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(A Study on the ZVZCS Three Level DC/DC Converter
without Primary Freewheeling Diodes)
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Abstract

This paper presents ZVZCS(Zero-Voltage and Zero-Current Switching) Three Level DC/DC Converter
without primary freewheeling diodes. The new converter presented in this paper used a phase shift control with
a flying capacitor in the primary side to achieve ZVS for the outer switches. A secondary auxiliary circuit,
which consists of one small capacitor, two small diodes and one coupled inductor, is added in the secondary to
provide ZVZCS conditions to primary switches, ZVS for outer switches and ZCS for inner switches. Many
advantages include simple secondary auxiliary circuit topology, high efficiency, and low cost make the new
converter attractive for high power applications. Also the circulating current flows through the circuit so that it
causes the needless conduction loss to be occurred in the devices and the transformer of the circuit. The new
converter has no primary auxiliary diodes for freewheeling current. The principle of operation, feature and
design considerations are illustrated and verified through the experiment with a 1[kW] S0[kiz] IGBT based
experimental circuit.
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1. Introduction On the design of high frequency switching mode
power supplies for high power applications, the
* A FRUStE A7 g Fuy conventional full bridge zero-voltage switching
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desirable characteristics of both the hard switching
PWM and the soft switching converters, while
avoiding their major drawbacks, such as
commmutation losses in the first group. However, the
FB-ZVS-PWM converter is not suitable for high
input voltage applications because the total input
voltage is applied across its blocking switches and,
in many cases, the designer dose not have
semiconductors able to block high voltage in high
power applications available[1-5]. In order to reduce
the voltage stress of the switches, many
alternatives have been studied Among these
alternatives are the series connection of switches
and the use of three level converters. These
converters reduce the voltage stress across the
power switch to half of the input voltage[1-5].

2. The previous Three Level
Converter

2.1 The Three lLevel circuit

Fig. 1 shows the Three Level circuit and the
output voltage in switch condition. This circuit
consists of four switches, two diodes and two
capacitors. Output voltage appears differently in
each switch condition [1,2].

Switch Output
condition Voltage

S1182|83 (54 (Vo)

1 11 [0 ]0 | V3(=Vin)
0 j1 |1 |0 | 2(=Vin2
040 |1 [1 [ VI (=0)

Fig. 1 Three level circuit and the output voltage
which it follows in switch condition
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2.2 The ZVS$ Three Level Converter

Fig. 2 shows the ZVS Three Level DC/DC
converter. In order to achieve ZVS operation for the
inner switches Sz and Ss, the proposed converter
uses the stored energy in the leakage inductance of
the transformer to charge and discharge the
parasitic capacitances Cz and Cs at the instant when
S, is turmed off. The parasitic capacitance of the
transformer also has to be considered in this
process. This stored energy depends on the primary
current ix. For true ZVS operation, the stored
energy in Li has to satisfy the inequality[1,3].

2 2
T Lal® dcwm Y rho, 42 O
Where the terrn 4/3 Cmos is twice the typical

non~linear parasitic capacitance of the switch and
Cy is the transformer winding capacitance.
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(b) Theoretical waveforms

Fig. 2. The previous ZVS three level converter
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In order to ensure the safe ZVS operation, the
transformer should be designed to have large
leakage inductance or an external inductor should
be connected with the transformer in series. But the
large leakage inductor or the external inductor
results in the high circulating energy so that the
conduction loss becomes large during the
circulating current mode and the duty ratio loss of
the secondary side gets much serious[1,3].

In practice, it is recommended to lose the ZVS
condition fro S and S at certain load conditions. In
this way, the critical primary current needed to
achieve ZVS operation can be abstained from (1) as

. Vin

zm-,=T\/ Tz[k (% Cm+—% C,,) 2

Therefore, the ZVS condition is obtained when
the load current Iout reflected to the primary side is
higher than the critical current, that is;

I out
n

Y dait 3

Where n is tumns ratio of the transformer

2.3 The ZVZCS Three Level Converter

In order to solve the problems, the previous
ZVZCS three level converter using secondary
auxiliary circuit has been studied and developed
This converter includes the secondary auxiliary
circuit, which consist of a small capacitor and two
small diodes. Also The converter has wide ZVZCS
range, small duty cycle loss, and no severe parasitic
ringing exhibited [1,2,4,5].

3. The Proposed Three Level
Converter

In this section, the operating principle of the new
ZVZCS Three Level converter is presented. The

o

basic operation of the proposed ZVZCS Three Level
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(b) Theoretical waveforms

Fig. 3. The previous ZVZCS three level converter

converter is the same as that of the ZVS Three
Level converter, the phase shift PWM control.

Fig. 4 shows the proposed ZVZCS Three Level
converter without primary freewheeling diodes that
employs a coupled inductor and a snubber capacitor
to minimize the circulating current and the
secondary transient over voltage.

Cinll

Fig. 4. The proposed ZVZCS three level converter
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The previous ZVS Three Level converter has

freewheeling diodes on in primary side. The
. . . Cinll
freewheeling diodes give freewheeling root during B8
the circulating current mode. But the proposed Le2'
converter does not need to do the freewheeling vie | L o
diodes.
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Fig. 5. Theoretical waveforms of the proposed
circuit
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The steady state operations of the proposed
converter are explained under the following
assumptions.

- All component and devices are ideal.

- The output filter inductance is large enough to be
considered as a constant load current source,

- The output filter capacitance is sufficiently large
so that the load voltage can be considered to be
constant

The proposed ZVZCS Three Level converter has
six operation modes during a half switching cycle.
The Theoretical waveforms and the equivalent
circuit of each operation mode are shown in Fig. 5
and 6, respectively.

Mode I (to~t1) : In this stage, the input power
confinues delivering to the output. The power is
transferred to the load through switches S1 and S,
the secondary snubber capacitor(C,) is charged
through the coupled inductor(Lez) and Da. by the
resonance with the leakage inductance(lLy) as
shown in Fig. 5. The snubber capacitor(C,) voltage
and current can be obtained as fallows :

Vca(t)=( ‘; - V,,) [1-cos(o,n] @)

18 =—| =[] sin(w.5) )
Mode II (ti~t2) : S is turned off and then the

current through the primary charged C; and
discharges C+ The primary voltage is linearly
decreased and the secondary rectifier voltage is also
decreased with the same rate. The primary voltage
decreased nearly as follows;

I

Vab(t)=7(El_T_—C4)t 6

@

Mode I (t2~t3) : C4 is completely discharged,
and the switch S4 tums in with zero voltage. The
entire reflected secondary voltage is applied to
leakage inductance and the primary current
decreases more quickly. The primary curent
reaches zero at the end of this mode. The rectifier
voltage at the end of this mode is define as V.

Mode IV (t3~ts) : The primary current is
conmpletely reset and no current flows through the
primary. Then G, supplies the whole load current
and, thus the secondary rectifier voltage is
decreased quickly. The snubber capacitor voltage is
obtained as follows;

1,
Ca

Ve (=— t+ Vy (7

Mode V (t4~t5) © At the end of the freewheeling
period, S is tumed off with complete ZCS, since
there is no current in the device. This mode is a
dead time between S; and Sa.

Mode VI (t5~t6) : Sz is tumed on. This tum on
process is also ZCS, since the primary current
cannot be change abruptly due to the leakage
inductance. The primary current is linearly
increased as follows;

vV,
. ¢ ®

I,=

The rectifier voltage is still zero. This is the end
of an operating half cycle.

4. The Experiment Result

A prototype of the new ZVZCS Three Level
DC/DC converter has been implerrented to verify
the operation principles and performance of the
proposed converter.

Table 1 shows specifications and parameters
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about a prototype of the Three Level converter.

Fig. 7 shows the waveforms of the primary
voltage and the current of transformer for previous
ZVZCS Three Level converter. A secondary
auxiliary circuit, which consists of one small
capacitor and two small diode, is added in the
secondary to provides ZVZCS

Table 1. Specifications and parameters used in
three level converter

Input Voltage Vo =30V
Output Voltage Vor = 8BV
Qutput Power Pout = 1 KW
Switching Frequency f =5 kk
Transformer EES530, NIIN2=26:8
Leakage Inductance Ly = 8uF
Input Capacitor Cin = 100uF
Qutput Capacitor Cow = 1000uF
Flying Capacitor Ce = 100 uF
Snubber Capacitor C, = 047 uF
Coupled Inductor L, = 3BuF
SM2GNSON S60
1GBT (SAMSUNG)
SFRL b el e b o
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Fig. 7. Waveforms of the transformer voltage and
current for previous ZVZCS converter
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Fig. 8. Waveforms of the transformer voltage and
current for proposed ZVZCS converter
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Fig. 9. Waveforms of the transformer voltage and
current for proposed ZVZCS converter
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Fig. 10. The ZVS waveforms of switch S1 for
proposed ZVZCS converter
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Fig. 11. The ZCS waveforms of switch S3 for
proposed ZVZCS Converter

conditions to primary switches with primary
freewheeling diodes.

Fig. 8 shows the waveforms of the primary
voltage and the current of transformer for proposed
ZVZCS Three Level converter. It can be seen the
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primary current is reduce to zero, during the
freewheeling period without primary freewheeling
diodes.

Fig. 9 enlarges of the primary voltage of
transformer for proposed ZVZCS Three Level
converter. During freewheeling mode, The voltage
of transformer rises a little, because the circulating
current flows through flying capacitor.

Fig. 10 shows the zero voltage tum on
waveforms of switch S;. During the dead time, the
voltage of switch S; is reduced to zero and the
switch S; turn on with zero voltage.

Fig. 11 shows the zero current tum off
waveforms switch Ss. The current through Ss is
reduced to zero before the tum off gating signal is
applied, and the switch S tums off with zero
current.

Fig. 12. Manufactured converter
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Fig. 13. The compared efficiency
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Fig. 12 shows manufactured converter and Fig.
13 shows the compared efficiency obtained from the
implemented prototype converter. The efficiency of
the proposed ZVZCS Three Level DC/DC converter
shows the high efficiency characteristics from light
load to the heavy load. The highest efficiency is
94.5% at 0.75[kW] and the efficiency at the full load
is 93.7%.

The precious Three Level converter needed the
primary freewheeling diodes. But the proposed
Three Level converter not needed the primary
freewheeling diodes, because of the use of
secondary auxiliary circuit to remove circulating
current.

5. Conclusion

‘This paper has presented the ZVZCS Three Level
Converter without primary freewheeling diodes.
The operation stages and characteristics of the
proposed converter were presented. Experimental
results from the 1[KW], 50[kit] prototvpe converter
employing IGBTs were shown to confirm the
validity of the proposed scheme. The measured
efficiency at full load was 93.7%.

The main features of the proposed converter are
as follows

- With no primary auxiliary diodes for
freewheeling current, the switching loss is not
increased.

- This converter reduces the voltage stress
across the main switch to half of input
voltage.

- The needless conduction losses during the
freewheeling mode can be minimized.

- IGBT can be much effectively used because
the influence of the tail current can be ignored

- The diode(D.) of the auxiliary circuit is softly
commitated and its reverse recovery is
minimize.
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