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Analysis of a Zero-Voltage Switching Converter
with High Voltage Gain and Low Current Ripple

Bor-Ren Lin, Zong-Xian Xie and Yu-Bin Nian
Department of Electrical Engineering, National Yunlin University of Science and Technology, Taiwan

Abstract—- An interleaved three-level converter with the
new current doubler rectifier is proposed. The main
advantages of the proposed converter are zero voltage
switching (ZVS) turn-on for all switches, low output ripple
current and less voltage stress of the output diodes. Two
three-level converters connected in parallel are used to
decrease the input current ripple, as well as to reduce the
current rating of power switches. At the secondary side, two
current doubler rectifiers sharing the same output filter
inductors to reduce the output current ripple. The output
capacitance of the power switch and the leakage inductance
(or external inductance) are resonant at the transition
interval so that the power switches can be turned on under
ZVS. Experiments with a prototype with 750-800V input and
48V/30A output are provided to verify the theory analysis.

Index Terms—Interleaved PWNM, ZVS, Converter.

I. INTRODUCTION

High power high efficiency power converters have been
demanded at modern power supply units for the
applications of internet of thing (IOT) systems,
telecommunication system, and dc-based micro-grid
systems. Generally the front-stage of the high power
AC/DC converters is a three-phase power factor corrector
(PFC) with boost voltage type [1] to achieve the main
functions of high circuit efficiency, low line current
harmonics, and high input power factor. However, the
output voltage of three-phase PFC is higher than 800V for
universal three-phase utility voltage. Three-level pulse-
width modulation (PWM) converters [2]-[3] have been
developed with the main advantages of low voltage rating
of power semiconductors, the balance input spilt voltages,
and medium power applications. Soft-switching PWM
techniques [4]-[5] including zero-voltage switching (ZVS)
and zero-current switching (ZCS) have been proposed in
three-level converters to reduce the switching losses on
power semiconductors due to high switching frequency
operation. Phase-shift PWM scheme is one of the most
ZVS techniques to improve circuit efficiency in three-level
converters. Resonant three-level converters with
frequency modulation were discussed in [6]-[7] to realize
the ZVS turn-on and possible ZCS turn-off for wide load
range. The main drawbacks of the resonant three-level
converters are wide switching frequency variations within
the whole load range, high circulating current due to low
inductance ratio to obtain high voltage gain, and large
ripple current on output capacitor. In order to reduce the
ripple current for high current output, the current doubler
rectifier topology [8] using two filter inductors has been
discussed to partially cancel two output inductor currents.
Thus, the total output ripple current can be reduced and the

size of inductors can be also reduced. Interleaved PWM
techniques [9] are the other approaches to increase the total
output power, lessen the current rating of power devices,
and also reduce the input and output ripple currents. The
ripple frequency is two times of switching frequency
which can minimize the weight and size of the output filter.

A new interleaved three-level converter with new
current doubler rectifier for high voltage applications is
presented to realize the main advantages of less current
rating of power semiconductors, less output ripple current,
ZVS turn-on for all switches, and less filter inductor counts.
Two three-level circuits, which are operated by an
interleaved PWM to lessen the output ripple current and
reduce the current rating of power components, are
adopted in the proposed converter. The current doubler
rectifier is used at the secondary side to achieve current
ripple cancellation. To reduce the filter counts, two filter
inductors at the secondary side are both used in each three-
level circuits. Finally, experiments are conducted and
provided to verify the theoretical analysis of the adopted
circuit.
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Fig. 1. Circuit diagram of the adopted interleaved three-level converter
with new less output inductors.

II. CRcUIT DIAGRAM

Fig. 1 gives the circuit configuration of the adopted
interleaved three-level converter with new current doubler
rectifier. The main advantages of the proposed converter
are less output inductor components, ZVS operation of
power switches and less output ripple current. C1~Cs are
input split capacitors. The clamped diodes D,~D,; and the
flying capacitors Cp and Cp are adopted to limit the
voltage stress of power switches S1~Sz at 15,/2 and to
balance the capacitor voltages Ve =..=Ves=V,/2. Th and T
are the 1solated transformers to achieve the electrical



isolation and transfer energy to output load. L1 and L,» are
the primary leakage (or external) inductances. Z,; and L,
are the output inductances and D;~D, are the rectifier
diodes. The gating signals of S5~Ss are phase-shifted one
fourth of switching period with respective to the gating
signals of §1~S4 in order to reduce the outputripple current.
The energy stored on the output inductors L1 and L, can
be reflected to the primary side to help the ZVS operation
of §1~Ss.
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Fig. 2. Main PWM waveforms of adopted three-level converter.

III. OPERATION PRINCIPLE

Two three-level converters with the clamped diode and
flying capacitor are adopted in the adopted circuit to
distribute input power through two converters and reduce
the current rating of power semiconductors. The new
current doubler rectifier is adopted at the secondary side to
reduce the output ripple current. The secondary windings
of two transformers are operated in series to reduce the
turn ratio of transformers and minimize the primary
current stress. The operation principle of the adopted
circuit is based on the following assumptions.

(l) The Vohages V('ﬂ: V(‘fz: VarsVer=Ves=Vea= V;‘;,/ZZ

(2) The output capacitances of switches C,;=..=C,s=C,;

(3) The output inductances Lo1=Lo2=L,;

(4) Power semiconductors are ideal;

(5) T and T; are identical ny=n>=n and L,,1=L,;;
Due to the switching states of $1—Ss, Do—Dg, and Di—Dy,
twenty operation stages exist in the adopted circuit during
one half of switching cycle. Fig. 2 shows the key
waveforms of the adopted interleaved PWM circuit during
one switching cycle. Two output inductor currents
partially cancelled each other. The PWM waveforms for
each half switching cycle are symmetrical each other. Thus,
only the first ten operation stages shown in Fig. 3 are
discussed to simplify the system analysis.




()
Fig. 3. Operation stages of the first half switching cycle (a) stage 1 (b)
stage 2 (c) stage 3 (d) stage 4 (e) stage 5 (f) stage 6 (g) stage 7 (h) stage
8 (1) stage 9 (j) stage 10.

Stage 1 [ - A]: At time 15, the diode current ip> is
decreased to zero current. Switches ), S, S7 and Sgare in
the on-state and the voltages v.»=15/2 and ves=-15/2. The
secondary winding voltages of 7 and 75 are positive and
negative, respectively. The output inductor voltages v,
and vy,> are negative and positive, respectively. Thus, the
inductor currents ir,; and i7r.» decrease and increase,
respectively. The diodes D> and D are reverse biased. The
secondary sides of transformers 7 and 75 and inductor L,
are connected in series to output load R,. Energy is
transferred to output load through transformers 77 and 7>
and inductor L.

Stage 2 [f - 12]: S turns off at time /. Given that 7,)(7)>0
and 7,2(11)<0, the primary current i, charges (.4 and
discharges C)s. Since the energy stored on the output
inductor Lo 1s larger than the energy stored in Cys and Cs,
C)s can be discharged to zero voltage at time .. This stage
ends at time /» when Vs reaches 75,/2 and Vs reaches
zero voltage.

Stage 3 [f2- 13]: Vs reaches zero voltage at time 7>. Thus,
the clamped diode D is conducting. The primary current
ip2 flows through the anti-parallel diode of Ss5. Switch Ss is
turned on at this moment under ZVS. The voltages v.s=0
and vr,,2=0 such that diode Dy is forward biased. Thus, the
primary current i, keeps almost constant value and also
circulates in the primary side. The output inductor voltages
vio1=-Vo and viea=Vu/(2m)-V, in this stage. Since



Vi(2n1)>V,, the inductor currents iz, and iz, decrease
and increase, respectively, in this stage.

Stage 4 [f3- #4]: Switch 57 turns off at time 73. The primary
circulating current 7,2(73) charges C,7 and discharges Cis. It
the energy stored in L2 is greater than the energy stored in
Cis and Cp7, then ves reaches zero at time 74.

Stage 5 [f4- £5]: Vs reaches zero voltage at time f4. The
primary current i, is negative and flows through the anti-
parallel diode of Se. Therefore, Se is turned on at this
moment under ZVS. Since D; and Dy are forward biased.,
the primary magnetizing voltage of T is zero voltage. The
primary inductor voltage v;.=V3/2 and the primary
current 7,» increases in this stage. The inductor current i,
increases from -izo2.max/n 10 izo2.max/nt in this stage and ends
at time 7s. In this stage, Ss, Se, D3 and Dy are conducting
and the secondary side voltage of transformer 75 is zero
voltage. No energy is transferred to output load R, through
transformer 75. The duty loss in stage 5 is obtained in (13).
Atys 20L 7, )
T, nV.

sW in

dfo.ss‘.i -

where T, and f,, are the switching period and switching
frequency, respectively.

Stage 6 [fs- fs]: Diode D; is reverse biased at time 7s. The
primary side voltages vas=vei—Fi/2 and the output inductor
voltages vio1=viex=Va/(2n)-1,. Thus, the primary currents
ip1 and 72 and the output inductor currents izo1 and ize2 all
increase in this stage.

Stage 7 [t - £7]: S| turns oft at time 7. Given that i,1>0, G4
is charged and C,4 1s discharged by 7. Since the energy
stored on the output inductor L, is larger than the energy
stored in Cy and Cy4, Crq can be discharged to zero voltage
at time 7. This stage ends at time /7 when V¢, reaches zero
voltage.

Stage 8 [#7 - f5]: At time 77, Vo4 reaches zero voltage so
that D, is conducting. The primary current i, flows
through the anti-parallel diode of Sy. Therefore, S can be
turned on at this moment under ZVS. The primary side

voltage v,;=0 and vy,,;=0 so that diode D- is forward biased.

7.

In this stage, vie1=Vi/(212)-Vo, viea=-Vo. ire1 increases and
iro2 decreases.

Stage 9 [fs - fo]: Switch Sz turns off at time /5. The primary
circulating current 7,(7)>0 will charge C,» and discharges
Ci3. If the energy stored in L. is greater than the energy
stored in C;2 and Ci3, then ves reaches zero at time 7.
Stage 10 [# - fio]: At 79, Vs reaches zero voltage. The
primary current 7,,>0 and flows through the anti-parallel

diode of S5. At this moment, S can be turned on under ZVS.

Since D; and D; are forward biased, the primary
magnetizing voltage of 7} is zero voltage. The primary
inductor voltage vr1=-V5/2 so that the primary current i,
decreases. In this stage, no energy is transferred to output
load R, through transformer 7;. The duty loss in stage 10
1s obtained in (2).

m ~ 21 oers-n

T nV,

Sw m

deéLlO -

(2

At time 110, the operation in the first half switching cycle is
completed. The operation behaviors of the adopted circuit
in the second half switching cycle are symmetrical to the
operation principles in the first half switching cycle.

IV. DESIGN CONSIDERATION

The charge and discharge times of C~Cs in stages 2,
4,7, and 9 are much less than the other time durations such
that these stages are neglected in the following design
consideration. Based on the voltage-second balance on
output inductors L, and L2, the voltage gain 1s obtained

as:
V,+2V, =d;ﬂ= d_dfms.i =l(a| _ 2[1)[1‘.{;

Vi n m n nV,

=) (3)

where d.yand d are the effective duty cycle and duty cycle
of the voltages v and veg and Vs the voltage drop on the
rectifier diodes D~D,. Given that the allowed maximum
duty loss, the necessary primary inductances L, and L
can be obtained n (4).

d nl
loss may
Ly=1,=[ =—"% 100

Y #71.min (4)
0.11laX-f\1|

Based on the maximum eftective duty cycle, the turn ratio
of the transformers 7; and 7> is obtained in (5).

J

i
defﬁ" .max’ in.omin

V,+2V
) 0 d ( 5)
— I’HLlllill ( _ ZIO.HIRXL".I/.;‘“' )
v,+2r, nV
For the three-level converter, the ZVS condition of the
lagging-leg switches is more difficult to be achieved. The
minimum ZVS load condition of the lagging-leg switches

is approximately given in (6).

m=n,=n=

rmin

C,
e (6)
2L
It 1s assumed that two output inductor currents are equal to
half of the load current 7,/2. The ripple currents on the
output inductors are expressed in (7).
) ) (7, +21,;) 3

Aty =Aiggy =de <) =11,/2 (7
where 7 1s the current ripple factor of output inductors.
Thus, the output inductances L,1 and L, can be derived in

(R).

10.111'1112["5‘ 22n pJ‘n.nm:(
r

Lol = Lol :Lo :%(%_ dqff )
The voltage stresses and average currents of the rectifier
diodes Di~Dy are approximately expressed as:
VDL stress =+ = VD4 stress = Vin.max /(21) ©)
Ipy=..=Ip,=1 /2 (10)

0. max

®)

If the ripple currents of power switches 51-5s are neglected,
the root-mean-square (r7ms) currents and the voltage
stresses of power switches §1-Sz are approximately

expressed as:
1,.d
o € ( l 1 )

1Stms = 1S4ms = 155.0ms = 158 ms ~

2n
I
; =i =i = ~_ o
152.0ms = 1S30ms = 1S6oms — ISToms (12)
2n+2
» — — 1 ~ I/
Vslsterss = ===+ = VS8.stress = pfﬂ,max /2 (13)



Fig. 5. Measured primary side voltage and currents at V=800V and full
load.

V. EXPERIMENTAL RESULTS

Based on the design considerations in the previous
section, the experiments with a laboratory prototype under
750 V to 800 V mput, 48 V/30 A output and 100 kHz
switching frequency are provided to demonstrate the
circuit performance. The circuit parameters of the
prototype are m,=n=5.3, L,y=L,2=1.6 mH |, L,;=L,2=47
mH | Lo=Leo=44 pH |, C~Cy:220 uF, Cp=Cp=1 uF,
C,=4000 gF. The experimental waveforms of the gate
voltages of §1~Ss are given in Fig. 4. The gate voltages of
S5~8s are phase-shifted one fourth of switching period with
respective to S1~55. The experimental waveforms of the
primary side voltages and currents at full load are
illustrated in Fig. 5. It can be seen that the primary voltages
var and veg are interleaved each other. Similarly, the
primary currents 7 and ip; are also interleaved by one
fourth of switching period. Fig. 6 gives the experimental
waveforms of the gate voltage, drain voltage, and switch
current of the leading-leg switches S; and Ss at 40% load
and full load under 800 V input. It is clear that the leading-
leg switches S; and Ss are all turned on from 40% load to
full load. Since the other leading-leg switches Si and Sg
have the same operation behavior as §) and Ss, switches S;
and Sg can be expected to be turned on under ZVS from
40% load. Fig. 7 shows the experimental waveforms of the

gate voltage, drain voltage, and switch current of the
lagging-leg switches S; and S5 at 40% load and full load.
The leading-leg switches S, and Ss are also turned on from
40% load to full load. Figs 8(a) illustrates the experimental
waveforms of the primary side voltages and the secondary
side currents at full load. Fig. 8(b) shows the output diode
current ipi+ip2. capacitor current ic, and the load current.
It is clear that two output inductor currents iz, and 7z, are
partially cancelled so that the output diode current ipi+ip>
is almost constant and the ripple current on the output
capacitor C, is reduced.
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Fig. 6. Measured gate voltage. drain voltage and switch current at the
leading-leg (a) §; under 40% load (b) Ss under 40% load (¢) S, under
100% load (d) S5 under 100% load.
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Fig. 7. Measured gate voltage, drain voltage and switch current at the
lagging-leg (a) S, under 40% load (b) Ss under 40% load (c) S, under
100% load (d) S5 under 100% load.
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Fig. 8. Measured waveforms at the secondary side (a) the primary side
voltages and the secondary side currents at full load (b) the diode current
ip1+ips. output capacitor current ic, and load current under full load.

VI. CONCLUSION

A new interleaved three-level converter with new
current doubler rectifier is presented for high voltage
applications. Based on the phase-shift PWM scheme, the
secondary windings of two transformers can be connected
in series or parallel operation to reduce the output ripple

current. The output inductor counts are also reduced in the
adopted circuit compared to the conventional interleaved
current doubler rectifier. Two three-level converters are
operated by interleaved PWM scheme to decrease the
current rating of active and passive components. In each
three-level circuit, the voltage stress of power switches 1s
limited at }5,/2 by using the diode clamped topology. The
flying capacitors are adopted at the primary side to balance
two mput split capacitor voltages. The adopted converter
can achieve ZVS for all power switches from 40% load to
full load. In order to further improve circuit efficiency, the
synchronous rectifiers instead of rectifier diodes can be
used in the proposed converter to reduce conduction losses.
Experiments are provided to verify the theoretical analysis.
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