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A ZVS Pulsewidth Modulation Full-Bridge Converter
With a Low-RMS-Current Resonant Auxiliary Circuit
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Abstract—This paper presents the description and analysis of
a phase-shift-modulated full-bridge converter with a novel robust
passive low-rms-current resonant auxiliary circuit for zero-voltage
switching (ZVS) operation of both the leading and lagging switch
legs. Detailed time-domain analysis describes the steady-state be-
havior of the auxiliary circuit in different operating conditions.
An in-depth comparative study between a fully specified baseline
converter and the equivalent converter using the proposed reso-
nant auxiliary circuit is presented. For a similar peak auxiliary
current to ensure ZVS operation, a minimum of 20% reduction
in rms current is obtained, which decreases the conduction losses.
Key characteristics and design considerations are also fully dis-
cussed. Experimental results from a 750-W prototype confirm the
predicted enhancements using the proposed resonant auxiliary cir-
cuit.

Index Terms—DC–DC converter, full-bridge converter, passive
auxiliary circuit, resonant auxiliary circuit, zero-voltage switching
(ZVS).

NOMENCLATURE

A Leading leg ac node label
B Lagging leg ac node label
vA Leading leg ac voltage
vB Lagging leg ac voltage
ϕ Phase shift angle between vA and vB

vAB Full-bridge ac voltage
tvA ↗, t = 0 The rising edge moment of vA

tvB ↗, t1 The rising edge moment of vB

td Deadtime
IA vA ↗ Currents leaving node A at tvA ↗
IB vB ↗ Currents leaving node B at tvB ↗
Vin Input dc voltage
Vout Output dc voltage
VD Rectifier diode voltage drop
n Transformer turns ratio
Lleak Transformer leakage inductance (Primary)
Lm Inductance in parallel to the primary terminals of

the transformer
Lout Output filter inductor
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Cout Output filter capacitor
S1U , S1L Switches in the leading leg
S2U , S2L Switches in the lagging leg
T Switching period
fSW Switching frequency
ωSW Switching angular frequency
LS Series inductor in proposed resonant auxiliary
LP Parallel inductor in proposed resonant auxiliary
L Value of LS and LP

CP Capacitor in proposed resonant auxiliary
C Value of CP

Csb Sum of charge equivalent capacitors of S1L and
S1U plus the stray capacitance of the transformer
seen at the primary.

ω0 Resonant frequency of proposed resonant auxil-
iary

Z0 Characteristic impedance of proposed resonant
auxiliary

γ Dimensionless ratio of ω0 and 2ωSW
ILm 0 Current in Lm , at t = 0
ILm Hk

kth harmonic of current in iLm

ILm rms rms value of iLm

ILS 0 Current in LS , at tvA ↗
ILP 0 Current in LP , at tvA ↗
VCP 0 Voltage across CP , at tvA ↗
ILS 1 Current in LS , at tvB ↗
ILP 1 Current in LP , at tvB ↗
VCP 1 Voltage across CP , at tvB ↗
Ibase Absolute value of ILS 0 at ωSW = ω0/2 and γ =

1
ILS Hk

kth harmonic of current in LS1
ILS rms rms value of iL S

Pout nom Nominal output power
Vout nom Nominal output voltage
ESR Equivalent series resistance
ESL Equivalent series inductance
EMI Electromagnetic interference
ZVS Zero-voltage switching

I. INTRODUCTION

DC/DC converters based on the full-bridge topology are
widely accepted for medium power range (1–10 kW) be-

cause of many advantages: the structure is simple and symmet-
ric, which provides the ac-voltage waveform with its peak equal
to dc-side voltage level (i.e., higher power for the same ac cur-
rent for example in comparison with half-bridge topology); the
voltage stress across the switches is clamped to dc level; full
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utilization of all switches is possible (by having similar con-
duction times and similar rms currents in all the switches based
on the selected modulation scheme); it is possible to shrink the
transformer size by optimal use of magnetic flux in both direc-
tions (i.e., letting the magnetic flux in the transformer swing
between −B and +B around the origin of the core material
B–H curve where the permeability is highest); high power den-
sity and low electromagnetic interference (EMI) are achievable;
and there are various commercial integrated switch modules to
choose from with proven reliability records [1]–[3].

For efficient and reliable high-frequency operation of a full-
bridge converter, the soft switching of switches at both turn-on
and turn-off moments should be guaranteed. At higher load lev-
els having zero-voltage switching (ZVS) for all the switches
is possible provided that the energy in the transformer leak-
age inductance (or an additional series inductor) be sufficient
to charge/discharge the switch output capacitor in the selected
deadtime [4]. At light-load conditions, however, the switches
in the leading leg will lose their ZVS because of the insuffi-
cient energy stored in the leakage inductance, leading to low
efficiency and high EMI due to hard switching. At lighter loads
ZVS cannot be maintained for the lagging leg as well. Selecting
the transformer leakage inductance large enough to ensure ZVS
results in the necessity of lower primary/secondary turns ratio
in the transformer and thus higher currents through the switches
and lower efficiency. It also increases the transformer size and
the required insulation levels due to the possibility of high volt-
ages across the leakage inductance, and still at very light loads
or no-load situations, ZVS is not maintainable [5].

Various approaches have been studied to maintain the soft
switching of full-bridge converters. In [6] and [7], the trans-
former is modified and passive components are added on the
load side. Passive auxiliary circuits are added to the output fil-
ter stage in [8] and [9]. A secondary-side switch is applied in
[10]–[12]. There are solutions using modified primary as well:
In [13] and [14], a coupled inductor is placed between the bridge
and the transformer. There is an auxiliary transformer in [15] to
carry the primary side current using two fast diodes for clamp-
ing. The primary of the transformer in [16] is clamped, and there
are coupled inductors interfacing the bridge and the transformer.
In [17]–[19], two power transformers are applied. In [20], soft
switching is achieved by extra passive components in between
the bridge and the transformer. ZVS is maintained in [21] with-
out passing the entire current through an auxiliary circuit. There
are also methods using active auxiliary circuits on primary side
such as in [22] with one extra switch in [23]–[25] with two
switches.

A robust method based on solely passive components is sug-
gested in [5] and later in [26] with one auxiliary circuit per
switch leg, as shown in Fig. 1. Integrating the square shape volt-
age waveforms, the currents in the auxiliary inductors are nearly
triangular, with peak values proportional to the input voltage.
The integration interval is the half period, so it is possible to
adaptively select the switching frequency to control the peak
current in the auxiliary circuits. The peak current in each aux-
iliary happens just before the deadtime in that leg. During the
deadtime, the auxiliary current helps charging/discharging the

Fig. 1. Full-bridge converter with two single-inductor auxiliary circuits, one
per switch leg [5].

snubber capacitors such that the next switch can turn on under
ZVS condition. After the transition till the next transition half a
period later the auxiliary current has no desirable function and
only contributes to the conduction losses [27]. Therefore, it is
desirable to have the needed peak current with the minimum
rms current. A resonant auxiliary circuit providing the required
peak current with lower rms current (compared to the triangular
waveform) is reported in [28]–[30].

The auxiliary circuits in [5] and [26]–[30] have peak currents
as a function of dc voltage and switching frequency but inde-
pendent of the phase shift. The solutions in [13] and [14] as well
as in [24] and [31] allow better peak current control by adding
the phase shift as another control variable (although it is not
fully independent).

The present paper introduces a resonant auxiliary circuit that:
1) provides the desirable peak current value for ZVS opera-
tion during the deadtime but has significantly lower rms value
compared to the converter using the finite primary-side parallel
inductance to obtain ZVS; 2) has a sharper frequency depen-
dence behavior, suitable for adaptive auxiliary current control
using a narrower frequency variation range; 3) works for both
the leading and lagging legs with no need for dc capacitors, so
the component count is reduced; and 4) uses smaller auxiliary
inductors with smaller footprint, fewer number of turns and less
proximity effect, lower equivalent series resistance (ESR), and
lower conduction losses.

This paper is organized as follows: In Section II, the oper-
ation principles of a reference baseline converter and the pro-
posed converter with the auxiliary circuit are explained in detail
in steady-state operation. In Section III, the detailed compari-
son between the proposed and baseline converters is provided.
Section IV includes the design process with an example, both
for the fixed switching frequency and for the adaptive switch-
ing frequency operations. Section V provides the experimental
results confirming the analytical predictions.

II. OPERATION PRINCIPLE

In this section, first a baseline converter is selected (as a
reference design), which uses a finite primary-side parallel in-
ductance, and then the proposed converter is introduced using a
resonant auxiliary circuit.
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Fig. 2. Full-bridge converter using a transformer with a finite primary-side
parallel inductance. Note that Lm can be an external inductor in parallel to the
transformer primary terminals.

A. Assumptions for both the Converters

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

modulation;
2) all passive components are ideal with ESR of zero; the

small but nonzero resistance of the switches helps settle
down to the steady state;

3) the leakage inductance of the transformer, denoted by
Lleak , is negligible;

4) the duty cycles of the voltages of the full-bridge ac nodes,
vA and vB , are 50%;

5) the transitions in the voltages of the full-bridge ac nodes
are instantaneous

B. Converter Using a Transformer With a Finite Primary-Side
Parallel Inductance as the Baseline

The full-bridge converter shown in Fig. 2 is selected as the
baseline design and has a relatively inductance in parallel to
the transformer primary. Note that it is possible to have a trans-
former design that its magnetizing inductance acts as Lm . Due to
the negligible Lleak , the full-bridge voltage vAB appears across
Lm and generates iLm

with the direction depicted in Fig. 2.
There are two intervals in each half switching cycle as de-

picted in Fig. 3. The interbridge phase shift, denoted by ϕ, is
defined as the angle between the rising edges of the leading
leg ac voltage (vA ) and that of leading leg (vB ). Following this
definition, vAB is represented by

vAB (t) =

{
Vin , 0 ≤ t ≤ t1

0, t1 ≤ t ≤ T
2

, vAB (t) = −vAB

(
t − T

2

)
(1)

where T is the switching period and t1 = (ϕ/π) T/2 shown in
Fig. 3. Although in Fig. 3 the output inductor current iLo u t is
considered to be continuous, i.e., in continuous-current mode
(CCM), the intervals introduced below are fully determined by
the full-bridge voltage and are independent of the continuity of
iLo u t .

1) Interval 1: 0 ≤ t ≤ t1: Interval 1 starts at t = 0 when the
rising edge of vA happens and vAB goes from zero to Vin . In
this interval, the Vin appears across Lm and iLm

increases from

Fig. 3. Main waveforms of the baseline converter of Fig. 2.

its initial value ILm 0

iLm
(t) = ILm 0 +

Vin

Lm
t. (2)

Interval 1 terminates at t = t1 when the rising edge of vB

occurs.
2) Interval 2: t1 ≤ t ≤ T/2: During this interval, the full-

bridge voltage vAB is zero; therefore, iLm
remains constant

throughout this interval

iLm
(t) = ILm 0 +

Vin

Lm
t1 = ILm 0 +

Vin

Lm
×

(ϕ

π

) T

2
. (3)

Interval 2 terminates at t = T/2 when the falling edge of vA

happens.
Due to the steady-state operation, iLm

(t) has no dc compo-
nent and at t = T/2 reaches to the negative of its value at t = 0,
i.e., ϕ < π/2. Thus

ILm 0 = −VinT
4Lm

× ϕ

π
= −

(π

2

) Vin

Lm ωSW
× ϕ

π
(4)

where ωSW is the switching angular frequency. The voltage vAB

of (1) is represented by

vAB (t) =
(

4
π

)
Vin

∞∑
k=1,3,5,···

1
k

sin
(

kϕ

2

)

cos
(

kωSW t − kϕ

2

)
. (5)

The impedance of Lm is Z (ω) = jωLm ; thus, the amplitude
of the harmonics of iLm

are determined by

ILm Hk
=

(
4
π

)
Vin × 1

k2Lm ωSW
sin

(
kϕ

2

)
, k = 1, 3, 5, . . .

(6)
Also the rms of iLm

, denoted by ILm rms , is

ILm rms =
(π

2

) Vin

Lm ωSW

(ϕ

π

) √
1 − 2ϕ

3π
. (7)
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In CCM operation the output inductor peak–peak current
ripple is governed by

ΔILo u t =
(1 − ϕ/π) ϕ/π

Lout×2fSW
× Vin

n
=

(1 − ϕ/π) ϕ

LoutωSW
× Vin

n
(8)

ϕ =
Vout + 2VD

Vin/n
π (9)

with VD and n being the rectifier diode voltage drop and the
transformer turns ratio, respectively. Note that ϕ is independent
of load due to negligible value of Lleak . Also in CCM the ϕ
value is independent of switching frequency while ΔILo u t is
reversely proportional to ωSW . The minimum and maximum of
iLo u t happen at t = 0 (the rising edge of vA ) and t = t1 (the
rising edge of vB ), respectively

ILo u t min = ILo u t av g − 1
2
ΔILo u t (10)

ILo u t max = ILo u t av g +
1
2
ΔILo u t (11)

where ILo u t av g is determined by the load. As in Fig. 2, the cur-
rent leaving the ac node of leading leg iA (lagging leg iB ) satis-
fies the relation iA = iLo u t /n + iLM

(iB = −iLo u t /n − iLM
).

Thus, following the waveforms in Fig. 3, the currents leaving
nodes A and B at tvA ↗ and tvB ↗, named as IA vA ↗ and IB vB ↗,
are

IA vA ↗ = iLo u t (t = 0) /n + iLm
(t = 0)

= ILo u t min/n + ILm 0 (12)

IB vB ↗ = −iLo u t (t = t1) /n − iLm
(t = t1)

= −ILo u t max/n + ILm 0 . (13)

In (13), the relation iLm
(t = t1) = −ILm 0 is used.

To have ZVS operation in the leading leg at the rising edge
of vA , the current IA vA ↗ should provide sufficient energy to
charge (discharge) the drain–source capacitor of S1L (S1U )
during the selected deadtime, td . In other words, IA vA ↗ should
charge a total effective capacitor denoted by Csb from 0 to
Vin where Csb is the sum of charge equivalent (and not the
energy equivalent) capacitors of S1L and S1U (following [32, p.
247]) plus the stray capacitance of the transformer seen at the
primary. To calculate this energy, a common method is to assume
that IA vA ↗ remains constants during the deadtime. Using this
assumption, the condition for ZVS is

IA vA ↗ <
−CsbVin

td
. (14)

A more conservative approach is to assume that during the
deadtime, the value of iA changes linearly from IA vA ↗ to zero.
Using this second assumption, the condition for ZVS becomes

IA vA ↗ <
−2CsbVin

td
. (15)

Conditions (14) and (15) can be merged into one

IX = IA vA ↗ +
mCsbVin

td
< 0,m = 1, 2 (16)

Fig. 4. Proposed full-bridge converter with the resonant auxiliary circuit for
both switch legs.

Fig. 5. Major currents and voltages of the resonant auxiliary circuit.

with m = 1 for (14) and m = 2 for (15). For any of these
approaches, (4) shows that if Lm is selected properly, it is
possible to get IA vA ↗ sufficiently negative to generate ZVS.
Equation (13) proves that once the ZVS condition for IA vA ↗
is satisfied, IB vB ↗ will be sufficiently negative to maintain
ZVS in the lagging leg for any combination of load and input
voltage.

C. Proposed Converter using a Resonant Auxiliary Circuit

The proposed converter with the resonant auxiliary circuit
is shown in Fig. 4. Compared with the baseline converter, the
transformer here has a very large magnetizing inductance such
that it draws very small current and is not shown in Fig. 4. There
is an auxiliary branch composed of LS in series with LP CP

between the ac nodes of the full-bridge. The major voltage and
currents of the proposed auxiliary circuit are defined in Fig. 5.
Here, one additional assumption is considered: LS and LP are
similar, with a value of L. The value of CP is C.

There are three independent state variables for the auxiliary
circuit as iLS

, iLP
, and vC . Following the notations of Fig. 5,

the state equations are:

⎧⎪⎨
⎪⎩

iLS
= iLP

+ iCP

vCP
= vL2

vAB = vLS
+ vCP

or

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

diLS

dt
= − 1

L
vCP

+
1
L

vAB

diLP

dt
=

1
L

vCP

dvCP

dt
=

1
C

iLS
− 1

C
iLP

.

(17)
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The initial values of the state variable (at t = 0) are
I0 LS

, I0 LP
, and V0 CP

. Here, we introduce

ω0
Δ=

1√
LC/2

, Z0
Δ=

Lω0√
2

=

√
L

C
. (18)

Interval 1 (0 < t < t1 = (ϕ/π) T/2): In this interval
vAB (t) = Vin and the state (17) gives⎡

⎢⎣
iLS

(t)

iLP
(t)

vCP
(t)

⎤
⎥⎦ =

⎡
⎢⎢⎣

1+cos ω0 t
2

1−cos ω0 t
2 − sin ω0 t

Lω0

1−cos ω0 t
2

1+cos ω0 t
2

sin ω0 t
Lω0

1
C ω0

sin ω0t − 1
C ω0

sin ω0t cos ω0t

⎤
⎥⎥⎦

×

⎡
⎢⎣

I0 LS

I0 LP

V0 CP

⎤
⎥⎦ +

⎡
⎢⎣

sinω0t + ω0t

ω0t − sin ω0t

Lω0 (1 − cos ω0t)

⎤
⎥⎦ Vin

2Lω0
. (19)

Using Lω0 = Z0
√

2 and 1/Cω0 = Z0/
√

2, (19) becomes⎡
⎢⎢⎣

Z0 iL S
(t)

Z0 iL P
(t)

vC P
(t)

⎤
⎥⎥⎦ =

1
2

⎡
⎢⎢⎣

1 + cos ω0 t 1 − cos ω0 t −
√

2 sin ω0 t

1 − cos ω0 t 1 + cos ω0 t
√

2 sin ω0 t
√

2 sin ω0 t −
√

2 sin ω0 t 2 cos ω0 t

⎤
⎥⎥⎦

×

⎡
⎢⎢⎣

I0 L S

I0 L P

V0 C P

⎤
⎥⎥⎦ +

⎡
⎢⎢⎣

sin ω0 t + ω0 t

ω0 t − sin ω0 t
√

2 (1 − cos ω0 t)

⎤
⎥⎥⎦ Vin

2
√

2
. (20)

Interval 1 terminates at t = t1 = ϕT/2π when the state vari-
ables reach to iLS

(t = t1) = ILS 1 , iLP
(t = t1) = ILP 1 , and

vCP
(t = t1) = VCP 1 , determined by

⎡
⎢⎢⎢⎢⎣

Z0 IL S 1

Z0 IL P 1

VC P 1

⎤
⎥⎥⎥⎥⎦ =

1
2

⎡
⎢⎢⎢⎢⎣

1 + cos (2γϕ) 1 − cos (2γϕ) −
√

2 sin (2γϕ)

1 − cos (2γϕ) 1 + cos (2γϕ)
√

2 sin (2γϕ)

√
2 sin (2γϕ) −

√
2 sin (2γϕ) 2 cos (2γϕ)

⎤
⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎣

Z0 IL S 0

Z0 IL P 0

VC P 0

⎤
⎥⎥⎥⎥⎦ +

⎡
⎢⎢⎢⎢⎣

(2γϕ) + sin (2γϕ)

(2γϕ) − sin (2γϕ)

√
2 (1 − cos (2γϕ))

⎤
⎥⎥⎥⎥⎦

V i n

2
√

2
(21)

where γ is a dimensionless number indicating the ratio of the
switching period, T = 1/fSW , to twice of the auxiliary circuit
resonance period T0 = 1/f0 .

γ
Δ=

ω0T

4π
=

ω0

2ωSW
=

f0

2fSW
=

T

2T0
. (22)

Interval 2 (t1 < t < T/2): In this interval, vAB (t) = 0 and
the state (17) results in⎡

⎢⎣
Z0iLS

(t)

Z0iLP
(t)

vCP
(t)

⎤
⎥⎦ =

1
2

⎡
⎢⎢⎣

1 + cos ω0t
′ 1 − cos ω0t

′ −
√

2 sin ω0t
′

1 − cos ω0t
′ 1 + cos ω0t

′ √
2 sinω0t

′

√
2 sinω0t

′ −
√

2 sin ω0t
′ 2 cos ω0t

′

⎤
⎥⎥⎦

⎡
⎢⎣

I1 LS

I1 LP

V1 CP

⎤
⎥⎦

(23)

where t′ = t − (ϕ/π) T/2. At t = T/2, we have ω0t
′ =

ω0 (1 − ϕ/π) T/2 = 2γ (π − ϕ) and
⎡
⎢⎢⎢⎢⎣

Z0 IL S 2

Z0 IL P 2

VC P 2

⎤
⎥⎥⎥⎥⎦ =

1
2

⎡
⎢⎢⎢⎢⎣

1 + cos (2γ (π − ϕ)) 1 − cos (2γ (π − ϕ)) −
√

2 sin (2γ (π − ϕ))

1 − cos (2γ (π − ϕ)) 1 + cos (2γ (π − ϕ))
√

2 sin (2γ (π − ϕ))

√
2 sin (2γ (π − ϕ)) −

√
2 sin (2γ (π − ϕ)) 2 cos (2γ (π − ϕ))

⎤
⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎢⎢⎣

Z0 IL S 1

Z0 IL P 1

VC P 1

⎤
⎥⎥⎥⎥⎦ (24)

with ϕ′ = π − ϕ. At steady-state operation, the state vari-
ables of iLS

, iLP
, and vC have no dc component.

Also, for all three of them ILS 2 = −ILS 0 , ILP 2 =
−ILP 0 , and VCP 2 = −VCP 0 .

From (21) and (24)⎡
⎢⎢⎢⎣

3 + cos (2πγ) 1 − cos (2πγ) −
√

2 sin (2πγ)

1 − cos (2πγ) 3 + cos (2πγ)
√

2 sin (2πγ)
√

2 sin (2πγ) −
√

2 sin (2πγ) 2 + 2 cos (2πγ)

⎤
⎥⎥⎥⎦

⎡
⎢⎣

Z0ILS 1

Z0ILP 1

VCP 1

⎤
⎥⎦ =

⎡
⎢⎢⎣

(2γϕ) + sin (2γϕ)

(2γϕ) − sin (2γϕ)
√

2 (1 − cos (2γϕ))

⎤
⎥⎥⎦ Vin√

2
. (25)

The condition for (25) to have unique answers is

det

⎡
⎢⎢⎣

3 + cos (2πγ) 1 − cos (2πγ) −
√

2 sin (2πγ)

1 − cos (2πγ) 3 + cos (2πγ)
√

2 sin (2πγ)
√

2 sin (2πγ) −
√

2 sin (2πγ) 2 + 2 cos (2πγ)

⎤
⎥⎥⎦�= 0

(26)
or

cos (2πγ) �= −1 or γ �= n − 1/2, n ∈ N. (27)

This is equivalent with ωSW �= ω0/ (2n − 1) n ∈ N . To sat-
isfy this condition it is necessary to ensure that ωSW varies
within a range of frequencies that neither ωSW nor any of its
odd harmonics are close to ω0 . To emphasize it further, we ex-
amine the net impedance between node A and node B in Fig. 5

Z (ω) = jωL

[
2 − LCω2

1 − LCω2

]
= j2ωL

[
1 − ω2/ω2

0

1 − ω2/
(
ω0/

√
2
)2

]
.

(28)
Equation (28) reveals that the forbidden γ values in (27) be-

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

I1 LS
=

[
γ

ϕ

π
+

sin (γϕ) cos (γ (π − ϕ))
π cos (γπ)

]
Ibase (29)

I1 LP
=

[
γ

ϕ

π
− sin (γϕ) cos (γ (π − ϕ))

π cos (γπ)

]
Ibase (30)
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V1 CP
= − sin (γϕ) sin (γ (π − ϕ))

2 cos (γπ)
Vin (31)

where

Ibase
Δ=

(π

2

) Vin

Lω0
. (32)

From (24)

ILS 0 = −ILS 1 , ILP 0 = −ILP 1 , and VCP 0 = VCP 1
(33)

The second half period is obtainable by symmetry. Using (33)
in conjunction with (29) to (31), it is possible to represent ILS 0 ,
ILP 1 , and VCP 0 by introducing per-unit quantities as

ILS 0 = ILS 0 PU × Ibase

ILS 0 PU = −
[
γ

ϕ

π
+

sin (γϕ) cos (γ (π − ϕ))
π cos (γπ)

]
(34)

ILP 0 = ILP 0 PU × Ibase

ILP 0 PU = −
[
γ

ϕ

π
− sin (γϕ) cos (γ (π − ϕ))

π cos (γπ)

]
(35)

VCP 0 = VCP 0 PU × Vin

VCP 0 PU = − sin (γϕ) sin (γ (π − ϕ))
2 cos (γπ)

. (36)

The typical waveforms of vM , iLS
, iLP

, and vCP
for the case

of γ = 1 are illustrated in Fig. 6(a)–(d) for ϕ < π/2, ϕ = π/2
ϕ > π/2, and ϕ = π, respectively.

The impedance of the auxiliary seen from node M to the
ground is given by Z (ω) in (28); thus, the amplitude of the
harmonics of iLS

are determined by

ILS Hk
=

(
4
π

)
2γ

k2

Vin

ω0L

[
2γ2 − k2

4γ2 − k2

]
sin

(
kϕ

2

)
. (37)

And using (32)

ILS Hk
= ILS Hk PU × Ibase

ILS Hk PU =
(

4
π

)2
γ

k2

[
2γ2 − k2

4γ2 − k2

]
sin

(
kϕ

2

)
. (38)

Substituting ϕ = π in (38) leads to (28) in [28] (with
γ = 1/2r). As in the case of previous section, we have
the relation iA = iLo u t /n + iLS

(iB = −iLo u t /n − iLS
). Thus,

IA vA ↗ and IB vB ↗ are

IA vA ↗ = iLo u t (t = 0) /n + iLS
(t = 0)

= ILo u t min/n + ILS 0 (39)

IB vB ↗ = −iLo u t (t = t1) /n − iLS
(t = t1)

= −ILo u t max/n + ILS 0 (40)

with ILS 0 from (29) and (33).
Similar to the case of the baseline converter, following any

of these approaches in (14) or (15) (34) shows the possibility
of designing the resonant auxiliary to have IA vA ↗ sufficiently
negative and maintaining ZVS for the leading leg. (40) also
confirms that having the ZVS condition for IA vA ↗ is a sufficient

Fig. 6. Auxiliary major voltage and current waveforms for γ = 1: (a) ϕ <
π/2, (b) ϕ = π/2, (c) ϕ > π/2, and (d) ϕ = π . The dotted lines belong to the
baseline converter.

condition to get IB vB ↗ negative enough to maintain ZVS in
the lagging leg for any combination of load and input voltage.

III. COMPARISON OF BASELINE AND RESONANT

AUXILIARY CIRCUITS

To have an objective comparison between the baseline and the
proposed converters it is required to select a matching condition
and choose the components in two circuits for a similar perfor-
mance (as far as ZVS operation is concerned) at the matched
condition. Here, the matching is selected to be at ϕ = π and
ωSW = ω0/2 (or γ = 1 for the resonant auxiliary circuit). The
components are selected such that at this condition both iLm

in
the baseline converter and iLS

in the proposed converter have
similar peak value. For the baseline converter substituting ϕ = π
in (4) leads to

ILm 0 = −
(π

2

) Vin

Lm ωSW
. (41)

And for the resonant auxiliary, inserting γ = 1 and ϕ = π in
(33) results in

ILS 0 = −Ibase = −
(π

2

) Vin

Lω0
= −

(π

2

) Vin

2LωSW
. (42)
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Fig. 7. iL s (t)/Ibase (left), iL p (t)/Ibase (middle), and νcP
(t)/Vin versus t/T for γ = 0.8, 1, and 1.2. The rows belong to ϕ = π, ϕ > π/2, ϕ = π/2 ϕ < π/2,

and ϕ < π/2, respectively.
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Equal peak currents for both auxiliaries require

Lm = 2L (43)

and C is found from (18). To simplify the visualization of graphs
in this section, the definitions of γ in (22) and Ibase in (32) are
extended to the baseline converter as well. Equation (4) for the
baseline converter is rewritten by introducing per-unit quantity
ILm 0 PU as

ILm 0 = ILm 0 PU × Ibase , ILm 0 PU = −γ
ϕ

π
. (44)

And (6) becomes

ILm Hk
= ILm Hk PU × Ibase

ILm Hk PU =
(

4
π

)2
γ

2k2 sin
(

kϕ

2

)
. (45)

Substituting ϕ = π in (45) leads to (26) in [28]. The same
process for (7) results in

ILm rms = ILm rms PU × Ibase

ILm rms PU = γ
ϕ

π

√
1 − 2ϕ

3π
. (46)

The presence of parameter γ and its influence on the behavior
of iLS

, iLP
, and vCP

is the major difference between the base-
line converter and the proposed one. In Fig. 6, the dashed lines
show the waveform of iLm

(t) alongside of iLS
(t) for γ = 1.

In Fig. 6(d), phase shift ϕ is equal to π and ILm 0 = ILS 0
compatible with the selection in (43). It is evident that the res-
onant auxiliary circuit has a lower rms current with the same
peak value. Fig. 6(a) belongs to the case of 0 < ϕ < π/2 where
ILS 0 is greater than ILm 0 . In Fig. 6(b), ϕ is π/2 and ILS 0 and
ILm 0 are equal. And with π/2 < ϕ < π, shown in Fig. 6(c),
ILS 0 is slightly than ILm 0 .

The per-unit waveforms of vM , iLS
, iLP

, and vCP
for three

choices of γ = 0.8, 1, and 1.2 are illustrated in Fig. 7(a)–(d)
for ϕ < π/2, ϕ = π/2, ϕ > π/2, and ϕ = π, respectively. For
any choice of ϕ increasing γ means longer switching period.
The rate of growth in |ILS 0 | in time is faster than linear similar
growth observed in |ILm 0 |; therefore, with smaller variation in
switching frequency, it possible to adjust the peak current in the
proposed auxiliary. The peak current adjustability with reduced
frequency range allows adaptively tuning of the auxiliary current
to the level required for ZVS but not beyond necessary (that will
negatively impact the overall converter efficiency).

Fig. 8 illustrates the variation of |ILm 0PU | versus phase shift
for 0.8 ≤ γ ≤1.2. As expected from (44), the behavior is linear
with both ϕ and γ. It is evident that ±20% variation in γ [i.e.,
±20% variation in the switching period T as in (22)] results
in ±20% variation in |ILm 0PU |. This means that, for example,
to have half the ILm 0PU at any specific ϕ, γ should become
half or the switching frequency should be doubled, which is not
desirable.

Fig. 9 depicts the variation of |ILS 0 PU | versus phase shift
for the same range of γ as in Fig. 8 for the resonant auxiliary.
Comparing Figs. 8 and 9 reveals that the resonant auxiliary pro-
vides larger peak current variation versus γ so it is possible to

Fig. 8. |IL m 0 PU | versus ϕ for 0.8 ≤ γ ≤ 1.2.

Fig. 9.
∣∣IL S 0 PU

∣∣ versus ϕ for 0.8 ≤ γ ≤ 1.2.

Fig. 10.
∣∣IL P 0 PU

∣∣ versus ϕ for 0.8 ≤ γ ≤ 1.2.

adjust the current needed for the ZVS with a smaller frequency
variation. To do so we need to ensure that varying the frequency
does not result is extra current/voltage stress in/across any com-
ponents. Fig. 10 confirms that the current in LP does not change
much versus the frequency change and the maximum ILP 0 PU
remains about 1. Fig. 11 also assures that the voltage across CP

does not increase considerably and that |VCP 0 PU | does not
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Fig. 11.
∣∣VC P 0 PU

∣∣ versus γ for 0.8 ≤ γ ≤ 1.2.

exceed 0.6. Therefore, there is no need to select a bulky and
expensive capacitor for the resonant auxiliary circuit.

Figs. 12 and 13 depict the variations of |ILm 0 PU | and
|ILS 0 PU | versus 0.8 ≤ γ ≤1.2 for a variety of phase shifts.
Two major differences are noticeable: first, for any ϕ value, the
rate of change versus γ is higher for |ILS 0 PU | compared to
|ILm 0 PU | as expected. Second, for the range of 60° ≤ ϕ ≤
120° (which is the case for the majority of the operational
time), this rate is almost constant for |ILS 0 PU | in contrary
to |ILm 0 PU |. This constant rate simplifies the design of con-
trol for adaptive switching frequency selection detailed in [27]
and [28] (to adjust the auxiliary peak current).

Fig. 14 shows the difference between the rms currents in
Lm of baseline converter ILm rms and in LS ILS rms calculated
numerically for a similar peak current for three choices of γ =
0.8, 1, and 1.2. For any peak current value at any γ, the resonant
auxiliary has at least 20% lower rms current. This reduces the
conduction losses with no impact on the ZVS functionality.

IV. DESIGN EXAMPLE

In this section, the design steps of the proposed converter are
given. The converter specifications are given in Table I.

First, the transformer turn ratio n is selected. For the lowest
Vin = 200V and nominal Vout = 57.6 V, we reserve 40° for the
current sensor demagnetization and less than 10° to compensate
of the voltage drops across real elements. From (9) with ϕ =
130◦ and VD = 0.7V, the value of n = 2.45 is obtained. So we
select n to be equal to 2.5. Substituting n = 2.5 for Vin = 200V
back into (9)

ϕ200V =
57.6 + 2 × 0.7

200/2.5
× π = 2.317 rad = 132.8◦ (47)

which is compatible with the reserved angle for the current
sensor demagnetization and voltage drops. Fig. 15 shows the
variations of ϕ to regulate Vout at 57.6 V for the range of Vin
listed in Table I. As mentioned before, in CCM, ϕ is independent
of switching frequency.

Fig. 12. |IL m 0 PU | versus γ for 30◦ ≤ ϕ ≤ 180◦.

Fig. 13.
∣∣IL S 0 PU

∣∣ versus γ for 30◦ ≤ ϕ ≤ 180◦.

A. Converter Operating at Fixed Switching Frequency

The nominal load current is ILo u t av g = 750/57.6 = 13A.
The criterion considered here for selecting output filter Lout is
to guarantee the converter operation in CCM for the loads above
20% (i.e., ILo u t av g > 2.6 A) for the entire input voltage range.
Equation (8) shows that the ΔILo u t increases with Vin when
ϕ is adjusted to maintain output voltage regulation (shown in
Fig. 15). At the boundary of CCM and discontinuous current
mode (DCM), ILo u t min reaches to zero; thus, from (10)

ΔILo u t boundary = 2ILo u t av g . (48)

For the boundary to happen at ILo u t av g = 2.6 A, we get
ΔILo u t boundary = 5.2 A. Cout is calculated to have less than
50 mV of peak–peak voltage ripple when passing the highest
peak–peak ripple current of 5.2 A, and thus, Cout is selected to
be 250 μF.

The largest ΔILo u t happens at the maximum of Vin = 300V.
Thus, from (9)

ϕ300V =
57.6 + 2 × 0.7

300/2.5
× π = 1.545 rad = 88.5◦. (49)

By substituting ϕ300 V = 88.5◦, ΔILo u t boundary = 5.2 A,
n = 2.5, and constant switching frequency of fSW = 200 kHz
in (8), Lout is calculated as 14.39 μH, and we select it to be
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Fig. 14. Per-unit rms versus peak currents in Lm of baseline converter and LS of resonant auxiliary for γ = 0.8, 1, and 1.2.

TABLE I
CONVERTER SPECIFICATIONS

Parameter Value

Nominal output power 750 W
Input voltage 200−300 V
Nominal output voltage 57.6 V
Switching frequency �200 kHz

Fig. 15. Variations of ϕ to regulate Vout at 57.6 V for 200 V ≤ Vin ≤ 300 V.

15 μH. Fig. 16 illustrates variations of ΔILo u t versus Vin in
CCM, from (8) for Lout = 15μH.

To guarantee the ZVS condition in (16), IA vA ↗ should
be calculated from (39), so knowing ILo u t min/n is required.
Fig. 17 shows the variation of ILo u t min/n versus Vin in full load
obtained from (10) using fSW = 200 kHz and Lout = 15μH .

Using (32) and (34), the quantity IX in (16) can be written as

IX =
1
n

[
ILo u t av g − 1

2
(1 − ϕ/π) ϕ

LoutωSW
× Vin

n

]

−
[
γ

ϕ

π
+

sin (γϕ) cos (γ (π − ϕ))
π cos (γπ)

]
×

(π

2

) Vin

Lω0

+
mCsbVin

td
(50)

Fig. 16. Variations ΔIL o u t in CCM for 200 V ≤ Vin ≤ 300 V at fSW =
200 kHz when ϕ is varied as in Fig. 15.

Fig. 17. Variation of IL o u t m in /n for 200 V ≤ Vin ≤ 300 V at fSW =
200 kHz and full load in CCM.

with ϕ from (8) adjusted to maintain output voltage regula-
tion (see Fig. 15). Assuming that constant frequency γ is fixed
and by selecting γ = 1, from (22), we get ω0 = 2.51 Mrad/s.
Assuming Csb = 1 nF, td = 200 ns, and ILo u t av g = 13 A, the
only unknown in (50) is L (the value of LS and LP , which are
assumed to be identical) for the parameter m.
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Fig. 18. Variation of IX in (50) for 200 V ≤ Vin ≤ 300 V at fSW =
200 kHz and γ = 1 for (a) m = 1 and (b) m = 2.

Fig. 19. Selected γ as a function of Vin and variation of fSW (in kHz) for
200 V ≤ Vin ≤ 300 V.

Fig. 18 shows the variation of IX In (50) for 200 V ≤ Vin ≤
300 V at fSW = 200 kHz and γ = 1 for two choices of m = 1
and 2, it is evident that the selection of L value for the resonant
auxiliary should be done for the point Vin = 200V due to the
decreasing behavior of IX with Vin . Depending on the assumed
m for the design, a value between 11.7 and 14 μH can be selected
for L. Knowing ω0 , we can find C from (18).

Fig. 20. Variations ΔIL o u t in CCM for frequency variation of Fig. 19. The
dashed line belong to Fig. 16.

Fig. 21. Variation of IL o u t m in /n for frequency variation of Fig. 19 and full
load in CCM. The dashed line belong to Fig. 17.

B. Converter Operating with Adaptive Switching Frequency

It was shown that ZVS operation requires the condition in (16)
be satisfied; however, highly negative also not desirable due to
incurring unnecessary conduction losses. It is possible to keep
IX negative but close to zero for all Vin values using adaptive
switching frequency selection. Here, we select the following
scheme:

γ (Vin) = 1 − Vin

300
× 0.1 or

fSW (Vin) =
ω0/2π

2
(
1 − (Vin/300) × 0.1

) . (51)

Here, Vin is the moving average of Vin and fSW is found from
(22) as shown in Fig. 19. The averaging happens very slowly,
in the range of seconds, so the converter is essentially always
at the steady state and the rapid changes in Vin are not seen by
the adaptive controller due to the averaging scheme. By reusing
ω0 = 2.51 Mrad/s from the previous section, fSW varies from
200 to 222 kHz, i.e., less than 12% variation, which does not
generate excessive pressure on the gate drivers and does not
result in difficulties for EMI filter design.
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Fig. 22. Variation of IX in (50) for 200 V ≤ Vin ≤ 300 V with variable
ωSW of (51) for (a) m = 1 and (b) m = 2.

Fig. 20 shows the variations of ΔILo u t versus Vin in CCM
for Lout = 15 μH with adaptive fSW of (51) considered in (8).
Compared to Fig. 16 the variation of ΔILo u t versus Vin are less,
due to the higher switching frequency at higher input voltages.
Subsequently, Fig. 21 shows that the drop in ILo u t min/n at
higher Vin is less than what we had in Fig. 16. Therefore, the
available auxiliary current is better utilized to compensate higher
ILo u t min/n values toward ensuring ZVS operation.

Fig. 22 shows the variation of IX versus Vin with variable
fSW of (51) for m = 1 and 2. This time the entire range of Vin
should be considered for correct selection of L. Depending on
the assumed m for the design, a value between 11.3 to 13.7 μH
can be selected for L. Again, C can be found from (18) knowing
ω0 .

C. Effect of Noninstantaneous Voltage Transitions

In Section II-A, we assumed that the transitions in the full-
bridge ac-node voltages are instantaneous. In reality, the transi-
tion is not instantaneous and takes a certain nonzero time. The
duration of this time depends on the load condition, i.e., for
a similar peak auxiliary current the transition takes longer at
heavy loads because a greater portion of the auxiliary current
is taken to compensate the load current reflected to the primary

Fig. 23. Variations of Δ
∣∣IL S 0

∣∣ versus (a) ttransition / (T/2) and (b) ϕ.

TABLE II
CONVERTER COMPONENT VALUES

Component Value

Switches STW69N65M5
Main transformer ETD44, 3F3, 2.5:1 Leakage Inductance (Primary) < 500 nH

Magnetizing Inductance (Primary) > 5mH
Rectifier diodes STPS30100ST
Output inductor RM10, 3F3 10 t, gap: 1 mm, 15 μH
Output capacitor 250 μF, 100 V
Auxiliary inductors RM10, 3F3 9 t, gap: 1 mm, 11 μH
Auxiliary capacitor 30 nF, 1000 V

side of the transformer. Here the longest transition time is de-
noted by ttransition . It is important to note that in presence of a
complete ZVS operation, the transition gets completed before
the end of the deadtime (of the gate signals), so the next switch
can turn on under zero voltage. In other words, ttransition < td .

With an instantaneous voltage transition studying ILS 0 of
(34) is sufficient to design the auxiliary. When the voltage tran-
sitions are noninstantaneous, the average of the auxiliary current
during ttransition interval should be considered instead of ILS 0 .
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Fig. 24. Experimental waveforms of proposed auxiliary for various ϕ values
at γ = 1, Vin = 200 V. (100 V/div and 5 A/div): (a) ϕ = 30◦. (b) ϕ = 45◦.
(c) ϕ = 60◦ ϕ = 90◦. (d) ϕ = 120◦. (e) ϕ = 180◦.

The relative difference between ILS 0 of (34) and the average
of auxiliary current during ttransition is denoted by Δ |ILS 0 |
and studied numerically. Fig. 23(a) illustrates the percentage
of Δ |ILS 0 | versus the percentage of ttransition/ (T/2). With
a longer ttransition , the effective available auxiliary current be-
comes smaller. Therefore, Fig. 23(a) can used as the correction
factor during the design process by selecting a higher ILS 0 ac-
cordingly. Fig. 23(b) shows that the effect of ttransition is not the
same for different phase shifts. The design process requires an-
other step after selecting L in the previous section as follows: the
range of ϕ variation is determined from (9) using the extremes
of Vin from the specifications. Also the selected td is assumed
as the upper bound of ttransition ; therefore, Fig. 23(b) specifies
the largest Δ |ILS 0 | to consider in updating the selected L in the
previous section. The last step is to find C from (18).

V. EXPERIMENTAL RESULTS

Experimental verification of the merits of the proposed aux-
iliary is provided in this section. The examined auxiliary cir-
cuit included L = 11 μH and C = 30 nF. The selected compo-
nents for the converter are listed in Table II. The deadtime was
200 ns and the switches were STW69N65M5 with Rds(on) of
< 90 mΩ in warm state (110 °C junction temperature) and the
effective drain–source capacitance of 540 pF. MOSFET drivers
were FOD3180.

To have a fair comparison between the baseline converter
and the proposed one with the resonant auxiliary circuit, the
transformer should be kept identical, so the effect of auxil-
iary circuits on the performance can be identified objectively.
As shown in Section III, in (41), Lm should be equal to 2L;
therefore, the baseline converter tests were done by discon-
necting CP from node M defined in Fig. 5. The transformer is
designed to be close to an ideal transformer (values listed in
Table II).

Fig. 24 shows experimental waveforms of the resonant aux-
iliary for various phase shift values at Vin = 200 V. Due to
linearity of the auxiliary circuit, the behavior of the circuit can
be known by testing at one Vin level.

Fig. 25 depicts the waveforms of the baseline and resonant
auxiliaries for γ = 1 and ϕ ≤ 90◦. In all the cases, for a similar
ϕ, the resonant auxiliary has a greater ILS 0 value compared
to ILm 0 of the baseline converter, in full agreement with the
prediction in Fig. 9 for ϕ ≤ 90◦. Fig. 26 shows the waveforms
of the baseline and resonant auxiliaries for γ = 1 and ϕ ≤ 90◦.
Again for a similar ϕ, the resonant auxiliary has a lower ILS 0
value compared to ILm 0 of the baseline converter in full agree-
ment with the prediction in Fig. 9 for ϕ ≥ 90◦. For γ = 1 and
ϕ ≥ 90◦, we have ILS 0 = ILm 0 as expected.

The smoothness of rising edge and absence of strong voltage
spikes in vAB reveal the effectiveness of both approaches in
maintaining ZVS turn on for leading and lagging legs. This
proves that there is no difference in functionality between
the two as far as ZVS is concerned. And the proposed reso-
nant auxiliary has the same ZVS function with a lower rms
current.
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Fig. 25. Experimental waveforms of baseline (left) and resonant auxiliary (right) waveforms for γ = 1 and ϕ ≤ 90◦ Vin = 200 V (100 V/div and 5 A/div).

The impact of the auxiliary circuit choices on the efficiency
of the prototype converter (including the control and gate driver
circuits) is depicted in Fig. 27, for two Vin extreme levels of 200
and 300 V. First the efficiency was measures for various load
levels without any auxiliary circuit. Then the baseline structure

was tested that was capable of reducing the switching losses
more than the additional conduction losses introduced in the
circuit so the efficiency improved for all the load levels. The test
results of proposed resonant auxiliary showed that efficiency
improvement was more effective for lower load levels compared
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Fig. 26. Experimental waveforms of baseline (left) and resonant auxiliary (right) waveforms for γ = 1 and ϕ ≥ 90◦ Vin = 200 V (100 V/div and 5 A/div).

with heavy-load situations. Above 70% load, the conduction
losses were dominant and the difference between two types of
the auxiliaries became negligible.

Although the proposed resonant auxiliary is capable of pro-
viding the same functionality with lower rms current and sharper
frequency dependence, there are some consequences such as a

slightly higher component count, and the need to design the aux-
iliary inductors well below the saturation level of their cores.
Also the design requires low ESR and ESL components in the
resonant auxiliary due to the higher harmonic content in the
auxiliary current. Also, the interface between the dc-side capac-
itor(s) and the switches should be designed carefully to minimize
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Fig. 27. Efficiency curves in absence of auxiliary circuit, the baseline con-
verter and with the proposed resonant auxiliary circuits for Vin of (a) 200 V and
(b) 300 V.

the parasitic stray inductance. A laminated bus bar structure is
recommended.

VI. 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. Compared to the a baseline
converter, which has a finite inductance parallel to the primary
of the transformer to obtain ZVS, the proposed solution provides
ZVS operation with the same peak and at least 20% lower rms
auxiliary current. The details of auxiliary circuit operation and
design procedure are described. An adaptive control approach is
introduced to adjust the auxiliary current by varying the switch-
ing frequency up to 10% based on the average of input voltage.
Experimental results confirm the effectiveness of the proposed
circuit in providing the peak auxiliary current with lower rms
values and up to 1% increase in efficiency.
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