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Abstract—This paper proposes a chopping plus phase-shift
(CPS) control for the full-bridge (FB) three-level (TL) converter
to obtain the following advantages: 1) the main switches suffer
only the half of the input voltage; 2) zero-voltage-switching
(ZVS) is achieved for the main switches; 3) the converter has
two operation modes; 4) the output filter inductance is reduced;
5) the input filter can be reduced. The flying capacitor and the
two clamping diodes are analyzed, which are used to avoid the
unequal voltage stress of the switches due to the asymmetrical
driving of the switches. The operation principle of the FB TL
converter is analyzed and verified experimentally.

L. INTRODUCTION

Recently, the three-level (TL) converter has become a very
important alternative in the area of high voltage and
high-to-medium power conversion because the power

switches’ voltage stress is only half of the input dc voltage [1].

The derivation of HB TL converter is extended to all the
dc-to-dc converters and a family of TL converters is
proposed [2]. '

A zero-voltage and zero-current-switching (ZVZCS)
hybrid full-bridge (H-FB) TL converter is proposed in [3].
The switches of the three-level leg sustain only the half of the
input voltage, so MOSFETs are suitable for the three-level
leg and they can achieve zero-voltage-switching (ZVS). The
switches of the two-level leg sustain the input voltage, so
IGBTSs are suitable for the two-level leg and they can achieve
zero-current-switching (ZCS). But the IGBTs of the
two-level leg limit the converter’s switching frequency, and

moreover, the additional diode voltage drop in series with the

IGBT results in extra conduction losses.

A ZVS H-FB TL converter is proposed in [4], in which
MOSFET is used in the two-level leg to replace the IGBT and
its series diode. However, the MOSFET used in the two-level
leg suffers the input voltage. In order to reduce the switch’s
voltage stress of the two-level leg, the full-bridge (FB) TL
converter is derived from the H-FB-TL converter by
substituting the two MOSFETs in series for the single
MOSFET of the two-level leg.

The soft-switching techniques including ZVS and ZVZCS
for HB TL converters are proposed systematically to reveal
the relationship among the different topologies and

° This work is supported by National Natural Science Foundation of
China and Award Number: 50177013.
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modulation strategies in [5]. However these soft-switching
techniques are based on HB TL topology and need to be
extended to the FB TL converter that owns two HB TL legs.
This paper proposes a chopping plus phase-shift (CPS)
control for the FB TL converter. The proposed CPS control
makes the FB TL converter obtain the following advantages:
1) the main switches suffer only the half of the input voltage;
2) ZVS is achieved for the main switches; 3) the converter
has two operation modes; 4) the output filter inductance is
reduced; 5) the input filter can be reduced. Furthermore, this
paper analyzes the flying capacitor and the two clamping
diodes, which are used to avoid the unequal voltage stress of
the switches due to the asymmetrical driving of the switches.

II. OPERATION PRINCIPLE

The FB TL converter is shown in Fig. 1. The two TL legs
consist of eight switches Q;-0s (including their body diodes
Dy-Dg and intrinsic capacitors C;-Cy), freewheeling diodes
Dy-Dy, clamping diodes D,;-D,,, voltage divided capacitors
C4 and Cp,, and the flying capacitor Cy; and Csyp. C and Cys
are equal and large enough to share the input voltage V;,
evenly, i.e., V.s= Vo= Vi/2. The output filter inductance is -
large enough to be treated as a constant current source during
a switching period. Cg and Cg, connect the switching
interval of the outer two switches and the inner two switches
of the two legs respectively. L, is the resonant inductance to
achieve ZVS of Qs, Qs, @7 and Qs.

A. Three-Level Mode (3L-mode)

The key waveforms are shown in Fig. 2. The switching
stages analysis of the FB TL converter is similar to that of [4].
0,5, 03, 0s& Q¢ and Q,& Qs are phase-shifted controlled, i.e.,
0, and Qs are switched out of phase, Os, Qs are in phase and
05, Qg are in phase. Qs& Qg are switched out of phase with

D, | D,

"7

Dyyzx DiiZ

Q| D, G,

C! DK QK
Fig. 1. Full-brdige three-level converter.
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Fig. 2. Key waveforms of full-bridge three-level converter.

0:&Q0s. O, and Q; are switched leading to Q;& Qs and Os& s
respectively. So O, and Qs are called leading switches,
0,&Qgand Qs& Qs are called lagging switches. A small fixed
phase shift ¢ is set between the leading switches and the
lagging switches. Q; and Q, are PWM controlled
corresponding to O, and Q; respectively, therefore they are
called chopping switches.

When the duty cycle of the chopping switches Q; and Qs is
greater than zero, the secondary rectified voltage is a TL
waveform and the output voltage is regulated by control of
the duty cycle of the chopping switches, as shown in Fig.
2(a).

B. Two-Level Mode (2L-mode)

When the duty cycle of the chopping switches O, O
reduces to zero, the shift-phase between the leading switches
and lagging switches will be controlled to regulate the output
voltage. The secondary rectified voltage is a two-level
waveform, thus the converter operates in 2L-mode as shown
in Fig. 2(b). :

III. FEATURES AND CHARACTERISTICS

A. Voltage Stress of the Switches

The voltage stress of all the main switches is only half of
the input voltage under both 3L-mode and 2L-mode.

B. Realization of ZVS for the Switches

The energy to realize ZVS for the chopping and leading
switches is provided by the output filter inductance, so they
can achieve ZVS a wide load range. The energy to realize
ZVS for the lagging switches is provided by the resonant
inductance, so it is more difficult for the lagging switches to
realize ZVS than the chopping and leading switches.

C. Duty Cycle Loss

The duty cycle loss Dy, 3, under 3L-mode and Dy 5,
under 2L-mode can be derived respectively[4],
Ly ~ sy _ 4'Lr 'Io

D = ~
loss _3L 7-;/2 7-;/2 KV"’T; (1)
t byt 6-L -1
D —_26 34 56 r "o
loss _2L 7-;/2“ 7.;/2 KV,,,T; (2)

D. Reduction of the Output Filter Inductance

Compared to traditional FB converter, the secondary
rectified waveforms of FB TL converter have lower
high-frequency content under both 3L-mode and 2L-mode.
This leads to the significant reduction of the output filter
inductance[4].

E. Reduction of the Input Filter

It can be seen in Fig. 2(a) and (b) that the rectified i, is
close to the input current of the converter, which has very
little ripple. It is nearly a constant dc current source, so the
input filter can be also reduced.

Iv. FLYING CAPACITOR AND CLAMPING
DIODES

For the CPS control, the two series switches in the lagging
leg of the FB TL converter need to turn on and turn off
simultaneously. However, the tiny asymmetrical driving of
the two series switches cannot be avoided in the experimental
circuit implementation, which may result in the voltage stress
unbalance over the switches. So the flying capacitor and the
two clamping diodes are introduced to the FB TL converter.

A.  Turn-Off Delay

- The four cases of turn-off delay are as follows: 1) Qg turns
off prior to Q7; 2) Oy turns off prior to QOg; 3) Qg turns off
prior to Os; 4) Qs turns off prior to Qs.

Turn-off delay of Qg and turn-off delay of Q; are presented
respectively. To simply the analysis, the following
assumptions are made: 1) Os&Qs turn on and turn off
simultaneously; 2) 0;&Qg turn on simultaneously.

1) Turn-Off Delay of Qs

Fig. 3 shows the waveforms of the turn-off delay of Qg
during the first half cycle [#y, #3]. The equivalent circuits are - -
shown in Fig. 4.

a) Stage 1 [#4, 7,] [Fig. 4(a)]: At t4, turn off Oy, i, charges C;
and discharges Cg via Cjy,. '

b) Stage 2 [£,, 25] [Fig. 4(b)]: At t,, turn off O, i, charges

. Cg and discharges Cs via Cy;,. Meantime, i, charges C; and
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427

discharges Cs via Cyy,. The energy of Ciy, is released, and v,
decays.

ip =ls+i, 3)
s =g+ g : @
fog =17 ~logen 5
From (3), (4) and (5), the following equation is derived
k= Is+ig=ig+i, (©)]

c) Stage 3 [t5, 1,] [Fig. 4(c)]: At #5 v.sdecays to zero, Ds
conducts, Qs can be turned on with zero-voltage. i, continues
to charges Cg and discharges Cs via Ciy,.

d)Stage 4 [t,, ts] [Fig. 4(d)]: At ¢,, v.sdecays to zero, Ds
conducts, Qs can be turned on with zero-voltage. Ciy, is
charged though Di, and the voltage of Ci, is clamped at
Vinl2. '

2). Turn-Off Delay of O,

Fig. 5 shows the waveforms of the turn-off delay of O,
during the first half cycle [#y, 73]. The equivalent circuits are
shown in Fig. 6.

a) Stage 1 [#4, #,] [Fig. 6(a)]: At t4, turn off Oy, i, charges Cg
and discharges Cs via Cyg.

b) Stage 2 [#,, 25] [Fig. 6(b)]: At t,, turn off O, i, charges
C; and discharges Cs via C;y." Meantime, i, charges Cg and
discharges Cs via Cy,p. The energy of Ciy, is released, and veg
decays.

ip =ic+i, . ‘ _(7)

fos =l +loss2 ' ®)

leg =7 —less2 &)
From (7), (8) and (9), the following equation is derived

i, =ls+ig=l¢+i,. (10)

c) Stage 3 [t 1] [Fig. 6(c)]: At 15 v.sdecays to zero, Ds
conducts, Qs can be turned on with zero-voltage. i, continues
to charges C; and discharges Cg via Cis.

d)Stage 4 [, 5] [Fig. 6(d)]: At t,, v decays to zero, Ds
conducts, Q¢ can be turned on with zero-voltage. C, is
charged though D;, and the voltage of Ci, is clamped at
Vinl2.

Other cases of switches’ driving unbalance are similar to
the above examples. And the voltage stress unbalance of the
lagging switches can be avoided owing to the flying capacitor
C,s» and the clamping diodes Dy, and D,.

B. Turn-On Delay

The four cases of turn-on delay are as follows: 1) Qg turns
on prior to Q7; 2) @, turns on prior to O; 3) Qs turns on prior
to Os; 4) Qs turns on prior to Os. When the lagging switches
achieve ZVS, the body diodes have conducted, so the
switches turn-on delay will not result in the voltage stress
unbalance of the switches. -

‘The flying capacitor decouples the charging and
discharging procedure of the intrinsic capacitors of the
switches. Meanwhile the voltage of the flying capacitor is
clamped at half of the input voltage by the clamping diodes,
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thus the unequal voltage stress of the lagging switches due to
the asymmetrical driving of can be avoided.

V. EXPERIMENT RESULTS AND DISSCUSSIONS

A prototype converter was built to verify the operation
principle. The specifications are as follows: Input voltage:
200-4007; Output voltage: 300V7; Rated load current: 104;
Switching frequency: 100kHz; Q\(D\&C)) -Qg(Ds&Cy):
IXFH60N25Q; Output filter capacitor: C;/=560uF x2; Flying
capacitors Cg, Csp =2.2uF; Dg-D)5: DSEP30-03; Dgi-Dgs:
SDT12S60; Ratio of primary and secondary windings of
transformer: K =7:13; Resonant inductance measured at
switching frequency: L, =1.33uH; Output filter inductance: L,
=144uH; Output filter capacitor C~=560uFx2.

Fig. 7 shows the experimental results at full load. Fig. 7(a)
and (b) show the waveforms of i,, v and v, under
3L-mode at V;,=260V and 2L-mode at V;,=400V respectively.
The lower high-frequency content of the rectified voltage
leads to the reduction of the output filter inductance. i, leads
to little ripple in the input current, which can reduce the input
filter. The duty cycle loss is shown between two dashed lines
in Fig. 7(a) and (b) respectively.

L T
| AiP[SOA/div]vé :] o ]
J‘I—‘mm
v,5[250V/div] ]
1 b b 1A :
= .U‘J:;:. 1883
v, [S00V/div] noo T
Vnmepeay {0
(a) 3L-mode
1l ip[soé/div]'

N dvmsomany )
LI :'JL‘“;”T; J -

v, [S00W/div]

Time:[2us/div] 11 :
(b) 2L-mode
Fig.7. Experimental waveforms at full load.

Fig. 8(a) shows the gate drive signal vgs, the voltage across
the drain and source vps, and the drain current ip of the
chopping switch Q; under 3L-mode at ¥;,=260V, which
indicates that ZVS is achieved for 0, and its voltage stress is
half of the input voltage. Similarly, ZVS is achieved for O,
and O and their voltage stress is half of the input voltage as
shown in Fig. 8(b), (c) and Fig. 9(a), (b).
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[Time:[ lus/div) o A
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Fig.8. Gate drive signal vgg, voltage across drain and source vps, and drain
current ip at full load under @V;,=260V.

Fig. 10(a) gives the conversion efficiency at different load
current at V=200V, V=260V and V;,=400V. Fig. 10(b)
shows the efficiency at full load under different input voltage.
The higher the input voltage is, the lower efficiency. Under
3L-mode, when v4z= V},/2, the primary current flows through
freewheeling diodes Dy and D,ginstead of Q, and Q,, which
results in higher conduction loss. So when V,, increases, the
efficiency decreases slightly. Under 2L-mode, there is idle
current in the primary side during zero state (when v,3=0),
which results in-conduction loss in the switches and the
primary winding. The higher the input voltage, the longer the
zero state is, thus the higher conduction loss and the lower
efficiency.

VL CONCLUSIONS

This paper proposes a CPS control for the FB TL converter,
and the flying capacitor and the two clamping diodes are
analyzed, which are used to avoid voltage stress unbalance of
the lagging switches. The converter has the following
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Fig.9. Gate drive signal vgs, voltage across the drain and source vps, and
drain current ip of switches at full load under 2L-mode@V;,=400V.
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Fig. 10. Conversion efficiency of FB TL converter. (a) conversion efficiency
at different load current under the nominal input voltage; (b) conversion
efficiency at full load under different input voltage.

advantages:

1) The voltage stress of all the switches is only half of
the input voltage, which makes the converter very attractive
in high input voltage application;



2) The chopping- switches and leading switches can
realize ZVS in a wide load range, and the lagging switches
can realize ZVS by using of the resonant inductance;

3) The converter has two operation modes (3L-mode and
2L-mode), which makes it adaptive to wide input voltage
range;

4) The reduction of the output filter inductance can be
achieved due to the superior secondary rectified voltage
waveform with lower high frequency content; ‘

5) The input current has little ripple, so the input filter
can be reduced.

The operation principle of the FB TL converter is analyzed
and verified by a 3kW prototype converter.
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Zero-Voltage and Zero-Current-Switching PWM
Hybrid Full-Bridge Three-Level Converter

Xinbo Ruan, Senior Member, IEEE, and Bin Li

Abstract—This paper proposes a zero-voltage and zero-cur-
rent-switching pulsewidth modulation hybrid full-bridge
three-level (ZVZCS PWM H-FB TL) converter, which has a
TL leg and a two-level leg. The voltage stress of the switches of
the TL leg is half of the input voltage, and the switches can realize

ZVS, so MOSFETs can be adopted; the voltage stress of the

switches of the two-level leg is the input voltage, and the switches
can realize ZCS, so IGBT can be adopted. The secondary rectified
voltage is a TL waveform having lower high-frequency content
compared with that of the traditional FB converters, which leads
to the reduction of the output filter inductance. The input current
of the converter has quite little ripple, so the input filter can also
be significantly reduced. The operation principle of the proposed
converter is analyzed and verified by the experimental results.
Several ZVZCS PWM H-FB TL converters are also proposed in
this paper.

Index Terms—Full-bridge converter, pulsewidth modulation
(PWM), soft-switching, three-level converter.

I. INTRODUCTION

OWER-FACTOR correction (PFC) techniques should be
adopted in order to meet the requirements of IEC61000-3-2
class A standard. The output voltage of the three-phase PFC
converter is 760-800 V, which raises the stress of the switches
of the downstream dc—dc converter. In order to reduce the
voltage stress of the switches, a three-level (TL) converter was
proposed, where the voltage stress of the switches is half of
the input voltage [1]. The soft-switching pulsewidth modula-
tion (PWM) techniques for TL converters are systematically
researched in [5]. The concept of leading switches and lagging
switches are introduced, and the soft-switching PWM TL
converters are classified into two kinds: zero-voltage-switching
(ZVS) PWM TL converters and zero-voltage and zero-cur-
rent-switching (ZVZCS) PWM TL converters.
- ZVS PWM TL converters realize ZVS for all switches with
" the use of the leakage inductance of the transformer and the in-
trinsic capacitors of the switches. However, the lagging switches
will lose ZVS at light load, and the leakage inductance results
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in duty cycle loss [1]-[3], [6]. ZVZCS PWM TL converters re-
alize ZVS for the leading switches and ZCS for the lagging
switches in a wide load range [4], [5]. MOSFETsS are used as the
leading switches, and insulated gate bipolar transistors (IGBTs)
are used as the lagging switches. However, IGBTs with high
voltage rating (e.g., 1200 V) are available; their voltage poten-
tial could not be exploited enough because the lagging switches
(using IGBT) only suffer half of the input voltage. '

The above-mentioned TL converter is essentially a
half-bridge (HB) converter, and the secondary rectified voltage
is a two-level waveform. The converter should be exactly called
an HB TL converter.

This paper proposes a ZVZCS PWM hybrid full-bridge
(H-FB) TL converter, in which one phase leg is a TL leg and the
other is a two-level leg. The switches of TL leg suffer only half |
of the input voltage, and they can realize ZVS in a wide load
range, so metal-oxide—semiconductor field-effect transistors
(MOSFETs) can be used. The switches of the two-level leg
suffer the input voltage; however, they can realize ZCS in a
wide load range, so IGBTs can be used. The characteristics of
MOSFETs and IGBTs are sufficiently exploited. Furthermore,
the secondary rectified voltage is a TL waveform, which has
lower high-frequency content compared with the two-level
waveform, and as a result, the output filter inductance can
be reduced. The input current of the proposed converter has
little ripple, so the input filter can be significantly reduced.
The operation principle and parameter design of the proposed
converter are analyzed in detail and verified experimentally.

II. OPERATION PRINCIPLE

Fig. 1 shows the main circuit and key waveforms of the pro-
posed converter. The TL leg consists of four switches Q1—Q4
(including their body diodes D;—D4 and intrinsic capacitors
C1-Cy), freewheeling diodes D7 and Dyg, voltage divided ca-
pacitors Cy; and Cyo, and the flying capacitor Cs,. Cgq1 and
Cys are equal and large enough to share the input voltage Vi,
evenly, i.e., Vea1 = Vea2 = Vin/2. Css connects the switching
interval of the outer two switches and the inner two switches re-
spectively. The two-level leg consists of two switches @5 and
Q¢ and their series diodes Ds and Dg. Ds and Dg make Qs
and Qg only conduct in the positive direction, respectively. Lik
is the leakage inductance of the transformer. C}, is the blocking
capacitor to miake the primary current reduce to zero to achieve
ZCS for Q5 and Q.

Q2, Q3, Qs, and Qg are phase-shifted controlled, i.e., @2 and
Q3 are switched out of phase and Q5 and Qs are switched out
of phase, and Q> and Q3 are switched leading to Q¢ and Qs,
respectively. So @2 and Q3 are called leading switches and Q5

0278-0046/$20.00 © 2005 IEEE
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Fig. 1.

and g are called lagging switches as well. Q; and Q4 are PWM
controlled corresponding to ()2 and ()3, respectively, so they are
called chopping switches. When the duty cycle of the chopping
switches is greater than zero, the shift-phase between the leading
switches and lagging switches is set at a minimum value to make
the primary current reset to ensure ZCS for the lagging switches.
Once the duty cycle of the chopping switches reduces to zero,
the shift-phase will be regulated to regulate the output voltage.

There are 14 switching modes in a switching period. The
equivalent circuits are shown in Fig. 2. Before the analysis, we
make the following assumptions.

1) All power devices and diodes are ideal.
2) All capacitors and inductances are ideal.

3)01202203=C4=Cr.

ZVZCS PWM hybrid full-bridge TL converter. (a) Main circuit. (b) Key waveforms.

4) The divided capacitors C4; and Cyo are large enough to
be treated as two voltage sources with value of Vi, /2.

5) The flying capacitor C, is large enough to be treated as
a voltage source with value of Vi, /2.

6) The output filter inductance is large enough to be treated
as a constant current source during a switching period.

A. Mode 0 [at to] [Fig. 2(a)]

At to, @1, Q2, and Q¢ are conducting and vap = Vin. D1
is conducting and Dps is off. The primary current #, charges
the blocking capacitor Cy,. The primary current is I, = I, /K,
where I, is the output current and K is the ratio of the primary
and secondary windings of the transformer. The voltage of C;
is Vcb(to).
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B. Mode 1 [to,t1] [Fig. 2(b)]

At to, turn off Q1, 7, charges C and discharges Cy via Cls.
As C; and Cj4 limit the rise rate of the voltage of Cj, Q) is
zero-voltage turnoff. During this mode Ly is in series with L.
Ly is large enough to be treated as a constant current source
so that i), keeps the value I = I,/K. i, continues charging
Cy. The voltage C1 rises linearly and the voltage of C'y decays
linearly

L

Ve (t) :ZC.(t~t0) (D
Vin [
vea(t) = 5" ~ 2—2%(1: —tg). )

At t1, ve rises to Vi, /2 and ve4 decays to zero, the voltage _
potential of A is Vi, /2, and D7 conducts naturally. The interval
of mode 1 is
CrVin

Ipo

tOl = (3)

C. Mode 2 [t1,ts] [Fig. 2(c)]

. D~ éonducts, vap = Vin/2, and i, continues charging Cy. As
the voltage of Cs; is Vin/2, the voltage across (4 is clamped at
zero.



