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Abstract
This paper presents a high-efficiency AC-DC switch ower su C&’S) using the
full-bridge converter circuits. The proposed converter three I-bridge converter
circuits: two full-bridge diode converter circuits fu OSFET converter
circuit. The two full-bridge converters are utilized @ rima ut and the secondary
DC output, respectively, and the full-bridge M conve used to convert a DC

voltage to a high-frequency AC voltage that nvertg other DC voltage with the
transformer and the secondary full- brldge onvertew[%ch is simply referred to as the
full-bridge DC-DC converter. However nve io bridge converter has a limit in
its operating duty ratio in normal % results in more conduction loss in
light load operation. Therefore; ropose omverter resolves the drawbacks of the
conventional full-bridge conv usmg g dified full-bridge circuit with a DC blocking
capacitor in the primary. T s the prop onverter has improved total efficiency and

@oposed converter is described in detail, and a

performance. The operati ncrple
design example of a pr e is shogwn\Jhe good performance of the proposed converter is
demonstrated throu'% nmenta&%@ults of the implemented prototype based on the design

example
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1 Introductlor@
Recently, ny Shigh-efficiency and high-power-density AC-DC switch-mode power
supplies (S&’) have been proposed for the power control of many electrical/electronic
devices i stry or home appliances [1-13]. Among these SMPSs, AC-DC SMPSs using
zerg I@-switching (ZzvS) DC-DC full-bridge converter circuits [1-9] are popular
top@s for medium/high-power applications, since they combine the benefits of the ZVS
guasi-resonant converters (QRC) and pulse-width modulation (PWM) techniques, while
avoiding their major drawbacks.

The primary switches in the ZVS DC-DC full-bridge converter are zero-voltage switched
and subjected to a relatively low current stress. As a result, switching losses are significantly
reduced without the penalty of a significant increase in conduction loss. Further, because the
converter operates with a fixed frequency, the design optimization of the circuit can be
attained easily. However, it has a drawback of conduction loss, which becomes serious when
the input current is high and the input voltage has wide variation [2-4].

A high-efficiency AC-DC SMPS using a full-bridge converter circuits is proposed. The
proposed converter utilizes three full-bridge converter circuits, including two full-bridge
diode converter circuits and one full-bridge MOSFET converter circuit. The two full-bridge
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converters are utilized for the rectification at the primary AC input and the secondary DC
output, respectively, and the full-bridge MOSFET converter is used to convert a DC voltage
to a high-frequency AC voltage. The input DC voltage of the full-bridge MOFET converter or
the output of the full-bridge diode converter at the AC input is converted to another output
DC voltage using the full-bridge MOSFET converter, the transformer, and the secondary full-
bridge diode converter, which are simply referred to as the full-bridge DC-DC converter. The
proposed converter overcomes the drawbacks of the conventional full-bridge converter by
using a modified full-bridge circuit and inserting a DC blocking capacitor in the primary.
Thus, the proposed SMPS has improved total efficiency.

2. The Proposed SMPS

Full-bridge diode 6 z

converter at the AC input Full-bridge DC-DC converter

+

\AAJ
<
o

Full-bridge diode
converter at the DC output

Iiié?s@, . Circﬁ)ﬁéram of the Proposed SMPS

|
PRIM Y . o? gn | SECONDARY OUTPUT
ACINPUT . MOSFET | . . ~
VOLTAGE FULL-B FULL-BRIDGE —r- | FULL-BRIDGE [—»| DC24V/27A

| DIODE (650W)
¢ $ T Transtormer
@ MOSFET GATE
DRIVER
%"f “““““““ S I
O ! ' PHASE SHIFT —

| PWM
O —_— Vv
Phase-Shift control IC
Figu:e 2. Block Diagram of the Operation Principle of the Proposed Converter

Figure 1 shows the circuit diagram of the proposed SMPS using three full-bridge converter
circuits. The core of the proposed SMPS is the full-bridge DC-DC converter after the full-
bridge diode converter at the AC input. Therefore, the operation explanation of the full-bridge
diode converter at the AC input is omitted, and only the full-bridge DC-DC converter after
the input converter is explained. The proposed full-bridge DC-DC converter operates with
ZVS at a fixed switching frequency and a series LC resonant circuit. The proposed converter
overcomes the drawbacks of the conventional converter and improves the performance by
inserting a blocking capacitor in the primary. Thus, the total efficiency of the proposed
converter can be improved as its freewheeling interval is reduced.
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Figure 2 shows a block diagram of the operation principle of the proposed converter. If the
AC voltage gives power to the input stage, the phase-shift control IC operates and generates a
PWM signal. The PWM signals drive the switches S;-S,, and then the electric power is
transferred from the primary to the secondary through the transformer. The output voltage is
controlled and kept constant using voltage sensing by the photo-coupler and a phase-shift
control IC that controls the output voltage by proportional-integral (PI) control.

3. The Mode Analysis of the Proposed Converter
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Figure 3. The Theoretical Waveforms of the Main Parts of the Proposed
Converter

Figure 3 shows the theoretical waveforms of the main parts of the proposed converter, and
figure 4 shows the equivalent circuits of each mode. The modes are determined by the
conducting paths and the voltage states of each switching device. For easy mode analysis, it is
assumed that the following appropriate conditions:

*  The transformer has the magnetizing inductance L, and a leakage inductance L, that
can be ignored, because it is very small compared with L,. The turn ratio of the
transformer is n (=Ng/N,).
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*  Each switch is an ideal component except for its output capacitor and internal diode.

*  The output voltage V, is constant.

Mode 1 (to-t;): Mode 1, which is the powering interval, starts at time t=t,. The power is
transferred from the primary to the secondary through the switch S; and S, that are turned on
as ZVS. At this time, the secondary diode D,; and Dy, are turned on, and the diode D,; and Dy,4
are turned off. The output voltage V,is reflected to the primary and the primary current i,
charges the blocking capacitor C,. Thus, the blocking capacitor voltage vc, increases
nonlinearly. The average voltage of vc,is negative during this mode. As a result, the brldge
voltage Vg is increased. The primary current i, and the blocking capacitor volt ‘are
given as follows:

ip(t)—w&—to)+ip )e Qv
ven () = = [ iy (Ot 'Q\ & (2)

This mode ends when the switch S, is turned off et= tf\

Mode 2 (t;-t;): Mode 2, which is the fre %ng in , starts at time t=t;. When the
switch S, turns off, the parasitic diode D |tch Siturn on The power transferred from
the primary to the secondary flows t the y diode Dy, and D,,, and then the
parasitic capacitor Cs, of the sw c chargi energy of the blocking capacitor C,
and the resonant inductance I&charge th itic diode Cg, of the switch S,. So, the
switch S, turns on with ZVS In this mode; ope of the primary current i, decreases more
quickly than the convent I conver out the blocking capacitor C,, and then the
circulation energy by th heellng rfent decreases quickly as well. The primary current
ip is given as follows

Q @\9 DoIEVED (¢ — 1) + iy (£1) 3)

When the switch S %6 off at time t=t,, this mode ends.

diode Ds; tur , and then the parasitic capacitor Cgs; discharges and the primary current i,
flows reve oward the power source. The voltage across of the resonant inductance L,
becoE +Vcp, and the primary current i, decreases more quickly than the primary current

Mode 3 (ti-t?: e 3, which is the regeneration interval, starts at time t=t,. The parasitic

Ip e 2. The parasitic diode Ds, and capacitor Cs, maintain a state like that of mode 2.
Becausé the secondary diode currents ip; and ip, are rectified, the output current of the
secondary full-bridge diode flows in the same direction. At this time, all the secondary diodes
turn on simultaneously. In this mode, the primary current i, and the blocking capacitor
voltage vcy, are given as follows:

ip () = =722 (£~ £5) + iy (£2) (4)
Vep (8) = Vep max ®)

This mode ends when the parasitic capacitors Cs3 and Cs4 finish discharging and the
parasitic diodes Ds3 and D, are turned on.
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Figure 4. The Equival@ Circui@ach Mode of the Proposed Converter

Mode 4 (ts-ty): e\¢ tarts at time t=t;. This mode is a powering mode like in mode 1.
The power is transfer rom imary to the secondary through the switches Sz and Ssthat
are turned on@wl time, the“grimary current ixcharges the blocking capacitor C,, and
because the primafy cur é}lows reversely, the blocking capacitor voltage vcpincreases
nonlinearly toward the &&%Ve direction. The secondary diodes Dy; and Dyare turned off. In

this mode, the prir?& ent i, and the blocking capacitor voltage vc, are given as follows:
. Vpe—Vo/n— .
ip (£) = — =P (¢ — ) + i (t3) (6)

C§)§ ver(®) = 3= [ ip (D)t )
%ode ends when the switch S, is turned off at time t=ts.

Mode 5 (ts-ts): Mode 5 starts at time t=t,. This mode becomes the freewheeling state when
the switch S, turns off, the parasitic capacitor Cgis charged, and diode Ds,is turned on. The
operations of the blocking capacitor Cy, the resonant inductanceL,, and the secondary diodes
are the same as those in mode 2. The primary current i, is given as follows:

ip (6) = "R (¢ — £) + i (24) ®)

When the switch Ssturns off at time t=ts, this mode ends.
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Mode 6 (ts-tg): Mode 6 starts at time t=ts. The parasitic capacitor Cssis charged when the
switch S; turns off. Then, the rest of the operation is the same as in mode 3. In this mode, the
primary current i, and the blocking capacitor voltage vcy, are given as follows:

ip(£) = "2 (¢~ t5) + i (85) (©)
Vep(8) = —Vepmax (10)

This mode ends when the parasitic capacitors Cs; and Cs, finish discharging and the
parasitic diodesDs; and Dspare turned on.
4. Design Example Yb)

In order to show the performance of the proposed converter, the prot@ onverter is
designed with the followingdesign specifications. \ ¢

Table 1. The Design Specificationro@fot%/wnverter
Input AC voltage(Vpc) ) Y 38%\/\

Output DC voltage(V,) Q &VV

Maximum power(P0,$&\) g .@W
Switching frequen‘cﬁ@y 100kHz

Duty ratio.at phade - '\\Q) 05
i | "

7

operation of the convgn C- ridge converter, the relationship of the output
voltage V, to the inp vﬁ@ eVDcisgive as follows:
Vo =nDeVpc (11)

Q v, 24
6@) n= = = 0.126 (12)

wheren(:NJNpi@bﬁrn ratio, andD, is the effective duty ratio as shown in figure 2.

Table 1 shows the design  specificat} f a prototype converter. From the normal
u‘%gD D

currenti, flows symmetrically with positive or negative direction during one
. Therefore, the AC average of the primary current i, during the switching
me as half of the output current reflected to the primary. Therefore, the ripple
b Of the blocking capacitor is given as follows:

The prim
switching pen
period i
VO

_T Cp 2 - 4Cp (13)

So, the peakvoltage Ve o Of the blocking capacitor voltagevg, is given as follows:

I,T
Veppk = T;Tb (14)

From equation (14), a smaller blocking capacitanceCyresults in the peak voltage
Vepprincreasing, which means that the turn ratio n decreases. However, if the peak voltage
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Veb,pk 1S bigger than Vp — % in mode 1, contradiction occurs in that the slope of the primary
current becomes negative, because the voltage across the resonant inductancel, becomes
negative. Therefore, because the voltage Ve should be smaller thanVpe — % the range of
the blocking capacitanceCymust be satisfied as follows:

nl,T

(15)

The peak voltage Ve i IS set as about 10% (about 22V) of V. — ﬁ consideriwzvs

operations and the conduction loss, and the blocking capacitor C, ensures norma on of
the proposed converter as well as ZVS operations by satisfaction of the follm@ guation:

210 @TZ

C > T (t1) Vo®

(16)

where @T is the time of mode 2 and @ is set as Iso t inductanceL.can be
calculated by considering the following eq n of energ f stored in the resonant
inductance L,

O
6@3 @'@__ . ch——-va D;T> -

where the primary currentjs the resona$?®dctance current approximated from equation

(1). The energy Emust er tha ergy required to charge/discharge the parasitic
capacitors of the swifc en the ma itches are switched, because, it must be so, each
ith ZV , the resonant inductanceL,shouldsatisfy the following

switch can be switc

condition: Q
@ Vo z

(bb' L. < M (18)

r 2 2
8X2X-CsXVp?:

voltage vep fluctuates within a small range compared with the voltage
Vpe — =2 , the main switches of the prototype converter are selected as 630V/47A-class

~and their parasitic capacitance Cs is 2200pF.
of the rectified current of the secondary full-bridge diode is given as follows:

where the%lgﬁapacitor voltage Vvcpis neglected for design convenience, because the

iDl + iD4 = iCO + IO (19)

The peak-to-peak of the secondary diode current ip;is the same as that of the output
capacitor ripple current Adic, in mode 1.Therefore, the magnetizing inductance L,can be
calculated by determining the ripple current of the output capacitor C,. Based on the design
specifications, the peak-to-peak of the output capacitor ripple current Aic, is approximated
and given from the primary current i, of mode 1 as follows:
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1

. ~ TlVDC—VO _ ﬁ M
Aigo = n2( Ly Lm) 2 (20)
From equation (20), the magnetizing inductance L, is given as follows:
Ly D.T
L = Vo (nVDC—Vo - 2><n2><AiCo) (21)

In order to guaranteeoperation in continuous conductionmode, theoutput capacitor ripple
current dig, is set as 1A. Then, the magnetizing inductance Ly, is set as 19.5mH.

[ ]
5. Experimental Results 27
In order to show the performance of the proposed converter, a protot@ erter was

implemented and experimented with. % ° Q)
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Figure 6. The Experimental Waveforms of the Secondary Diode Currents ip;
and iD2

Figure 5 shows the experimental waveforms of the bridge voltage Vg, the primary current
ip, and the blocking capacitor voltage vc,. These waveforms coincide with the theoretical
waveforms of Figure 3. So, it can be known that the power circuit design of the proposed
converter in Section 3 is accurate, and the proposed converter operates well and stably.

Figure 6 shows the experimental waveforms of the secondary diode currents ip; and ip,.
From these experimental waveforms, it can be known that the commutation between the
diode currentsip; and ips 0ccurs, and its commutation interval exists as shown in Figure 3.
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Figure 7 shows the experimental waveforms of the output voltage V, and the output current
l,. It can be confirmed that the output power of the prototype converter is 650W (24V/27A)-
class. From this, it can be known that the proposed converter controls the output power well
and maintains the output voltage and current at constant values.
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Figure 8. The E '%hcy Graph of the Proposed Converter according to the
Output Power

Figure 8&&! the efficiency graph of the proposed converter according to the output
power. TQ al efficiency is high roughly around the load condition of the maximum or
r. This demonstrates the good performance of the proposed converter as a high-

rati )
efficiepcy AC-DC SMPS.

6. Conclusion

A high-efficiency AC-DC SMPS using three full-bridge converter circuits has been
presented. The three full-bridge converter circuits include two full-bridge diode converter
circuits and one full-bridge MOSFET converter circuit. The two full-bridge converters are
utilized at the primary AC input and the secondary DC output for the rectification,
respectively, and the full-bridge MOSFET converter is used to convert a DC voltage to a
high-frequency AC voltage. The input DC voltage or the output of the full-bridge diode
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converter at the AC input is converted to another output DC voltage using a modified DC-DC
full-bridge converter that is composed of a full-bridge converter, a transformer, and a full-
bridge diode converter, which is the core of the proposed SMPS. The proposed converter
overcomes thedrawbacks of the conventional full-bridge converter by inserting a DC blocking
capacitor in the primary of the conventional converter circuit. The proposed converter has
good performance as a high-efficiency AC-DC SMPS, which was shown through various
experimental results.
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