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Switching and Conduction Loss Reduction of

Dual-Buck Full-Bridge Inverter Through ZVT
Soft-Switching Under Full-Cycle Modulation

Baoquan Kou, Member, IEEE, Jian Wei

Abstract—Based on the no blanking time characteristic, voltage
error does not occur in the pulsewidth modulated output stage of
dual-buck full-bridge inverter (DBFBI), resulting in lower total
harmonic distortion (THD) of the output current. The two main
modulations applied in the topology are half-cycle modulation and
full-cycle modulation. Compared with the half-cycle modulation,
the full-cycle modulation does not have the zero-crossing problem,
but the inverter requires a bias current to guarantee better output
waveform. The circulation current loop caused by bias current
has a great influence on inverter efficiency. This article proposes
a novel zero voltage transition (ZVT) soft-switching topology to
increase efficiency by reducing the switching losses and conduction
losses resulting from low bias current. The advantages of the
DBFBI are included in the proposed inverter. The soft-switching
condition is achieved by the snubber cells, and the energy stored in
the passive snubber capacitors can be transferred effectively. The
topology deduction, operating principles, and design guidelines are
presented in detail. An 800-W experimental prototype operating
with a 100-kHz switching frequency is implemented to verify the
theoretical result.

Index Terms—Conduction losses, dual-buck full-bridge inverter
(DBFBI), efficiency, full-cycle modulation, switching losses, zero
voltage transition (ZVT) soft-switching.

I. INTRODUCTION

OTION control systems have increasingly strict de-

mands for power converter performance, especially in
ultraprecision positioning application, for instance, advanced
numerical control machines require power converter with high-
precision output current generation capabilities, which are used
to provide the output currents to drive the electromechanical
actuators, such as voice coil motors and linear motors [1], [2].
Nonlinearity errors produced by the converter influence the sta-
tionary and dynamic positioning accuracy of the high-precision
mechatronic system. Furthermore, as an inner loop of the posi-
tion servo control system, improving the output current precision
of power converter is important to the optimization design of the
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mechatronics system. To achieve the high performance of the
motion systems, power converters must meet the requirements
of high precision. In fact, the dead-time effect is a dominant
source of output current distortion to traditional full-bridge
inverters [3]-[5]. To compensate for the dead-time effect, many
research works have been conducted on full-bridge pulsewidth
modulated (PWM) inverters [6]—[11]. These methods can reduce
the problem but are not capable of completely removing it.
The topology of dead-time elimination is a primary method to
solve the aforementioned problems, which make the dual-buck
full-bridge topology attractive to power converter. Therefore, it
has been widely used in many power conversion systems, such
as photovoltaic grids and LED drivers [12]-[18].

Modulation strategies of dual-buck full-bridge inverter
(DBFBI) include the full-cycle mode and the half-cycle mode.
When the inverter operates in the half-cycle mode, the switch and
diode conduction times decrease, which can achieve relatively
high efficiency [19], [20]. However, zero-crossing distortion
occurs due to the inductor current on the state of discontinuous
conduction mode. Some articles analyzed and tried to remove
the zero-crossing distortion problem [21], [22], but the effect is
less obvious. Total harmonic distortion (THD) of DBFBI under
the half-cycle modulation can meet the requirement of grid-
connected field. Accordingly, the characteristics of relatively
high efficiency make it suitable for that. When the inverter oper-
ates in the full-cycle mode, a bias current is applied, and the con-
tinuous conduction mode (CCM) of the filter inductor current is
maintained to eliminate the zero-crossing distortion completely.
A key advantage of DBFBI under the full-cycle modulation is
the high precision output current capability, which is important
for the application of ultraprecision positioning. At the same
time, a circulating current exists between the inductor and the
switches (diodes), which reduces the efficiency of the inverter.
With the growing demands on power density, how to improve
the efficiency has become an increasingly important problem.

The soft-switching technique is efficient approach to solve
the dissipation problem and to improve system efficiency [23].
A coupled-magnetic structure as the resonant snubber circuit
achieved zero-voltage switching (ZVS) was proposed in [24].
The auxiliary switches meet with low current and ZCS, which
resulted in low conduction and switching losses. In [25] and [26],
soft-switching condition was achieved to decrease switching
losses in the full-bridge grid-connected inverter, and the zero
voltage transition (ZVT) zero current transition (ZCT) resonant


https://orcid.org/0000-0003-1991-6839
mailto:koubq@2008.sina.com
mailto:18weijian@163.com
mailto:zhanglu24@hit.edu.cn
http://ieeexplore.ieee.org

5032
L o SAE‘E
.
L}
O =
U, .
-l
L, Uy
i
L SiJ D,
T fiy
Fig. 1. Proposed ZVT DBFBI topology.

tank has no influence on the common-mode characteristics of the
former transformerless topologies. In [27], Xiao et al. proposed
a soft switching for the H6 inverter with self-compensation
that reduced switching losses with few passive devices. Xiao
et al. [28] introduced integrated resonant circuits for the highly
efficient reliable inverter concept (HERIC) topology to reduce
switching losses, and the added resonance cell increases the
current stress of the active and passive components. In [29], an
interleaved boost-integrated LLC resonant converter with full
loads was analyzed, and switches were operated with ZVS over
full-load range leading to reduced switching losses. A two-stage
quasi-resonant dual-buck LED driver not suitable for full-cycle
modulation was proposed in [30], and the system efficiency was
improved to some extent in low-power application. In [31], a
passive lossless snubber circuit was added to DBFBI to improve
the efficiency, and the inverter was operated in the half-cycle
modulation. Besides, the voltage error caused by rise- and
fall-time due to the ZVT snubber cell in full-bridge topology
was analyzed in [32].

The research of soft-switching mainly focuses on the grid-
connected photovoltaic system to improve efficiency, and high
precision is not a major issues. Furthermore, the existing soft-
switching of the DBFBI topology does not achieve low THD
while improving system efficiency. Therefore, a novel ZVT
DBFBI topology shown in Fig. 1 is proposed to improve effi-
ciency with low THD in the ultraprecision positioning applica-
tion. The main contributions of this article are as follows. First,
a new topology is proposed to improve the system efficiency,
and the characteristic of low THD is achieved. Second, a design
method is summarized by modeling and analyzing the resonant
snubber cell. Third, the effect of resonant circuit and bias current
on output voltage error is analyzed.

This article is organized as follows. In Section II, the basic
topology of the ZVT DBFBI is presented, and the operation
principle of the converter is analyzed. Modal operation diagrams
of the soft switching are shown when the inductor operates in
CCM. Section III introduces the parameters design and anal-
ysis of the conduction losses. Section IV shows the features
of the converter compared with other similar converters, and
the parameters of the ZVT DBFBI prototype are provided.
Section V shows the experimental results of an 800-W ZVT
DBEFBI prototype.

II. OPERATION PRINCIPLES AND ANALYSIS
A. Operation Modes of ZVT DBFBI

The resonant branch (Sy7, L., L’v1, Cri, Dg1, Di1)
corresponds to switches §1 and S3, whereas the resonant

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

Interleaved Switcbing
i

Interleaved Switching
|

o

T

=

1
1
iy
i

[\,
A
A

N

U,

]
.
A

|
]
|
I
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
[
|
|
|
|
T
|
|
|
|
T
|
|
|
|
I
|
|
|
!
|
|
|

I
I
I

A

U,

I
|
|
|
|
|
|
|
I
[
|
|
|
T
|
|
|
T
|
|
|
I
I
|
|
|
I
|
|
|
|
L
|
|
|
|
|
|
|
|
|
|
|
|
|
1
|
|

DN aen w 1
A A fo

Fig. 2. Key waveforms of operation stages in the proposed converter.

branch (S21, L2, L'y2, Cra, Dg2, Dy2) corresponds to switches
Sy and Sy. Csl, Cs2, Cs3, and Cs4 are equal to Cs, which
are equivalent parallel capacitances of the main switches. The
switching period is divided into ten working stages when
inductors operate in CCM. The behavior of the converter in
each mode is explained in detail in this section. Equations that
define the operation of the converter are derived. The operation
stages of the soft-switching cells are shown in Fig. 2. The
equivalent circuits of each operation mode are shown in Fig. 3.

Due to the symmetry characteristics of the ZVT DBFBI topol-
ogy, the two soft-switching cells operate in the same way, so only
one auxiliary branch is selected for analysis. When analyzing the
operation state of the soft-switching cell corresponding to S; and
S3, the operation state of the soft switching cell corresponding to
S2 and Sy is not considered for the convenience of analysis. The
control signals of §; and S5 overlaps with the control signals of
S2 and S4.

Mode I [ty <t < ty: Fig. 3(a)]: Before the initial moment 7y,
switches S and S3 are in OFF state, whereas switches So and Sy
are in ON state. The overlap between S1 (S3) and S2 (S4) is related
to the bias current. Diode D; (D3) fully conducts the inductor
Ly (Ly) current, and the current of filter inductor L; (L4) can
be considered as a constant within a soft-switching period. At
the same time, is; = 0, ig3 = 0, iL,1 = 0, and ucs1 = Ucss =
U;. At t = 1y, due to the existence of the resonant inductor L.,
auxiliary switch S1; turns ON under ZCS. Therefore, the inductor
current iy, increases linearly from 0. Besides, due to capacitor
voltage uc, 1, diode D, is in the reverse blocking state, and diode
current ipy (ip3) decreases when current ir,; starts increasing.
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Fig. 3. Equivalent circuit schemes of the CCM in the proposed converter. (a) fop <t <t1.(b) 11 <t <t2. ()12 <t<t3.(d)t3 <t <tg.(e)ty <t<t5. ()t5
<t<tg. (@te <t<t7.(h)yty <t<tg.()tg <t<tg.(j)tg <t<tip.

The equations for this stage are obtained as follows: When ¢ = #;, i1, is equal to /1,1, this mode ends, and the
duration is given as follows.

U; + uCrl(tO) Ly - Iq
i () = 2 uentto) oy (1) oo Ll 3
@S ==, e T Tt uon (o) )
i r1(E . . _ ; _
iDl(t) = Iy — iLrl(t) = Iy — Ui +uc 1( 0) (t - tO)' ) . Mode 2 [ll <t < to: Fig 3(b)]: At t = 1y, lDl(tl? =
L ip3(t1) = 0, i1 (1) = Ir, and ucs1(t1) = U;. Dy (D3) realizes
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ZCS turn-OFF. In this interval, a resonance begins between L, 1,
Cr1, Dg1, S11, Cs1, Cs3, and U;. The resonance starts via the
path L1 —C.1 —Cs1 —U;— Cs3. Resonant inductor current L;q
continues to increase with the voltage ucs1(ucs3) reduced by
the resonant principle. Since the resonant inductor current iy,
is basically in the rising state, therefore the diode D, is in reverse
blocking state. For this resonance, the following equations are
obtained:

i () = (Ui Fuc (t)//20m /cs) sinwo(t — t1)
+ Ipcoswy(t —t1) + Ity (€]
Ui — ucr (t1)
2
n U; + u;rl(tl)
— (In/\/2C5/Ly1) sinwg (t — t). (5)

In the equations, /; is the initial resonant current of induc-
tor Ly1. In order to compare with other ZVT circuits, Iy was
introduced

qul(t) - usl(t> -

coswo(t —t1)

2
Lrl Os

Eq. 7 shown at the bottom of this page.
For the proposed ZVT snubber cell, the initial resonant current
Iy is equal to 0, and therefore

iy — 7 — arccos((U; — ucy1(t1))/(U; + UCrl(tl))). )

\/2/L.1Cy

Mode 3 [to <t <t3: Fig. 3(c)]: Att=to, ucs1 (ucs3) decreases
to zero. During this stage, the resonant inductor should obtain
enough current that is more than the filter inductor current
through the resonant circuit. The body diodes of S; and Ss
conducts the excess of the resonance current from inductor
current, and the control signal must be applied to switches Sy
and S3. Thus, ZVS turn-oN for S; and S3 will be achieved. It
can be seen that time duration of this stage is called ZVT time.
For this stage, the following equations are obtained:

(6)

wo =

ipg, = i1 (t2) —in1 9)
Tos = Ly (ire1 (t2) — iv1) /(Ui — uce). (10)

Mode 4 [t3 < t < t4: Fig. 3(d)]: The main switch Sy (S3) turns
on under ZVS condition. The voltage of resonant inductor ir ;1
reaches U;-uc,1, and the current it,.; decreases due to the reverse
voltage U;. Current of coupled inductor L’,; begins increasing
at the same time. When the current it,,; flowing through Diode
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Dg; is zero, the current i’1,q1 also reaches its maximum value
simultaneously. When current ir,; drops to zero, the control
signal of Si; should be removed, and this stage ends. The
following equations are formed for this stage and M is the mutual
inductance

L' U — (L' + M)uce (t3)

iLe1 () = L (ts) — Tl I (t —ts)
(11)
. _ MU; = (Lyy + M)uc (t3)
ZL’rl(t) = I 1L 1/—M2 (t—tg) (12)
i1 (t3) (L1 Ly — M2
Tyy = 1 1( 3)( 1411 ) (13)

LU — (L' + M)uce (t3)

Mode 5 [ty < t < t5: Fig. 3(e)]: This stage starts when
the control signal of S;; is removed and ZCS turn-OFF for
S11 is achieved. S; and S3 conduct current ir,; and ir4 to the
load, and the time of this interval is determined by the PWM
control. A resonance starts between the L’y and C,; via the
path L’y —D;1—C;1. iry1 drops to zero at t5, and this stage

ends

g () (uen(ta) ) Ca

wm@®=24("%") "7z ) 7,
x cos(wy (t —tg) +01) (14)

T
Tys = (5 - 91>/w1. (15)
In these equations, w; is determined as follows:
1
Wy = —F——— (16)
VL1 Cn
Criucy (ta) )
f#1 = arctan | ———= | . (17)
! (L’r1ZL'r1(t4)

Mode 6 [t5 < t < tg: Fig. 3(f)]: The initial conditions at t = 75
are is1 = i1, is2 = iL2, 1S3 = IL4 IS4 = i1.3, I’ L1 = 0, and ippq
= 0. This stage starts when the current of inductor L’,; drops
to zero. The switches S; and S3 are in ON state, so the energies
of inductors L; and L, are given by the source U; via the main
switches §; and S3. The main switches S, and S, turn OFF at
the end of this interval. For this stage, equation can be given as
follows:

(18)

Mode 7 [tg < t < t7: Fig. 3(g)]: Att = tg, is1 = iL1, Iis3 =
ir4, Ucsa = Ui, and ucgy = Uj. At this stage, the snubber cell
is inactive, and main switches §; and S3 continue to conduct
the inductor currents ir,; and ir4. Diodes Dy and D4 turn ON

151 = L1

(Ui —ucri(t))/2

T — arccos

Iy

Io/+/ QCs/Lm)

- — arctan ( T2

U; + ucn(h))
2

\/2/Ly1Cs

(7
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to conduct currents iy,» and ir3 for freewheeling. This stage is
normal duration of the PWM converter.

Mode 8 [t7 < t < tg: Fig. 3(h)]: The initial conditions at t =
t7 are iy = i1, ip2 = 0, is3 = i14, ipa = 0, I’1r1 = 0, and 71,4
= 0. The main switches Sz and S turn ON at the beginning of
this interval. The overlap between S (S3) and Sy (S4) is related
to bias current. This stage ends with removing control signals
of §; and S3.

Mode 9 [ts < t < tg: Fig. 3(i)]: Att =tg, ig1 =0, is3 = 0,
is2 = iL2, is4 = 1.3, Ucs1 = Ucsz = 0, and ucqr = ucaz = U;
are valid. In this interval, Cg; (Cs3) is charged and Cq; (Cq3) 18
discharged by the line current, simultaneously. At the end of this
stage, Cq1 (Cy3) voltage is equal to U, and Cq; (Cqg3) voltage is
equal to zero. The following equations can formed for this stage:

Zcz(f) Z051(75) (t —ts).
S d1

Mode 10 [ty < t < t19: Fig. 3(j)]: In this stage, the control
signals of S; and S3 are negative half-cycle. This stage is OFF
state duration of the PWM converter, and diodes D; and Ds
turn ON to conduct current /1, for freewheeling. At t = 159,
one switching period is completed, and a new switching period
begins

U = (t—ts) + (19)

iD1 = iL1- (20)

B. Control Method of the Proposed Inverter

The operation of the auxiliary resonant circuit depends on
the state of the main circuit, and the proposed soft switching
is compatible with the operation of the main circuit. Based on
the average switching node voltage ug,, the state-space average
model and equations are given as in (21) shown at the bottom of
this page.

[ Z'out 1
i1
L2

y=Cx

L3 |, (22)

11,4

I
o o o o =
o o o~ o
o o+~ o o
o R o o o
—_ o o o o
o o o o o
o o o o o

UcCtp

| UCtn |

where x is the state variable, u is the input variable. A, B, and C
are constant matrices. Besides, L and Ry are the filter inductance
and resistance, respectively. The assumption C; = Co =C3=Cy
= Cy/2 is made. In order to realize decoupling control of output
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current iy,¢ and bias current ip;,g, the decoupling equations are
defined as follows:

1
Uoutp = 3 (usnl + usn2) Uoutp Usn1
1
Uoutn = b (Usn4 + usnS) Uoutn el Usn2
Ubiasp = (usnl - usn2) Ubiasp Usn4
Ubiasn = (usn4 - usn3> Ubiasn Usn3
L1
1 .
Thiasp = §(ZL1 - ZL2) Lhiasp 12
1 , = =Q .
thiasn = §(ZL3 - ZL4) Lhiasn L3
L4
(23)

By combining the decoupling equation with the state equa-
tion, the new state equation is derived as in (24) shown at the
bottom of the next page.

iout
Z‘biasp
y/ — Z.biasn - C/x
1Cfp
_inn
-iout_
(1 0 0 0 0 00 L1
01/2-1/2 0 0 00 iLo
=10 0 0 1/2-1/200 i3 (25)
-1 1 1 0 0 00 L4
10 0 1 1 00] [|uce
| UCtn |

Therefore, the equation between input and output after de-
coupling can be obtained as

Y (s) = C/(sI — A)"'BY

Pout  —Pout 0 O U

outp
0 0 Pbias 0
Uoutn
= 0 0 0 Pbias u (26)

bias
pict  Plict 0 0 or
Ubias
p/icf pict 0 0 biasn

From the aforementioned equations, iy, is determined by
Uoutp and Uoyuen; however  iyi,s is determined by uyi,s, and
Upbiasn. Lherefore, output current and bias current can be con-
trolled separately by decoupling.

[—R/L 0 0 0 0
0 —Ri/L 0 0 0
0 0 —Re/Ly 0 0
t=Ax+Bu= 0 0 0 —R¢/L¢ 0
0 0 0 0 —R¢/ Ly
“1c 1/ 1/C: 0 0
10 0 1/C 1/C

1/L —1/L] iowt ] [0 O 0 O

~1/L¢ 0 i1 1/Ls0 0 0
Ugn1

~1/L¢ 0 iLo 0 1/L;0 0
Usn?2

0 —1/Lf i3 |+ 10 0 1/Lf 0
usn
0 —1/L el |0 0 0 1/L !
ugl’l
0 0 ue | [0 0 00 -

0 0 | luewm] [0 0 0 o0 |

21
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Main waveforms with decoupling control based on bias current.

In order to eliminate the zero-crossing distortion, the filter
inductor should operate in CCM. Therefore, a bias current is
necessary to keep the inductor currents continuous, which is
analyzed in Fig. 4

Lm+ 1)U —uegpy)T (1 —m?)TU;
Aire — ) i cfp _ i 27
iLg I 1L, (27)
TU;
Alys = e (28)
f
1 1 1 TU;
] jas = o ‘omax Al = = 'omax 2
i _2|Z |+2 L 2|Z |+8Lf (29)

where m is the carrier modulation ratio. Switching period T
and dc bus voltage U; are proportional to bias current, whereas
filter inductance and bias current are inversely proportional. The
variation of bias current is shown in Figs. 5 and 6.

Due to the bias current, there are two circulation current loops,
which increase the conduction losses and have a great influence
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Fig. 5. Bias current under 100 kHz switching frequency.

L{H

U(V

Fig. 6. Bias current under 20 kHz switching frequency.

on efficiency. In addition, bias current is important to the design
of inductors, which affects the operating point of the magnetic
core. With the increase in bias current, the dc magnetization
of the magnetic core will be further enhanced, which may
cause the saturation, especially in the case of large dc bus
voltage. Although the bias current can be reduced by increasing
the inductance, the bias current is still relatively large. In the
case, it is difficult to obtain the magnetic core with high filter

[ —R/L 0 0
0 —R¢/Ly O
0 0 —R¢/Ls
&t =Az+ B = 0 0 0
0 0 0
—-1/Cy 1/C% 1/C¢
| 1/Ck 0 0
[0 0 0
1/Le 0 1/(2L)
1/Le 0 —1/(2L¢)
+ 0 ]./Lf 0
0 1/L¢ 0
0 0 0
L0 0 0

0 0 1/L —1/L] fout
0 0 —1/Ly 0 i
0 0 -—1/L¢ O 112
“R¢/L¢ 0 0 —1/L¢ iLa
0 —R¢/Ly 0 —1/L ita
0 0 0 0 qup
1/C;  1/C: 0 0 | |uom |
.
0
0 Uoutp
Y@L || (24)
“1/CL) | | e
0
0 .
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Control diagram of the proposed ZVTD BFBI.

performance and strong resistance ability of dc magnetization.
Therefore, reducing the bias current is needed.

Based on the abovementioned analysis, the decoupling control
diagram of the proposed converter is shown in Fig. 7. According
to the control diagram, the soft-switching snubber cell is com-
patible with the decoupling control algorithm, and it is important
to ensure high performance of the proposed inverter.

To the auxiliary soft-switching cells of ZVT DBFBI, a time
interval At is necessary for the auxiliary switches to turn ON
in advance of the main switches. In addition, after the main
switches turning on, the auxiliary switches needs to delay a time
interval Az, for realizing ZCS turn-OFF. The turn-ON signals of
S11 and S5; are determined by the charging time and resonance
time of resonant inductors. The turn-OFF signals of S1; and S2;
are determined by the time of the resonant inductor current
falling to zero. These times can be derived and calculated, so
the pulse of the auxiliary switches can be obtained.

III. DESIGN PROCEDURE
A. ZVT Snubber Cells Design

1) The voltage error caused by rise time and fall time due to
ZV'T snubber cell exists in the drain-to-source voltage of
main switches, which possibly causes the nonlinearity of
the inverter and increases output harmonic. The voltage
error introduced by the ZV'T snubber cell in the proposed
topology is analyzed as Fig. 8.

Combined the decoupling equations (23) and (26) and the
symmetry of the proposed topology, the voltage error caused by
the soft-switching snubber cell is eliminated. Besides, the ZVT
snubber cell has no resonant component in the main current
path, and the resonant process does not cause the oscillation
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Fig. 8. Voltage error of ZVT DBFBI.

of the filter inductance current. Therefore, the proposed ZVT
circuit can maintain the low THD output of the inverter.

2) To determine the steady-state switching node voltage error
as a function of the bias current and output voltage, the
steady-state duty cycles are determined by an averaged
model, which is valid for an ideal triangular inductor
current ripple, Eq.30 shown at the bottom of this page,
where < > represents a cycle average value, and Ronn, 1S
the on-resistance of MOSFET. v¢ and R,,q are the forward
voltage and resistance of diode, respectively. Based on the
nonideal circuit model, the duty cycles are substituted by
the desired steady-state averaged switching node voltages
using <ips>.

Therefore, the output voltage error under nonideal circuit
conditions can be calculated according to decoupling equation
(26), and the linear reference is removed.

From Fig. 9, it can be seen that the voltage error is small and
almost does not vary with the bias current when the on-resistance
is less than 50 m§2. With the increase in on-resistance of MOSFET,
the bias current will affect the nonlinear error of output voltage,
which will increase the harmonic component of the output cur-
rent. Of course, the voltage error can be compensated to a great
extent by the feed-back control. In conventional converters, these
effects are, in practice, often neglected, since their contribution
is relatively small compared with the effect of blanking time, or
simply because high accuracy is not an issue.

The operation of soft-switching cells is related to the perfor-
mance of the converter, which should be further analyzed. Based

Usn1 = (Uf + (Rond - Ronm) . <iLf1>)

(uctp + (tue1) - Re) /Ui—

(ve + Rond - (if1)) + (ucep + (ine1) - Ry)

Nonlinear errors

Usn2 = ((Rond - Ronm) . <iLf2> - 'Uf) . (Ul — UCfp —

(inf2) - Re) /Ui + (vf —

Linear reference

Rona - (ig2)) + (ucep + (ine2) - Ry)

Nonlinear errors

Usn3 = ((Rond - Ronm) . <iLf4> - Uf) . (Ul — UCfn —

(inta) - Re) /U + (vf —

Linear reference

Rond - (inga)) + (ucm + (inga) - Rr) (30)

Nonlinear errors

Usnga = (Uf + (Rond - Ronm) . <iLf3>) :

(uce + (iLes) - Re)/Ui—

Linear reference

(vt 4+ Rona - (ig3)) + (uce + (ines) - Ry)

Nonlinearerrors

Linearreference
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on this, snubber components should be designed according to
the following analysis.

3) ZVT soft-switching needs to meet the conditions that
auxiliary switches (S11, S21) turn ON in advance of main
switches for a short interval At determined by the follow-
ing formula:

Ly - Iiq
Ui + ucr (to)
—_———
To1
n 7 — arccos((U; — ucr (1)) /(Ui + ucr1(t1)))

V 2/L7‘ICS

T2
n Ly (ine (t2) — i) > At
Ui — ucr1
T3
Ly - I1a

- Ui + ucr1 (tO)
To1
N 7 — arccos((U; — ucy1 (1)) /(Ui + uce1(t1)))
AV 2/L’I"ICS .

T12

(€29}

The variables in formula (31) are u..; (t) and I,1, so the
two variables need to be analyzed. First, I1; can be obtained
by sampling or the output current i,. Second, if uc; (f) can
be considered as a dc voltage source, then it does not require
sampling. Accordingly, it is necessary to select an appropriate
capacitance to maintain the capacitor voltage u.,; fluctuatingina
small range. The variation of capacitor voltage u., and its effect
on the soft switching are analyzed, as shown in Figs. 1012,
respectively. Based on the theoretical analysis, the capacitor
voltage remained basically invariable, and its effect on the soft
switching was also small. Therefore, the capacitor voltage u.,
(f) can be treated as a constant when calculating the time interval
At, and the calculation error of time interval caused by voltage
fluctuation (Au, ) will not affect the operation of soft switching.
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4) After the main switches turn ON, the auxiliary switches
needs to delay a time interval A#; determined by formula
(32) to realize ZCS. Therefore, the turn-ON and turn-OFF
time of the auxiliary switches can be obtained by formula
(31) and (32), and the pulse of the auxiliary switches can
be obtained

it (t3) (L1 L'y — M?)
L/rlUi - (L/rl + M)uCrl (tS) .

T34

DT —ten > Aty >

(32)
The effect of capacitor voltage variation AU, and coupling
coefficient k on interval Aty is shown in Figs. 13 and 14,



KOU et al.: SWITCHING AND CONDUCTION LOSS REDUCTION OF DBFBI

5039
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Relations of interval Atq, iy, and AUg;.
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Fig. 14. Relations of interval Aty, i,, and k.

respectively. It can be seen that the fluctuation of capacitor
voltage has small influence on A# within certain range of
output current. Moreover, increasing the coupling coefficient
can reduce the time interval Af;. When voltage u, is treated
as a constant, the only variable in formula (32) is i1,;1. i1 (f3)
can be obtained by the formula given in the third mode. But
the calculation will increase the burden of the digital system
and consume more controller resources. By analyzing the op-
eration of the soft-switching snubber cell, it is not necessary
to calculated Afy accurately. When the resonant inductance
current ir; decreases to zero under the effect of reverse volt-
age, ir,1 is equal to zero for relatively long time interval.
Therefore, auxiliary switches can realize ZCS when it turns
off in this time intervals, and there is a relatively large margin
of turn-OFF time. Based on the abovementioned analysis, the
auxiliary switches can turned off before turning off the main
switches to realize ZCS, and a small time interval 7., should be
reserved for charging the junction capacitance of the auxiliary
switches.

5) The resonant capacitance and inductance have influence
on the current stress of auxiliary devices, and the current
stress of the auxiliary switch is analyzed, as shown in
Fig. 15.

Large resonant inductance helps to suppress the current stress

of auxiliary switching devices. However, the enough resonant
current is needed because the excess of the resonance current

Fig. 15.

Current stress of the auxiliary switch Sp7.

200

140

u N UN

i

Fig. 16.  Current izys of the diodes parallel with main switches.

from inductor current should be large enough to flow through the
antiparallel diodes of main switches to realize ZVS. Therefore,
the current stresses of the auxiliary circuit and operating state
of soft switching should be simultaneously considered when
designing the resonant capacitors and inductors.

6) Formula (33) is a necessary condition for ZVS. The reso-
nant inductor L,y (L,2) should have enough current to flow
through the diodes parallel with main switches, so that the
main switches can realize ZVS

(U; + UCrl(tl) /\/ 2LT1/CS)sinw0(t2 — lfl)

+ Iy cos WQ(tQ — t1> > 0. (33)

Initial resonant current [y is equal to zero in the proposed
topology, and the effect of capacitor voltage u.; on current
izvs that flow through the diodes parallel to main switches is
analyzed, as shown in Fig. 16.

Based on Fig. 16, capacitor voltage u, is very important for
the realization of ZVS, which affects the operation of the soft
switching. u., can help to resist the influence of dc voltage source
on the resonance process, so that the resonant current can get
higher amplitude at the end of discharge of resonant capacitors,
which is key for the main switches to turn ON with ZVS.
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B. Conduction Losses

In the full-cycle modulation, two circulation current loops
exist in the converter. One is between the inductors L; and Lo,
another is between the inductors L and L,. The corresponding
circulation currents are shown in Fig. 17. Conduction losses
mainly result from circulation current that affect the efficiency of
the system. Considering the main operation state of the circuit,
the conduction losses associated with two of the four current
paths can be calculated as follows:

Py =

1 [PT
ﬁ / <§io + ibias -
0

1 [PTra
+ W/@ <_§Zo + hias —

: (Ro’rnn + Rf)dt

1 (17D)T
P 1= —_—
N D)T/o

1 U, — DT 2
X (_io + 'L'bias + ( —UCfp) — m't)

(Ui — tetp) DT . Ucues 2
2L; Ly

(Ui —te) D'T Ui = ttern, 2
2L L¢

(34)

2 2L¢ L

1 (1-D"T
Ao /

1 Ui — n D/T n
X (——io T ipiay + G Uet) DT i t))

2 2L Ly

. (Ron_dio + Rf)dta (35)

where R, gio represents the equivalent on-resistance of the
diode. Py; and Py’ represent the conduction losses of the bridge,
which include the switches S4 and S;. In (34) and (35), a large L
and small i},;,5 can result in small conduction losses. By reducing
bias current ip;,s, the conduction losses of the system can be
reduced as aresult of reducing the circulation current. Therefore,
in order to minimize conduction losses, ipi,s should be designed
as small as possible.
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Fig. 18.  Conduction losses of different bias currents.

Similarly, the conduction losses of the other two current paths
can be calculated as follows:

1 DT
PL = (Ronm + Rf) (ﬁ/
0

2
Uctp D'T Uctp
—_— 4
+ I,

2L;
1 [PT /1 Ueta DT ttetn \

— S iy — L Mty ) ) g 36

+DT/0 <2Zo + thias 2L; + L; > (36)

1 (1-D"HT
Pr=| .
Pe\a-D)r /

1. . ucpr/T Ui — Ucfp g
X\ —35% ias - t
( 2z + thias T+ 9L I

1 (17D)T 1 )
W/O <§Zo +bias +

. (Ronfdio + Rf)dt

1. .
X <§Zo + thias —

e DT _ Ui—ten \
2L Ly '

(37)

According to the main operation of the circuit, the conduction
losses consist of four parts

Peong = P + P + Pr + Pr (38)

The relation between conduction losses and bias current is
shown in Fig. 18. By analyzing the conduction losses of the con-
verter, it can be seen that bias current ip;,5 is an important factor
affecting conduction losses. When the bias current reduced from
5 to 4 A under present power rating, the conduction loss will
reduce about 10 W. Therefore, in order to reduce conduction
losses, reducing the bias current through soft-switching is a
reasonable solution. Furthermore, with the increase in switching
frequency, the magnetic flux density B of the filter magnetic core
will generally decrease. It means that the losses of inductors
possibly do not increase with the increase within a certain range
of switching frequency in ZVT DBFBI. The conduction loss
is the main part of the losses, so the selection of switching
frequency mainly considers reducing the conduction losses as
much as possible and balancing the core losses of inductors.
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TABLE I
COMPARISON OF CHARACTERISTICS OF SIMILAR CONVERTERS

Characteristics THD Efficiency = Complexity
ZVT DBFBI under . .
. low high medium
full-cycle modulation
DBFBI under full- .
. low low medium
cycle modulation
DBFBI under half- . .
. medium high low
cycle modulation
FBI without dead- . .
. . high high low
time compensation
FBI with dead-time . .
medium high low

compensation

IV. CONVERTER FEATURES

The features of the proposed soft-switching converter are
briefly summarized as follows.

1) All of the switches turn ON and OFF under ZVS or ZCS. All

snubber diodes operate under soft-switching conditions.

2) The proposed soft-switching converter is compatible to
decoupling control algorithm under full-cycle modulation,
and it acts as a conventional PWM converter during the
switching cycle.

3) The proposed topology has high quality output voltage
and current.

4) A soft-switching operation of the converter is maintained
during the full-load range.

5) The main switches are not subjected to additional voltage
stress. The current stress of switches is within the allow-
able range.

6) Diodes (Dg1, Dg2) are inserted in the auxiliary circuit
to eliminate the parasitic loop current and improve the
efficiency of the circuit. This also ensures the normal
operation of soft switching.

7) There is no additional component on the main converter
current path.

The comparison of characteristics of similar converter is
shown in Table I. ZVT DBFBI under the full-cycle modulation
has the characteristics of high efficiency and low total harmonic
distortion. The efficiency of ZVT DBFBI is higher compared
with DBFBI under the full-cycle modulation.

Some values of the main components used in the ZVT dual-
buck full-bridge converter are listed in Table II with reference
to the manufacturer datasheets.

V. VERIFICATION AND EXPERIMENT RESULT

An 800-W prototype with a switching frequency of 100 kHz
shown in Fig. 19 is used to verify the theoretical analysis of the
proposed ZVT DBFBI.

The inductor current waveforms (i14, ir,3) and output cur-
rent (i,) are given in Fig. 20 with a switching frequency of
20 kHz. The inductor current waveforms (i14, ir,3) operating
with a switching frequency of 100 kHz are shown in Fig. 21.
Comparing Fig. 20 with Fig. 21, the envelope of inductor current
will decrease as the switching frequency increases, and the bias
current corresponding to 100 kHz switching frequency is about
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TABLE II
VALUES OF MAIN COMPONENTS USED IN THE PROTOTYPE

Item Symbol Value

DC input voltage Ui 120 V
Switching frequency fow 100 kHz
Filter inductors Ly, Ly, Ls, Ly 450 uH
Filter capacitors Cy, Cy, C3, Cy 1 puF
Resonant capacitors Cs1, Cs, Cs3, Cy 3.3nF
Storage capacitors Cyy, Cr 1 pF
Resonant inductors Ly, Lo 5.78 uH
Coupled-inductors L', Ly 5.70 uH
MOSFETs Si1, 82, S35, Say S11, S IRFB4227
Diodes D1, D2, Ds, D, Da, IDH12SG60C

DSZ’ Drl, DrZ

DC INPUT
CAPACITORS |-

CURRENT
SENSOR

Fig. 19.  Prototype of the proposed ZVT DBFBI.
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Fig. 20.  Current waveforms of inductors (L3, L4) and output (i, u,) with
20 kHz switching frequency.

1 A less than that corresponding to 20 kHz. Besides, 0.5 A is
the margin. Thus, reducing the bias current can still ensure the
inductor currents in the CCM when the inductor current envelope
becomes smaller. Lower bias current can reduce the conduction
losses, and the current stress of the main switches is also re-
duced. Due to high switching frequency and low oscillation of
drain—source voltage resulting from snubber circuits, the THD
of output current is somewhat improved by comparing Fig. 22
with Fig. 23.
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Fig. 22.  THD of output current i, under 20 kHz switching frequency.
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Fig. 23.  THD of output current i, under 100 kHz switching frequency.

Fig. 24 shows the soft-switching process of the main switch
S1. Before the gate turn-ON signal, the voltage (ugs1) of the
main switch has reached zero. After the gate turn-OFF signal,
the voltage of the main switch gradually increases. When the
inductor operates in the CCM, the voltage and current of the
main switch S; have basically no overlap region.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

Prevu

ZVS TURN ON

1 g 10V/div L
luadt 100V/div | |
2 iy SAMIV )
bl c o il o

@ 1ov & 1oV [ BERATEY 5
T

27 Dec znTEI
10:17:92

Fig. 24.  Waveforms of uqs1, tgs1, and igs1 under the full-cycle mode.
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Waveforms of ugs1, ugs1, and i, with high load under the full-cycle

The measured waveforms of the main switch (S;) with con-
trol signals are given under high- and light-load conditions in
Figs. 25 and 26. It is shown that ZVS turn-ON is achieved
under both load conditions. The extra capacitance paralleled
with junction capacitance can delay the turn-OFF process of the
main switch. When the gate voltage decreases from ug, to the
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Fig. 28.  Waveforms of voltages uqs11 and inductor currents it,; and ir,;1.

threshold voltage uy,, the drain-to-source voltage ugs; is small,
which can reduce the turn-OFF loss. There is no additional volt-
age stresses, and low electromagnetic interfere noise is achieved.

Some of the main waveforms (iy,;1, i’ Lr1, UCr1, Udsils I11)
are shown in Figs. 27 and 28 to verify the operation of soft
switching. When the auxiliary branch turns on, the current ir ¢
of the inductor begins increasing, which makes the auxiliary
switch (S11) achieve ZCS. When the current of the auxiliary
branch is equal to Ir,, the resonant capacitor and inductor begin
resonating and D; turns on with ZCS. It can be seen that Lrl
current falls to zero, and L't current continues to fall linearly.
Besides, the analysis of capacitance voltage u.,; is consistent
with the experimental result. Finally, it,,; and i’ drop to zero,
and Dy and D, turn OFF under ZCS. The switch Sy; turns off
under ZCS.

Fig. 29 shows waveforms of output voltages u, and current
i, under coil load (R = 3.7 €2, L = 4.9 mH). The output current
amplitude is 8 A when the bus voltage is 120 V and the switching
frequency is 100 kHz. Fig. 30 shows the THD ratio of output
current under the full-cycle modulation, and the THD ratio is
equal to 0.078973% measured by APXS515. The spectrum of
output current of ZVT DBFBI is shown in Fig. 31 with 60 Hz
of fundamental frequency. With the increase in H (H = 1, 2, 3,
...10), basically the amplitude A ;y of harmonic gets smaller (A i
is the amplitude of H-order harmonic), and the former harmonic
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Fig. 29.  Output waveforms under the full-cycle modulation.
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Fig. 30. THD analysis of output current i, under the full-cycle modulation.
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Fig.31.  Spectrum analysis of output current under the full-cycle modulation.

is higher than the latter. The amplitude of the harmonic is less
than —60 dB. By comparison, the current shown in Fig. 32 has
obvious zero-crossing distortion under half-cycle modulation
with the same output current, and the corresponding voltage also
has distortion. The THD of output current under the half-cycle
modulation is equal to 4.108038%, which is shown in Fig. 33.
The spectrum of output current is shown in Fig. 34 with 60 Hz
of fundamental frequency. Moreover, the harmonic amplitude is
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Fig. 33.  THD analysis of output current i, under the half-cycle modulation.
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Fig. 34.  Spectrum analysis of output current under the half-cycle modulation.

relatively large, and the amplitude Ay (H=1,2...5) of harmonic
is more than —50 dB. Therefore, the ZVT DBFBI has the high
performance of output voltage and current.

Figs. 35 and 36 show the load transient waveforms. From
those results, it can be seen that the proposed inverter can follow
the reference signal quickly and it can achieve fast dynamic
response. Moreover, the overshoot of the system is about 15%.
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Fig. 37.  Current stress comparison of ZVT DBFBI and DBFBI(FC).

Fig. 37 shows the comparison of the main switch current
stresses of ZVT DBFBI and DBFBI under the full-cycle modula-
tion [DBFBI (FC)]. The current stress of the ZVT soft-switching
topology is less than that of the original topology that can be
verified by Figs. 20 and 21. The minimum values are one-third
of the original current stress.

Fig. 38 shows the difference between the efficiency of
ZVT soft-switching DBFBI topology and DBFBI topology.
The novel ZVT-DBFBI converter has a higher efficiency than
the hard-switched converter. The input power is measured by
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PWR1201 MH, and the output power is measured by Tektronix
4034B. The efficiency of the converter is effectively improved,
and the maximum efficiency is 95.8%. The distribution of losses
of the proposed inverter is shown in Fig. 39. The core losses (Pre )
and copper losses (Pcy,) are 23.87% and 21.15%, respectively,
of the whole losses. Besides, the conduction losses (Pscon,
PDbcon) and switching losses (Pson, Psoffs PDon, PDott) Of the
power switches and diodes is 31.83% and 23.15% of the whole
losses, respectively. Furthermore, the inverter losses are mainly
conduction losses (Pscon, Pbeon, and Pcy), which account for
52.98%.

VI. CONCLUSION

This article presents a ZVT soft-switching topology that in-
herits the advantages of the DBFBI with the full-cycle control
method. Specifically, all of the switches and snubber diodes op-
erate under soft-switching condition. Due to the high switching
frequency, inductors can operate in the CCM under a small
bias current, and the conduction losses are reduced. With the
realizing of soft switching, the efficiency of the converter sys-
tem is effectively improved. Moreover, the output voltage and
current quality is advantageous due to the control algorithm
compatibility and soft switching. The experimental results of the
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proposed ZVT DBFBI prototype correspond with the theoretical
analysis.

However, the bias current still exists in the proposed topology,
which limits the further improvement of efficiency. Anyway, the
proposed topology is attractive in the high-precision applica-
tions. Despite the fact that the experimental results are based on
the power rating of 800 W, the characteristics of ZVT DBFBI
can be further embodied with the increase in power rating.
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