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ABSTRACT

In this paper, a two-switch high frequency flyback transformer linked zero voltage soft switching PWM DC-DC power
converter implemented for distributed DC- feeding power conditioning supplies is proposed and discussed. This switch
mode power converter circuit is mainly based on two main active power semiconductor switches and a main flyback high
frequency transformer linked DC-DC converter in which, two passive lossless quasi-resonant snubbers with pulse current
regeneration Joops for energy recovery to the DC supply voltages composed of a three winding auxiliary high frequency
pulse transformer, auxiliary capacitors and auxiliary diodes for inductive energy recovery discharge blocking due to
snubber capacitors are introduced to achieve zero voltage soft switching from light to full load conditions. It is clarified
that the passive resonant snubber-assisted soft switching PWM DC-DC power converter has some advantages such as
simple circuit configuration, low cost, simple control scheme, high efficiency and lowered noises due to the soft switching
commutation. Its operating principle is also described using each mode equivalent circuit. To determine the optimum
resonant snubber circuit parameters, some practical design considerations are discussed and evaluated in this paper.
Moreover, through experimentation the practical effectiveness of the proposed soft switching PWM DC-DC power
converter using IGBTs is evaluated and compared with a hard switching PWM DC-DC power converter.

Keywords: Passive resonant snubbers, auxiliary pulse current regeneration, DC-DC converter, pulse transformer
assisted-energy regeneration, two switch flyback transformer link, soft switching PWM.

1. Introduction density switching mode power supplies with high
frequency transformers have been developed for high
In recent years, high performance and high power power applications. These include electric vehicles and

automobiles, new energy generation and storage
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supply applications in rolling stock transportation, high
frequency transformer linked DC-DC power converters
have already been introduced. Since comparatively high
DC voltages of 1500V, 750V and 600V are actually
provided from the main DC feeding power supply of the
rolling stock transportation equipment!'!] active power
semiconductor switching devices and modules with high
maximum DC voltage ratings have to be utilized for the
DC-DC
high-frequency transformer stages. This is due to spike

switch mode power converters  with
voltage surges and peaky ringing current surges. However,
their switching responses inherently become much slower
as the maximum voltage ratings of the power devices
increase, making high frequency switching, high
performance and high power density “downsizing” of the
electrically isolated DC-DC power converter difficult to
implement practically. To solve these problems, a cascade
configuration DC-DC power converter with a high
frequency transformer link is employed® as illustrated in
Fig. 1.

configuration of the output filter side, active power

In this converter, due to the interleaved

semiconductor devices with lower voltage ratings and
faster switching responses can be utilized effectively.
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Fig. 1
flyback transformers for high input DC voltage supply

In this context, a variety of high frequency hard
switching PWM DC-DC power converter topologies have
been proposed to increase converter power density and
power conversion efficiency. However, in traditional hard

switching PWM DC-DC power converters, high frequency
switching leads to an increase in the power losses of high
power semiconductor devices and the packaging power
modules they use. Additionally, it increases dv/dt and
dildt related surges and electromagnetic noise levels.

In order to overcome these practical problems, a simpie
two-switch flyback transformer passive snubber-assisted
soft switching PWM DC-DC power converter with a pulse
current regeneration snubber circuit for energy recovery to
the DC input side is proposed by the authors. The circuit
uses a minimum number of passive circuit components in
the auxiliary resonant snubbers to achieve zero voltage
soft commutation. Due to its simple configuration the
proposed soft switching PWM DC-DC power converter
with high-frequency flyback transformer link is able to
operate using single PWM signal sequences, thus
establishing a low-cost circuit arrangement and simple
output voltage feedback control scheme for high power
applications. These applications include rolling stock
transportations, new energy interfaced distributed power
supplies and power conditioners for electric vehicles and
telecommunication DC feeding plants. The operating
principle of this DC-DC power converter with auxiliary
pulse current regenerative passive resonant snubbers, its
steady state operating characteristics, and some parameters
for practical circuit parameters design are described and
analyzed theoretically. Moreover, the circuit’s operating
performance in steady state is also compared to a hard
switching PWM DC-DC power converter with a high
frequency flyback transformer. To verify the practical
effectiveness of the newly proposed soft switching PWM
DC-DC power converter with pulse transformer linked
passive resonant snubbers, a 1.3kW, 25kHz breadboard
setup of the DC-DC IGBTs is
implemented and evaluated herein.

converter using

2. Circuit Configuration and Operating
Principles

2.1 Circuit Description

In Fig. 2, the two switch flyback transformer
high-frequency hard switching PWM DC-DC power
converter circuit is depicted. In Fig. 3, the proposed circuit
topology of the high-frequency flyback transformer soft
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switching PWM DC-DC power converter using passive
resonant snubbers with an auxiliary high-frequency energy
recovery pulse transformer is illustrated. The auxiliary
resonant snubbers of this proposed PWM DC-DC power
converter can also operate as a forward type one
transformer . However, due to the leakage inductance
specified by the high-frequency pulse transformer some
additional diodes and inductors have to be connected to
the auxiliary output side, increasing cost and physical
volumetric size.
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Fig. 2 Conventional Two-switch hard switching flyback type
PWM DC-DC converter circuit
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Fig. 3 Proposed high frequency flyback type soft switching
PWM DC-DC power converter circuit with two
switches and three-winding pulse transformer linked
passive resonant snubbers

The primary side of the main high frequency
transformer of the soft switching PWM DC-DC power
converter is composed of two active power switches Q,(S),

D;) and @S>, D;) and two voltage clamping diodes (D3,
D,) which suppress the voltages across Q,(S;) and 0x(S;)
to the input DC supply voltage V. The passive snubber
circuit with pulse current regeneration for the auxiliary
energy recovery pulse transformer is composed of
auxiliary snubber diodes (D,;, D;), auxiliary snubber
capacitors (Cy;, C;;), auxiliary diodes (D,;, Dy, and an
auxiliary three winding high frequency transformer 7,
where resonant leakage inductors L;; and L, are included
in this converter circuit. The high frequency flyback
transformer 7, is represented by its turns ratio m and
leakage inductors L; and L.

2.2 Operating Principles and Analysis

In Fig. 4, the typical voltage and current operating
waveforms of the proposed DC-DC power converter
circuit topology with a high-frequency flyback isolated
transformer are illustrated and each equivalent circuit
stage operation is represented in Fig. S. The following
assumptions describe its operating principles under
steady-state periodic conditions.

(i) The active and passive power switches and circuit
components are ideal.

(i) Primary and secondary windings of the auxiliary
forward pulse transformer 7, are identical. Its turns ratio in
relation to the tertiary winding and their resonant leakage
inductances are respectively represented by n, = n, = n
and L, = L;; = Ly, respectively

(iii) Surge absorbing capacitors C,; and C,, are
identical; C;; = Cy, = C,.

The steady-state periodic operation of this soft
switching DC-DC power converter circuit is described as
follows:

(a) Mode 0 (#, ~ t;): At time f,, according to the duty
factor D (D = 1,,/T; see Fig.4) of the soft switching PWM
DC-DC power converter treated here, Q;(S;) and Qx(S;)
are turned on simultaneously under a condition of zero
current switching, since (L,+m’L;) and the leakage
inductance of the auxiliary three winding high frequency
forward type pulse transformer exist in their current path.
A voltage nV; is reflected to the primary and secondary
windings of auxiliary pulse transformer 7,. As a result,
quasi-resonance starts based on L; and C,. For energy
recovery, the pulse current i flows through the current
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regeneration loop composed of L, (L), Dy (Dy), Cy
(C2) and V; and the resonant snubbing capacitor voltage
v.s 1s discharged toward zero. The circuit state equations
for this operation mode are expressed below:

di
VS=—L:-—£IS—+VCS+UVS, @L:__Ll‘h (D
dt dt C,

§

Assuming that v, = Vo and i, = 0 at time ¢, the state
equations for the resonant snubber capacitor voltage and

pulse regeneration current are represented by:

V,—-
i/x :Msinwst

z, 2
Vo ={ Vo ~(1=n) 1} cosart +(1-n) 7,

where Z; = /L /C, is the resonant characteristic

impedance and ©; = 1/ §JL,C, is the resonant angular

frequency.
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Fig. 4 Theoretical operating waveforms of the proposed PWM
DC-DC converter

From (2), it is noted that the resonant snubbing
capacitor C; 1s fully discharged at o,z = = and the resonant
snubbing capacitor voltage v,, becomes less than zero at

this time. When v, < 0, the condition 1-V,,/2V, <n

can be obtained analytically.
On the other hand, the current flowing through the active
power semiconductor switch Q,(S)) and Q4(S>) is derived

from the flyback transformer secondary side current i, and

the regeneration current i, Therefore, the maximum di/dt of
each active power semiconductor switch at the turn on
transition can be represented by:

di _ Vg —n(l=nl, V. +mV,
dt L L +m’L,

s

&)

(b) Mode 1 (¢; ~ t,): the resonant capacitance C; is fully
discharged, when D; and Dg; turn on. In this mode, the
pulse regeneration current for energy recovery to the DC
supply source ¥, is not allowed to flow continuously. As a
result, the additional condition of » < 1 should be
considered, and the equation to determine the turns ratio
of the auxiliary high frequency transformer 7, with a
tertially winding can be rearranged as:

1=V, /2V, <n<1 )

where Vg is the initial voltage across the resonant snubber
capacitor C; at f,.

(¢) Mode 2 (f, ~ £;): In this mode, the regeneration
current i reaches zero and magnetic energy is stored into
the primary winding side of the flyback high frequency
transformer 7,,.

(d) Mode 3 (#; ~ #,): According to the duty factor D (D
= 1,,/T), O/(S;) and Qx(S,) turn off simultaneously when
using zero voltage soft switching. The resonant snubber
capacitor C; starts to charge and voltage across the active
power semiconductor switches increases linearly with a
certain slope. The voltage across C; is charged to V,, as
specified above.

(e¢) Mode 4 (t; ~ t5): both D, and D,; turn off and
energy stored in (L +7°L;) and the leakage inductance of
the auxiliary three winding high frequency pulse
transformer 7, is released to the input supply voltage V;
through clamping diodes D; and D, The secondary
winding current i, starts to flow through the secondary
side of the flyback transformer T,

(f) Mode 5 (#5 ~ ty): Energy stored in the primary side
of the flyback transformer 7, is discharged through its
secondary side and the secondary winding current i, flows
through L,, the output blocking diode D, and output filter
capacitor C,. Additionally, DC-output power is delivered
to the load R, under a condition of regulated output DC
voltage V.
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Fig. 5 Equivalent circuits for each commutation stage

3. Design Considerations of Passive
Resonant Snubbers

Considering the turns ratio of the auxiliary high
frequency transformer 7, as n; = n; = n (the turns ratio of
the primary and secondary windings in relation to the
tertiary winding); setting n according to (4) is indispensable
for achieving a soft switching commutation mode transition
which is independent of the DC output power.

The circuit parameters of passive resonant snubbers
with auxiliary pulse transformer 7, are designed for this
DC-DC power converter where the DC source voltage ¥
= 300V. The output DC voltage J, and switching
frequency fare 100V and 25kHz, respectively. In addition,

the following practical conditions must be met in order to

select the optimum circuit parameters:

(a) The full discharging interval #, of the resonant
snubber capacitors (in this case, C,; and C,;) should be
designed to be 3% - 5% of one switching period T ( = 1/f).
As aresult, £ is given by,

t,;= Al LC, ,  0.03<t.£<0.05 (5)

(b) The maximum dv/dt value during the turn oft period
of the active power semiconductor switch Q; or O, should
be specified as 1000V/ps.

(¢) The maximum di/dt value at the turn on transition of
the active power semiconductor switch Q; or O, should be
specified as 40A/us. Each circuit parameter, which meets

the three conditions (a) - (¢) mentioned above, is designed
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for the following methods:

(i) C;; = Cyy = C, is set to 0.015pF and from (4), » is set
to 0.67.

(i1) From (5), Ly, = Ly, = L, 1s determined. As a result,
9.7uH < L, < 27uH.

(ili) To satisfy condition (b), the allowable maximum
power semiconductor switch current i, assumes that
Q/(S1) or OAS,) is specified to 15A at time of turn off,
since dv/dt = i/C, and to meet condition (c), the maximum
dildt capacity is determined by (3).

4. Experimental Evaluations and Discussions

The operating principle and steady state characteristics
of the proposed soft switching PWM DC-DC power
converter with a high-frequency flyback transformer link
are verified by 1.3kW (¥, = 100V) 25kHz breadboard
setup. Using IGBTs as the main active power switches, O,
and @, are implemented and evaluated in the following
experiment. The design specifications and circuit
parameters of this DC-DC power converter as shown in

Fig.3 are as follows:

V=300V, C;=Cs;=C,=0.015uF
S//D;3, Sy/Dy: CM75DY-12H, V... = 600V, I, = T5A
DA-], DS_J, D53, DS4: 3OJL2C41, VRRM = 600V, IF =30A

T,.: L; = 19.5uH (magnetizing inductance L,
2.63mH),

The measured voltage and current waveforms of the
active power semiconductor switches O, and Q) are
illustrated in Fig. 6 and Fig. 7, respectively, where the DC
supply voltage ¥, = 300V, the DC output voltage V, =
100V, and the DC output power P,, = 1kW. From the
results illustrated in Fig.6, one can verify that both active
power semiconductor switches can turn off under the zero
voltage soft commutation since the resonant snubber
capacitors are fully discharged and can turn on when there
is no current due to the primary side and secondary side
leakage inductances of the high-frequency flyback
transformer and auxiliary three winding high frequency
pulse transformer. The voltage across the resonant snubber

capacitor C,; and the regeneration current i; for energy

pulse recovery are illustrated in Fig. 8. Observing Fig. 8,
one can see that the voltage across the resonant smubber
capacitor v, 1s discharged toward zero before Q,(S;) turns
off and the regeneration current only flows during the
turn-on switching mode transition interval. It can also be
observed that for heavy load conditions, the maximum
voltage across Cy; is higher than the input voltage V; since
some parasitic wiring inductances exist through the DC
busline.

In Fig. 9 and Fig. 10, the voltage and current waveforms
of the active power semiconductor switches (), and O, are
also shown under light load conditions of V= 300V, V,=
100V and P,,= 150W. From these experimental results,
one can see that zero voltage soft switching is achievable
under light load conditions.

In Fig. 11, the total measured actual efficiency in
relation to the output power P, is represented for the
conventional two-switch flyback hard switching PWM
DC-DC power converter with a high-frequency flyback
transformer link and the proposed two-switch soft
switching PWM DC-DC power converter using passive
lossless resonant snubbers with an auxiliary energy
recovery pulse transformer. From these observed results,
one can confirm that the maximum actual efficiency
obtained from the two switch flyback transformer type
zero voltage soft switching PWM DC-DC power
converter is 93.3% and for output power higher than
550W, the converter efficiency increases approximately
1.3% to 1.5% as compared with the conventional two
switch flyback hard switching PWM DC-DC power
converter(see Fig.1).+

8T 700V Tchal 3oomv_ M20ons] A thi v 620

(@) | (b)

Fig. 6 Voltage and current waveforms of active power switches
S; under P,,=1kW. (a) Turn off, (b) Turn on.
(ver: 100V/div; igy: 10A/div; time: 0.2ps/div)
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Fig. 7 Voltage and current waveforms of active power switches
S, under P,,=1kW. (a) Turn off, (b) Turn on.
(ve2: 100V/div; igy: 10A/div; time: 0.2us/div)
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Fig. 8 Voltage across snubber capacitor C;; and
regeneration current iy (v: 100V/div; iy, SA/div;
time: 10ps/div) L, = 11.8uH, m = 1.285
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Fig.9 Voltage and current waveforms of active power
switches S; under P,,~=150W. (a)Turn off, (b)Turn on.
(v 100V/div; i 10A/div; time: 0.2us/div)

5. Conclusions

A simple two-switch high frequency flyback
transformer zero voltage soft switching PWM DC-DC

v []
¥,
Y2 2
ig

ISZ 4 m‘\ 4

- DX y Yot
Lii 100V Ch2 300my. 4 20005 N Chl S 920 Lii 100V ﬁh21 300mv__M 20005, A Ch1 L 108

(@ (b)

Fig. 10 Voltage and current waveforms of active power
switches S, under P,,~150W. (a)Turn off, (b)Turn on.
(vez: 100V/div; i 10A/div; time: 0.2ps/div)
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Fig. 11 Measured actual efficiency vs. output power under

conditions of V=300V and V=100V

power converter using IGBTs and incorporating passive
resonant snubber circuits with an auxiliary pulse current
transformer has been presented in this paper.

We proved by theoretical analysis and experimental
evaluations that the proposed soft switching PWM DC-DC
power converter circuit could efficiently achieve high
performance compared to the conventional two switch
flyback hard switching PWM DC-DC power converter
circuit. We illustrated its operating principles, performed a
steady-state analysis, and discussed a practical way to set
the circuit parameters of the lossless passive resonant
snubber with a pulse current regeneration loop for energy
recovery by means of the resonant snubber including pulse
transformer with three-windings. From experimental
results, it could be ascertained that the actual efficiency of
the DC-DC power converter treated here increases when
the two passive lossless resonant snubber circuit using an
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auxiliary three winding high frequency pulse transformer
is implemented. Finally, the following features of the
proposed converter circuit could be verified in future
research.

(i) A simple control scheme could be implemented by a
single PWM signal generator since two active power
semiconductor switches operate simultaneously.

(i1) Passive resonant snubbers with energy recovery are
implemented to achieve high efficiency.

(iii) Stable pulse transformer soft switching could be
performed under both light and full load conditions.

(iv) The proposed two-switch flyback soft switching
PWM DC-DC power converter with high-frequency
transformer link is more suitable for high power
applications. The interleaving circuit configuration on the
basis of the two-switch flyback soft switching DC-DC
power converter with pulse transformer linked passive
resonant snubber circuit for tapped energy recovery loops
should be evaluated from a practical point of view. In
addition to this, the two-switch forward transformer soft
switching DC-DC power converter with the three winding
pulse transformer linked passive resonant snubber circuit
for trapped energy recovery loops to the DC supply source
side should be studied as compared with the passive
resonant snubber assisted soft switching flyback converter
topology treated here.
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