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Analysis and Implementation of a Hybrid ZVS
Converter

Bor-Ren Lin. Senior Member IEEE. Yan-Kang Du and Jia-Sheng Chen

Department of Electrical Engineering, National Yunlin University of Science and Technology
Yunlin 640, Taiwan

Abstract—A new hybrid zero voltage switching (ZVS) three-
level and half-bridge DC/DC converter is presented to achieve
the functions of low voltage stress of switches, low circulating
current during the freewheeling interval, wide ZVS range of
lagging-leg switches, low output inductor and energy transfer
within the whole switching period. The proposed converter
includes a three-level phase-shifted pulse-width modulation
converter and an un-regulated half-bridge converter. A resonant
capacitor is added in conventional three-level DC/DC converter
to reduce the circulating current loss to zero during the
freewheeling interval. Half-bridge converter, shared the same
lagging-leg switches of three-level converter, is used to extend the
ZVS range of lagging-leg switches. The secondary windings of
two converters are connected in series to gemerate two positive
voltage levels at the rectified voltage instead of one positive
voltage and zero voltage. Hence, the output inductance of three-
level converter can be reduced. Energy transfers from input to
output load through half-bridge converter during the whole
switching period and through three-level converter during the
active mode operation. Experiments based on a 1440W prototype
are provided to validate the theoretical analysis and demonstrate
the effectiveness of the proposed converter.

L INTRODUCTION

For modern industry power units with high frequency link.
switching converters with high power density and high
conversion efficiency have been developed to reduce the
environmental impacts and meet power quality demands. For
medium power applications, three-phase bridge or bridgeless
power factor correctors (PFC) and high frequency link three-
level DC/DC converters are normally adopted to provide a
stable low output voltage with high output current such as
battery chargers, server power units [1] or telecommunication
power units [2]. Boost converters with diode bridge or
bridgeless topologies [4]-[6] have been developed in the front
stage to have the functions of a stable DC bus voltage. low
line harmonic currents and high input power factor. The rear
stage is a high frequency link three-level DC/DC converter
[7]-[11] for output voltage regulation and galvanic isolation.
Phase-shift pulse-width modulation (PWM) is used to regulate
the output voltage. The main disadvantages of phase-shift
three-level converter are that the lagging-leg switches have
narrow range of zero voltage switching (ZVS) operation due
to the limited energy stored in primary leakage inductance and
high circulating current losses on the primary side during the
freewheeling interval. The large leakage inductance [12] or

978-1-4799-6582-3/15/$31.00 ©2015 IEEE

external resonant inductance [4] is adopted on the primary
side to extend the ZVS range of lagging-leg switches. But the
large leakage inductor increases duty cycle loss and also
decreases the effective duty cycle on the secondary side.
Auxiliary circuits in [13]-[14] are added on the primary side to
have wide ZVS load range. However, power losses of
auxiliary circuits decrease total circuit efficiency.

A soft switching three-level converter integrated with a
half-bridge converter in parallel is presented. A resonant
capacitor is adopted in the three-level converter to reduce the
primary current to zero during the freewheeling interval. Thus,
the conduction losses on the primary side can be reduced. Due
to the three-level converter and half-bridge converter shared
the lagging-leg switches, the lagging-leg switches can be
operated at ZVS from full load range and the transformer turns
ratio of three-level converter is increased. The larger turns ratio
can reduce the voltage stress of rectifier diodes and result in a
reduction of secondary conduction losses. The secondary
windings of two converters are connected in series so that a
positive rectified voltage is generated instead of a zero voltage.
Hence, the output filter inductor size is reduced. Finally,
experiments with a 1440W prototype circuit are provided to
validate the theoretical analysis and effectiveness of the
proposed converter.

II. CRCUIT DIAGRAM

The circuit diagram of conventional three-phase AC/DC
modulation converters is shown in Fig. 1(a). The front stage is
a three-phase power factor corrector (PFC) with bridge or
bridgeless topology to achieve the functions of unity power
factor. low total harmonic distortion and constant DC bus
voltage. The second stage is a three-level DC/DC converter to
have the functions of ZVS twm-on for switches, electric
isolation and stable output voltage against load current
variation. The phase-shift pulse-width modulation is usually
adopted to regulate output voltage. However, the large
circulating current during the freewheeling interval, narrow
range of ZVS turn-on for lagging-leg switches and large
current ripple on the output inductor are the main drawbacks
of conventional three-level DC/DC converter.

Fig. 1(b) shows the circuit diagram of the proposed
DC/DC converter. The main proposed converter includes one
three-level DC/DC converter and one half-bridge converter.
The lagging-leg switches are shared by both three-level
converter and half-bridge converter. The half-bridge converter
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is operated at fixed 0.5 duty cycle of lagging-leg switches to
extend the ZVS range of lagging-leg switches. The resonant
capacitor C, in three-level converter can help the primary
current to reduce to zero during the freewheeling interval.
Hence, the circulating current loss can be improved. The
secondary windings of two converters are connected in series
and the rectified voltage v, at secondary side is positive
instead of zero during the freewheeling period. Thus, the
voltage across the output inductor is reduced and the inductor
current ripple is also decreased. The voltage stress of S;-Sy is
limited at #;,/2. The half-bridge converter, including Cp. Cp.
S5, S5, Ts. Lia, Dy, Dy and L, is operated as an un-regulated
mode with fixed 0.5 duty cycle. The output voltage output of
three-level converter. including Ciut. Cip. Do Dy Cp. Cpp. S1-
Si. Th. L. G Dy. D; and L, is regulated with the phase-shift
PWM scheme. The center-tapped rectifiers are employed at
the secondary side to have one diode conduction loss. The
output capacitances of S;-S; and the resonant inductance are
L, resonant at the transition interval to allow switches S-S54 to
be turned on at ZVS.

Vo~V

PEC Circant

(b)
Fig. 1 Circuit diagram (a) conventional three-level dc-dc converter (b)
proposed three-level de-de converter with less circulating current loss and
output inductance.

III. OPERATION PRINCIPLE

Phase-shift PWM scheme is adopted to generate the gate
voltages of 5;-S;. The PWM signal of 5, (S;) is phase-shifted
with respective to the PWM signal of ) (Sy). Switches (5; and
Sy) and (5S> and S3) are in the leading-leg and lagging-leg,
respectively. S and Sy operate complementarily with a short
dead time to avoid short circuit at high voltage side. In the
same manner, the PWM signals of S and S; are
complementarily with a short dead time. In the following
discussions, one assumed that power semiconductors
including -5y, Dy-Dy and Dy-Dg are ideal. twrns ratios of T
and T, are mTAu/MgTHMn and  maTHg AT .
Cq=Ce=Cs3=Cs4=Cos.  and  Vin=Vir=Ve=Vi/2.  The
switching waveforms of the proposed converter are given in

Fig. 2. The converter has six switching modes during half of
switching period. The duty cycle & is based on the turn-on
time of (S, and $,) or (S; and §y). Fig. 3 show the topological
circuits during the first half switching period. Prior to #o. S1. Sa.
Dy and D, are conducting. Inductor current ip,, is negative.

u__ml
ipitim TN
ik \Il'f)‘i+ij)le‘|.“;.4'l R
i — 7"!’__7 i ||J\'T__7 \'
o hbdlih f

Fig. 2 Key waveforms of the proposed converter.

Mode 1 [ty - #]: At t=t. ipy decreases to zero. Since S; and 5,
are conducting, energy is transferred from input to output load
through three-level converter and half-bridge converter. The
AC terminal voltages v,,=F3/2 and v, .=V=V,/4. The
primary currents ip,,=i /i and ip,.=ir,/ny. Capacitor voltage v,
is obtained as

o (1t o) (1)
201
The voltage variation of C, in this mode is given as

ver () =y cr(fo)"'(

[y

7
Mg =ve () —velte) == (4 —1g) = L% (2)
C,.my Cm
The rectified voltage at secondary side is obtained as
V; i ir, 0, ¥,
P Lo (r_fo)_'_ Lo s+ in (3)
2n Cum 2Cn;  4m,

The output inductor voltage vr,=v,-¥,>0. The output inductor
current iy, increases in this mode.

Mode 2 [f; - t]: S; is tumned off at 1=¢. Since 7r4(1)=0,
iro(t)=0 and Dy is still conducting, the energy stored in the
output inductor L, is reflected to the primary sides to linearly
charge Cy and discharge Csyy via capacitors Cpy and Cp.

(m +ny)iz, —EH, el

(1 +13)ip,
1 ——=L0 (1) (4
2C 5 1y715 G54 (t=10) ()

Ves1 =
2C ;5511

_n _
2
The ZVS turn-on condition of Sy is approximately g 21\'311 as:
(Lrl +ny L )Xlﬂrl 'f]) + (Lrl +”2L )ler’('f]) 2C, os: m /2 (5)
At t=tf, Cy is discharged to zero voltage. Since ig(t) is
negative, the anti-parallel diode of S, is conducting. The time
interval Aty is obtained as
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Vmcoss”lnl
(”] + HZ)I-Lo,max
The dead time 7; between switches 5 and Sy must be greater
than the time interval Arj; to turn on Sy at ZVS. The rectified
voltage v, is decreased to V,/(4i;) at time 1.

Mode 3 [t - t:]: Mode 3 starts when vegy=0 at ;. Since the
switch current ig(f;)<0. the anti-parallel diode of §; is
conducting. Hence, Sy is turned on at ZVS. The AC terminal
voltages v,,=0 and v,,=V,/4. The rectifier diodes D, and D,
are conducting to commutate the secondary side current of
transformer Ty L,; and C, are resonant in this mode to reset the
primary current i,,. Thus, the circulating current existed in the
conventional three-level DC/DC converter is eliminated in the
proposed converter so that the conduction losses in the
primary side during the freewheeling interval are reduced.
Mode 4 [t - 14]: At time #;. the commutation between D and
D, is completed. Thus, only diode D, conducts the load
current. The primary side current 77,y of three-level converter
is zero so that no power is transferred through the three-level
converter. The primary current of half-bridge converter
I1,0=I1/1, and energy is transferred from input to output load
by the half-bridge converter in this mode. The rectified
voltage v,=V3/(4#,). The voltage across the output inductor Z,
is equal to V,/(4m)-¥,<0 and the inductor current i,
decreases in this mode.

Mode 5 [ty - t5]: At 1=ty, S; is turned off. Since i7,o(74)=0 and
D, is conducting, the energy stored in the output inductor Z, is
reflected to the primary sides to charge Cs; and discharge Cs3
via capacitors Cp and Cp.

Aty =ty =1 =

()

Lo (roty). vegy = ln oo
20,1 LS o e

0552 0552
The secondary winding voltage of transformer T; is decreased.
The ZVS turn-on condition of 53 is approximately given as:

(er o H%LO)X ilzri('rl) e Cossp;s /2 (S)

Cgs 1s discharged to zero voltage at time #5. Since ig(f3) is
negative, the anti-parallel diode of S is conducting. The time
interval Afysis obtained as

(1=19) (M)

Liplie

Afys =15 =1y = —Vm¢055;13
Lo
The dead time 7, between switches S, and S; must be greater
than the time interval Azys to turn on S; at ZVS.
Mode 6 [t; - tg]: Mode 5 starts at ts when Cg; is discharged to
zero voltage. Since ig(f5)<0. the anti-parallel diode of S; is
conducting and S; can be turned on at ZVS. The AC terminal
voltages vp=-Vi/2 and v, =-Vy/4. D, and D; are both
conducting to commutate the output inductor current 77,. and
the secondary winding voltages of T; and T are v ,=-0.5vr ;.
Since vy, =V, /21 (ts) =V, /2 —11,8T, /(2C, ) . the
primary side voltage of 75> can be given as
Wy Mg 0T,
4m 1nic,

The primary current 7r,, 1s decreased and expressed as

©)

Yrap =

(10)

MV 131,07,

v
Frpy (F) = 15ip, — (2 + S)t—t)/ L 11
1o (1) =naip, (4 am, uilG Wi—is)/ L, (11)

Thus, the primary current 71,4 is decreased from zero to -myi,.
and the primary current ir,» is decreased from msir, to -Hair,. At
fs. the commutation between D, and Ds is completed. Thus,
only diode D; conducts the load curent. Then. the circuit
operations in the first half switching period are completed.
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Fig. 3 Operation modes of the proposed converter dunng the first half
switching period (a) mode 1 (b) mode 2 (c) mode 3 (d) mode 4 (¢) mode 5 (f)
mode 6.
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IV. CIRCUIT CHARACTERISTICS

A. Voltage Conversion Ratio

From the switching waveforms in Fig. 2. it can be seen
that the duration periods of modes 2. 3 and 5 are very narrow
compared to the periods of modes 1. 4 and 6. The duty loss in
mode 6 is related to the load current and the resonant
inductance L. This duty loss due to the resonant inductance is
existed in both the conventional three-level converter and the
proposed converter. Thus, the duty loss is not considered in
the following to discuss the voltage conversion ratio. In mode
1. the average rectified voltage v,=V,/(2n)+V;,/(4m,) with the
time interval d,7.. On the other hand, the average rectified
voltage v,=VF;,/(4m;) in mode 4 with the time interval (0.5-
8,7T.. Based on the flux balance on output inductor L,. the
output voltage V, of the proposed converter is derived as
_ éeﬁyiﬂ +£: (5@, +”71 VJ

m 4n, dny" my
However. the output voltage of the conventional three-level
converter is given as

(12)

-]

Ogin 13)
n

From (12) and (13), it is clear to see that the output voltage of

the proposed converter is equal to the conventional three-level

converter if n/m=0 and m=n. The comparison of the

normalized voltage conversion ratio of the proposed converter

and the conventional three-level converter is given as

V,=

mV, My
M () ot
! nomnfpmposed( eﬁ’) — Vi — 4y =1 (14)
M norm—conventioan! (5;,117" ) % 5;:{7"
Vm
L1 T T T T T T T
Proposed converter A
| _ e
058 | x=2.3 T -
.- -
B - e -
= 0660 e
S& — ]
g — 1
= - IR
= b T T
el T N |
”’/“d'x:}@;/ﬂj’:o-s -onventiona
three-level converter
, i | I 1 1 | L | M
0 005 01 015 02 025 03 035 04 045 03
Gugr

Fig. 4 Normalized gains of the proposed converter and the conventional three-
level converter.

Fig. 4 gives the normalized curves of the proposed converter
and the conventional three-level converter. It is seen that the
gain of the proposed converter is higher than that of the
conventional three-level converter. Thus. the turns ratio #; of
the proposed converter can be larger than that in the
conventional three-level converter with the same effective
duty ratio. The larger turns ratio #; in the proposed converter
can reduce the conduction losses on the primary side and also

decrease the voltage stress across the rectifier diodes on the
secondary side. In the proposed converter, the respective
output powers of three-level converter and half-bridge
converter are given as

59_1?’Vm]o v.I

§ Pha!fbnd’ge = ;;1 < (15)
2

m

Bipree-tevel =

The percentage of each converter output power versus load
power is expressed as

5@,{?‘Kn[o
Mihree—ievel = = = 47?2591? 2
OgVnlo  Vil,  4mbg +m
ny 4n,
411, my

(16)

Mhalpsridge = é‘gﬁ‘KnIa n Vind, B 4}115@:‘ +m

m 4n,

B. Voltage Stress of Rectifier Diodes

From Fig. 3(a). the voltage stress of rectifier diodes can be
approximately obtained in (17) and (18) if the voltage spike
caused by parasitic elements is neglected.

V. v, V. i

Vstrass. D1 = Vstress D3 = — 4 %: 70(1 +71) (17)

o 21, 5@“ L 21,

4n,

V; V; F, n
Vstress D2 = Vstress.D4 > +.Ji = 7g(l+_1) (18)

2Zny 2my ,,(517 4 n ny

- €]
L

In the conventional three-level converter, the voltage stress of
rectifier diodes is given as

Vo _ Vo 19)

S

Normally. the maximum effective duty cycle Gpgmac<0.5.
Based on (17)-(19). one can obtain that the voltage stress of
rectifier diodes Dy-Dy in the proposed converter is less than
that in the conventional three-level converter with the same
duty ratio.

Vstrass D conventional

C. Output Inductance

In mode 4, the voltage across the output inductor Lo is
equal to F;,/(4n;)-¥, with the duration period (0.5-,p7:. For
the proposed converter. the output inductor value is obtained
as

I £

41,8y
>—xX
‘0. proposed N
Aig,

(05-3,4)T, (20)

ny +4n, 0,4
For the conventional three-level converter, the output inductor
value is given as

V.
La,canvmmnal > A._O(O'S - 5aﬁ )Ts (2 1)
o
Solving (20) and (21) yields
La,pmpasm’ _ 4"250}}" <1 (22)
La.com‘enrianai ny + 4"25(31?’
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It can be seen that the proposed converter has less output
inductance compared to the conventional three-level converter
with the same current ripple.

2]

¥

frE ' e

EE : A N T | T o
1 il 1 Ll 1 | NN

Fig. 5 Measured waveforms (Vs g Vogs. Viig Vsig. Vas Vao) Of the proposed
converter at V;,=800F and P,=1440W (100% load).

500V

300V

ey
5A

S00V

T0A

Fig. 6 Measured waveforms (Vas. Ver. izrl. Vae. i) of the proposed converter at
Vx=800F and P,=1440W (100% load).

V. EXPERIMENTAL VERIFICATIONS

The proposed DC/DC converter is realized with the
specifications as input voltage V;,,=750V-800V., output voltage
V,=48V, maximum load current [=30A, and switching
frequency f£,=100kHz to verify the performance of the
proposed converter. The component parameters of the
prototype circuit are S;-Sy: IRFP460. turns ratio of Tj: 52
turns/4 turns, turns ratio of 75 26 turns/4 turns. L,,;=2mH.

Lyo=350UH. L/=15uH., L,,=15uH. L,=5UH. Ci=Cia=369)F.

Cp=Cp=1{F. C,=200F. D,. Dy: MURS60. Dy-D,: VF30200C
and C,=4000uF. The measured waveforms of the gating
voltages of 5;-5; and the AC terminal voltages v, and v, of
the proposed converter at half load and full load conditions are
given in Fig. 5. Fig. 6 illustrates the measured waveforms of
the primary side voltages and currents of the proposed
converter. It is clear to seen that the circulating current i, of
the three-level converter is reduced to zero during the

freewheeling interval (v,,=0). Thus, the conduction loss on the
primary side during the freewheeling interval is improved
compared to the conventional three-level converter. Fig. 7
shows the measured primary side currents and the voltages of
the leading-leg and lagging-leg switches at 25% load and full
load conditions. Before the leading-leg switch S; is tuned on.
the primary currents ir,q and 7z, are negative to discharge the
output capacitor Cg to zero. Thus, the leading-leg switch S is
turned on at ZVS. In the same manner, the primary side
current ipq+ipo is negative to discharge the output capacitor
Cs; to zero before the lagging-leg switch S; is turned on.
Hence, the lagging-leg switch S, is turned on at ZVS. Fig. 8
shows the measured waveforms of vg. V.. ipi1~ips. ip1+ipa.
ps+ipy and 7p, at different input voltage cases. Diodes D, and
Dy are conducting during the freewheeling interval. Fig. 9
gives the measured circuit efficiencies of the proposed
converter at 25%, 50% and 100% loads. The maximum circuit
efficiency is 94.8% at 50% load under 750V input voltage.

E :|
L L o o o e REEEsmsmmEsamm

i:il‘rz
Iy

=
2A

—

10V 200V 10V 200V

I I IS NI A ..‘.S...‘ N B

(@

200V 10V 200V 10A

(®)
Fig. 7 Measured waveforms (ira. i, Vsig:. Vside. Vszg. Vsza) of the proposed
converter (a) when F;,=800F and P,=360W (25% load) (b) when F;,=800F
and P,=1440W (100% load).
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Fig. 8 Measured waveforms (Vas, Vr. IDi~iDs. iDi+ipe, ips+ips, ize) of the
proposed converter at P;=1440W.
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Fig. 9 Measured circuit efficiencies of the proposed converter.
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VI. CONCLUSION

This paper presents a new soft switching three-level
DC/DC converter for industry power units. The main
advantages of the proposed converter are no circulating
current, less conduction losses. wide ZVS range of switches,
less voltage stresses on the rectifier diodes and smaller output
inductor value. An un-regulated half-bridge converter shares
the same lagging-leg switches as the three-level DC/DC
converter to extend the ZVS range of lagging-leg switches
from light load to full load. The resonant capacitor is adopted
in the primary side of three-level converter to reduce the
circulating current to zero during the freewheeling interval.
Thus, the conduction loss at the primary side of three-level
converter in the freewheeling interval is reduced. The
secondary sides of two converters are connected in series to
generate a positive rectified voltage instead of zero voltage in
the conventional three-level converter so that the output
inductance is reduced at the same current ripple. Energy is

transferred from input to output load within the whole
switching cycle through the half-bridge converter. Hence, the
proposed converter has more effective energy transfer. The
performance of the proposed converter has been verified
throughout experiments based on a 1440W prototype circuit.
Experimental results confirm the effectiveness of the proposed
converter.
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