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Parallel Resonant Converter with Flying Capacitor

Bor-Ren Lin, Jeng-Yu Chen, Huann-Keng Chiang and Chih-Chieh Chen
Department of Electrical Engineering, National Yunlin Umiversity of Science and Technology

Yunlin 640

Abstraci—This paper presents a parallel resonant converter for
high input voltage applications. In order to reduce the voltage
stress of active switches, two half-bridge converters are
connected in series at high voltage side. Flying capacitor is
adopted between two series half-bridge converters to
automatically balance two input capacitor voltages. Pulse
frequency modulation scheme is adopted to regulate the output
voltage at the desired voltage level. Since the resonant circuit at
the switching frequency is operated at the inductive load, the
input current of the resonant circuit is lagging to the
fundamental input voltage. Active switches can be easier to furn
on at zero voltage switching. Two resonant circuits connected in
parallel are adopted to reduce the current stress of transformer
windings and rectifier diodes at low voltage side. Interleaved
pulse-width modulation is used to control two resonant circuits
and to reduce the cwrrent ripple at the output side. Finally,
experiments based on a laboratory prototype are presented to
verify the effectiveness of the proposed converter.

Keywords—Resonant Converter, Flying Capacitor

L INTRODUCTION

Power converters with medium or high power level have
been proposed and applied for many industry applications,
such as fuel-cell power system [1], charge system [2] and ship
power system [3]. For three-phase AC/DC power conversion
systems, a three-phase 480V AC/DC converter with power
factor correction (PFC) is normally adopted in the front stage
to provide a stable DC bus voltage. This DC bus voltage may
be equal to 800V. Power MOSFETs with high voltage stress,
such as 900V voltage stress, will result in high turn-on
resistance. Thus, the converters with high voltage MOSFETs
have the serious conduction loss and low circuit efficiency. In
order to overcome this limitation and decrease the converter
size, three-level converters [4]-[6] with low woltage stress
active switches and high switching frequency have been
presented in DC/DC converters for high input wvoltage
applications. Based on the neutral-point clamped diedes or
flying capacitor, the voltage stress of active switches is
clamped at 7,,/2. However, two input split capacitor voltages
maybe unbalanced and will mcrease the voltage stress of
active switches beyond 7,/2. In [1] and [7]. flying capacitor 1s
adopted to the conventional three-level neutral point clamped
converter to automatically balance two input capacitor
voltages. Three-level converters with zero voltage switching
(ZVS) [8]-[10] have been presented to reduce the switching
losses and increase the circuit efficiency. Pulse-width
meodulation (PWM) schemes are adopted to generate the PWM
signals for active switches and to regulate output voltage.
However, the ZVS condition of active switches 1s related to
the load condition and input voltage so that it is difficult to

implement ZVS turn-on for all switches over the entire load
range. In order to extend the ZVS condition over the whole
load range, resonant converters [11]-[13] have been proposed
to achieve ZVS turn-on over the wide load range and input
voltage variation, no reverse recovery loss for rectifier diodes
and high circuit efficiency. However, the ripple current at the
output capacitor in resonant converter 1s higher than the output
npple current in the conventional half-bridge or full-bridge
PWM converter. In order to limit the output nipple voltage m
the desired ripple voltage specification, several capacitors are
connected in parallel to reduce the resultant series equivalent
resistance. Therefore, the large capacitance 1s normally
adopted at the output side in the resonant converters.

A new parallel resonant converter 1s presented for high
input voltage and high load current applications. Two circuit
modules connected in parallel in order to share load power and
reduce the current stress of all passive and active power
components. These two circuit modules are controlled with the
phase shift of one-fourth switching period in order to reduce
the ripple current at the output capacitor. Thus. the size of
output capacitor can be reduced. In each circuit module. two
half-bridge converters are connected in series at the primary
side to reduce the voltage stress of each active switch at ¥,/2.
Flying capacitor i1s connected between two half-bridge
converters such that two input capacitor voltages can be
automatically balanced in each switching cycle. Series-parallel
resonant tank is adopted in each half-bridge converter to
achieve ZVS tum-on for all switches over the entire load
range. Finally, experiments were provided to verify the
performance of the proposed converter.

II. CRCUIT CONFIGURATION

Fig. 1 gives the circuit configuration of the proposed
converter for three-phase switching mode power supplies. The
three-phase AC/DC converter with power factor correction 1s
used in the front stage to reduce line current harmonics and
provide a stable DC bus voltage for second stage DC/DC
converter. The DC bus voltage 1s about 750V-800V for three-
phase 480V utility mnput with power factor correction. The
proposed parallel DC/DC converter with low voltage stress
MOSFETs 1s adopted in the second stage for lugh load current
applications. Two circuit modules are adopted in the proposed
converter to share load current and reduce the current rating of
active and passive components. The first circuit module
mcludes Ci-Cia, Cpp. 8$1-Ss, Cs1-Csp. Crp-Cra. Lyy-Lyo. Ty-T2. Dy-
D, and C,. In the same manner. the components of Cy,-Ciyo. Cpp.
55—53, Csj—Css, Cr_;—cpq, .L,-j—L_,.;, Tj—T.f, Dj—Dj and CD are included
1n the circuit module 2. Cyyy and Ciyy are two input capacitances.
C,;-C,s are the series resonant capacitances. L,-L. are the



series resonant inductances. L, -L,. are the magnetizing
inductances of transformers T)-Ty, respectively. D;-Dyg are the
rectifier diodes and T-T, are the isolated transformers. Cy and
Cy are the flying capacitances. Each circuit module includes
two resonant converters with half-bridge converter leg. In
circuit module 1. the first resonant converter mcludes the
components of §;. 85, Cpp, Ly, Ti. Dy, D; and C,. The second
resonant converter includes S;, Sy, Cpa. Loy, Th. Ds. Dy and C,.
C, 1s the output capacitance. The primary sides of two resonant
converters are connected in series in order to limit the voltage
stress of each active switch at Fi/2. Active switches S; and S3
have the same PWM waveforms. In the same manner, 5, and S,
have the same PWM signals. However, the PWM waveforms
of §; and 5, are complementary each other to avoid the short
circuit i each half-bridge leg. In order to balance two input
capacitor voltages vy and vy, Cp 1s connected between the
AC termmals b and ¢ and Cp 1s connected between the AC
terminals fand g. If §; and S; are i the on-state and S; and 5,
are in the off-state. then ven=Vesms. On the other hand. vgg=ves,
1f §; and Sy are in the on-state. Since each active switch has the
equal turn-on time. the flying capacitor voltage can be derived
as Ver=Ver=Vomi—Venr=Vi'2 and two capacitor voltages v
and veg: are automatically balanced in each switching cycle.
The frequency modulation scheme is used to regulate output
voltage ¥,. If the operated switching frequency 1s lower than
the series resonant frequency. active switches S;-Sp are turned
on at ZVS and rectifier diodes D;-D; are tumed off at ZCS.
Thus, the switching losses of active switches are reduced and
the reverse recovery problem of rectifier diodes 1s improved. In
the proposed converter, each resonant converter supplies one-
fourth of load power to output load for the medinm/high load
current applications.

vl Jmm‘uk' i P > rr
q“j* E(- r.’ -'r...l é_::l
. £ oy

ACsour]  gemper

Converter
with
PR

Sl w _);if?.-.‘-‘ it
N s
5,
module 3% Vo © ik 2

Fig 1 Circuit configuration of the proposed converter with two circuit modules.

III. OPERATION PRINCIPLE
The circuit operations of the proposed converter are
discussed with the following assumptions to simplify the
system analysis. (1) Transformers T;-T are identical with the

same turns ratio A=nym.=n,n., and same magnetizing
inductances Ly;=Ly:=Lm:=Lms=Ly. (2) 51-S; have the same
output capacitance Ci, (3) Cpy=Ciyp. (4) Cp;=C=Cp3=Cpy=0C,.
and (5) L;=L,;;=Ls=L=L, The main PWM waveforms of
the proposed converter during one switching cycle are given
i Fig. 2. Due to the on/off conditions of switches 5;-5; and
rectifier diodes D;-D;. the proposed converter has twelve
operation modes in one switching period. The corresponding
equivalent circuits of twelve operation modes are shown in
Fig. 3. Before time t; S5;-5; are all turmed off in circuit
module 1. ir,y and if,; are positive and negative, respectively.
Therefore, Cg; and Cg; are discharged and Cg, and Cgy are
charged. Since iz <irm; and iry2=irms. diodes D; and D; are 1n
the on-state. In circuit module 2. S5 and Sp are in the on-state
and diodes D; and D; are conducting. L,; and C,; are resonant
with the applied voltage V/2-n¥Vo-ves(ts+T:). and Ly and Cry
are resonant with the applied voltage n¥,-veut, +T,).

Vargn Vs VL pe Vg
m . o s Il o Sk ' 1 I-V-ﬂ
Vs V'5as Vg paws Vgl L
Wagpwr Verpe Vi Vs
1 r L r e

Vg (V4w

Vo VIR 3

fh—r e

igs o
, N~

LY _'_-_-_‘_F\

iy /,..—f""—"_"_‘—'\

= N~

iyg——|

iny T

| | —T

ip3 N

ing 11

ins

i

in:

ipy '

) [ il Al Tl i+l

Fig. 2 Key waveforms of the proposed converter.

Mode 1 [t,st<ty]: At f, capacitances Cg; and Cg; are
discharged to zero voltage in circuit module 1. Since iz, and
iry» are positive and negative, respectively, the anti-parallel
diodes of §; and 5; are conducting. Therefore, 5; and 5; can
be turned on at this moment to achieve ZVS. In this mode,
irr1<izms and ip2=irms. Thus, Dy and D; are conducting and the



magnetizing voltages vp,,=-n¥, and vp,=n¥, The
magnetizing current iz,; decreases with the slope of -n¥,/Ly
and ir,,, increases with the slope of n¥,/L,, In module 1. L,;
and C,; are resonant with the applied voltage n¥,-veri(ts). Ly»

and C,; are resonant with the applied voltage V;,/2-n¥,vqa(t5).

and the flying capacitor voltage vgn=ven;. In module 2. 55
and 55 are turned on and D5 and Dj; are in the on-state. L,; and
C,; are resonant with the applied voltage V5,/2-n¥V,-va(ty). Ly
and C,y are resonant with the applied voltage n¥,-ven(ts). and
the flying capacitor voltage vep=vem:-

The inductor currents ir,; and iz decrease and i, and irs
increase in this mode.

Mode 2 [t1=t<t2]: At ty. ipp3=imm: and ippe=irme. Thus, Ds-Dg
are 1n the off-state. Since S; and S5 are still in the on-state,
Cps, Lz and L,,; are resonant with the applied voltage V,,2-
vers(t) and Cre. Ly and Ly are resonant with the applied
voltage -Ve(t)) in circuit module 2. The operations of circuit
module 1 in this mode are the same as the operation in mode
1:

Mode 3 [tr=<t<t3]: At th, Sy and S5 are turned off. Since irs(t2)
and ip«(t;) are positive and negative, respectively, Css and
Cgyare charged and Cs; and C; are discharged in this mode.
Diodes Ds; and D; are conducting. Thus, the magnetizing
voltages vy, ;=-nV, and v;,.~nV,. and ir,; decreases and iy,
increases m this mode. If the energy stored m L,; and L,y 15
greater than the energy stored in Css-Clss. then Css and Csr can
be discharged to zero voltage.

Mode 4 [ti=t<t4]: At t;. Cs5 and Cs- are discharged to zero
voltage. Since iy,;(f;)=0 and i7,4(f;)=0. the anti-parallel diodes
of S; and 5; are conducting. Therefore, S5 and S; can be
turned on at this moment to achieve ZVS. Diodes D; and D
are conducting so that vp,s=-nV, and vpms=nV, In circuit
module 2. L,; and C,; are resonant with the applied voltage
nVyVepa(fs) and L,y and Cny are resonant with the applied
voltage Vi/2-nVa-Vere(ts).

Mode 5 [t;=t< t5]: At ts, ipmy=iry; and iz 2=ir,.. Thus, D;-D,
are all tumed off. Components Cj;. L,y and L, are resonant
with the applied voltage -v,(fs) and C,; L, and L, are
resonant with the applied voltage ¥5,/2-vealts).

Mode 6 [t;5=1<tg]: At 15, S; and S; are turned off and D; and D,
are conducting. The magnetizing voltages vim=n¥, and
Vimi=-1V,. Since fug(?j}‘::o and i‘;,g(!;}“()_ Cs; and Cs3 are
charged and Cs; and Cygy are discharged. Cy;and Cyy can be
discharged to zero voltage if the energy stored in L,; and L,»
is greater than the energy stored i Cy-Cop At 1,
ves:=Vess=0. The anti-parallel diodes of S; and §; are
conducting. Then the operating modes in the first half of
switching cycle are completed.

IV. DESIGN EXAMPLE AND EXPERIMENTAL RESULTS
A laboratory prototype was implemented with the
following specifications: V=750F-800¥W, V,=24V, I,=604,
and resonant frequency f,=120kHz. Transformers T;-T, were
implemented with TDK EER-42 magnertic core with
A=194mm". The primary and secondary winding turns of T
Ty are 48 turns and 6 tums, respectively. The minimum and

maximum voltage gains of resonant converter are given as:

AV, +Vs)  4Ax(48/6)x(24+0.8)

Gpemi ~0.992 (1
e yiu:max 800 ( }
an(F, +V, 4x(48/6)x(24+0.8
GpC.mm = St (IR ) 1058 2)
: Vo min 750

where J}1s the voltage drop on diodes D;-Ds. At full load, the
AC equivalent resistances R, ry-R,, o are given as:

2 2
RNII T RM_IE =Rgar3= Rac:T-i =32n"R, fm” =830 (3}
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Fiz. 3 Operation modes of the proposed converter during the first half
switching cycle (2) mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (e) mode 5 (f)
mode 6.

In this prototype, the inductance ratio k=L,,/L,,; 1s selected as
1/8 and the quality factor Q@ at full load 1s selected as 0.3.
Thus, the AC voltage gain of the proposed converter at no
load condition (Q=0) 15 obtamed as
|Gac(f) oo fma=1/1+k)=0889 . The minimum DC

voltage gain Gpppy, of the proposed converter 1s 0.992 and
greater than the AC voltage gain at no load condition. Thus,
the output voltage at no load condition can be controlled.
From the given series resonant frequency f,. the selected
quality factor Q. the inductance ratio & and the AC equivalent
resistance R, ;. the series resonant inductances L,-Ly. the
magnetizing inductances Lp;-Lyns and the resonant
capacitances C,;-Cyy can be obtained as:

ORam1 0.3%83
L= —ifia— = ] =33 4
A=Ly=L3=Ly W, 2 X120X10° (H (4)
33
Ly =Lyy=Lyy=Lypy=Ly/k= lf;{“%“#ff &)
1
Cn=Cn=C3=Cy=—73—73=5IF (©)]

anr’L, 2
Since two flying capacitors Cy and Cp are used to balance
two input capacitor voltages Vpy; and Vg, the voltage
stresses of 5;-55 can be limited at Fiy /2.
vSl::ma:.f = V;'u:max /2= 400/ (?}
The MOSFETs IRFP460 with 500V voltage stress and 20A
current stress are adopted for active switches §;-S5. The
voltage stress and average current of rectifier diodes D;-D;
are obtained as:
VDLorese =20V, +V;) =2%(24+0.8) =496V (8)
ipyay = Loy | 8=60/8=7.54 ()
The fast recovery diodes 30CPQ150 with 150V voltage
stress, 30A current stress and 0.8V voltage drop are used for



diodes D;-Dg;. The input capacitances Cj; and C,, are
680nF/450V. the flymg capacitances Cp and Cp are
680nF/630V. and the output capacitance C, 1s 3000LF/100V.
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Fig. 4 Measured waveforms of the gate voltages vs g - Vg with F,=800V
and (a) 23% load (b) full load.

A laboratory prototype with the circuit parameters derived
in the previous section was implemented and tested to venfy
the effectiveness of the proposed converter. The measured
gate voltages of 5;-S; with input voltage ¥,,=800V and 25%
load and full load are shown in Fig. 4. The PWM signals of S5-
Ss are phase-shifted one-fourth of switching penod with
respectively to PWM signals of S-Sy, respectively. Fig. 5
gives the measured results of gate voltage, drain voltage and
drain current of switch 5; at 5% load. Before switch 5 1s
turned on. the drain current is negative to discharge the drain-
to-source capacitor. Thus, switch S; can be tumed on under
ZVS when drain voltage i1s decreased to zero voltage. Fig. 6
illustrates the measured waveforms of two input capacitor
voltages and two flying capacitor voltages at full load and
Vin=800V. Two mput capacitor voltages and two flying
capacitor voltages are all balanced at 400V. Fig. 7 gives the
measured waveforms of inductor currents ir,; - iz at full load.
Four inductor currents iy, - 7,4 are balanced. Fig. 8 shows the
measured waveforms of four resonant capacitor voltages vy -
Vepe at full load condition. Fig. 9 gives the test results of the
rectifier output currents #,; - fpy at full load condition. The
rectifier output currents iy - fp¢ are almost balanced. Fig. 10
shows the measured circuit efficiencies of the proposed
converter at different load conditions.
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Fig. 6 Measured waveforms of two input capacitor voltages and two flying

capacitor voltages at full load and 77,=800V.
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V. CONCLUSION

A new parallel resonant converter is presented for high
input voltage and high load current applications. The main
functions of the proposed converter are low voltage stress of
MOSFETs. ZVS tum-on for all MOSFETs. no reverse
recovery loss on rectifier diodes, low cumrent rating of
transformer windings and less ripple cumrent on output
capacitor. Two resonant circuit modules with interleaved
PWM scheme are adopted n the proposed converter to reduce
the cumrent stress of active and passive components and
reduce the ripple current at output side. In each circuit module,
one flymg capacitor is added between two half-bridge legs to
balance two input capacitor voltages. Two resonant
converters are connected in series in order to reduce the
voltage stress of each MOSFET at F,,/2. The pulse frequency

modulation scheme is used to regulate output voltage. The
switching frequency 1is controlled to be less than the series
resonant frequency so that MOSFETs can be tumed on at
ZVS and rectifier diodes can be tumed off at ZCS. The
switching loss of MOSFETs i1s reduced and the reverse
recovery loss of rectifier diodes is overcome. Finally,
experiments based on a laboratory prototype are provided to
verify the effectiveness of the proposed converter.
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Abstract—This paper presents a soft switching DC/DC converter
for renewable energy conversion applications. Phase-shifted full-
bridge converter with a series resonant tank is adopted to achieve
zero voltage switching (ZVS) turn-on for power switches and zero
current switching (ZCS) for rectifier diodes within nearly entire
load range. Thus the switching losses of power switches and
reverse recovery current of rectifier diodes are improved and the
circuit efficiency is improved. In order to overcome the drawback
of a wide range of switching frequency in the conventional series
resonant converters, fixed frequency pulse-width modulation is
adopted to regulate the output voltage. In order to reduce and
balance the current rating of transformer primary windings for
low input voltage applications, the primary and secondary turns
of transformers are connected in parallel and series respectively.
Full-bridge diode rectifier is adopted at the secondary side to
reduce the voltage rating of rectifier diodes for high output
voltage applications. Based on the resonant behavior by the
output capacitances of MOSFETs and the resonant inductance,
all power switches are turned on at ZVS, Finally, experiments
based on a scale down prototype are provided to verify the
effectiveness of the proposed converter.

Keywords—Resonant Converter, PWM

I. INTRODUCTION

New clean energies have been developed in order to reduce
the environmental pollution resulting from greenhouse gas
emissions from fossil fuel based power generation. The
Environment Protection Agency (EPA) and Climate Saver
Computing Initiative (CSCI) have proposed efficiency
requirements for modemn power supply units. If power
semiconductors,  magnetic  components and passive
components with low power losses are adopted, then power
converters with high circuit efficiency can be achieved.
However, the cost of the power circuits is very expensive.
Therefore. it is a better way to increase the circuit efficiency
using the soft switching technique to the power converters.
Soft switching techniques. such as asymmetric pulse-width
modulation (PWM) techniques [1]-[2]. active-clamping
converters [3]-[6] and phase-shift PWM converters [7]-[8].
have been proposed for the past twenty years to reduce
switching losses of MOSFETs and improve the reverse
recovery loss on rectifier diodes. However, the zero voltage
switching (ZVS) effect of these approaches is limited to
specific mput voltage ranges or load conditions. Thus, it is
difficult to design soft switching converters with wide load
ranges. Resonant converters in [9]-[14] with variable
switching frequency to regulate the output voltage have been
proposed with the advantages of ZVS or zero current
switching (ZCS) for nearly the entire load and input voltage
range. However, the resonant converter has a wide range of
switching frequency from light load to full load. Therefore, the

magnetic components in the resonant converter are not easy to
design at the optimal point. It is better that the converter has
the ZVS and ZCS functions of resonant converter and operates
at a duty cycle control without a wide range of frequency
variation.

This paper presents a full-bridge series resonant converter
with duty cycle control to have the following advantages: 1)
power switches are turned on at ZVS from nearly entire load
range: 2) the rectifier diodes are turned oft at ZCS without
reverse recovery loss and the voltage stress of rectifier diodes
is equal to output voltage: and 3) constant switching frequency
is adopted to regulate output veltage. Since the input
impedance of the resonant tank is an inductive load at the
operating switching frequency. the resonant current lags the
fundamental input voltage applied to the resonant network.
Thus, power switches can be turned on at ZVS within nearly
from zero to full load. The operating switching frequency is
less than the series resonant frequency such that rectifier
diodes are turned off at ZCS with wide input voltage range.
The switching losses on power switches and reverse recovery
problem on rectifier diodes can be reduced. At the low voltage
side. two transformers are used to reduce the size of the
magnetic core and lessen the current stress on the primary
windings. At high voltage side, the secondary windings of two
transformers are connected in series in order to balance the
transformer primary currents, to share the input current. and to
reduce the secondary winding turns. The adopted converter
can be used in low and medium power converters such as solar
power conversion, fuel cell power conversion and battery
discharger in UPS system. Finally, Experiments based on a
S00W prototype are provided to verify the operation principle
of the proposed converter.
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Fig. 1 Circut configuration of the proposed converter.

1L CIRCUIT CONFIGURATION
Fig. 1 shows the circuit configuration of the proposed
converter. V3, and ¥, are the input voltage and output voltage
respectively. §;-S; are MOSFETs and the voltage stresses of §)-
Sy are equal to V. C;-C, are the output capacitances of
MOSFETs S-S, respectively. C, is the series resonant



capacitor and L, is the series resonant inductor. L,,; and L, are
the magnetizing inductances of the transformers 7; and 7o,
respectively. D;-Dy are the rectifier diodes. €, is the output
filter capacitor and R, is the load resistance. The series resonant
converter with duty cycle control is proposed in this paper.
Three-level PWM waveform is generated on the AC side
voltage v,p. Switches S;-Sy are phase-shift controlled. S; and S,
are the leading switches. and S, and S; are the lagging switches.
Since the capacitor C, is in series with the power path. the flux
balancing can be automatically achieved. The primary sides of
two transformers are connected in parallel to reduce the current
stresses of transformer primary windings and the size of the
magnetic cores for high input current applications. The
secondary windings of two transformers are connected in series
to reduce the winding turns for high output voltage applications
and to balance the primary winding cwrents. Based on the
resonant behavior during the transition interval. power switches
are all turned on with ZVS. Since the series resonant frequency
is higher than the switching frequency, the rectifier diode can
be turned off with ZCS such that there is no reverse recovery
loss on the rectifier diodes.
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Fig. 2 Key waveforms of the proposed converter.

III. OPERATION PRINCIPLE

The main PWM waveforms of the proposed converter in a
switching period are shown in Fig. 2. The PWM signals of S,
and S; are phase-shifted with respective to the PWM signals of
S;and S, The following assumptions are made to simplify the
circuit analysis.

(1) MOSFETs S;-S, and diodes D;-D, are ideal.

(2) Lyy=Lyy=Lyand L<L.

(3) Turns ratio of transformers T and T is n=ny/..

(4) C;=C,=C,=C,=C,, and C, >>C,_..

(5) C, is large enough and ¥, is a constant output voltage.
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Based on the on/off states of S;-S, and D;-D,, the adopted
converter has ten operation modes in a switching period. Fig. 3
shows the equivalent circuits in a switching period. Prior to 7.
power semiconductors S;. S;. D; and D, are conducting and
ir,0.

Mode 1 [t;<t<t;]: At t;. S; 1s turned off. Since 71,(7,)=0. C; and
C, are charged and discharged respectively. v rises and vey
decays linearly. §; is turned off with zero voltage due to
and C,. If the energy stored in L, is greater than the energy
stored in C; and C,. then v, can be discharged to zero at ;. D;
and D; still conduct, and iz, and ig,,; keep increasing linearly.

Mode 2 [t;5t<f)]: At t), vy declines to zero and v =V, Since
ir1;)=0. the anti-parallel diode of S, is conducting. Thus, S
can be turned on with zero voltage. The AC terminal voltages
v =0. Since i, =iy, +ir,s. D; and D, keep conducting in this
mode. The magnetizing inductor voltages vy, =V, =nV,/2.
The magnetizing currents ir,; and ip,» keep increasing
linearly. L, and C, are resonant with the applied voltage -n¥,/2
and iy, decreases. Thus. ip; and ip, decrease in this mode.
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Fig. 3 Operation modes of the proposed converter in a switching period (a)
mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (&) mode 5 (f) mode 6 (g) mode 7 (h)
mode 8 (1) mode 9 (j) mode 10

Mode 3 [1;5t<13]: At 13, i, =ipmitirm: such that 7p; and ip; are
decreased to zero. Therefore, D; and D, are turned off with
ZC'S and there is no reverse recovery loss. Cp, L,. L,y and Ly,
are resonant in this mode.

Since L,>>L,. iy, 1s approximately unchanged in this mode.
Mode 4 [t;<t<t)]: At t;. S; 1s turned off. Since 77,(7;)=0. ve;
rises and ve; decays linearly. S is turned off with zero voltage
due to C; and C;. If the energy stored in L,. L,; and L, is
greater than the energy stored in C, and Cj, then v¢; can be
discharged to zero at f,. At f5, v¢3 1s decreased to zero voltage
and the anti-parallel diode of S; is conducting.

Mode 5 [t,St<ts]: At t,, ve; decreased to zero voltage. Since
ir{14)>0. the anti-parallel diode of S; is conducting and S; is
turned on at this moment to achieve ZVS. The AC terminal
voltage v=-V;, Since the primary voltages of 7; and T are
negative, D; and D, are conducting. The magnetizing inductor
voltages vy =vimo=-nV,/2 and iz,; and i1, decrease linearly.
L, and C, are resonant with the applied voltage -V, +n¥,/2 and
i, decreases in this mode. Power is delivered from input
voltage ¥, to output load R, through the resonant tank and
diodes Dj and Dy in this mode.

Mode 6 [1;<r<t;]: At f;5. S, is turned off. Since 77, (#5)<0. C; and
C, are discharged and charged respectively. vey rises and veg
decays linearly. S, is turned off with zero voltage due to C;
and Cy. If the energy stored in Z, at time 75 is greater than the
energy needed to charge €, from zero voltage to 73, and to
discharge C; from 7, to zero voltage, then C; can be decayed
to zero voltage at f. D3 and Dy still conduct. and i7,,; and iy,
keep decreasing linearly.

Mode 7 [ts<t<t:]: At fg v¢y declines to zero voltage and
vey=Vy. Since ip{fg)<0. the anti-parallel diode of 5; is
conducting. Therefore, §; is turned on at zero voltage and the
AC terminal voltages v, =0. Since ip,<irmjTirme. Dz and Dy
keep conducting in this mode and v, =vim—=-1V,/2. Thus, the
magnetizing currents i;,,; and 7;,,, keep decreasing. L, and C,
are resonant with the applied voltage n¥,/2 and i, increases.
Thus, ip; and ipy decrease in this mode.

Mode 8 [t-<t<tg]: At t;. iy,=i1n tir,, such that ip; and ip, are
equal to zero and D; and D, are turned off with ZCS. Thus,
there is no reverse recovery loss on D; and Dy. C,. L,. L,,; and
L, are resonant in this mode.

Mode 9 [ts<t<tg]: At f5, S; is turned off. Since 77,(75)<0. vz
rises from zero voltage and ve; decays from V7,. S; is turned
off with zero voltage due to C; and C;. If the energy stored in
L, Ly and L, is greater than the energy needed to discharge
C, from V7, to zero and to charge C; from zero voltage to V.
then S; can be turned on with zero voltage. At 7. ver is
decreased to zero voltage and the anti-parallel diode of S, is
conducting.

Mode 10 [to<t<T+ig]: At to, veo declined to zero voltage. Since
i1,(19)<0, the anti-parallel diode of S; i1s conducting and S; can
be turned on with zero voltage. The AC terminal voltage
Vo=V The primary voltages of T; and 7 are positive. Thus,
D; and D, are conducting in the secondary side. The



magnetizing inductor veltages Vpu=vp,~=nV,/2 and the
magnetizing currents fy,,; and i, increase linearly. I, and C,
are resonant with the applied voltage V;,-nV,/2. i1, increases in
this mode. Power is delivered from input voltage V3, to output
load R, through the resonant tank and diodes D; and D, in this
mode. At time T, +1p. Sy is turned off. Then, the operations of
the adopted converter in a switching period are completed.

IV. CIRCUIT CHARACTERISTICS
In the operation modes 2, 5. 7 and 10 the adepted converter

is resonant at the series resonant frequency f, = 1.-"?.71","‘1,‘(“, :

In modes 3 and 8. the converter is resonant by L,. L,/2 and C,
— - - o / I

with resonant frequency f,, =1/27(L, +L, /2)C, . Based

on the fundamental frequency analysis of the conventional

series resonant converter, the AC voltage gain of the resonant

tank related to the switching frequency is derived as:

V; 1
|Gae () 72 = a M
ab.f | fr 2 2 fs fr 2
fakfi=ede G
,‘I\[ ( f_sg)l C (fr fs)

e A % D)
R, =4n"R /7

Where k=2LJ/L,. ik 2y 1T S

0=2Z,/R,. =2{L,/C, /R, and f is the switching

frequency. The maximum DC voltage gain of the proposed

converter is expressed as

G _ 1V, +2Fp)
dc.max — 2

In.min

(2)

where Fp is the voltage drop on D;-D,. If the duty ratio of
power switches is less than 0.5, then the voltage gain of the
proposed converter is less than maximum DC gain G mar-
Since the proposed converter with duty cycle control is
depended on the initial resonant inductor current and resonant
capacitor voltage, it is not easy to obtain the voltage
conversion ratio at steady state. Therefore. the voltage
conversion ratio of the adopted series resonant converter with
duty cycle control is a function of output power and duty ratio.
If the inductor ratio k. O. f.. f, and Fj, i are given. then the
turns ratio of transformers can be obtained from (1) and (2).
Since the proposed converter is operated at f<f. the
magnetizing current variation is equal to

R n(V, +2¥Vp)

Lml AL f
‘mJSr
where [, is the peak current of magnetizing inductor. Thus. 7,
can be further expressed as:
_ n(V,+2Vp)
SLm f?‘

The voltage stress of switches S;-S; is equal to V;, in the
adopted converter. In the full-bridge converter, the lagging
switches are more difficult to achieve ZVS than the leading
switches. To implement the ZVS tumn-on of the lagging
switches, the energy stored in L, and L,/2 in modes 4 and 9
must be greater than the energy stored on capacitors C» and Cs.

=2 3)

I “

m

n(V, +2V;)
Sl'm.fr

If the equation (5) is satisfied. then all power switches can be
turned on under ZVS.

P 220 725

‘055 in

(L +L DI =(L +1 /2]

V. DESIGN EXAMPLE AND EXPERIMENTAL RESULTS
The adopted converter was implemented with the following

specifications: V,=44V~52V, V=400V, P, q~500W. series
resonant frequency f=130kHz, switching frequency is
f=110kHz, k=0.25 and ©=0.6. Based on (1) and the given k.
the AC voltage gain versus the variable switching frequency
is drawn in Fig. 4. Since the selected frequency ratio
f#f=110/130, the AC voltage gain at 110kHz switching
frequency and 0=0.6 can  be obtained as
Gor(110/130)=1.09=G 4o mar. From (2). the necessary turns
ratio of transformers 7; and T, are expressed as:
Wi minCacnan _ 2x44%1.09

V,+2Vp 400+2x%1.7
where Fp is the voltage drop on Dj-Dy The primary and
secondary winding turns of 7; and 7, are 8 turns and 33 turns
respectively. The AC equivalent resistance R, at full load is
obtained as:

n 0.238 (6)

2 ray2
in 4x(8/33)7 400
Rypieg =———X——=7.620  (7)
b4 1.25
Since the selected series resonant frequency £, is 130kHz, we
can obtain the required series inductance.

_OR, _ 06x762 <
A, dax130000 uH @®

R =

ac
T 2

-

47130000

Since we select k=2L,/L,=1/4, the magnetizing inductances of
T; and T are given as:

; 2X2.8uH
L,=2L/k= 174” ~ 22 AuH ©)
The series resonant capacitance C, is given as:
1 1 .
i =0.535uF (10)

T 4r L2 4r’ x2.8%107° x(130000)>
The actual series resonant capacitance C, in the prototype
circuit is 0.554F. Thus the actual series resonant frequency is
5= ls'?.ir\-’E =128kHz . The voltage stress. s current
and average current of rectifier diodes D;-D, are given as:
Vpmax =V, +Vp =400+1.7=401L7V .
4=1.344.
Ipay=1,/2=125/2=0.6254 (11)
Thus, the fast recovery diodes BR306 with 600V voltage
stress, SA current stress and 1.7V voltage drop are used for

rectifier diodes D;-D,. The voltage stress of power switches
S1-Sq are given as:

iprms = Mo max !

v,

V§lmax = m.max — 52F (12)

The MOSFETs IRFP264*4 with 250V voltage stress and 38A
current stress are used for power switches §;-S,. Since C,; of
the IRFP264 is 870pF at 25V, the equivalent output

capacitance Cl; at the maximum input voltage 52V is given as:

12
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= iCm_gs Jli - 870, |

3 Vst 3 Vs2
With the derived circuit parameters L,.. L,, and », equation (5)
is stratified. And switches S;-Sy can realize ZVS in the entire
load range in the theoretical analysis. The output capacitance
C, is 680uF/450V. The phase-shift PWM IC UC3895 is used
to generate PWM signals for S;-S; and to regulate the output
voltage at the desire voltage level.

|Gad ]| 0.1

2+

=~804pF  (13)
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Fig. 4 Typical ac gain curves of proposed resonant converter with V=44V
and ///,=110kHz/130kHz.
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100% load.
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Experimental results of a laboratory prototype are provided
to verify the effectiveness of the proposed converter. Fig. 5
shows the measured waveforms of the PWM signals of 5;-5; at
25% load and full load conditions. Switches S, and S; are
phase-shifted with respective to switches §; and S
respectively. Fig. 6 shows the measured gate voltage. drain
voltage and switch current of switches S; and S, at 25% load
and full load conditions. Before S; and S, are turned on. the
drain-to-source voltages have been decreased to zero and
switch currents are negative. Thus, S; and S, are all turned on
with ZVS from 25% to 100% loads. It is also clear in Fig. 6
that the voltage stress of §; and S, is equal to V. In the same
manner, we can expect that the switches S; and S, are also
turned on with ZVS from 25% load to 100% load. Fig. 7 gives
the measured AC terminal voltage v,,. resonant capacitor
voltage vg and resonant inductor current 7, at full load
condition. Fig. 8 illustrates the measured waveforms of the
switch currents i5;-ig, and resonant inductor current 7;, at full
load condition. If §; and S> are both in the on-state. then the
inductor current 77, decreases. On the other hand. the inductor
current 71, decreases if S; and S, are both in the on-state. Fig.
9 shows the measured waveforms of the resonant inductor
current iz, and diode currents ip;-ipy at full load condition. It is
clear than diodes D;-Dy all turned off at ZCS and there is no
reverse recovery loss on the rectifier diodes.
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Fig. 6 Measured gate voltage. drain voltage and switch current of §; and S, at
(a) 25% load (b) 100% load.
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Fig. 7 Measured waveforms of the AC terminal voltage v. resonant capacitor
voltage v¢, and resonant inductor current iz, at full load condition.
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Fig. 8 Measured waveforms of the switch currents ig;-iss and resonant inductor
current i, at full load condition.

Fig. 9 Measured waveforms of the resonant inductor current iy, and diode
currents ip;-ips at full load condition.

VI. CONCLUSION
Phase-Shift full-bridge series resonant converter 1is
presented in this paper for low input voltage applications such
as battery discharge circuit and renewable DC/DC converter.
Instead of the variable switching frequency in the conventional
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series resonant converter, the fixed switching with duty cycle
control is adopted in the proposed converter to regulate the
output voltage. Based on the series resonant behavior. all
switches are turned on at ZVS. The operating switching
frequency is lower than the series resonant frequency such that
the rectifier diodes are all turned off at ZCS and there is no
reverse recovery loss on the rectifier diodes. Thus the
switching losses on power semiconductors are reduced. Two
transformers are connected in parallel at the primary side to
reduce the current rating of the primary windings and
connected in series at the secondary side to reduce the
secondary winding turns. Bridge diode rectifier is used at the
secondary side to reduce the secondary winding turns for high
output voltage applications. Finally. experiments based on a
laboratory prototype are provided to verify the effectiveness of
the converter.
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