(34/4)x(48 +1.1)

G g =1.04 (5
dc min Vm’max 200 ()
2u(V, +V
- nv, f)=2><(34}'4)><(4S+1‘1)=1‘11 ®)
o Vi’n,min 750

The AC equivalent resistance R, at full load condition are
given as:
2
R, =27 R _1g00 @
2
In the prototype circuit, the selected inductance ratio of L,
and L, is k=L/L,=0.2.The AC voltage gain curves of the
proposed converter with different quality factor @ and
frequency ratio F at k=0.2 are illustrated in Fig. 5. From Fig.
5, it is observed that the output voltage can be regulated if the
quality factor Q<0.5 at full load. Therefore, 0=0.5 at full load
is selected in the prototype circuit. The AC voltage gain of

the proposed converter at no load condition (Q=0) is given as:

|Gm(fl?)|{,:w;_:mm L(L+k)=1(1+1/5)=0.83 <Gy ;i (8)

Therefore, the output voltage V, can be regulated at no load
condition. Based on the derived R, k, Q and f, the resonant
inductances, the magnetizing inductances and the resonant
capacitances can be obtained.

OR 0.5x180
TEN, O S o N o Y | ) 9
r 7l r2 27?,— 2}:)(120)(103 .HH ( )
Lm1=Lm,=L,fk=M=550yH (10)
- 145
Chr=lE5 ! 16nF (11)

e
The wvoltage stress of S;-Sy is equal to Vj, ,.,/2=400V.
MOSFETs IRFP460 with 500V/20A rating are selected for
8)-Ss5. The voltage stress and average current of D;-Dj are
equal to  2(V, +Vj-)=98A2V and [ /4=T784

respectively. Diodes KCU30A30 with 300V/30A rating and
1.1V voltage drop are adopted for D;-D, The adopted
capacitances C;,;=C,;=470uF/450V, C;p=Cp=100nF/630V
and C,=22004F/100V.

V. EXPERIMENTAL RESULTS

The prototype circuit with the circuit components derived
in the previous section was tested to demonstrate the
performance of the proposed converter. Fig. 6 gives the
measured results of the gate voltages, AC terminal voltages
resonant inductor currents and resonant capacitor voltages at
full load. Two inductor currents and two capacitor voltages
are balanced under the test results. Fig. 7 gives the measured
switch currents ig; and is, inductor current i, and flying
capacitor current icy at full load. In the same manner, the
measured switch currents ig; and ig,, inductor current i;,; and
flying capacitor current i¢y at full load are shown in Fig. 8.
Fig. 9 gives the test results of two input capacitor voltages
Ve and v, and two flying capacitor voltages at full load
and 800V input voltage case. It is clear that two input
capacitor voltages vy, and vey,: are balanced at 400V and
Vea=Ver=Vemi—Veme= Vil 2. Fig. 10 shows the measured diode

currents and two circuit output currents at full load condition.
The output currents #,; and i, are balanced.

10V

300V 10V

500V

A

I

SA

S00% 500V

Fig. 6 Measured results of the gate voltages vsi g and vszg, AC terminal
voltages v, and v.; resonant inductor currents i, and i, and resonant
capacitor voltages vi,; and v at full load.

157

E
T T T

Fig. 7 Measured switch currents is; and is», inductor current iy, and flying
capacitor current igy at full load.

Fig. 8 Measured switch currents ig; and ig,, inductor current iy, and flying
capacitor current igeat full load.
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Fig. 9 Measured results of input capacitor voltages and flying capacitor
voltages at full load and 800V input voltage case.
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Fig. 10 Measured diode currents and two circuit output currents at full load
condition.

VI. CONCLUSION

This paper presents a new full-bridge resonant converter to
have the functions of low voltages stress MOSFETs, ZVS
turn-on for MOSFETs, no reverse recovery current on rectifier
diodes, the balanced two input capacitor voltages and high
circuit efficiency. Two half-bridge converter legs with two
spilt capacitors are adopted to reduce the voltage stress of
MOSFETs at V,/2. Therefore, the proposed converter is
suitable used in high input voltage applications. Two flying
capacitors C; and Cp; are used to automatically balance two
input capacitor voltages in every switching cycle. Two
resonant circuits are used to increase the load power and
achieve ZVS for all power semiconductors. The system
analysis, design example and experiments are presented to
demonstrate the effectiveness of the proposed converter.
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Asymmetric PWM Converter for High Load Current
Application

Bor-Ren Lin and Hao-Ping Yeh
Department of Electrical Engineering
National Yunlin University of Science and Technology, Yunlin 640, Taiwan

Abstract—A soft switching converter using low voltage and
low current stresses of power components is presented for high
input voltage and high output current applications. Two input
capacitors and four power MOSFETs are adopted at high
voltage side in order to reduce the voltage stress of power
switches. Thus, the voltage stress of MOSFETs is clamped at
Viu/Z. Two flying capacitors are adopted at the AC side of two

half-bridge converter legs to balance input two capacitor voltages.

Three center-tapped rectifiers are used at low voltage side in
order to share load current and reduce the size of magnetic core
and current stress of passive components. Asymmetric pulse-
width modulation is used to generate the gate signals of power
MOSFETs and regulate output voltage. Based on the resonant
behavior at the transition interval, all power switches can be
turned on under zero voltage switching. Finally, experiments are
provided to verify the effectiveness of the proposed converter.

Keywords—PWM converter, ZVS

I.  INTRODUCTION

High efficiency power converters have developed and used
for portable computer power supplies, telecommunication
power units, industry power supplies, data storage systems
and server power units. For low power applications, single-
stage power converters are normally used in commercial
products in order to reduce circuit cost and provide the stable
DC output voltage. Two stage power converters are widely
used for moderm power units. The first stage is a power factor
corrector (PFC) based on boost converter to achieve high
power factor and reduce line current harmonics. In the second
stage DC/DC converter, flyback, forward, half-bridge
converter and full-bridge converter are adopted to provide the
stable DC output voltage against load current variation. Soft
switching techniques such as active clamped circuits [1]-[3],
asymmetric pulse-width modulation (PWM) [4]-[5], resonant
converters [6]-[8] and phase-shift PWM [9]-[10] have been
developed in order to reduce the switching losses and
increase circuit efficiency if power converters are operated at
high switching frequency. For high voltage application, three-
phase AC voltage with power factor correction is adopted in
the front stage of AC/DC power converter. The DC bus
voltage can be equal to 750V-800V. Thus, the low cost
MOSFETs with 500V-650V voltage rating cannot be used in
the conventional DC/DC converter such as half-bridge and
full bridge converters. Three-level converters [11]-[12] based
on neutral-point diode clamp, capacitor clamp or series H-
bridge topologies have been proposed to decrease the voltage
stress of power devices and increase the switching frequency.
Three-level ZVS converters [13]-[14] have been proposed to

978-1-4799-4315-9/14/$31.00 (©)2014 IEEE

achieve soft switching for all switches at the desired load
range. However, the circuit components and the control
scheme are much more complex compared with the
conventional DC converters.

A new ZVS converter with low voltage stress MOSFETs
and low current stress rectifier diodes is presented for high
input voltage and high load current applications. Two split
input capacitors and two half-bridge legs are adopted at high
voltage side to reduce the voltage stress of MOSFETSs at V,/2.
Two balance capacitors are adopted between the AC sides of
two half-bridge legs in order to balance two split capacitor
voltages. For high load current application, three center-
tapped rectifiers are used in order to reduce current stress of
passive components at low voltage side. Thus, low current
stress and small size of passive components can be used at
output side. Asymmetric PWM scheme is adopted to generate
PWM signals of MOSFETSs and regulate output voltage at the
desire voltage level. Power MOSFETSs can be turned on under
ZVS during the transition interval due to the resonant behavior
of output capacitance of MOSFETs and leakage inductance.
Compared with the conventional parallel three-level
converters (with three circuit modules by 12 MOSFETs, 6
clamped diodes, 3 flying capacitors and 3 center-tapped
rectifiers), the proposed converter (with 4 MOSFETs, 4 DC
blocking capacitors and 3 center-tapped rectifiers) has less
circuit components under the same input voltage and output
current specifications. The general PWM commercial IC and
gate drives are used to generate four gate voltages of
MOSFETs. Finally, experiments based on a laboratory
prototype were provided to verify the performance of the
proposed converter.

Corer

M Three-Phase
PFC Civeutt

Vi Vg Ve

Crer sl

s Lo
Fig. 1 Circuit configuration of the proposed converter.
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. Crcurt CONFIGURATION AND OPERATION PRINCIPLE

The circuit diagram of the proposed converter is given in
Fig. 1. The front stage is a three-phase power factor corrector
to achieve the functions of power factor correction and DC
bus voltage regulation. The DC bus voltage V;, is normally

regulated at 750V-800V for three-phase 380/480V AC voltage.

Two split capacitors and four power switches are adopted at
high voltage side in order to limit the voltage stress of power
switches at V;,/2. To avoid the unbalance input capacitor
voltages, two series capacitors C; and C; are connected in
series at AC terminals @ and ¢. When §; and S; are conducting
and S; and S are off. The voltage across C,; and C,; is equal
to V. On the other hand, the voltage across C,, and C,; 1s
equal to Fey> if S; and S, are conducting and S; and S; are off.
Thus, two split capacitor voltages Vg and Vego can be
automatically balanced in a switching cycle and
Veder=Veder=Vertves=V/2. The DC/DC circuit cells are
adopted to reduce the current rating of passive components
including diodes, transformers and inductors, share the load
current and regulate output voltage at the desire voltage level.
The first circuit cell includes Cy.;, S;, 85, C,p, Coo, Ly, Ty, C,
Dy, D, L,; and C,. The second circuit cell includes Cy.j, Cys.
S8i-84 Cy-Cr, Cs, Cy, T, Ly, D3, Dy, L,; and C,. The third
circuit cell includes Cy.», 83, S, Co3, Crgo T3, L3, Cy, Ds, Dy, Loz
and C,. Vi and ¥, are input and output DC bus voltages. Cj.;
and C, are input two capacitors to split input voltage
(Veae:=Veae=Vi/2). The voltage stress of each power
MOSFET is clamped to V;/2. C,-C,; are the output
capacitances of §;-S,, respectively. L,;-L,; are the resonant
inductances or leakage inductances of 7}-7}, respectively. L~
L,,; are the magnetizing inductances of T,-T5, respectively. Tj-
T; are the isolation transformers. DD;-D; are rectifier diodes.
C;-C, are DC blocking capacitances. C, is output capacitance.
The duty cycle control is adopted to generate gate voltages of
S8;-8; and regulate the output voltage. Due to the resonant
behavior by C,;-C,; and L,;-L,;, §;-S; can be turned on under
ZVS at the transition interval. Thus, the switching losses of 5;-
5, are reduced.
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Fig. 2 Key wavefoms of the proposed converter.
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The operation principle of the proposed converter is based
on the following assumptions. Three isolated transformers T';-
T; are identical with L,,=L,,=L,;=L, and tums ratio
=y =m/Ng. Ly=Ls=L.=L<<L,. C,=C,,=C3=C.~C.
C=C=2C=2C=C>>C,. L,=L,»=L,;=L, Input split
capacitances Cy;=C4.:=C,.. The key PWM waveforms of the
proposed converter in one switching period are shown in Fig.
2. The duty cycle of §; and S; is &, and the duty cycle of S;
and S, is 1-6. Based on the on/off states of S;-S; and D;-D,
there are eight operating modes in a switching cycle. The
corresponding equivalent circuits of the proposed converter
during one switching cycle are given in Fig. 3. Before time 7,
S;, 83 and D-Dy are conducting.

Mode I [ty<t<t;]: At tg, ip/=ip~ip~0 so that D;, D, and D;
are turned off. The voltage stresses of S, and S, are equal to
Veer and Vg, respectively. The voltage across C; and C; is
equal to Vegp Since L,>>L,, vir=ver, Vime=Vi/2-ve=ves
and vy, ~V/2-ve,. The output inductor currents ip,;-ij,;
increase in this mode. Power is transferred from V), to R, in
this mode. At ¢;, power switches §; and S; are turned off.
Mode 2 [t;<t<t;]: At t;, §; and S§; are turmed off. Since
(=0, dp,5(4)>0 and ip5(t;)>0, C,; and C,; are charged and
C,> and C,; are discharged in this mode. i,,-i;,.; and iy, ;-ip,3
are almost constant in this time interval. At time 5, v =ver,
Ve =Ven Vas=Ves and vey=vey.
Mode 3 [t:<t<t5]: At time 15, Ve =Vey, Vea=Ves, Veri=Ves; and
Verg=Vey. Thus, the primary and secondary winding voltages of
T,-T; are all equal to zero voltage. Diodes D;-Dj; are all
conducting so that the output inductor voltages
Vioi=Vio7Vie7—V,. Inductor currents i;,;-i;,; all decrease in
this mode. ip;, ing and ipg increase and iy, in; and ip;decrease.
Since i,;<0, i,»>0 and i;,3>0, C,; and C,; are continuously
charged and C,; and C,; are discharged in this mode. If the
energy stored in L,;-L,; is greater than the energy stored in
C,;-C,y, then C,; and C,, can be discharged to zero voltage at
time #;.
Mode 4 [t;=t<t,]: At time t;, C,; and C,y are discharged to zero
voltage. The voltage stress of §; and S; is clamped at V;,/2.
Since ip(t:)<0, ipo(t5)>0 and ips(45)>0, the anti-parallel
diodes of S and S, are conducting. S> and S, can be turned on
at this moment to have ZVS operation. In mode 4, D;-D; are
all conducting so that v, =Vu/2-vey, via=ves, vis—vey and
Vigl =Viar=Via3=-F,. Thus, i;,, increases and i,,,, i;,; and i;,;-
irp; decrease. At time fy, ips, ipy and ips are all decreasing to
zero ampere. [n this mode, the inductor current variations
Aidp-Aizare equal to 2/,/(3n). In mode 4, S and Sy are both
conducting. However, D;-D; are conducting. Thus, no power
is delivered from input voltage to output load. The duty loss in
mode 4 is expressed in (1).
_N_}'_ ZIOLrst s ZIaLrJ(.‘c e ZIaLrJ(.‘t (1)
T 3n,/2-ve)  3mvg
Mode 5 [ty<t<t5]: At time 1y, ips, ip; and ips are all decreasing
to zero ampere. Thus, D,, D; and D; are off. The voltage
stresses of S; and S; are equal to Ve and Vs, respectively.
The voltage across C; and C; is equal to Vg In mode 5,

3Invey
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Vemr=V il 2-vey, Vime=ves and vy, =-vey. The duty cycle dof §;
and S; is less than 0.5. Based on the voltage-second theorem
across the primary side of T-T;, the average capacitor
voltages Vi; and Vi; are greater than V,/4 and the average
voltages Ve, and Vg, are less than V, /4. Thus, the output
inductor current iz,;-ir,; decrease in this mode. In this mode,
power is transferred from input voltage to oufput load. At
time 75, S> and S, are tumed off.

Mode 6 [ts<i<ts]: At t5, S; and S, are tumed off. Since
ib!(15)>0a Ib_':(f_;)<0 and i&}(r5)<0a Cr.f and er arc diSChﬁTgEd
linearly, and C,, and C., are charged linearly. In this mode,
ip-iz; and i ,;-i;,; are almost constant. At time 5, Vo, =ver,
Vera=Ve, Vars=Ves and Ve =vey.

Mode 7 [f§§<i‘7]: At time f5, Vo 1=Ver, Var=Ves, Vai=Ve; and
Vers=ves. Thus, the primary and secondary winding voltages of
T'}-T; equal zero voltage. Diodes D -D; are conducting and the
output inductor voltages v, =Vi=Vie=-Vo i all
decrease in this mode. ip;, ip, and ip4 decrease and ip,, ip; and
ips increase. Since ir,;~0, ir,»<0 and i;,3<0, C,; and C,; are

i53y] ct

Ty ==V

T2 T

+
1Cy T; Caf:"r.a

ig,¥ ,L,.’,S [ﬁ?ﬁ]

Ty L

S
¥

51

discharged and C,, and C,, are charged. If the energy stored in :,,,, a2 Vgl
L,-L,; is greater than the energy stored in C,;-C,., then C,; and é ?’3 Loz 3
C,; can be discharged to zero voltage at time #,. : é D,
Mode 8 [t;st<1y+T,]: At t;, C,; and C,; are discharged to zero isy| clan " )
i 2 T ey, %
voltage and the voltage stresses of S5 and S, are clamped at L |
. - . . 5 l"‘\j
Veaer and vy, respectively. Since #p,(17;)=0, ip(t7)<0 and cdﬂzéjig T,
ir,3(17)<0, the anti-parallel diodes of §; and §; are conducting. Lo ret é Ds
. - ok
Therefore, §; and S; can be turned on under ZVS at this Y - ina®
moment. [n this mode 4, D;-Dj are all conducting. Thus, v;,,=-
Vers Vir=Ves, Vi Vil 2-vey and v,/ =vip»=vie;=-V,. Inductor
currents ir,» and iz,; increase, and i;,; and ir,-ir,; decrease. At )
time #4+75, ip;, ips and ips are all decreasing to zero ampere. In d f""'}-.t |, o >
. . o . . 13 é BT o)
this mode, the inductor current variations Aiy,,-Ai;,;are equal 7 1
to 2/,/(3n). In mode 8, S, S5 and D;-D; are conducting. Thus, f'.a-;%fé é o
no power is delivered from input voltage to output load. The S bl :: i |y
duty loss in mode 8 is expressed in (2). é—ﬁ——’}”‘— :
i N?O _2IGLP-/:T E ZIaer:v i zjoer:v ( n :
loss,8 = = = = E ;
S5, 3nvg 3n(V,/2-ve) 3n(Vi,/2-vey) v
Then the circuit operations of the proposed converter in one : élﬁ—ﬁ'}fL
switching cycle are completed. o &-::;:11- I, ! ‘
¥, Ly el e FaCilvey - _y“"'
|| Vadr do ot
" Ly
: e vl
* Lo i
il € b
L AT Cthves %m_*ui :
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L et Las
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isdv rd 2
€ty Lns
(e)
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V02=Vc4=5Vmu (4)

vy Jim LL where &is the duty cycle of §; and S5, From (3) and (4), it can
- o " be obtained that Vet Ve=V/2. In mode 1, v, =vei/n-V,,
B N 73 and v =T [V N I T mada A
! varvesn-V, and v~ (Vi 2vedn-V, In mode 4,
e s ViV =is=V, In mode S, vi=(Vi/2ve)in-Vo,
I’ Loy h_ﬁ Vear=vean-V, and viz=ve/n-V,. In mode 8, vip=vier=vies=-
! | - ¥,. Based on the volt-second balance on L,;-L,; at steady state,
Al — the DC voltage conversion ratio of the proposed converter is
"1 derived as:
‘é VO:VicS'(l 8)— AL f -V (5)
e f,,,-b n
Ay where ¥, is the voltage drop on each cuocie of {J;-. From (3),
output voltage V, is related to duty cycle &, input voltage V,,,
- @ switching frequency f, resonant inductance L,, turns ratio
. ) oot and load current /,. The average magnetizing currents of L,, -
Ly, é—*ﬁji"}’“— L,; can be obtained by the current-second balance on DC
e |} : blocking capacitances C;-Cy.
Car T2 é s (26-DI, (1-26)1
et BT Tpm =% I =g =— = (6)
*}u : R R S S | 8 m 3n - In
M fo | ;:é . Lea % The ripple currents on inductances L, ;-L,,; can be expressed
iy é I as:
fsry| Ol i
e, OFT T g n G0 )T, _ 8(1-0W,T, -4L,1,/(3n)
o g A L b L, 2L,
e 13 . .. -
" g D From (6)-(8), the maximum and minimum magnetizing
T currents of L,,;-L,,; can be obtained in (9)-(12).
_(26-D, 5(1—§)Vmi'fq —4L.1, /(3n)
(@ ILmlmax = In al (8)
. I ¥ m
¥ . g ; = _(1-25)1, 6(1 — oW, T, —4L.1,/(3n) ©)
o] é—ﬂf—‘}m— Lm2max — *Lor3max — n AL
i ! ol i
Cur! " . (25-1)1, 8(1=8),T, —4L,1,/3n)
s - I Lml min = 3 41 (10)
I g | " m
< i L B _ _ g _
jg B L5 b iy _(1=28)1, 818, T, —4L,1,/(3n) an
E ) ’ ’ 3n 4L,
e ’T’: s The ripple current of L, ;-L,; can be expressed in (12).
o § é % Los . Ve in=V, - Vf ](S_é‘fms,ﬁ 7
e T3 A!Ln = 7
g [
P e
(1_5)(1_2‘8) in 4L ‘rnfi 4Lrjrof.v T (12)
[ + 106 - )
(h) 3nb, (1-8)
Fi{g)é1 }]()gerati:;n :mdes ;gﬂ;e 5mpﬂ§zﬂ4canve|;;r 15n a sm{';:hiﬁng CW; (a; - La
I(.:) ,:c,di Qrm o2 (cymode 3 () mods 4 (e) mode 5 () mode 6 (g) mode The maximum and minimum output inductor currents are
expressed as:
II. CIrcuUIT CHARACTERISTICS It max = iLo2max = i203max ,%ﬂﬂ%
Since the charged and discharged times of C,;-C,,; in modes (13)
2,3, 6and 7 are less than the time interval in the other modes, + 4L’[‘j Js 16— 4L,1,/, ) L,
only modes 1, 4, 5 and 8 are adopted to discuss the circuit 3n” 3V, (1-6) 2L,
characteristics. In steady state, the inductor current variation . . . I, (1-8&)(1-25)V,
Ady, =ip (T )i, (t9)=0 and  Aiy, =Ai;,;=0. Based on the "Lolmin = 'Zo2.min = 'Lo3min =?7[ 2n 14
volt-second balance on (L,; and L), (L2 and_L,,,_,? and (L 4L I AN (14)
and L,;s), the average capacitor voltages Ve;-Vee can be P ]( T 5)) o
derived as: nVip\l— o
Vey =Vey =(1=8),, /2 (3)  Theaverage diode currents are given as:
2014 IEEE 9th Conference on Industrial Electronics and Applications (ICIEA) 1273
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T _r _r i1 Ll S N _r _r B SR WY
Ipt =4pa =1ips ST OG0, Ipy =ipy =Ips = U,12112)
The voltage stresses of diodes D;-D; are expressed as:

W, (-6,

VDI Siress — Vm,sfraq.v = VDﬁ,.¢Ire.¢.v = LI Tm (] 6)
2V, 12—V, v,

VD?,.‘.‘."!{?‘.‘.‘T = VD!‘,.‘.‘."!{’.‘.T‘.‘ = VDS,.‘.‘.".’{’.‘.T‘.‘ = M =—" (1 7)

n n
The root-mean-square (7ms) currents of §;-5; can be obtained
as:

:';SS,r'ms E%E: ';.S'Z,rms :f54;m.; = 510 N6 (18)

iS],nm 7
The veoltage stresses of §-5, are equal to 1,/2. At time 4, the
inductor currents i;,;,-i;,.; are approximately expressed as:
‘ ) ipa,
i (0) = 1 min — —
_@26-011, 8(1-6W,T,-4L1,/3n) 1, (19)
3n 4L, 3n
(11 - 5)(] - 25)"m 4Lrjﬂf:¢ 4eraf:c Ts
- + J—
: 2n? 3n? K 3an(l—5))2La
i 2
i3 ) =i0(0) =i 10 max +-Lobmax
n
(1-26)1, o&(1-0W,T,—4L.1, /(3n) I, P
= —+ S — +— (20)
3n 4L, 3n
+[(1_’5)(1_2’5)Vm _,'_41'1"[0]:? ]((5‘— 4Lr‘rajv ) T:i‘
20’ 3’ 3V, (1-8) 2L,
At #5, the inductor currents iz.-ir-3 are approximately given as:
R s "‘Lﬂl,min
i ()Y = i T "
_Q8-DI, 0=, T, ~4L,1, /G 1, an
3n 4L, 3n
(1-8)1-28W,, ALLS, .  4L1f T,
-[ : ey~ )
2n 3n 3nV,(1-8) 2L,
i 02 mi
i3 (15) =i (15) = i) min *%
_(1=28)1, 3 (1=, T, —4L 1, /(3n) 1, P,
3n 4L, 3n A
+[(1_’5)(1_2’5)Vm _,'_41'1"[0]:? ]((5‘— 4Lr‘rajv ) T:i‘
2n* 3’ 3nV,(1-6) 2L,

If the energy stored in L,;-L,; at time #; is greater than the
energy stored in C;-C,; in modes 2 and 3, then C. and C; can
be discharged to zero voltage. The ZVS condition of S5 and S,
can be given as:
2
SO o1/ T 23)
i () FiLa (0) +iLs(h)

if the energy stored in L,,-L,; at time /s is greater than the
energy stored in C,-C,; in modes 6 and 7, then C,; and C,; can
be discharged to zero voltage. The ZVS condition of §; and S;
can be given as:

-
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Lr 2 2 fer 2
"irl (35 ) +jir! (’5 ) + iir! (f5 )
The necessary resonant inductance L, can be obtained in (25)
to achieve ZVS turn-on for S;-S,.
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Fig. 4 Measured results of PWM waveforms of §;-S, at full load and
V=800V,
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Fig. 5 Measwred waveforms of gate voltages, drain voltages and switch
currents at 25% load and V=800V (a) 5, and S; (b) §;and S,.

IV. EXPERIMENTAL RESULTS

Experiments based on a laboratory prototype are presented
in this section to verify the effectiveness of the proposed
converter. The electrical specifications of the converter are
V=750 — 800V, V,=24V, I,=60A and f,=100kHz. The circuit
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parameters of the prototype are C,,=C,-=330uF, S;-5;

TREDAAN Ty Ty - 200 DOYISOD T T 1A0H
IO CTUU, Lyl SUL TG 13U, Lppmiaegl 1 ORI,

Co=C3=50uH. L,,;=L,>=L,;=0.5mH, nyi-nys: 33:5:5, L,-Ls:
10uH and C,=4400uF. The measured PWM waveforms of
S;-S; at full load with different input voltage are shown in Fig.
4. Fig. 5 gives the experimental results of gate voltage, drain
voltage and switch current of S;-S, at 25% load. Before S-S,
are turned on, drain currents are negative to discharge the
drain-to-source capacitors. Therefore, S;-S, can be turned on
under ZVS when drain voltages are decreased to zero voltage.
The experimental waveforms of two input capacitor voltages
Veaer and vey» and capacitor voltage ves+ves at full load and
800V input voltage are shown in Fig. 6. Two input capacitor
voltages veuy and  veg: are balanced at 400V and
Ver tYer Veder—Veae: =400V, Fig. 7 shows the measured
waveforms of the output inductor currents iy, ip.2 iz,3; and
i ortipesti,: at full load condition.
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Fig. 6 Measured results of input capacitor voltages vey and v and

capacitor voltage vestves at full load and V=800V,
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Fig. 7 Measured waveforms of output inductor currents ip., i ins and
I Hiprtin,s at full load

V.

A new PWM converter for high voltage and high load
current applications is presented in this paper to reduce the
voltage stress of power devices at the high voltage side and
decrease the current stress of passive components at low
voltage side. Low voltage rating of MOSFETs and low current
stress of passive components can be adopted in the proposed
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demand. Two half-bridge converter legs with two spilt
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capacitors are used at high voltage side to clamp the voltage
stress of MOSFETs at V, /2. Two DC or ﬂvma :""In"l:"'!fnrQ C,

and C; are connected at the AC terminal of two converter legs
in order to balance two input split capacitor voltages. Three
ZVS DC circuits are connected in series at high voltage side
and connected in parallel at low voltage side to reduce the size
and current rating of passive components at the secondary side.
Compared to the conveniional parailei three-level converter,
the proposed converter has less power switch counts. Finally,
experiments are provided to verify the effectiveness of the
converter.
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