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An Adaptive ZVS Full-Bridge DC–DC Converter
With Reduced Conduction Losses and Frequency

Variation Range
Alireza Safaee, Senior Member, IEEE, Praveen K. Jain, Fellow, IEEE, and Alireza Bakhshai, Senior Member, IEEE

Abstract—This paper presents a description and analysis of a
full-bridge converter with a novel passive and robust auxiliary
circuit for zero-voltage-switching (ZVS) operation. A generalized
time-domain state-space analysis is provided to describe the steady-
state behavior of the auxiliary circuit. Complete comparison be-
tween the well-known single-inductor auxiliary circuit, and the
proposed one is presented. For a similar peak current in the aux-
iliary branch, needed for ZVS, a minimum of 20% reduction in
rms current is achieved to decrease the conduction losses in the
power switches and in the auxiliary circuit. Also, 65% reduction
in switching frequency variation is obtained. This narrower fre-
quency range reduces the need for very high-frequency operation
and the associated gate driver losses as well as the difficulty of elec-
tromagnetic interference (EMI) filter design. All the theoretical
results are experimentally verified.

Index Terms—DC–DC converter, full-bridge converter, passive
auxiliary circuit, reduced frequency variation, zero-voltage switch-
ing (ZVS).

NOMENCLATURE

LS1 Series inductor in proposed auxiliary.
LP1 Parallel inductor in proposed auxiliary.
CP1 Capacitor in proposed auxiliary.
Laux1 Inductor in single-inductor auxiliary

(leading leg).
Laux2 Inductor in single-inductor auxiliary (lag-

ging leg).
Ca1 , Ca2 Splitting capacitor.
T Switching period.
fs Switching frequency.
ωSW Switching angular frequency.
ω0 Resonant frequency.
r Ratio of ωSW and ω0 .
Vdc Input dc voltage.
ILS 1 0 Peak current in LS1 , at t = 0.
ILP 1 0 Peak current in LP1 , at t = 0.
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VCP 1 max Peak voltage across CP1 .
VCP 1 0 Voltage across CP1 , at t = 0.
Ibase Absolute value of ILS 1 0 at ωSW = ω0/2.
ILS 1 Hk

kth harmonic of current in LS1 .
ILa u x 1 peak Peak current in Laux1 .
N Transformer turns ratio.
Lleak Transformer leakage inductance (pri-

mary).
LM Transformer magnetizing inductance (pri-

mary).
Lout Output filter inductor.
Cout Output filter capacitor.
S1U , S1L , S2U , S2L Switches.
Pout nom Nominal output power.
Vout nom Nominal output voltage.
ESR Equivalent series resistance.
ESL Equivalent series inductance.

I. INTRODUCTION

FULL-BRIDGE converter is the widely accepted topology
for medium to high power range. It has many advantages

such as full voltage swing on the ac lines (from positive to
negative of dc-link voltage), switch voltage stress not more than
dc voltage, equal utilization of all the switches, optimal use
of a smaller transformer by using flux in both directions, and
possibility of high-power-density designs.

Soft-switching of the full-bridge converter switches must
be guaranteed for reliable high-frequency operation. In a full-
bridge converter with phase-shift modulation, it is possible to
take advantage of the parasitic leakage inductance of the power
transformer to gain ZVS property. In the case of heavy loads,
the current leaving the midpoint of a switch leg is inductive,
i.e., lags the voltage waveform, which brings the desirable ZVS
operation. However, relying on transformer leakage inductance
limits the choice for turns ratio of the transformer and cannot
ensure ZVS for the entire operating points, especially at light-
load situations. Details of the transition behavior are reported in
[1], [2]. In the light-load conditions and/or high input voltages,
the current becomes very low and ZVS is usually lost.

Various methods have been suggested to extend the soft-
switching property of full-bridge converters. In [3] and [4], the
solution is based on modifying the transformer and adding pas-
sive components on the load side. The approaches in [5] and
[6] are by adding passive auxiliary circuits to the output fil-
tering stage. In [7] and [8], a secondary-side switch is used.
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Fig. 1. Full-bridge converter with (a) the single-inductor [19] and (b) the pro-
posed auxiliary circuits for leading leg. In both topologies, the single-inductor
auxiliary is used for lagging leg.

There are also solutions based on modifications on primary
side. In [9] and [10], the bridge is connected to the transformer
through a coupled inductor that must be sized to pass the entire
current. The auxiliary transformer in [11] handles the primary
current and is clamped to dc bus using two fast diodes. The pri-
mary of main transformer in [12] is also clamped and connected
to the bridge via coupled inductors. The solution in [13] uses
two power transformers. In [14], several passive components
are added in between the bridge and the transformer to gain-soft
switching. In [15], ZVS is obtained without passing the entire
current through the auxiliary circuit. There are also methods us-
ing active auxiliary circuits on primary side, for example, with
one additional switch [16] or two [17], [18].

A low-cost and robust passive auxiliary circuit with a single
inductor is suggested in [2] and later in [19] and [20], with the
auxiliary circuit shown inside dashed lines Fig. 1. Based on this
auxiliary circuit, an adaptive control method is suggested in [1],
effective in maintaining ZVS operation of both the switch legs.
Due to phase-shift modulation scheme of the main converter,
each leg has 50% duty cycles; therefore, the current waveforms
in the auxiliary inductors have nearly triangular shapes. The
splitting capacitors guarantee zero dc current in steady-state
operation. The peak value of the auxiliary current is determined
by the input voltage and the switching frequency, which the
latter is controlled by their suggested adaptive control method.

The duration of time between turn-off of one switch in a leg
and turn-on of the other switch in the same leg is commonly
named as deadtime. A nonzero deadtime is needed to ensure
the safe operation without a shoot though between the positive
and negative lines of the dc bus, which is specifically designed
to have low impedance for the optimal operation. On the other
hand, a long deadtime is not favorable and increases the losses.
Thus, the deadtime is usually a small portion of the switching
cycle. In a single-inductor auxiliary circuit, such as in Fig. 1,

Fig. 2. Major voltage and currents for leading leg auxiliary circuit.

the auxiliary current reaches its peak value just before the dead-
time. During the deadtime, the auxiliary current ensures that
the process of charging and discharging the snubber capacitors
happens completely and the next switch turns on under ZVS
condition. After the deadtime, the auxiliary current has no func-
tion and only adds to the losses. Therefore, having the needed
peak current with the least rms current is desirable.

The present papers introduces a novel auxiliary circuit that:
1) provides the same peak current value during the deadtime but
has considerable lower rms value; 2) has a sharper frequency
dependence behavior that reduces the needed frequency varia-
tion range for the adaptive control in [1]; and 3) the auxiliary
inductors elements have half the value of comparable single-
inductor auxiliary and, therefore, have smaller footprint, fewer
number of turns, and less proximity-effect, lower equivalent se-
ries resistance (ESR) and, therefore, lower conduction losses.
The details of events during the deadtime are provided in [1] and
[2] and not repeated here. The focus of the paper is mostly on the
auxiliary circuits and their application in a typical full-bridge
dc–dc converter.

This paper is organized as follows: In Section II, the
proposed auxiliary circuit is explained and its steady state
operation analysis is presented. In Section III, the comparison
between the proposed and single-inductor auxiliaries is pro-
vided. Section IV discusses the criterion to select the lowest
practical rms current in the auxiliary branch toward a higher
efficiency. Section V shows the experimental results for the
auxiliary circuits, and Section VI deals with the process of im-
plementing the proposed auxiliary circuit in a dc-dc converter.

II. PROPOSED AUXILIARY CIRCUIT

Single-inductor and the proposed auxiliary circuits for the
leading leg are shown in Fig. 1(a) and (b), respectively. Laux1
in Fig. 1(a) is replaced with LS1 in series with LP1 ||CP1 in
Fig. 1(b). The major voltage and currents of the proposed aux-
iliary circuit are defined in Fig. 2.

A. Assumptions

The following assumptions are considered for the analysis:
1) the converter is in steady-state operation with phase-shift

modulation;
2) all passive components are ideal with ESR of zero;
3) Ca1 and Ca2 are equal and large, so their midpoint (node

G) has half of the dc source voltage, thus, the voltage
of switch leg ac nodes (vA and vA ′) are equal to Vdc/2
(−Vdc/2) when switch or diode of S1U or S2U (S1L or
S2L ) conduct;
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4) the duty cycles of vA and vA ′ are 50%;
5) LS1 and LP1 are similar, equal to L. Value of CP1 is C.

B. Steady-State Operation

The state variables are iLS 1 , iLP 1 , and vCP 1 . The midpoint of
the splitting capacitor branch (node G in Fig. 1) is selected as
the ground level. Following the notations of Fig. 2

⎧
⎪⎨

⎪⎩

iLS 1 = iLP 1 + iCP 1

vCP 1 = vLP 1

vA = vLS 1 + vCP 1

or

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

diLS 1

dt
= − 1

L
vCP 1 +

1
L

vA

diLP 1

dt
=

1
L

vCP 1

dvCP 1

dt
=

1
C

iLS 1 −
1
C

iLP 1

(1)
The rising edge of vA happens at t = 0, and it goes to Vdc/2

where the initial values of the state variable are ILS 1 0 , ILP 1 0 , and

VCP 1 0 . Introducing ω0 as ω0
Δ=1/

√
LC/2, the state equations

for 0 ≤ t ≤ T/2 become

⎡

⎢
⎣

iLS 1 (t)

iLP 1 (t)

vCP 1 (t)

⎤

⎥
⎦ =

⎡

⎢
⎢
⎢
⎢
⎣

1 + cos ω0t

2
1 − cos ω0t

2
− sinω0t

Lω0
1 − cos ω0t

2
1 + cos ω0t

2
sinω0t

Lω0
1

C ω0
sin ω0t − 1

C ω0
sin ω0t cos ω0t

⎤

⎥
⎥
⎥
⎥
⎦

×

⎡

⎢
⎣

ILS 1 0

ILP 1 0

VCP 1 0

⎤

⎥
⎦+

⎡

⎢
⎣

ω0t + sinω0t

ω0t − sinω0t

Lω0 (1 − cos ω0t)

⎤

⎥
⎦

Vdc

4Lω0

(2)

for 0 ≤ t ≤ T/2, where T is the period of the switching cycle.
At steady-state operation, the state variables have zero dc values
and at t = T/2 all of them reach to the negative of their initial
values. Thus

⎡

⎣
iLS 1 (t = T/2)
iLP 1 (t = T/2)
vCP 1 (t = T/2)

⎤

⎦ = −

⎡

⎣
iLS 1 (t = 0)
iLP 1 (t = 0)
vCP 1 (t = 0)

⎤

⎦ = −

⎡

⎣
ILS 1 0
ILP 1 0
VCP 1 0

⎤

⎦

(3)
From (2) and (3), we have

⎡

⎢
⎢
⎢
⎢
⎢
⎣

3 + cos (π/r)
2

1 − cos (π/r)
2

− sin (π/r)
Lω0

1 − cos (π/r)
2

3 + cos (π/r)
2

sin (π/r)
Lω0

1
Cω0

sin (π/r) − 1
Cω0

sin (π/r) 1 + cos (π/r)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎣
ILS 1 0
ILP 1 0
VCP 1 0

⎤

⎦ = −

⎡

⎣
π/r + sin (π/r)

(π/r) − sin (π/r)
Lω0 (1 − cos (π/r))

⎤

⎦
Vdc

4Lω0
(4)

where r
Δ= 2π/ω0T = ωSW /ω0 . The condition for (4) to have

unique answers is

r �= 1
2n − 1

, ∀n ∈ N (5)

The inequality in (5) means that ωSW must be selected such
that neither itself nor any of its odd harmonics are close to ω0 .

To emphasize it further, we examine the net impedance seen
from node A to the ground in Fig. 2

Z(ω) = jωL

[
2 − LCω2

1 − LCω2

]

= j2ωL

[
1 − ω2/ω2

0

1 − ω2/(ω0/
√

2)2

]

(6)
Equation (6) reveals that the forbidden r values in (5) belong

to the situations in which ωSW or one of its odd harmonics is a
zero of Z (ω).

Once the condition of (5) is met, (4) determines ILS 1 0 ,
ILP 1 0 , and VCP 1 0 uniquely as

ILS 1 0 = − 1
π

[ π

2r
+ tan

( π

2r

)]
Ibase = − 1

π
(y + tan y)Ibase

(7)

ILP 1 0 = − 1
π

[ π

2r
− tan

( π

2r

)]
Ibase = − 1

π
(y − tan y)Ibase

(8)

VCP 1 0 = 0 (9)

where

Ibase
Δ=

π

4
Vdc

Lω0
(10)

y
Δ= π

2r
(11)

Ibase is the absolute value of ILS 1 0 and ILP 1 0 when r = 0.5.
The time-domain state variables for 0 ≤ t ≤ T/2 are given as

iLS 1 (t) =
1
π

[

y

(
4t

T
− 1

)

+ sec y · sin
(

y

(
4t

T
− 1

))]

Ibase

(12)

iLP 1 (t) =
1
π

[

y

(
4t

T
− 1

)

− sec y · sin
(

y

(
4t

T
− 1

))]

Ibase

(13)

vCP 1 (t) =
1
4

[

1 − sec y · cos
(

y

(
4t

T
− 1

))]

Vdc

(14)

The other half period is obtainable by symmetry. It is straight-
forward to check that

iLS 1

(

t =
T

4

)

= iLP 1

(

t =
T

4

)

= 0

and peak capacitor voltage happens at t = T/4 as

VCP 1 max = vCP 1

(

t =
T

4

)

= (1 − sec y)
1
4
Vdc (15)

The typical waveforms of vA , iLS 1 , iLP 1 , and vCP 1 are illus-
trated in Fig. 3 for r ∼ 0.5. The dashed lines indicate the current
waveform of the single-inductor auxiliary circuit of Fig. 1 (a).

Fig. 4 shows iLS 1 (t)/Ibase versus time for r = 0.4, 0.5, and
0.625. The horizontal axis is selected as t/T to reveal the behav-
ior regardless of difference in the switching frequencies (various
r values). The left (right) vertical axis indicates the normalized
current (voltage). At higher r the peak value of iL1 (i.e., |ILS 1 0 |)
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Fig. 3. Auxiliary circuit major voltage and current waveforms.

Fig. 4. iL S 1 (t)/Ibase versus time for r = 0.4, 0.5, 0.625.

becomes smaller. For any r, the current zero-crossing moments
are at t/T = 1/4 and 3/4.

Fig. 5 illustrates iLP 1 (t)/Ibase for the same r values as
in Fig. 4. The peak of iLP 1 is close to Ibase . Behavior of
vCP 1 (t)/Vdc is shown in Fig. 6. As predicted in (15), VCP 1 max
happens at t/T = 1/4 and its lowest value (Vdc/4) belongs to
r = 0.5. The capacitor voltage is smaller than Vdc and a high-
voltage capacitor is not required.

The frequency behavior of ILS 1 0/Ibase , ILP 1 0/Ibase , and
VCP 1 max/Vdc versus is shown in Fig. 7 for 1/3 < r < 1. The
asymptotic growth of ILS 1 0 and ILP 1 0 near r = 1/3 and1 is
expected because at r → 1 (r → 1/3) the impedance Z of the
auxiliary branch given in (6) becomes very small for the main
(third) harmonics of ωSW or equivalently n = 1 (n = 3) in (5).
The smallest VCP 1 max of Vdc/4 happens at r = 1/2.

To obtain ZVS in the leading leg of the converter, the net
value of the current leaving node A at t = 0 must be negative;
therefore, ILS 1 0 must be certainly negative. This means that
operation under ωSW < 0.7742ω0 is required.

Fig. 5. iL P 1 (t)/Ibase versus time for r = 0.4, 0.5, 0.625.

Fig. 6. vC P 1 (t)/Vdc versus time for r = 0.4, 0.5, 0.625.

III. COMPARISON WITH SINGLE-INDUCTOR AUXILIARY

To have a basis for comparing auxiliary circuits of Fig. 1
(a) and (b), it is necessary to select the component values such
that they have a similar peak current at the same Vdc and at
a specific frequency. The selected matching frequency here is
ωSW = ω0/2 (r = 0.5). This is the frequency at which VCP 1 max
is minimum and |ILS 1 0 | = |ILP 1 0 | = Ibase . In order to have
the same peak current for single-inductor auxiliary

Vdc

2
× T

2
= Laux1 × 2Ibase ⇒ Laux1 =

TVdc

8Ibase
= 2L (16)

Equation (16) means that Laux1 must be exactly 2L to fulfill
the requirement of equal peak currents at r = 0.5. Thus, the
inductors for the proposed auxiliary are smaller in inductance
and physical size, which means more flexibility in PCB design,
higher surface per volume ratio (for a better heat exchange), and
possibility of using off-the-shelf components.
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Fig. 7. Variation of IL x 0 /Ibase (x = S1 , P1 ) and VC P 1 m ax /Vdc with
1/3 < r < 1.

Fig. 8. Variation of IL p eak /Ibase versus r for proposed and single-inductor
auxiliary circuits.

The variation of ILa u x 1 peak versus frequency (in the single-
inductor auxiliary) has the form of

ILa u x 1 peak = −ω0/2
ωSW

Ibase = − 1
2r

Ibase (17)

Hereafter, the terms IL peak and IL rms are used to refer
to the peak and rms currents of auxiliary circuits, respec-
tively, i.e., IL peak = ILS 1 0 for the proposed auxiliary from
(7) and IL peak = ILa u x 1 peak from (17) for the single-inductor
one. Fig. 8 illustrates IL peak/Ibase versus frequency for both
the auxiliary circuits. At r = 0.5, both circuits have similar
IL peak equal to −Ibase due to (16). Fig. 8 shows that for
the single-inductor auxiliary to vary from IL peak = −Ibase to

Fig. 9. Variation of IL rm s/Ibase versus r for proposed and single-inductor
auxiliary circuits.

IL peak = −0.5Ibase , the switching frequency must be doubled,
i.e., r needs to reach 1. The proposed auxiliary, however, has a
sharper frequency dependence and IL peak varies from −Ibase
to −0.5Ibase when r is increased from 0.5 to only about 0.6462;
therefore, a 65% reduction in frequency range is achieved com-
pared to the single-inductor auxiliary case. Therefore, adjusting
the peak auxiliary current is possible with within a narrower
frequency range and less restrictions on gate driver and electro-
magnetic interference (EMI) filter design. Fig. 8 also shows that
for the proposed auxiliary variation of IL peak by frequency is
almost linear for 0.5 < r < 0.6462. This aspect simplifies the
design of frequency control loop significantly.

For the single-inductor auxiliary with a triangular current the
rms current ILa u x 1 rms is

ILa u x 1 rms =
1√
3
|ILa u x 1 peak | =

1
2
√

3r
Ibase (18)

And the rms currents of the proposed auxiliary are

ILS 1 rm s = − g (y)
π cos y

Ibase (19)

ILP 1 rm s = − h (y)
π cos y

Ibase (20)

g (y) =
√

1
6y

[2y (y2 − 6) cos2 y + 9 sin y cos y + 3y]

(21)

h (y) =
√

1
6y

[2y (y2 + 6) cos2 y − 15 sin y cos y + 3y]

(22)

Fig. 9 illustrates the variation of rms currents versus frequency
for the same inductors as in Fig. 8. The proposed auxiliary has
smaller IL rms values for all values of r.
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Fig. 10. Variation of IL rm s/Ibase versus IL p eak /Ibase for proposed and
single-inductor auxiliary circuits.

Fig. 11. Ratio of IL rm s/Ibase versus IL p eak /Ibase for proposed and
single-inductor auxiliary circuits.

For a better comparison, in Fig. 10, the different frequency
dependences are eliminated and IL rms values are depicted for
similar IL peak values for both the auxiliaries. For any IL peak
value the proposed auxiliary has a lower IL rms . This reduces
the losses in the switches as well as in the auxiliary circuit
itself.

Fig. 11 provides a better visualization of the achieved
reduction in IL rms . IL rms(proposed) is equal to 52.96%
(79.46%) of IL rms(single inductor) when IL peak = 0.5Ibase
(IL peak = Ibase) for both of them. Therefore, a minimum of
20% reduction in rms current is obtained. Lower IL rms at the

same IL peak means the same ZVS operation with reduced con-
duction losses in switches, passive elements, and printed circuit
board.

The reason of the reduced IL rms (with the same IL peak )
can be better shown by considering the harmonic content of
the current waveforms. vA is a square waveform and can be
expressed as

vA (t) =
4
π
× Vdc

2

∞∑

n=1,3,5,···

1
n

sin(nωSW t) (23)

VA Hn
is the amplitude of nth harmonic of vA (t) as

VA Hn
=

2Vdc

πn
, n = 1, 3, 5, . . . . (24)

For the single-inductor auxiliary

ILa u x 1 Hn
=

VA Hn

Laux1nωSW
=

1
Laux1nωSW

× 2Vdc

πn
(25)

Using (25) and (10) with Laux1 = 2L and ωSW = rω0

ILa u x 1 Hn
=

1
r

(
2

nπ

)2

× Ibase (26)

For the proposed auxiliary, from (6)

Z (nωSW ) = j2nωSW L

[
1 − (nωSW )2 /ω2

0

1 − (nωSW )2 /
(
ω0/

√
2
)2

]

or

Z(nωSW ) = j2nωSW L

[
1 − r2n2

1 − 2r2n2

]

(27)

IL1 Hn
=

VA Hn

|Z(nωSW )| =
1

2nωSW L

[
1 − 2r2n2

1 − r2n2

]

× 2Vdc

πn

or

IL1 Hn
=

1
r

(
2

nπ

)2 [
1 − 2r2n2

1 − r2n2

]

× Ibase (28)

Fig. 12 illustrates the variation of harmonic amplitudes versus
IL peak/Ibase for both the proposed and single-inductor auxil-
iary circuits. For the proposed circuit, the main harmonic is
smaller than that of the single-inductor one, but all the other
harmonics are higher. The combination of harmonics results in
the same peak but lower rms values.

IV. FREQUENCY RATIO FOR LOWER RMS CURRENT

In the previous section we selected r = 0.5 as rmin (to get
the largest peak current) and the adaptive controller in [1] was
in charge to increase r adaptively to reduce the peak current as
needed. Fig. 8 shows that the peak current dropped to half at
r = 0.6462. The choice of rmin = 0.5 for the maximum peak
current was arbitrary. In this section, we study the effect of other
choices of rmin on the rms current toward having a lower rms
current while having the same peak current for ZVS.

Similar to (18) for the single-inductor auxiliary, it is helpful to
know IL rms as a function of IL peak for the proposed auxiliary
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Fig. 12. Variation of harmonic amplitudes versus IL p eak /Ibase for proposed
and single-inductor auxiliary circuits.

circuit. By calculating Ibase from (10) and substituting into (19),
we get

ILS 1 rm s = − g(y)
y cos y + sin y

∣
∣ILS 1 p e a k

∣
∣ (29)

ILP 1 rm s = − h(y)
y cos y + sin y

∣
∣ILS 1 p e a k

∣
∣ (30)

with g(y) and h(y) from (21) and (22), respectively. Equation
(29) allows to select rmin based on rms currents. Fig. 13 shows

Fig. 13. Ratio of IL S 1 rm s /IL p eak versus r.

Fig. 14. Ratio of IL P 1 rm s /IL p eak versus r.

the variations of ILS 1 rm s /
∣
∣ILS 1 p e a k

∣
∣ versus r. For a fixed num-

ber for
∣
∣ILS 1 p e a k

∣
∣, the value of ILS 1 rm s gets smaller at r values

greater than 0.44 and the decreasing trend continues to about
r = 0.68. Thus, it is advantageous to select rmin of higher than
0.5 to get less rms current for the same peak value. It is necessary
to monitor the values of ILP 1 rm s as well. Fig. 14 depicts that
for r > 0.57, the ratio of ILP 1 rm s /

∣
∣ILS 1 p e a k

∣
∣ exceeds one and

grows rapidly. Therefore, it is better to choose a rmin between
0.5 and 0.57.

V. AUXILIARY EXPERIMENTAL RESULTS

Experimental verification of the merits of the proposed
auxiliary is provided in this section. The examined auxiliary
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Fig. 15. Experimental waveforms at r = 0.42: (a) single-inductor auxiliary
and (b) proposed auxiliary (100 V/div and 2 A/div).

circuit included LS1 = LP1 = 11μH, CP1 = 30 nF, and Ca1 =
Ca2 = 10μF. The switching frequency range was from 167 to
227 kHz. Vdc was selected to be 200 in all the experiments.
Because of the linearity of the auxiliary components, the cur-
rents are linear to the voltage so testing at one voltage level
was sufficient. This means that the auxiliary inductors were
being used in their linear operating regions and not close to
saturation.

Using the component values, ω0 was 2.462 Mrad/s, or
392 kHz. Ibase was 5.8 A. Three frequency ratios of r = 0.42,
0.51, and 0.58 were examined, i.e., 167, 200, and 227 kHz.
Because in the case of the single-inductor auxiliary, the in-
ductance is twice as large as in the case of the proposed aux-
iliary, the tests were done by disconnecting CP1 from node
B defined in Fig. 2 to have the single-inductor auxiliary cir-
cuit. Figs. 15–17 illustrate the experimental waveforms for
r = 0.42, 0.51, and 0.58, respectively. Note that vA and vB

were measured to the negative line of dc input (and not to
node G). The peak and rms values are given in Table I and
Fig. 18.

In Fig. 15, r = 0.42 and the peak current in the proposed
auxiliary is greater than of that of single inductor. On the other
hand, in Fig. 17, r = 0.58 and the proposed inductor has a lower
peak current. Also Fig. 18 shows that the proposed inductor
provides a lower rms current for all peak currents examined, in
agreement with the analytical predictions.

Fig. 16. Experimental waveforms at = 0.51: (a) single-inductor auxiliary and
(b) proposed auxiliary (100 V/div and 2 A/div).

Fig. 17. Experimental waveforms at = 0.58: (a) single-inductor auxiliary and
(b) proposed auxiliary (100 V/div and 2 A/div).
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TABLE I
EXPERIMENTAL CURRENTS

Single Inductor Proposed

Peak (A) rms (A) Peak (A) rms (A)

0.42 6.16 3.826 7.06 3.005
0.51 5.04 3.013 4.71 1.995
0.58 4.42 2.547 3.27 1.326

Fig. 18. Experimental currents.

TABLE II
CONVERTER SPECIFICATIONS

Symbol Parameter Value

Po u t n o m Nominal output power 750 W
Vd c Input voltage 200–300 V
Vo u t n o m Nominal output voltage 57.6 V
fs Switching frequency 200 kHz

VI. DESIGN EXAMPLE AND EFFICIENCY MEASUREMENTS

In this section, the steps to design the proposed auxiliary
for the converter in Fig. 1 are given. A 750-W prototype was
implemented to verify the performance of the auxiliary circuit
within a dc–dc converter. The converter specifications are shown
in Table II. The load consists of 24 lead-acid battery cells which
can reach to 2.4 V/cell in boost charge mode, i.e., Vout nom of
57.6 V.

In principle, it is possible to design the converter such that
the energy in the transformer leakage inductor Lleak in Fig. 1,
provides ZVS for heavy-load operating points [21]. In practice,
however, this choice results in a large value for Lleak and some
unwanted consequences: the duty cycle of vEF will be consid-
erably less than vAA ′ , and this difference is load dependent. To
compensate for this loss of duty cycle, the transformer turns ra-
tio must be reduced, which increases the current in the switches

TABLE III
CONVERTER COMPONENT VALUES

Symbol Parameter Value

N Transformer turns ratio 2.5:1
L l e a k Transformer leakage inductance (primary) <500 nH
LM Transformer magnetizing inductance (primary) >5 mH
Lo u t Output filter inductor 5 μH
Co u t Output filter capacitor 100 μF
S1 U , S1 L , S2 U , S2 L Switches APT84F50B2

Fig. 19. Waveform of leading leg during deadtime at full load and Vdc =
200 V: (a) without auxiliary circuit and (b) with auxiliary circuit.
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Fig. 20. ZVS turn-on of S1L , with proposed auxiliary circuits for Vdc of
200 V and 10% load. vA , vB , and vG S 1 L

are measures to the negative line of
dc input. Falling of vA (the voltage across S1L ) happens before rising edge of
GS 1 L so S1L turns on under ZVS. No voltage spikes are observed (100 V/div
for vA and vB , 10 V/div for and vG S 1 L

, and 2 A/div for iL S 1 ).

and decreases the efficiency. On the other hand, having a trans-
former with a small Lleak minimizes the load-dependent duty
cycle difference between vEF and vAA ′ . Thus, in ideal case,
Vout becomes a function of Vdc and phase shift, with a reduced
dependence on the load level (when the converter operates in
continuous current mode). The selected values for the converter
are listed in Table III. The deadtime was 200 ns and the switches
were APT84F50B2 with Rds(on) of 100 mΩ in warm state and
effective drain–source capacitors of 0.845 nF. MOSFET drivers
were IR2181.

For the lagging leg, S2U and S2L , the single inductor auxiliary
Laux2 is 100 μH, to provide enough current to charge/discharge
the drain–source capacitors of S2U and S2L during the dead-
time in no-load situations. With existence of a load higher than
10% the lagging leg always operates under ZVS turn-on. In
the entire experiment Laux2 was kept connected. For the lead-
ing leg, S1U and S1L , the situation is different. Fig. 19 depicts
the simulated waveform of leading leg during deadtime at full
load and Vdc = 200V without any auxiliary circuit (using PSIM
software ver. 9.3). vA is measured to node G in Fig. 1. Due to
the low value of Lleak , even at full-load situation, the energy
in Lleak is not enough to change the polarity of S1U and S1L
drain–source capacitors during the deadtime and vA does not
reach to 100 V before the rising moment of GS1 U . Thus, S1U
has a hard switching turn-on. This is shown clearly in Fig. 19(a).

Fig. 21. ZVS turn-on of S1U , with single-inductor auxiliary circuit for Vdc of
200 V and 10% load. S1U turns on under ZVS. No voltage spikes are observed
(100 V/div for vA A ′ , 2 A/div for iL a u x 1 , and 500 mA/div for iL a u x 2 ).

In presence of the auxiliary circuit, Fig. 19(b), vA continues to
rise monotonically to 100 V after turning off of S1L . At the same
time, iLle a k becomes positive. To keep vA at 100 V level (needed
for ZVS turn-on of S1U ), there must be a current path to provide
iL l e a k and this is the auxiliary circuit. In other words, in addition
to the current needed for changing the polarity of S1U and S1L
drain–source capacitors, the auxiliary circuit should provide
iL l e a k during the deadtime. Thus, the auxiliary circuit must be
sized for the largest iL l e a k , which happens at the lowest Vdc ,
highest Vout , and highest load current. In the converter under
consideration, these values were 200 V, 57.6 V, and 12.76 A,
respectively. The largest iL l e a k during deadtime was 3.68 A,
and considering the 1.69 A needed to charge/discharge two
effective drain–source capacitors of 0.845 nF, the peak current
of the auxiliary branch must be larger than 5.37 A. Thus, L and
C were selected as 11 μH and 15 μF.

The effectiveness of the proposed auxiliary to maintain the
ZVS trun on for the leading leg switch S1L is evident in
Fig. 20(a) and the magnified one in Fig. 20(b) for Vdc of 200 V
and 10% load. Note that vA , vB , and vGS 1 L

are measured to
the negative line of dc input. Falling of vA (the voltage across
S1L due to measuring to the negative dc line) happens before
rising edge of GS1 L . This means that S1L turns on under ZVS.
No voltage spikes are observed. The same ZVS situation is in
place for switch S1U (not shown).

The bridge voltage vAA ′ and the auxiliary currents for leading
and lagging legs are shown in Figs. 21 and 22, under the same
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Fig. 22. ZVS turn-on of S1U , with proposed auxiliary circuit for Vdc of
200 V and 10% load. S1U turns on under ZVS. No voltage spikes are observed
(100 V/div for vA A ′ , 2 A/div for iL a u x 1 , and 500 mA/div for iL a u x 2 ).

conditions as in Fig. 20 for the single-inductor and the pro-
posed auxiliaries. The voltage measurements were done with a
differential probe. The smoothness of rising edge and absence
of voltage spikes in vAA ′ reveal the effectiveness of both types
of auxiliaries in maintaining ZVS turn-on for switch S1U . This
proves that there is no difference in functionality of the single-
inductor and the proposed auxiliaries as far as ZVS is concerned.
And the proposed auxiliary did the same function with a lower
rms current.

The impact of the auxiliary circuit choices for the leading
leg on the efficiency of the prototype converter is depicted in
Fig. 23, for Vdc of 200 and 300 V. The general trends for both the
dc voltages levels were similar: without any auxiliary circuit, the
efficiency was measures for various load levels as the baseline.

The single inductor was capable of reducing the switching
losses more than the additional conduction losses introduced
in the circuit so the efficiency increased for all the load levels.
The proposed auxiliary enhanced the efficiency more effectively
for the lower load levels compared with the heavy-load situa-
tions. At 80% and above, the conduction losses were dominant
and the difference between two types of the auxiliaries became
negligible.

Although the proposed auxiliary is capable of providing the
same functionality with lower rms current and sharper fre-
quency dependence, there are some consequences such as a
slightly higher component count, and the need to design the
auxiliary inductors well below the saturation level of their cores.

Fig. 23. Efficiency curves in absence of auxiliary circuit, with single-inductor
and proposed auxiliary circuits (for leading leg) for Vdc of 200 V (left) and
300 V (right).

Also the design requires low ESR and ESL capacitors for dc bus
and the splitting branches, due to the higher harmonic content
in the auxiliary current as shown in Fig. 12.

VII. CONCLUSION

A simple passive auxiliary circuit is proposed to obtain ZVS
operation of switches for the entire operational conditions of the
phase-shift full-bridge converter. The details of auxiliary circuit
are described. Experimental results confirm the effectiveness of
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the proposed circuit in providing the peak current with lower
rms value with no significant increscent in the conduction loss.

REFERENCES

[1] M. Pahlevaninezhad, J. Drobnik, P. Jain, and A. Bakhshai, “A load adaptive
control approach for a zero voltage switching DC/DC converter used for
electric vehicles,” IEEE Trans. Ind. Electron., vol. 59, no. 2, pp. 920–933,
Feb. 2012.

[2] P. K. Jain, W. Kang, H. Soin, and Y. Xi, “Analysis and design consider-
ations of a load and line independent zero voltage switching full bridge
DC/DC converter topology,” IEEE Trans. Power Electron., vol. 17, no. 5,
pp. 649–657, Sep. 2002.

[3] J. G. Cho, J.-W. Baek, D. W. Yoo, H. S. Lee, and G.-H. Rim, “Novel
zero-voltage and zero-current-switching (ZVZCS) full bridge PWM con-
verter using transformer auxiliary winding,” in Proc. IEEE APEC Rec.,
Jun. 22–27, 1997, vol. 1, pp. 227–232.

[4] J. G. Cho, J.-W. Baek, C.-Y. Jeong, D. W. Yoo, H. S. Lee, and
K.-Y. Joe, “Novel zero-voltage and zero-current-switching full bridge
PWM converter using transformer auxiliary winding,” IEEE Trans. Power
Electron., vol. 15, no. 2, pp. 250–257, Mar. 2000.

[5] J. G. Cho, J.-W. Baek, C.-Y. Jeong, and G.-H. Rim, “Novel zero-voltage
and zero-current-switching full-bridge PWM converter using a simple aux-
iliary circuit,” IEEE Trans. Ind. Appl., vol. 35, no. 1, pp. 15–20, Jan./Feb.
1999.

[6] B. Gu, J.-S. Lai, N. Kees, and C. Zheng, “Hybrid-switching full-bridge
dc–dc converter with minimal voltage stress of bridge rectifier, reduced
circulating losses, and filter requirement for electric vehicle battery charg-
ers,” IEEE Trans. Power Electron., vol. 28, no. 3, pp. 1132–1144, Mar.
2013.

[7] J. Cho, C. Jeong, and F.C. Lee, “Zero-voltage and zero-currents witching
full-bridge PWM converter using secondary active clamp,” IEEE Trans.
Power Electron., vol. 13, no. 4, pp. 601–607, Jul. 1998.

[8] E. Adib and H. Farzanehfard, “Analysis and design of a zero-current
switching forward converter with simple auxiliary circuit,” IEEE Trans.
Power Electron., vol. 27, no. 1, pp. 144–150, Jan. 2012.

[9] Y. Jang and M. M. Jovanovic, “A new family of full-bridge ZVS con-
verters,” IEEE Trans. Power Electron., vol. 19, no. 3, pp. 701–708, May
2004.

[10] Y. Jang, M. M. Jovanovic, and Y.-M. Chang, “A new ZVS-PWM
full-bridge converter,” IEEE Trans. Power Electron., vol. 18, no. 5,
pp. 1122–1129, Sep. 2003.

[11] S.-J. Jeon and G.-H. Cho, “A zero-voltage and zero-current switching full
bridge DC–DC converter with transformer isolation,” IEEE Trans. Power
Electron, vol. 16, no. 5, pp. 573–580, Sep. 2001.

[12] X. Wu, J. Zhang, X. Xie, and Z. Qian, “Analysis and optimal design
considerations for an improved full bridge zvs dc-dc converter with high
efficiency,” IEEE Trans. Power Electron., vol. 21, no. 5, pp. 1225–1234,
Sep. 2006.

[13] M. Borage, S. Tiwari, S. Bhardwaj, and S. Kotaiah, “A full-bridge dc–dc
converter with zero-voltage-switching over the entire conversion range,”
IEEE Trans. Power Electron., vol. 23, no. 4, pp. 1743–1750, Jul. 2008.

[14] Y.-F. Huang, C.-W. Liu, and Y. Konishi, “Soft-switching PWM full-bridge
DC-DC converter with energy recovery transformer and auxiliary passive
lossless snubbers,” in Proc. IEEE INTELEC Rec., Sep. 30–Oct. 4, 2007,
pp. 622–627.

[15] M. Borage, S. Tiwari, and S. Kotaiah, “A passive auxiliary circuit achieves
zero-voltage-switching in full-bridge converter over entire conversion
range,” IEEE Power Electron. Lett., vol. 3, no. 4, pp. 141–143, Dec.
2005.

[16] A. Mousavi, P. Das, and G. Moschopoulos, “A novel ZCS-PWM full-
bridge converter with a simple active auxiliary circuit,” in Proc. IEEE
APEC Rec., Feb. 5–9, 2012, pp. 1273–1277.

[17] J. G. Cho, J. A. Sabate, and F. C. Lee, “Novel full bridge zero-voltage-
transition PWM DC/DC converter for high power applications,” in Proc.
IEEE APEC Rec., Feb. 13–17, 1994, pp. 143–149, vol. 1.

[18] Z. Chen, S. Liu, and L. Shi, “Improved zero-voltage-switching pulse width
modulation full bridge converter with self-regulating auxiliary current,”
IET Power Electron., vol. 6, no. 2, pp. 287–296, Feb. 2013.

[19] M. Pahlevaninezhad, P. Das, J. Drobnik, P. Jain, and A. Bakhshai, “A
novel zvzcs full-bridge dc/dc converter used for electric vehicles,” IEEE
Trans. Power Electron., vol. 27, no. 6, pp. 2752–2769, Jun. 2012.

[20] H. Daneshpajooh, M. Pahlevaninezhad, P. Jain, and A. Bakhshai, “An
efficient soft switched dc–dc converter for electric vehicles,” in Proc.
IEEE APEC Rec., Mar. 17–21, 2013, pp. 1798–1803.

[21] J. A. Sabate, V. Vlatkovic, R. B. Ridley, F. C. Lee, and B. Cho, “De-
sign considerations for high-voltage high-power full-bridge zero-voltage-
switched PWM converter,” in Proc. IEEE APEC. Rec., Mar. 11–16, 1990,
pp. 275–284.

Alireza Safaee (S’08–M’12–SM’14) received the
B.Sc. degree in electrical engineering from Isfahan
University of Technology, Isfahan, Iran, in 1997, the
M.Sc. degree in physics from Sharif University of
Technology, Tehran, Iran, in 1999, and the Ph.D. de-
gree in engineering from the University of Quebec in
Chicoutimi, QC, Canada, in 2009.

From 1997 to 2005, he was a Design Engineer
and later a Design Manager at Manabe Taghzyeh
Electronic Company, Tehran, Iran, where his teams
developed several types of chargers, inverters, stabi-

lizers, and UPS systems for more than 1000 communication sites and power
plants. From 2011 to June 2014, he was an Electrical Analyst at Bombardier
Transportation Inc., Kingston, ON, Canada. He is currently a Research Assistant
at the Queen’s Center for Energy and Power Electronics Research, Queen’s Uni-
versity, Kingston, ON, and a Principal Power Electronics Engineer at OSRAM
Sylvania Inc., Mississauga, ON. His current research interests include power
electronics, magnetic design, resonant and soft-switching converters, and their
control methods toward applications in aviation and renewable energy systems.

Praveen K. Jain (S’86–M’88–SM’91–F’02) re-
ceived the B.E. degree from University of Allahabad,
Allahabad, UP, India, in 1980, M.A.Sc. and the Ph.D.
degrees from University of Toronto, Toronto, ON,
Canada, in 1984 and 1987 respectively, all in electri-
cal engineering.

He is currently a Professor of Electrical and Com-
puter Engineering at Queen’s University, Kingston,
ON, Canada, Tier 1 Canada Research Chair in Power
Electronics, and Director of the Queen’s Center for
Energy and Power Electronics Research. He made

pioneering contributions in introducing resonant power conversion technology
in telecommunications during his work at Nortel in the 1990s. He played a key
role in the design and development of high-frequency power conversion equip-
ment for the International Space Station at Canadian Astronautics in the late
1980s. Over the past 30 years, he has made sustained contributions to the theory
and practice of power electronics through his considerable work with industry,
including Astec, Freescale, General Electric, Intel and Nortel. He is the founder
of two successful start-up companies, CHiL Semiconductor in the area of digital
power controller (acquired by International Rectifier), and SPARQ Systems in
the area of photovoltaic microinverters. He has supervised and guided over 85
graduate students, postdoctoral fellows, and power electronics engineers who
are well placed in industry and academia. He has authored or coauthored over
450 papers and holds 50 patents.

Dr. Jain have received the following awards: Queen’s Prize for Excellence
in Research, the IEEE William Newell Power Electronics Award, the IEEE IAS
Distinguished Lecturer, Fellow of the Royal Society of Canada, Fellow of the
Engineering Institute of Canada, Fellow of the Canadian Academy of Engineer-
ing, and Engineering Medal of the Professional Engineers of Ontario.

Alireza Bakhshai (M’04–SM’09) received the B.Sc.
and M.Sc. degrees from the Isfahan University of
Technology, Isfahan, Iran, in 1984 and 1986, respec-
tively, and the Ph.D. degree from Concordia Univer-
sity, Montreal, QC, Canada, in 1977.

From 1986 to 1993 and from 1998 to 2004, he was
in the Faculty of the Department of Electrical and
Computer Engineering, Isfahan University of Tech-
nology. From 1997 to 1998, he was a Postdoctoral
Fellow with Concordia University. He is currently
with the Department of Electrical and Computer En-

gineering, Queen’s University, Kingston, ON, Canada. His current research
interests include high-power electronics and applications in distributed genera-
tion and wind energy, control systems, and flexible ac transmission services.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


