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An Improved Full-Bridge Converter With a
Five-Diode Rectifier for High Efficiency
in Wide Voltage Range

Yunqiu Zhu ¥, Zhigiang Guo

Abstract—This article presents an improved full-bridge con-
verter with a five-diode rectifier. The primary side circuit is com-
posed of a full bridge with two transformers and two split ca-
pacitors. On the secondary side, five diodes are employed in the
rectifier stage. By using the asymmetrical pulse width modulation
(PWM) signals, this converter can realize the zero-voltage switching
(ZVS) of all switches and reduce the circulating current. The two
transformers share the load power equally in whole load range.
Compared with the other dual transformer isolated full-bridge
converters, the transformers in the proposed converter are easy
to optimize because of the load power equal sharing. Furthermore,
the output filter inductance is reduced, which reduces the loss and
volume. According to the loss analysis, the proposed converter has
higher efficiency compared with some other dc-dc converters. The
experimental results of a prototype with 300-400V input voltage
and 250V/4 A output verify the performance of the proposed
converter.

Index Terms—Dual transformers, five-diode rectifier, reduced
circulating current, reduced output filter inductance, zero voltage
switching.

I. INTRODUCTION

HE CONVENTIONAL phase-shift full-bridge (PSFB) dc-

dc converter, as shown in Fig. 1, is currently favored in
medium and high power applications. PSFB converters have the
characteristics of fixed frequency, simple structure, high power
density, wide conversion ratio, and soft switching based on its
parasitic parameters. However, the performance of the PSFB
converter cannot meet high efficiency in the wide conversion
ratio. In the case of light load or small resonant inductance, the
lagging switches O3 and Q4 will lose the ZVS, so the converter
will work in hard switching conditions leading to power loss
increment. Meanwhile, during the freewheeling period, there
is large circulating current flowing through the switches in the
primary side, resulting in more conduction loss. The circulating
current loss is especially considerable in high current and low
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Fig. 1. Conventional PSFB converter.

duty cycle cases. For small duty cycle situations, the output
current ripple is increased. To reduce the output current ripple,
a large output filter inductance is necessary.

The reason for losing the ZVS of the lagging switches un-
der light load is the insufficient energy store in the resonant
inductance. Therefore, the main idea to solve this issue is to
add auxiliary resonant components or circuits. Increasing the
leakage inductance of the transformer [1] or adding an external
series inductance [2] can provide extra energy for the ZVS of
lagging switches. A saturable inductor can be added in the pri-
mary side [3] or the secondary side [4]. In [5], a coupled inductor
on the primary side is employed. Furthermore, LC network [6]
and LLC circuit [7] can also be integrated into the traditional
PSFB converter. With these auxiliary resonant components or
circuits, the entire ZVS of lagging switches can be guaranteed.
However, the addition of redundant resonant components will
lead to more duty cycle loss and increase the voltage stress on
the rectifier stage. Some other improved PSFB converters with
auxiliary circuits are also proposed to extend the ZVS range
[8]-[10]. The current in the auxiliary circuit is decreased with
the increase of the load power. The narrow ZVS range of the
lagging switches is extended with lower conduction loss in the
auxiliary circuit.

To reduce the circulating current, the zero-voltage zero-
current switching (ZVZCS) full-bridge converter schemes are
proposed [11]-[13]. In the ZVZCS full-bridge converters, MOS-
FETs for ZVS are applied in the leading switches, and insulated
gate bipolar transistors (IGBTs) for ZCS are applied in the
lagging switches. Based on the above work, more ZVZCS con-
verters are proposed in [14]-[16]. However, due to the existence
of IGBTs, the switching frequency of the ZVZCS converters
cannot be very high, causing difficulty in the optimization of
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Fig. 2.

Topology of the proposed converter in [19].

magnetic components. In [17], a full-bridge converter with a new
coupled inductor rectifier is proposed to reduce the circulating
current, and the magnetizing inductor current is designed large
enough to charge and discharge the junction capacitors of the
lagging switches for ZVS. However, the magnetizing inductor
current will cause more conduction loss, especially in a wide
conversion ratio. The isolated series capacitor-based full-bridge
converter with a simple auxiliary circuit is proposed [18]. By
employing the pulsewidth modulated scheme, the circulating
current is reduced. However, some switches still work in hard
switching. The dual transformer scheme [19]-[21] can also ex-
tend the ZV'S range and reduce the circulating current and output
current ripple. Fig. 2 shows the converter with two transformers,
in which the magnetizing inductor current is used for ZVS of the
lagging switches [19]. However, controlled by the phase-shifted
method, it cannot achieve equal power-sharing between the two
transformers. The conversion ratio of the converterin [19] cannot
reach down to zero, leading to poor wide voltage regulation
capacity. Meanwhile, the control loop cannot limit the load
current during the output short circuit situation. In [22], a new
PSFB converter using a center-tapped clamp circuit is presented.
The clamp circuit is composed of two diodes and one capacitor.
The magnetizing current is necessary for the ZVS of the lagging
switches. When the converter works in a wide conversion ratio,
especially in the low duty cycle condition, the magnetizing cur-
rent amplitude is very low. Therefore, the lagging switches may
still work in hard switching. A modified PSFB converter with
a low freewheeling period for the wide conversion ratio is pro-
posed in [23]. The converter can be regarded as two converters in
parallel or series connection. The configurable interconnection
structures can handle the wide voltage conversion ratio and wide
load range. A full-bridge converter with an auxiliary coupling
inductor can achieve ZVS for all the switches [24]. However,
the auxiliary inductor still causes more conduction loss.
According to the previous works, the ZVZCS full-bridge
converter can reduce the circulating current with the loss of
the ZVS performance. The magnetizing inductor current should
be designed large enough for the ZVS in lagging switches,
but it will cause more conduction loss especially in a wide
conversion ratio. Using the two transformers integrated into the
full-bridge converter, the circulating current can be reduced, and
the ZVS in the lagging switches can be achieved by using the
magnetizing inductor current. However, the two transformers
cannot share the load power equally. It cannot optimize the
volume of the transformers. To improve the demerits of the
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Fig. 3. Proposed IFB-5R stage.

previous works, this article presents an improved full-bridge
converter with two transformers and a five-diode rectifier stage.
Using the asymmetric PWM controlled method, the proposed
converter has the following merits.

1) The circulating current in the primary circuit is reduced,
so the conduction loss in the switches and the copper loss
in the transformers are reduced.

2) Although the circulating current is reduced, all the
switches still meet the ZVS constraint without the aux-
iliary circuit.

3) Two transformers can share the load power equally during
the whole load range. Therefore, the volume and design
of the transformers can be easily optimized.

4) For the same output current ripple, the output filter in-
ductance is reduced. Compared with PSFB converters, a
smaller core and a small number of turns are selected to
fabricate the inductor. Therefore, the loss of the output
filter inductor is reduced.

The article is organized as follows. Section II introduces
the topology and working modes of the proposed converter.
Section IIT gives the design guidelines of the key parameters.
The performance is analyzed in Section IV. Section V gives
the experimental results for the prototype with 300-400V input
voltage and 250 V/4 A output. Finally, Section VI concludes this
article.

II. OPERATION MODES

Fig. 3 shows the circuit of the proposed isolated full-bridge
converter with a five-diode rectifier (IFB-5R). Compared to the
conventional PSFB converter, two transformers and two split
capacitors are added in the primary side of the circuit. In the
secondary side, the rectifier stage consists of five diodes and
the secondary windings of the transformers. To facilitate the
following analysis of the proposed converter, some components
and parameters are assumed as follows.

1) The split capacitors C4; and Cg2 are large enough to be
regarded as constant voltage sources during the steady-
state operation.

2) C1—C4 are the parasitic capacitors of the switches. The
capacity of all parasitic capacitors is the same and equal
to C.

3) The turns ratio of the two transformers are the same, and
the turns ratio is defined as n = N41/Np1 = Ngof/Npo.
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Key waveforms of the isolated full-bridge converter with five-diode

L1 and L, are the magnetizing inductance of the trans-
former, where L,,1 = L,,o = L,,. i,,1 and i,,2 are the
magnetizing inductor current in the transformers.

4) The output filter inductance L is large enough to be
regarded as a constant current source. The average output
filter inductor current is /.

5) The output capacitor C, is large enough so that the output
voltage keeps constant.

Controlled by the asymmetric PWM signals, the turn-ON time
of Q1 and Qs is equal. For the IFB-5R converter, the output
voltage is regulated by the duty cycle D. D is defined as the
duty cycle of Q1 and Qs, and D < 0.5. Do is the effective
duty cycle, and D is the duty cycle loss, where D = Dog +
Djyss. Fig. 4 shows the key waveforms of the [FB-5R converter
when working in a steady state. v, is the output voltage of the
rectifier stage. Because of the symmetry of the circuit working
modes, the working stages of the proposed IFB-5R converter
during a switching period can be divided into two half cycles.
Fig. 5 shows the detailed working modes in a half cycle from #;
to tg.

Mode 1([ty, t;1]) [Fig. 5(a)]: Before tg, i, is the primary
winding current of 7,1, and it is negative. ij,o is the primary
winding current of 7,9, and it is equal to the magnetizing
current i,,2. Dro and D, are conducted for the output filter
current iz,r. Mode 1 begins when Q> is turned OFF at fg. On the
primary side, the parasitic capacitor of Q; is discharged and
the parasitic capacitor of Qs is charged by the energy stored
in the leakage inductance Ly;. v 40 increases from —V g9 to
Va1, and vop keeps constant at Vgo, where Vg1 and Vg0
are the quiescent voltage across split capacitors Cy; and Cgo,
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and V;, is the quiescent value of the input voltage. Therefore,
vap is increased from zero to Vj,. In the rectifier stage, the
current flowing through Dgrs and D, is decreasing, and the
current flowing through Dr4 and DR is increasing. Therefore,
ip1 starts to increase from a negative current, and i, starts to
increase from the magnetic current i,,5.

Mode 2([ty, t2]) [Fig. 5(b)]: Mode 2 begins at #; when the
voltage across the parasitic capacitor of Q1 is discharged to zero.
Therefore, i),1 flows through the body diode of Q1. Becauseipro
and i p, have not dropped to zero, the current of the rectifier stage
works the same as Mode 1. i,,; and i, are still increasing. In
this stage, 7,1 and 7,2 are expressed as

i (8) = i (1) + S (¢~ 1) 0

ip2 (1) = ipa(ty) + 2 (t = t1).

Mode 3([to, t3]) [Fig. 5(c)]: Mode 3 begins at 5 when Q1 is
turned ON with ZVS. ipro and ip, are still larger than zero, so
the proposed IFB-5R converter works similarly to Mode 2. ij,q
and iy are also expressed in (1).

Mode 4([ts, t;]) [Fig. 5(d)]: Mode 4 begins at t3 when the
secondary winding currents of 7). and 7T, are both equal to
irs. In the rectifier stage, only Drq and D g4 are conducted for
the output filter inductance current iy. In this stage, the two
transformers transmit power to the load simultaneously. In this
stage, i, and ij,o are expressed as follows:

ipr () =nlpy 4 imy =nlnp +imi(ts) + ‘2":; (t —t3)
ipa (t) = nlpf +ima = nlny +ima(ts) + 2 (t — t3).
)

Mode 5([ty, t5]) [Fig. 5(e)]: Mode 5 begins at t4 when Q is
turned OFF. On the primary side, the parasitic capacitor of Q1 is
charged and the parasitic capacitor of Qs is discharged by the
energy stored in the output filter inductance Ly. v 40 decreases
from Vg1 to Vg, and vop still keeps at Vgo. Therefore,
v 4 pisreduced from Vi, to zero. In the rectifier stage, D, starts to
be conducted. i pr4 keeps equal to i 7, so the secondary winding
current of T,» keeps constant. The current flowing through
Dp, decreases and the current flowing through D, increases.
Therefore, i, starts to decrease and iy still maintains i,o =
im2 +nlpy.

Mode 6([ts5, ts]) [Fig. 5(f)]: Mode 6 begins at t; when the
voltage across the parasitic capacitor of Qs is discharged to zero.
Therefore, i),1 flows through the body diode of Q>. Because ipr1
has not dropped to zero, the current of the rectifier stage works
the same as Mode 5. i, is still decreasing and i, still meets
ip2 = im2 + nips ip1 and iy are expressed as follows:

ip1 (8) = ip(t5) — Y22 (t — t5)
Z‘p2 (t) - nILf + imQ = nILf + imQ(t?)) + VE;? (t - t3) .
3)
Mode 7([tg, t7]) [Fig. 5(g)]: Mode 7 begins at tg when Q-
is turned ON with ZVS. ippr1 is still larger than zero, so this
working mode works similarly to Mode 6. i;,; and i, are also
expressed in (3).
Mode 8([t, ts]) [Fig. 5(h)]: Mode 8 begins at #; when the
secondary winding current of T, is dropped to zero. Therefore,
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(2)

Working modes of the proposed IFB-5R converter. (a) [to, t1]. (b) [t1, t2]. (¢) [t2, 13]. (d) [£3, t4]. (&) [t4, t5]. (f) [t5, t6]. (&) [te. t7]. (h) [t7, ts].

Fig. 5.

there are only D, and Dpr4 conducted for the output filter
inductance current. In this mode, i,,; is reduced to the magnetic
current i,,;. 7,1 does not transmit power, and the power is
transmitted from the input to the output only through T'2. ij1
and i, are expressed as follows:

ip () = ip (t7) — T3 (t — t7)

ip2 (t) =ndpy +imo = nlpf 4 ima(ts) + ‘2"” (t—t3).
“)
Mode 1 to Mode 8 is half of the switching cycle. Due to the
symmetry of the working modes, in the next half of the switching
cycle, the circuit working modes are similar to the above working
stages.

III. DESIGN GUIDELINES

In this article, the design specification is the 300—400 V input
voltage and 250 V/4 A output. To demonstrate the performance
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(b)

(d)

(h)

of the proposed converter, the IFB-5R converter is compared
with the conventional PSFB converter and the converter in [19].

A. Voltage Across the Split Capacitors

The voltage across the split capacitors determines the voltage
of the primary windings of the transformers, which shows as the
waveforms of v4 o and vpp in Fig. 4. In the proposed IFB-5R
converter circuit, the voltage across the split capacitors meets
the following:

VCdl + VCd2 = ‘/in- (5)

In the steady state, the voltage across the magnetic inductor
should meet the voltage-second balance in a switching period.
Taking 7', for example, the following equation can be obtained:

Vear DTs — Veaa (1 — D) Ts = 0. (6)
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Fig. 6. Ideal rectifier stage output voltage. (a) IFB-5R converter. (b) PSFB converter. (c) Converter in [19].
Derived from (5) and (6), the voltage across the two split 1
capacitors C4; and C 4o are expressed as follows: < ol Converter in [19]
Vear = Vi (1= D) o £
Veaz = VinD. Ly — ... y An—
2 i iy
In the steady state, the voltage across the split capacitors are E ol Fod
determined by the input voltage Vi, and duty cycle D. Because :? ) PSFB converter
of D < 0.5, Vg1 is larger than Vgo. The voltage across the 2 ..l g
two split capacitors is not qual. .It illustrates the asymmetrical = me_SR comv ert or
waveforms of v 4o and vpp in Fig. 4. Although v 0 and vpop : N

are asymmetric in the proposed IFB-5R converter, the voltage
across the midpoints of full-bridge v 4 5 is the same as that in the
conventional PSFB converter.

B. Input-to-Output Gain

The conversion ratio is associated with the effective duty
cycle. Ignoring the duty cycle loss, the ideal output voltage of
the rectifier stage v, in IFB-5R converter is shown in Fig. 6(a).
The average voltage of v,¢. is the output voltage V,, where V,,
is the quiescent value of the output voltage. Ignoring the duty
cycle loss, the constraint is derived as the following equation:

0-5T€V0 = DeﬁTen‘/in + (05T9 - DeHT@) nDeff‘/irr (8)
The input-to-output gain can be gotten as follows:
Vo
Mipp-s5r = T (3Der — 2Det®) - ©

Fig. 6(b) gives the rectifier output voltage of the PSFB con-

verter. Derived in the same way, the input-to-output gain of the
PSFB converter is as follows:

Vo

7 = 2nDeﬁ‘.
Fig. 6(c) gives the rectifier output voltage of the converter in

[19]. The input-to-output gain can be derived as

Vo
M[lg] = v =n (Def-f + 0.5) .

mn

Mpgrp = (10)

Y

Fig. 7 shows the input-to-output gain of the PSFB, the con-
verter in [19], and the proposed IFB-5R converters versus the
effective duty cycle when n = 1. When the duty cycle is equal to
zero, the input-to-output gain of the converter in [19] is greater
than zero. Thus, the converter in [19] cannot achieve wide

0.1 0.2 0.3 0.4

Effective duty cycle D

0.5

Fig. 7. Input-to-output gain versus the effective duty cycle whenn = 1.

output voltage regulation, which demonstrates that it cannot
meet the short circuit condition. The minimum and maximum
input-to-output gain of the proposed IFB-5R converter is the
same as the PSFB converter, which indicates that the proposed
IFB-5R converter also has a wide voltage conversion capacity.

Equation (12) gives the design guidelines of the turns ratio of
the transformers in the proposed IFB-5R converter. For constant
output voltage, the turns ratio is designed to meet the minimum
input voltage and maximum duty cycle. The maximum effective
duty cycle is designed as 0.4. For the specification of V;, =
300400V, V, = 250V, the turns ratio of the transformers is
designed as 0.94

Vo
Vvin_min (3Dmax

n =

D2 (12)

max

3
C. Magnetizing Current

If the magnetizing current is ignored, the primary winding
current is shown as nig; and nige in Fig. 4. nig; and niso
cannot make the transformers meet charge and discharge bal-
ance. Therefore, to keep the charge and discharge balance, the
magnetizing current is the key component in the converter.

Considering the primary winding current in 7’; and ignoring
the duty cycle loss, the charge and discharge balance can be
written as

1 1 1
DTs-nlpy+ 5Tl = 5Ts -ndpy — 5Tl (13)
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where 1,,,1 is the average magnetic current of 7.;. Simplifying
this equation, the average magnetic current of 7, gives as
follows:

1

According to the symmetry, the magnetic current of 7,5 is

1
Imgz (D — 2> nILf.

As analyzed in Mode 8, the circulating current in 7,1 is
reduced to the magnetic current during the freewheeling period.
In Fig. 7, the duty cycle D is reduced with the increase of the
input voltage. Therefore, for the IFB-5R converter, the maximum
circulating current occurs when the input voltage and load power
are maximum. For the specification of Vi, =400V, V, =250V,
n = 094, and P,,,x = 1 kW, ignoring the magnetic current
ripple, the average circulating current in the proposed IFB-5R
converter during a switching period is 0.714 A. The circulating
current in the PSFB converter during the switching period is at
least 4 A. Therefore, the circulating current is greatly reduced.
To avoid the saturation of the transformers, there are air gaps in
the transformers of the [FB-5R converter.

15)

D. ZVS Conditions

As described in Mode 5, the parasitic capacitors are charged
and discharged to achieve the ZVS for Q> and Q4. In this stage,
the switch parasitic capacitor is fully discharged by the primary
current in the primary winding of the transformers. The ZVS
condition of Q> and Qy is associated with the energy reflected
from the output filter inductance and the energy stored in the
leakage inductor. It is expressed as

1

Ly . o2 | 2
5 (Lm + n2> (Nis1 +im1)” > 3 (20) Vg

(16)

Because the output filter inductance Ly is very large and the
parasitic capacitor C is small, it is easy to realize the ZVS of Q2
and Qy.

As described in Mode 1, the parasitic capacitors are charged
and discharged to achieve the ZVS for Q7 and Q3. In this stage,
the switch parasitic capacitor should be fully discharged by the
energy stored in the leakage inductor. In the view of energy, the
ZVS constraint is expressed as

1 1
§Lk1(m'51 — L) > 5 (20) V2. (17)

Submitting (14) into (17), the leakage inductance is deter-
mined as follows:
20V
[(0.5+ D)nIps*

Ly > (18)

In the proposed IFB-5R converter, the leakage inductance
of the transformers is designed by the maximum input voltage
and 30% load power. The value of the leakage inductance is
calculated as 15.3 pH. The leakage inductor is the intrinsic
parameter of the transformer. If the transformer has no air gap,
the leakage inductor is very low. The air gap is used to adjust
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Fig. 8. Duty cycle versus the input voltage.

the leakage inductance of the transformer. In Section II-C, the
dc bias current in the magnetizing inductor current is used to
keep the charge balance in the primary winding current in the
transformer. To avoid the saturation of the transformer with the
dc bias current in the magnetizing inductor current and adjust
the leakage inductance, the air gap is necessary.

E. Duty Cycle Loss Analysis

As seen in Fig. 4, the duty cycle loss D)5 is associated with
the leakage inductor and the input voltage. Considering the duty
cycle loss, V.41 is expressed as follows:

chdl :Vl (]-_D) :V; (1_DCH_DIOSS)‘ (19)

Equation (20) is satisfied during the duty cycle loss interval.
Therefore, the duty cycle loss is expressed in (21). The curves of
the duty cycle versus the input voltage are shown in Fig. 8, where
Vo =250,1ry=4 A, n=0.94, and L; = 15.3 pH. The duty
cycle loss is decreased with the increase of the input voltage.
Considering the duty cycle loss, the duty cycle D is still less
than 0.5 for 300400V input voltage, which demonstrates the
validity of the transformer design

dipl QTLILf

Lr dt = Vedl = LT‘DI T == VI (]- - Deff - Dloss)
(20)
(1~ Der) — /(1 — Degr)? — Hft
Dloss = . (21)

2

F. Output Filter Inductance Condition

The output current ripple is determined by the voltage across
the output filter inductance. Fig. 6 in Section II-B has given the
ideal output voltage of the rectifier stage in PSFB, IFB-5R, and
converter in [19]. The voltage across the output filter inductance
is expressed as

di
vy = Lf dt = Vrec Vo. (22)

According to (18), the output filter inductance current ripple

of the IFB-5R converter, PSFB converter, and converter in [19]
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can be uniformly expressed as
nVin — V,

A.:
7 Lf

DT;. (23)

For the same required current ripple, the output filter induc-
tance capacity is associated with the duty cycle. In Fig. 7, for
the same input and output voltage, the duty cycle relationship of

the three converters is
Dpg) < DirB-sr < DpsrB- (24

Therefore, for the same current ripple, the output filter induc-
tance meets the following qualitative relationship:

Ly (19) < Lyare-sr < Ly_psrB- (25)

Introducing the expression of the duty cycle D, the output
filter inductance of three converters can be obtained as

3—,/9- LV
I _ (Vi Vo) Ts "Vin
f_IFB-5R = A,g
_ (mVin-V)Ts _V,
Ly psrB = 57— 5vim (26)

nVin—Vo)Ts o
Ly oy = @Yl (Lo o5).

Fig. 9 shows the relationship of the output filter inductance
versus the input voltage when the filter inductor current ripple
is selected as Ai = 0.5 A. As seen, compared with the PSFB
converter, the output filter inductance is reduced in the proposed
IFB-5R converter. The output filter inductance in the IFB-5R
converter is designed as 0.6 mH in the prototype.

G. Soft Start-Up Strategy

Fig. 10 shows the key waveforms during the soft start-up. The
initial voltages of the input split capacitors are equally shared
with the input voltage before the start-up. To achieve soft start-
up, the duty cycle of the converter should be gradually increased
from zero. To meet the voltage-second balance of the voltage
waveforms during the soft start-up procedure, the voltage of
C 42 should be discharged to zero before the soft start-up. In
Fig. 10, the duty cycle of Q> and Q, are increased gradually at
to, and Q1 and Q3 are turned OFF during this interval. Cys is
discharged, and Cg4; is charged. At 1, vcg42 reaches zero, and
vcq1 reaches Vi, . At this time, the duty cycle of O, and Qy is
still not equal to one, so it continues to increase. At to, the duty
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Fig. 10. Waveforms during the soft start-up.

cycle of Q2 and Q4 is equal to one. After f5, the duty cycle of Q¢
and Qs starts to increase from zero, and the duty cycle of Q5 and
Q4 starts to decrease from one. The voltages of the input split
capacitors are varied with the duty cycle of the converter. The
output voltage is also increased with the increase of the duty
cycle. At 13, the output voltage reaches the voltage reference,
and the soft start-up procedure is finished.

IV. PERFORMANCE ANALYSIS
A. Switch Conduction Loss

In the proposed IFB-5R converter, the circulating current in
T,1 is reduced to the magnetic current i,,; in Mode 8. In the
other half switching period, the circulating current in 7' is also
reduced to i,,2.

Fig. 11 shows the key voltage and current waveforms in the
IFB-5R converter, PSFB converter, and converter in [19].

For the proposed IFB-5R converter, according to the current
waveforms in Fig. 11(a), the root mean square (rms) currents of
0, and Q3 are the same, and the rms currents of Q> and Q4 are
the same. Therefore, the rms current of the switches is calculated
as

Ts . DT .
IIFB—5R_Q1&Q3 :\/Tié fO E Z%ldt: \/% fO Z?)ldt

hresr_Q.8Q. = \/% foTs igedt= \/% fgsirs izydt.
27)
For the conventional PSFB converter, according to the current
waveforms in Fig. 11(b), the four switches have the same rms
current. Therefore, the switch rms current is expressed as

1 Ts 1 0.5T
IpsFB Q,-Q, = ?/0 z'2Q1dt= ?/0 i2dt. (28)

For the converter in [19], according to the current waveforms
in Fig. 11(c), the rms currents of Q1 and Q- are the same, and
the rms currents of Q3 and Q4 are the same. To achieve the
ZVS of Q1 and Qs, the magnetizing current should be designed
large enough to charge and discharge the junction capacitors.
Therefore, the magnetizing current will cause more conduction
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where R ; is the turn-ON resistance of the switches.
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(d) Q4.

loss. The rms current of the switches is expressed as

_ 1 (Ts 2 _ 1 [0.5Ts -2
Inol @1&Qs = \/T Jo igudt = \/T Jo U it
1 (Ts ; 1 DT .
Tno gsequ = \/TS fO Z2Q3dt = \/ﬁ 0 Z?)th'

Fig. 12 shows the curves of the switch rms currents versus the
input voltage for the rated output of 250 V/4 A. As seen, the rms
currents of all switches in the IFB-5R converter are less than that
of the PSFB converter. Compared with the converter in [19], the
rms current of Q1 and Qs in the IFB-5R converter is smaller,
and the rms current of Q3 and Q, is larger.

The conduction loss of the switches can be calculated accord-
ing to the following formula:

(29)

4
Pcon_loss = Z IgngQZ

=1

(30)

three converters is plotted in Fig. 13, which is based on
the same turns ratio of the transformer. Large duty cycle
causes a low freewheeling period. As seen in Fig. 7, the three
converters have the same maximum voltage gain. The turns
ratio of the transformer in the PSFB and the converter in [19]
is also selected the same as that in the proposed converter. In
this case, the three converters can nearly reach the maximum
duty cycle in the minimum input voltage. In this case, all
three converters are designed in the optimized condition. With
300-400V input voltage, the proposed IFB-5R converter has the
lowest switch conduction loss. The circulating current is reduced
and the switch conduction loss is also reduced.

B. Power-Sharing Between Transformers

The load power distributed between two transformers in the
IFB-5R converter and converter in [19] is considered.

Pri1_1eB-sr = 7+ Jo nigvaodt = T [
=nlny (DVea + 0.5Vea2)

Pryo 1rB-5r = % fOTS nisavopdt = % {
=nlps (DVea + 0.5Vea2)

DT,
Jo

f0'5T‘
0

nlpVoardt + fo%Ts (—nILf) (—=Veaz) dt}

(0.5+D)Ts G

nILfVCdet + fOA5TS (—nILf) (—VCdl) dt}
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Fig. 14.  Equivalent circuit of the secondary side in Fig. 5(d).

On the primary side of the transformers, the power transmitted
to the output does not include the magnetic current. By integrat-
ing the product of voltage and current, the power transferred by
each transformer can be obtained.

From Fig. 11(a), the power transmitted by 7,1 and T,2 in
the proposed IFB-5R converter is as follows: (31) shown at the
bottom of this page.

Therefore, the equation in the following can be derived in the

IFB-5R converter:
Pr1 17B-5r = Prro2_17B-5R- (32)

From Fig. 11(c), the power transmitted by 7,.; and T2 in the
converter in [19] is as follows:

T, .
Pry1 9] = % Jo * nisivaodt

=2 [)°T nILf) (—0.5Vin) dt = 0.5n1p;Viy
Prys i) = 2 [y ippvpodt =2 [P7* (nI1; x 0.5V, )dt
=Dn ILf‘/in~

(33)
In the converter in [19], the following constraint can be gotten:

Pry1_ni9) # Prea_19)- (34)

From the above analysis and equations, the two transformers
in the IFB-5R converter share the load power equally. Therefore,
each transformer can be designed according to half of the rated
output load. And smaller transformer cores can be selected
compared with the traditional PSFB converter. However, for the
converter in [19], the two transformers cannot achieve equal
power-sharing. One transformer may handle the whole load
power when the duty cycle is minimum. Itis difficult to distribute
the load power for the two transformers, which leads to difficulty
in optimizing the transformer volume.

C. Rectifier Diode Voltage Stress Analysis

As seen in Fig. 5(d), when D4 and D g4 are conducting, the
leakage inductor is resonant with the junction capacitors of D o,
Drs, and Dpg,. It will cause ringing in the rectifier stage. The
equivalent circuit of the secondary side in Fig. 5(d) is shown in
Fig. 14, where the output current filter inductance is large enough
to be regarded as a current source. iz; and iso are the currents
in the secondary windings of the transformers, and Cpg,, is the
junction capacitor of Dy, where x = 1, 2, 3, a.

In terms of Fig. 14, the state equation of the leakage inductor
current and the output voltage of the rectifier diodes are shown
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Fig. 15.  Simulation results of the voltages in the rectifier stage in 400V input

voltage. (a) vrec. (b) vpR1. (¢) vDR2. (d) VDRa.

as follows:

n%Li1 dl“ = UTr1 — UDRa

n? Lo dz“ = UTr2 + UDRa — UDR3
CVDRa dUDRa - ZDRa - Zsl - Z52
2Cpr3

i
fj”“ =2ipr3 = is2 — ILf.

(35)

Equation (35) indicates that it is a high-order differential
equation group, and it is unsolvable. Therefore, the simulation
method is used to evaluate the voltage stress of the diodes.
Fig. 13 shows the simulation results of the voltage across the
rectifier diodes in 400V input voltage. In the simulation, all the
elements are ideal, so there is no intrinsic resistance to damp
the resonance. Because of the internal damping effect by the
parasitic resistance, the resonance in the prototype is decreasing.
According to Fig. 15, the voltage stressin Dr1 and Dr2is 700V,
and the voltage stress in D p, 450 V. Therefore, the peak reverse
voltage of the diodes in the rectifier stage should be larger than
700 V. The diodes with 1200V reverse voltage are preferable.

To damp the resonance and improve the electromagnetic
interference (EMI) performance, the snubber circuit can be used.
An resistor—capacitor—diode (RCD) snubber circuit can be used
in the proposed converter, and the rectifier stage with the snubber
circuit is shown in Fig. 16. The other snubber circuit also can be
used in the converter.

D. Power Loss Analysis

1) Switch Loss: As seen in Fig. 13, the switch conduction
loss in the IFB-5R converter is reduced. Because of the ZVS,
the turn-ON loss is ignored, and the turn-OFF loss will be taken
into account. The waveforms when the switch is turned OFF are
shown in Fig. 17.
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The switch turn-OFF loss expression is approximately evalu-
ated as

b Vs Lat
Pswitch_off_loss = / Udsldsdt ~ Sif (36)

0 6T5
where #7is the turn-OFF time.

Fig. 18 shows the switch turn-OFF loss versus the input voltage
in the rated output power. The IFB-5R converter has a low turn-
OFF current, so the IFB-5R converter has the lowest switch turn-
OFF loss than the PSFB converter and the converter in [19].

2) Transformer Loss: The transformer loss includes the
transformer core loss and the transformer copper loss.

The transformer core loss is mostly estimated by the following
Steinmetz empirical formula:

P, =kf*B Ve (37)

where «, (8, and k are the material parameters, B,, is the
maximum flux density, and V. is the volume of the magnetic
core. However, the Steinmetz empirical formula is only valid
for sinusoidal excitation. To calculate the core loss of any flux
waveform, an improved generalized Steinmetz equation (iGSE)
is proposed

[e3

B (AB)?~dt.

dt

V. T

P,
T 0

ki (38)
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A B is the peak to peak flux density, and k; meets the following
equation:
k

ki = — : (39)
(2m)* " [ |cos §]*28-df

However, iGSE has the disadvantage that it ignores the
changes of core loss under dc bias. Many studies have proved
that the core loss will increase as the dc bias increases [25], [26].
In [27], a factor is proposed to estimate the effect of dc bias on
the core loss. Referred to this idea, a factor C,ey, is introduced
and is defined as

Pcore (Bam Bdc)

C(new =
Pcore (Bacv Bdc = 0)

(40)

where B, is the ac flux density and By, is the dc flux density.

In this article, the core material is 3C90, and the B-H loop
method is used to measure the transformer core loss. The core
loss measurement occurs at B,. = 50 mT, 100 mT, 150 mT, and
Bg. = 0 mT, 50 mT, 100 mT, 150 mT, 200 mT. Through the
analysis, Fig. 19 shows the relationship of Ci,y, With the ac flux
density B,. and the dc flux density Bc.

With the increase of the dc bias, the core loss is increasing.
From Fig. 19, the core loss is not highly increased when the dc
bias is low.

Therefore, for the proposed IFB-5R converter with dc bias,
the transformer core loss can be expressed as follows:

PTrfFefloss - C*new : PTrfFefloss (Bac; Bdc = 0) . (4])

For the proposed IFB-5R converter, Bqc max = 72 mT in
400V input voltage, so the dc bias is very low. From Fig. 14,
the transformer core loss in the IFB-5R converter is not greatly
affected by the dc bias.

The transformer copper loss is caused by the current following
through the resistance of the primary and secondary windings.
Therefore, the transformer copper loss is given by

PTr_Cu_loss - Iz_I‘er_Tr + Ig_TrRs_Tr (42)

where I, 1 and I, 1, are the rms current of the primary and
secondary windings. Because the circulating current in the pri-
mary circuit is reduced. Therefore, the copper loss in the [FB-5R
converter is also reduced.
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3) Rectifier Stage Conduction Loss: The rectifier stage con-
duction loss is mainly caused by the voltage drop of the diodes.
Thus, the rectifier stage conduction loss is calculated by

PDR_con_loss - 2VDR[O (43)

where Vpp is the voltage drop of the rectifier stage diode and
the voltage drop of all diodes in the rectifier stage are expressed
the same.

As seen from (43), although one more diode is added to the
proposed IFB-5R converter, the power loss of the rectifier stage
is not increased.

4) Filter Inductance Loss: The filter inductance loss includes
the inductance core loss and the inductance copper loss. Because
the IFB-5R converter has a lower current ripple than the PSFB
converter, a smaller core and smaller number of turns are se-
lected. Therefore, the core loss and copper loss are lower than
the PSFB converter. In the prototype, the output filter inductance
core is selected as Kool My 77715.

5) Loss Breakdown: In300V input voltage and 250 V output
voltage, the duty cycle is close to the maximum value, the PSFB
converter, the converter in [19], and the proposed IFB-5R con-
verter work in the low circulating loss. Therefore, the efficiency
of the three converters is approximately the same. Under the
condition of 400 V input and 250 V/4 A output, the duty cycle of
the converter becomes small. The losses of the PSFB converter,
the converter in [19], and the proposed IFB-5R converter are
calculated. And the loss distribution diagram is shown in Fig. 20.
As seen, the proposed IFB-5R converter can effectively reduce
power loss and improve efficiency.

The volume of the heat sink can be evaluated according to the
following equation:

Ry = %7 Ry, = %
where AT is the temperature difference; Q is the quantity of heat;
Ry, is the thermal resistance; / is the depth of the heat sink; Sis the
superficial area of the heat sink; and A is the heat conductivity
coefficient. In the heat sink evaluation, the average depth of
the heat sink is defined as 1 cm. The ambient temperature is
20°C, and the temperature of the switches is 50 °C. Therefore,
AT is 30°C. the heat conductivity coefficient of aluminum is
237W/m°C. The loss in the primary four switches is 7.27 W.
According to (44), the average surface area of the heat sink for

the primary switches is evaluated as S = % =0.102 cm?.

(44)
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Fig. 21.  Schematic diagram of the experimental topology.
TABLE I
DETAILED SPECIFICATIONS
Components Parameters Value
Switching frequency fs 100 kHz
Input voltage Vin 300 V~400 V
Output voltage Vo 250V
Switches O1- 04 FDA24N50
Tn, Tr PQ40/40
Transformers n 0.94
Lm ImH
Lk 15.3uH
Diodes Dr1-Dra RHRP8120
Dra RHRP8120
Output filter inductance Ly 600uH (77715
(@Magnetics)

The loss in the secondary diodes is 25.6 W. In terms of the same
method, the average surface area of the heat sink in the secondary
diodes is evaluated as S = % = 0.359 cm?. Therefore, the
average surface area of the heat sink for the primary switches
should be larger than 0.102 cm?, and the average surface area
of the heat sink for the secondary diodes should be larger than

0.359 cm?.

V. EXPERIMENTAL RESULTS

An experimental prototype with 300400V input and
250V/4 A output is made to verify the performance of the
proposed IFB-5R dc-dc converter. The asymmetrical PWM
modulation signals are generated by the voltage and current dual
closed-loop algorithm. The control algorithm is implemented in
TMS320F28335. The main components and parameters of the
proposed IFB-5R prototype are listed in Table I. Fig. 21 shows
the experimental prototype.

The key voltage and current waveforms in the steady state
are shown in Figs. 22 and 23. Fig. 22 shows the waveforms
when the input voltage is 300V and the load power is 300 and
1000 W. Fig. 23 shows the waveforms when the input voltage
is 400V and the load power is 300 and 1000 W. The dashed
borders indicate that the circulating current on the primary side
of the proposed IFB-5R converter is reduced. The key voltage
and current waveforms are consistent with the ideal waveforms,
and the circulating current is also reduced as expected.
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The rectifier stage output with the input voltage of 300 and © )
400V is shown in Fig. 24. As seen, during the freewheeling
period, the rectifier stage output voltage is still larger than zero.  Fig.26.  ZVS for Q2. (a) Vi, =300V, P=300 W. (b) Vi, =300V, P = 1000 W.

This proves that the output filter inductance of the proposed
IFB-5R converter can be reduced. In 400V input voltage, the
peak voltage of v, is approximately 700V, which coincides
with the simulation results in Fig. 15. The reverse voltage of the
rectifier diodes is 1200V, and it is reliable without the snubber
circuit. The snubber causes more loss, so the snubber is not used
in the prototype.

Fig. 25 shows the ZVS of Q; under different input and output
conditions. When the input voltage is 300 and 400V, and the
output power is 300 and 1000W, Q; can still realize the soft
switching. In the other half of the switching cycle, O3 works
the same modes as Q1. Therefore, Q3 can also achieve soft
switching.

Fig. 26 shows the ZVS of Qs under the different input and
output conditions. As seen, Q5 can also achieve the ZVS. At
the same time, it can be inferred that Q4 can also realize soft
switching. In Figs. 25 and 26, the converter can ZVS in the 300 W
output power, which is the 30% rated load. It demonstrates the
design of the leakage inductance in Section III-D.

Fig. 27 shows the dynamic experimental results with the load
changes for the proposed IFB-5R converter. Fig. 27(a) shows
the waveforms for the load changed from 300 to 1000 W, and
Fig. 27(b) shows the waveforms for the load changed from 1000

() Vin =400V, P =300W. (d) Vin, =400V, P = 1000 W.
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Fig. 27. Dynamic load shedding results. (a) From 300 to 1000 W. (b) From
1000 to 300 W.

to 300 W. The proposed IFB-5R converter has a good dynamic
response.

Fig. 28 shows the dynamic response with the input voltage
changed from 300 to 400V. As seen in Figs. 22 and 23, the
duty cycle is decreased with the increase of the input voltage.
Therefore, the voltage of v.41 is increased, and the voltage of
Veqo 1 decreased. During this interval, the output voltage is
stable and constant.

Fig. 29 shows the soft start-up waveforms in 350V input
voltage. As seen in Fig. 29(a), before 1, the voltages across
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TABLE II
COMPONENTS OF PSFB CONVERTER AND CONVERTER IN [19]

PSFB converter  Converter in [19]

Switches FDA24N50 FDA24N50
Transformer(s) PQ50/50 PQ40/40 2ea
Diodes RHRP8120 RHRP8120
Output filter inductance 730pH (77715 430pH (77715
(@Magnetics) (@Magnetics)

Cgq1 and Cgo are equal to Vi,/2. At #1, the duty cycle of Qs
and Qg4 starts to increase gradually to discharge Cg42, and O,
and Qs are still turned OFF. The voltage of Cy 5 is discharged to
zero, and the voltage of Cg; is charged to V,. At t, the duty
cycle of Q5 and Q4 is equal to one. After 75, the converter starts
the soft start-up. The duty cycle of Q; and Q3 are increased
gradually from zero, while the duty cycle of Qs and Q4 are
decreased gradually from one. At 3, the output voltage reaches
the voltage reference, and the soft start-up is finished. After 73,
the converter work in the normal operation. Fig. 29(b) shows
the voltages across the primary windings of the transformers.
During the soft start-up, there is no large inrush current.

Table II gives the detailed components of the PSFB converter
and the converter in [19]. Fig. 30 shows the efficiency of the
IFB-5R converter, the PSFB converter, and the converter in [19].
Compared with the other two converters, the IFB-5R converter
improves efficiency. Especially when the input voltage is 400V,
the efficiency of the IFB-5R converter is improved by about 1.7%
compared to PSFB converter. It indicates the IFB-5R converter
has good performance.

VI. CONCLUSION

This article presents an improved full-bridge converter with
a five-diode rectifier stage controlled by the asymmetric PWM
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Fig. 30.  Efficiency comparison of three converters.

method. Compared with the PSFB converter and the converter
in [19], the IFB-5R converter improves the performance in
the following aspects. All switches can achieve the ZVS. In
the freewheeling period, the circulating current is reduced, and
the conduction loss in the primary circuit is reduced. The two
transformers share the load power equally so that the capacity
and volume of each transformer can be optimized. Furthermore,
the output filter inductance is reduced. With the above good
performance, the efficiency of the IFB-5R converter is improved.
A prototype with 300400V input and 250 V/4 A output is built
to verify the effectiveness of the IFB-5R converter.
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