
IEEE TRANSACTIONS ON INDUSTRIAL APPLICATIONS 1

Novel Quadratic High Gain Boost Converter with
Adaptive Soft-switching Scheme and Reduced

Conduction Loss
Nikhil Korada, Student Member, IEEE, Raja Ayyanar, Fellow, IEEE

Abstract—In this paper, an improved soft-switching quadratic
boost converter (QBC) is proposed. Instead of inserting an
additional active clamp or auxiliary zero voltage transition (ZVT)
circuit at the switching node, the proposed topology connects
the high voltage switching node to the input diode node by
replacing one of the input diodes with a low rated switch. The
proposed topology can attain soft switching condition for all the
switches and input diode turns off under zero current switching
(ZCS). The operation of input-side switch not only aids zero
voltage switching (ZVS) turn on for the main switch but also
helps in reducing the conduction loss. Also, the input-side switch
operates under ZCS turn-ON and ZVS turn-OFF, making it a
loss economical solution. An adaptive timing scheme for driving
the input switch is proposed, which can ensure soft-switching
condition under varying gain and load range. The detailed
operational modes, analysis and design considerations of the
proposed topology are presented. A 250W hardware prototype
is built to validate the performance of the proposed converter
operating at 100 kHz switching frequency. Results with adaptive
soft-switching scheme shows that the converter is modulated
to achieve its best efficiency condition under various system
conditions. A peak efficiency of 96.1% at 155 W and efficiencies
above 95.75% over a wide load range are achieved using all Si
devices.

Index Terms—DC-DC, high gain, hard-switching, micro-
inverter, quadratic boost converter (QBC), soft-switching, zero
voltage switching (ZVS), zero current switching (ZCS)

I. INTRODUCTION

W ITH the increasing adoption of clean energy resources,
many single and two stage power electronic interfaces

consisting of isolated or non-isolated DC-DC, DC-AC, AC-
DC topologies have been proposed in the literature [1]–[4].
Among which the selection and design of DC-DC converter
stage used in solar applications is considered in this work [3],
[5]. These converters are directly connected to photovoltaic
(PV) panel (20 V - 40 V) and helps in boosting the voltage
to higher level (200 V - 400 V) for modulating them to grid
voltage (120 V/240 V RMS). This is clearly evident in case of
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micro-inverter application [6]–[8] which targets for high gain,
higher efficiency and power density.

Several non-isolated high gain boost converters have been
proposed in the literature [3], [9]–[14] and these topologies
can be mainly classified into quadratic or cascaded [9], [10],
switched capacitor [15], [16] or switched inductor based
[16], [17], and interleaved and hybrid variations [18], [19]
of the same. A major drawbacks among these converters is
higher switching stress causing high switching and conduction
losses. Quadratic boost converter (QBC) is an extension of
conventional boost converter which provides higher gain at
moderate duty levels [9]. QBC is used for non-isolated, low
power, high boosting applications. Similar to other high gain
topologies mentioned, QBC also has the main drawbacks of
high switching and conduction losses.

Various soft-switching schemes have been developed
for DC-DC converters [20]–[30], which involve additional
switches, diodes and passive components. Among these active
clamp and auxiliary circuit based ZVT schemes employing
coupled inductors for high gain and ZVS have received much
attention recently. A buck-boost converter with ZVT operation
is proposed in [20], in which a coupled inductor (CI) along
with two switches and a diode are added as an active clamp
circuit. A non-inverting soft-switching synchronous rectified
buck-boost converter with a new auxiliary circuit is presented
in [21]. A ripple-free ZVT high step-up converter is proposed
in [22], which employs super-lift technique to provide high
gain and uses an auxiliary circuit to attain ZVT. A GaN based
high gain soft-switching boost converter is explored in [23],
where an additional ZVT branch consisting of coupled and
auxiliary inductors with a switch and diode is implemented to
get the high gain and soft-switching condition. The converters
employing coupled inductor need accurate design process and
poses implementation challenges. A soft-switching switched
inductor boost converter (SIBC) is presented in [26], where
an auxiliary inductor is added in series with one of the three
input diodes and ZVS operation of the main switch is attained
by replacing both the input diodes by two MOSFETs. The
disadvantage of this scheme is it requires more components for
its implementation and still provides lower gain with moderate
levels of input current ripple.

Focusing more on the quadratic boost converter related
works, a ZVS scheme for QBC is proposed in [27], which
uses an additional MOSFET along with inductor and capacitor
connected as an active clamp circuit to achieve soft-switching.
In [28], a two-stage coupled inductors based ZVT scheme
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is proposed for quadratic boost converter, which requires
an accurate design of coupled and auxiliary inductors for
achieving the desired gain and efficiency. A quasi-resonant
quadratic boost converter is described in [29], which uses
a single resonant network consisting of inductor, capacitor
and switch connected across the high side diode in active
clamp pattern to achieve ZCS for the main switch. In [30]
a semiquadratic high step-up DC-DC converter is proposed,
which is derived as a cascaded configuration of boost and
buck-boost converters. It realizes a quasi-resonance operation
for the main switch created by the leakage inductance of the
coupled inductor and the balancing and clamping capacitors.
A non-isolated quadratic boost converter featuring low output
voltage ripple compared to traditional QBC is proposed in
[31]. This scheme uses two stages of passive and active
components to achieve the same quadratic gain.

A critical modulated (CRM) quadratic boost converter is
proposed in [32]. It introduces the concept of adding a small
auxiliary inductor in the input diode path for achieving com-
plete ZVS for the main switch. The drawback of this approach
is that soft-switching condition under each load case is only
attained by varying the switching frequency. Also, the input
diode conduction loss contributes towards a major portion of
the total losses as in the case of conventional QBC.

Thus, in this work with the objective of operating QBC
under higher switching frequency and using the concept of
adding a small auxiliary inductor in series with input diode,
an extended version of CRM QBC in [32] is implemented in
this paper. The improved topology replaces one of the input
diodes of QBC with a switch and it is suitably modulated
to achieve ZVS condition for the main switch. A small, low-
loss ZVT inductor is added within the input loop which helps
in realizing the resonance condition. The following are some
of the major merits of improved QBC implementation: (i)
can achieve soft-switching condition for all the switches and
ZCS turn OFF for input diode, (ii) significant reduction in
diode conduction loss, (iii) adaptive timing scheme assures
soft-switching under different system conditions, (iv) reduced
switching loss, (v) lower input current ripple can be achieved
even with soft-switching making it suitable for PV micro-
inverter application and also helps in improving the MPPT
efficiency. This can be ensured as the input inductor operates
in continuous mode (CCM) and unlike other ZVS approaches
such as employing auxiliary ZVT branch across the input
inductor which causes additional ripple to the input current.
In the improved QBC circuit, the ZVT current gets sinked to
the intermediate capacitor stage and does not add to the input
current ripple.

II. DERIVATION OF PROPOSED TOPOLOGY

In the operation of QBC in continuous mode, input voltage
is stepped up to intermediate level at Cint using input inductor
L1, which is further boosted to output voltage using the second
inductor L2. This is achieved using a single switching pole,
with the main switch carrying charging current of both the

(a) Conventional QBC

(b) Modified CRM QBC [32]

(c) Proposed QBC

Fig. 1. Circuit diagram of (a) Conventional QBC, (b) Modified CRM QBC,
and (c) Proposed QBC

inductors. The CCM gain (K) of the QBC is given as,

K =
Vo
Vin

=
1

(1 �D)2
(1)

In case of QBC as shown in Fig. 1(a), the main switch Q2

suffers from both high switching loss and conduction loss
due to large charging current. A modified CRM version of
QBC [32] is presented in Fig. 1(b). It highlights the problem
that a straightforward implementation of CRM scheme for
QBC will not yield in complete ZVS condition for the main
switch as in case of a typical boost converter. This is due to
the fact that input diode D2 which is also connected to the
switching pole clamps VdsQ2 at the intermediate voltage level
(VCint) and prevents complete ZVS turn-ON for Q2, even
though the current through L2 is negative. This results in hard
switching condition for Q2 resulting in higher switching losses
and large passive components. To achieve soft-switching and
reduce switching loss, an auxiliary ZVT branch with series
connection of diode, switch and small inductor is connected
across input inductor and this approach is followed in most
of the soft-switching DC-DC topologies [23], [24]. Hence, in
[32], a small auxiliary inductor is added in series with one
of the existing input diode of QBC which helps in realizing
complete ZVS for the main switch.

Aligning to the modified CRM QBC, an extended version
of the same concept is proposed in the paper. The circuit
configuration shown in Fig. 1(c) is an improved version
of CRM QBC to operate in CCM soft-switching mode by
connecting the switching pole to the input diode node using
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an input side switch. This switch Qin is a replacement of
an existing input diode D2 which also helps in reducing the
conduction loss during the DTs period. Also, a small low loss
Laux is added in series with D1 which helps in achieving ZVS
and its operation is only limited to (1 � D)Ts period. Laux
and switching pole capacitance resonate during the deadtime
portion, which drives the voltage across Q2 to zero, allowing
complete ZVS turn-ON for Q2. Further, Q1 always turns on
with natural ZVS, which is similar to the conventional case. As
Qin is turned OFF along with Q2, the body diode DQin starts
conducting during the deadtime and ensures ZVS turn-OFF for
Qin. Assuming both the inductors as constant current sources,
the junction capacitance at the input diode node (D1 and body
diode DQin) naturally resonate with the total inductance in the
loop Qin-L2-D1 (consisting of stray inductance and Laux)
and helps in achieving soft transition from DQin to D1. This
further reduces any possible switching noise at the input node.
Also, in this work as Qin is made to turn on slightly ahead of
the deadtime period, the current through Qin starts from zero
which ensures ZCS turn on for Qin and thus adds negligible
amount of additional losses. Synchronous switching approach
is implemented in this work to reduce conduction loss during
the (1 � D)Ts period. Also with the proposed scheme, the
selection of the main switch with low Rdson without any
added trade-offs on the switching loss can be made possible.

III. OPERATIONAL MODES

Switching waveforms of the proposed QBC topology for
one full cycle under ideal operating conditions are shown
in Fig. 2. The gate pulses of main, synchronous and input
switches (Q2, Q1, Qin) are shown in the top part of the figure.
The ideal input and intermediate inductor currents (iL1, iL2),
along with auxiliary inductor and main switch currents (iLaux,
iQ2) are plotted with focus towards the turn-ON instant of
Q2. To illustrate the resonance phenomena the drain source
voltage (vds;Q2) of the main switch is also included. Also,
the ideal drain source voltage, current waveforms of input
and synchronous switches are included to illustrate the overall
converter operation. The slopes of the ZVT, intermediate
inductor currents are made relative to that of the input inductor
current for the purpose of illustration.

1) Interval 1 [t0 � t1], Fig. 3(a): In this interval, Q1 is
already ON and Q2 is OFF, and the operation of the converter
is similar to a conventional QBC. The analysis starts with
the ZVT inductor current (iLaux) following the input inductor
current (iL1) during the (1 �D) interval as both the inductors
are discharging from the input and intermediate voltages
respectively. Considering the analysis starts at time t0, and
the inductor currents at this instant are represented as IL1(t0)
and IL2(t0), the respective inductor current expressions are
given in (2), (3),

iL1(t) = iLaux(t) = iL1(t0) +
Vin � VCint
L1 + Laux

(t� t0) (2)

iL2(t) = iL2(t0) +
VCint � Vo

L2
(t� t0) (3)

Fig. 2. Ideal switching waveforms of the proposed topology for one full
cycle

2) Interval 2 [t1 � t2], Fig. 3(b): This interval starts when
Qin is turned-ON at t1 with Q1 also being ON. The voltage
across Laux rises to (Vo �VCint) forcing it to charge towards
the switching pole current in addition to the input inductor
current. Hence in this interval iLaux can be realized as,

iLaux(t) = iL1(t1) +
Vo � VCint
Laux

(t� t1) (4)

(t2 � t1) =
(iLaux(t2) � iL1(t1))Laux

(Vo � VCint)
(5)

3) Interval 3 [t2 � t3], Fig. 3(c): A major portion of the
deadtime is considered in this interval and the circuit realizes
resonance phenomena as Laux current rises beyond switching
pole, with simultaneously discharging and charging the drain-
source voltages of Q2, Q1. This is achieved by resonance
between total capacitance at the switching pole with Laux and
the inductance within the entire loop. This intervals ends when
vdsQ2 reaches zero. The respective resonant equations and
timing constraints for attaining ZVS are given below, where,
vdsQ2, wr, Zr, CdsQ2 are drain-source voltage of Q2, resonant
frequency, resonant impedance, and drain-source capacitance
of Q2.

vdsQ2(t) = VCint + (Vo � VCint) cos(wr(t� t2)) (6)

iLaux(t) =

2X
i=1

iLi(t2) +
Vo � VCint

Zr
sin(wr(t� t2)) (7)
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Fig. 3. Operational mode sub-circuits of the proposed topology during different time intervals

Zr =

s
Laux

2CdsQ2
(8)

wr =

s
1

2LauxCdsQ2
(9)

(t3 � t2) =
1

wr

�
� � arccos

�
VCint

Vo � VCint

��
(10)

4) Interval 4 [t3 � t4], Fig. 3(d): The body diode of Q2
starts conducting in this interval, as the channel turns ON at
ZVS anytime during this interval.

5) Interval 5 [t4 � t5], Fig. 3(e): At t4, Q2 is turned ON
and the current through Laux which is still higher than com-
bined inductor currents starts to discharge using the reverse
voltage of VCint across it. A similar rise in Q2 switch current
is observed and this interval ends when iLaux reaches zero
and diode D1 turns OFF with ZCS. The equations describing
the current thorough the inductors are mentioned in (11)-(14),

iL1(t) = iL1(t4) +
Vin
L1

(t� t4) (11)

iL2(t) = iL2(t4) +
VCint
L2

(t� t4) (12)

iLaux(t) = iLaux(t4) � VCint
Laux

(t� t4) (13)

(t5 � t4) =
iLaux(t4)Laux

VCint
(14)

Further for time interval t5 to t6, the converter operates similar
to a conventional QBC in DTs period with both inductors
charging from respective voltages as shown in Fig. 3(f). For
the proposed converter, input switch Qin is turned-OFF ahead
of Q2 at t06 to operate in synchronous rectifier mode. At t6,

Q2 is turned OFF and deadtime period starts from here. Due
to the large capacitance of Q2 along with anti-parallel diode,
near ZVS turn OFF can be attained for Q2 at t6. Followed
on from t7, both the inductors continue to discharge to reach
IL1(t0) and IL1(t0) completing one switching cycle.

From the ideal analysis, it can be observed that synchronous
switch Q1 achieves ZVS at turn-OFF, and natural ZVS at
turn-ON similar to a conventional quadratic boost converter.
The main switch Q2 achieves ZVS turn-ON, and near ZVS
at turn-OFF with the proposed soft-switching quadratic boost
converter. The input switch Qin of the proposed converter
helps in charging the Laux towards L1 current and involve
in resonance. Hence, it turns-ON with near ZCS (with small
amount of Coss loss) and it is driven in synchronous rectifier
mode, which helps in attaining ZVS at turn-OFF. In case
of hard switching quadratic boost converter, not only the
main switch causes high switching loss but the converter will
also have high conduction loss from the input diode which
is significantly reduced in the proposed case. As explained
before these benefits are achieved with lower ripple for input
current and also reduce the EMI issues which exist in case of
conventional QBC.

TABLE I
CONVERTER SPECIFICATIONS

Parameter Rating
Input 30-40 V
Output 200 V, 250 W
Switching frequency, fsw 100 kHz
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IV. CONVERTER DESIGN AND ANALYSIS

The proposed QBC is designed for the specifications shown
in Table I. The design and selection of input, intermediate
inductors and capacitors for the proposed converter are similar
to the conventional case, which is already presented in detail in
prior works [9], [26], [32] and hence not elaborated here. The
selection of switches for the proposed QBC is solely based
on lowest conduction loss and voltage stress. The maximum
blocking voltage across the main, synchronous switches is Vo,
with VCint being blocked by the input diode D1.

A. Design of Laux:

For the proposed soft-switching QBC, Laux plays a vital
role in attaining ZVS condition for the main switch and helps
in ZCS for the input diode. While deriving the topology Laux
can be placed in series with either of the input diodes. For
the proposed case, Laux is placed in series with D1 as it
only conducts for the OFF interval. This approach results in
lower additional losses (core and winding loss). The respective
expressions on peak and rms currents in the auxiliary inductor
are given below,

iLaux;pk =
(Vo � VCint)

Zr
+

2X
i=1

iLi(t2) (15)

� (Vo � VCint)

Zr
+

2X
i=1

ILiavg (16)

i2Laux;rms(t) =
1

Ts

"Z TCond

0

(iL1)2dt

+

Z t2

t1

�
iL1(t1) +

Vo � VCint
Laux

t

�2

dt

+

Z t3

t2

(iLaux;pk)2dt

+

Z t5

t3

�
iLaux(t3) � VCint

Laux
t

�2

dt

#
(17)

Trise = (t2 � t1) � IL1avgLaux
(Vo � VCint)

(18)

Tres = (t3 � t2) � �

2wr
(19)

Tfall = (t5 � t3) � ILaux;pkLaux
VCint

(20)

Tcond = (1 �D)Ts � Trise (21)

where, IL1avg , IL2avg , ILaux;pk, Trise, Tres, Tfall, Tcond are
the average inductor currents of L1, L2, peak current of Laux
and rise, small portion of resonant, fall and conduction times
of the iLaux.

As Laux resonates with the equivalent capacitance Ceq
at the switching pole to achieve soft turn-ON for Q2. The
resonant current flowing through the Laux is of significant
importance to ensure ZVS operation in the main switch.
Typically, the value of the Laux defines the current flow
through the switching pole, which in turn defines the duration
of resonance operation. For example, with a small value of
Laux higher will be the peak auxiliary current, with small

resonance duration. This peak auxiliary current will cause high
core and conduction loss in Laux and Qin. Whereas, large
value of Laux can limit the peak auxiliary current, but it will
increase the resonant current duration. This also increases the
number of turns, causing more winding loss in the Laux. For
the proposed topology, the iLaux needs to be greater than the
sum of iL1 and iL2. In particular, iLaux;pk needs to be sum of
iL1 and 1.5 to 2 times of iL2. This is because for the proposed
QBC, before the turn-ON of main switch, the switching pole
current only consists of iL2 as illustrated in sub-circuit Fig.
3c. To limit the peak current in the Laux at a reasonable value
and a reasonable resonance time, Laux can be designed for the
range specified by (22). 

Vo � VCint

(IL1 � �IL1

2 ) + 2(IL2 + �IL2

2 )

!2

Ceq �

Laux �

 
Vo � VCint

(IL1 � �IL1

2 ) + (IL2 � �IL2

2 )

!2

Ceq (22)

B. Selection of Qin:

Qin is a replacement of the input diode D2 and hence it
blocks a voltage of (Vo � VCint) during the off interval. Qin
majorly conducts only for the D portion and hence can be
rated approximately for 50-60 % of IL1avg . For the proposed
converter Qin achieves ZCS at turn-ON and ZVS at turn-
OFF, and thus a device with lower Rdson can be selected
with negligible impact on switching loss. The corresponding
switch peak and rms current expressions are given below,

iQin;pk = IL1;pk = IL1avg +
�iL1

2
(23)

i2Qin;rms(t) =
1

Ts

"Z t2

t1

�
Vo � VCint
Laux

t

�2

dt

+

Z t3

t2

�
iL2(t2) +

Vo � VCint
Zr

sin(wrt)

�2

dt

+

Z t5

t3

�
iLaux(t3) � VCint

Laux
t

�2

dt

+

Z t6

t5

(�iL1)2dt

#
(24)

C. Adaptive Timing Scheme:

As mentioned before an adaptive timing scheme for Tahead
is proposed in this work, wherein the ahead time to turn on the
input MOSFET is decided as a function of instantaneous input
current, gain and input voltage conditions. The adaptive Tahead
time is derived based on the converter operation in Interval 2.
The corresponding expressions related to the proposed timing
is shown in (25)-(29),

Tahead =
iinLaux

Vo � VCint
+ Tdead (25)

=
iinLaux

Vin

(1�D)2 � Vin

(1�D)

+ Tdead (26)
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Fig. 4. Illustration of the adaptive timing scheme under varying gain and
load conditions

=
iinLaux(1 �D)2

VinD
+ Tdead (27)

=
iinLaux
KVinD

+ Tdead (28)

dQin = dQ2 + Tahead=Ts (29)

Fig. 4, is presented to illustrate the variation of the adaptive
timing under different gain and input current conditions. It
can be observed from the plot, that Tahead is large under low
gain and high input current condition, while it is in decreasing
trend for lower input current and higher gain. As shown in
(29), the duty for Qin is decided based on the duty of Q2

and the adaptive ahead time. The control law for Qin is to
turn on ahead of Q2 using Tahead and turn off along with Q2.
Thus for the proposed converter, the adaptive timing and soft-
switching operation do not interfere with the current control in
case of a closed loop operation. To ensure safer commutation
during each switching cycle, a deadtime is introduced in
all synchronous converters and it causes duty loss which is
very common in any conventional DC-DC converters. For the
proposed QBC the duty loss is reduced by the amount of the
resonant time, as the soft-switching condition brings down the
vdsQ2 to zero much earlier, allowing it to turn-ON.

D. Loss Analysis and Resonance Trajectory:

For the proposed converter the key resonance state equations
corresponding to ZVS of Q2 are illustrated in (6)-(10). Also,
a resonance trajectory is presented in Fig. 5 to comprehend
the ZVT phenomena in lines with the circuit operations. This
trajectory is plotted based on zero initial resonant currents with
x-axis being considered to be drain source voltage of Q2 and
the product of Zr and iLaux above both the inductor currents
as the y-axis. As the Zr is a constant value, the vertical axis
mostly dictates the current flowing in the resonant tank during
the ZVS interval. Point A highlights the start of the resonance,
with the peak resonant inductor current happening at point B
along the trajectory. Point C represents the end of resonance
with vds;Q2 reaching zero and Q2 is turned on at this instant.
Further, iLaux starts to discharge and reaches zero at point D.

Fig. 5. Resonance trajectory of the main switch as per the proposed ZVT

The resonance phenomena is complete at this instant with no
stored energy within the resonant tank. As illustrated in Fig. 5,
the red curve shows the trajectory for optimal value of Tahead
where it will attain the lowest losses and for higher range,
ZVT is achieved at the cost of increased Laux current. For
lower values of Tahead, drain-source voltage is not completely
brought down to zero leading to hard switching. Based on
the trajectory shown in Fig. 5, as long as (-Vo+2VCint) is a
negative value, there is always an intersection point C where
the Q2 drain source voltage is resonated to zero. Thus, this
leads to a constraint that Vo should be larger than twice the
VCin. Thus, for high gain applications, it is evident that the
proposed soft-switching QBC with the applied adaptive timing
scheme will always achieve ZVS.

For the proposed converter, a small ZVT inductor and a
switch replacing one of the existing diode are the two major
modifications in terms of loss evaluation. As per the placement
of Laux, it contributes towards core and copper loss during
the (1 � D) portion. Whereas, Qin is a replacement of D2

which conducts for the entire ON interval including a short
resonant interval. Also, the increase in conduction loss due to
Laux, Qin and D1, which carries resonant current for a very
small duration is quite less in comparison to the reduction
in conduction loss (due to D2 replacement) and reduction
in switching loss (due to ZVS). Hence, the loss equations
corresponding to soft-switching QBC are given below,

PLaux = PLaux;Core + PLaux;Cu

= kfe�B
�f�swVcore + I2

Laux;rmsRLaux (30)

where, kfe, �, � are obtained from the characteristic curves of
the inductor core material used, and �B, fsw, Vcore, RLaux
are the flux density, switching frequency, core volume and
equivalent series resistance of Laux.

Further, as Qin attains ZCS, ZVS for ON and OFF transi-
tions, the losses in this switch mainly consists of energy loss
due to device output capacitance (Eoss) and conduction loss.
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Fig. 6. Total losses versus adaptive ahead time with varying gain at fixed
load

These losses can be expressed based on iQin;rms in (24),

PQin = PQin;Eoss + PQin;cond

= 0:5CossV
2
ds;Qinfsw + I2

Qin;rmsRdson (31)

A negligible change in the input diode loss (PD1) is seen for
the proposed case compared to the conventional one. This is
due to the fact that diode conducts the same current along with
a short resonant current which exists for less than 150 ns and
thus the average current of Laux can be used to estimate the
loss due to diode forward voltage drop (Vf ) as below,

PD1 = ILaux;avgVf (32)

The total losses (Ptot;losses) for the proposed converter can
be expressed based on the above equations along with losses
from passive components (L1, L2, Cint, Co) and considering
only conduction loss from Q1, Q2, without including loss from
D1;2 is termed as P 0QBC .

Ptot;losses = PLaux + PQin + PD1 + P 0QBC (33)

Based on the Ptot;losses analysis presented above a com-
prehensive PLECS based simulation is carried out, in which
the Tahead is swept from 100 ns to 300 ns for different gain
range (2.5 to 8.34). The respective results are recorded and
shown in Fig. 6. As mentioned earlier, it is observed that large
values of Tahead results in high iLaux (due to long duration
of charging time) causing higher losses in comparison to the
loss saved due to soft-switching and smaller values of Tahead
results in valley switching with comparable additional losses
incurred. These variations are clearly evident in the presented
plot and for each of the gain condition, an optimal Tahead
settings corresponding to the lowest loss point follows the
curvature of (28). This validates that the above analysis is
in good agreement with the simulation results.

V. EXPERIMENTAL RESULTS AND DISCUSSION

As per the specifications in Table II, a 250 W hardware
prototype is developed to verify the functioning of proposed
topology as shown in Fig. 7a. Infineon’s 250V silicon MOS-
FET (IPP200N25N3-G) is used for the main, synchronous and

TABLE II
HARDWARE PROTOTYPE SPECIFICATION

Parameter Values

Q1, Q2, Qin IPP200N25N3-G

D1 & anti-parallel diodes MBR40250G

L1, L2, Laux 100 uH, 200 uH, 1:12 uH

Cint, Co 10 uF, 40 uF

(a) Photograph of the hardware setup

(b) Volume comparison of the inductors used

Fig. 7. Hardware setup of the proposed topology

input switches and MBR40250 low forward drop, schottky
diode is used for the input and anti-parallel diodes. All the
inductors are custom wound using TDK and Ferroxcube cores
to obtain a low-profile design as shown in Fig. 7b. The
prototype is operated at a switching frequency of 100 kHz
and TMS320F28335 digital signal processor (DSP) is used
to generate the gate pulses for the input and boost switches.
The ahead time requires precise time control and hence DSP
is used. The converter efficiency is measured using Yokogawa
WT3000 power analyzer. Four different test cases are con-
sidered in this work, which clearly elucidate the proposed
adaptive soft-switching mechanism under different system

Fig. 8. Salient switching level waveforms highlighting the inductor currents
of iL1, iL2, iLaux, drain-source, gate-source voltages of Q2, Qin (iL1:
5A/div, iL2: 5A/div, iLaux: 10A/div, vQ2;gs: 10V/div, vQ2;ds: 100V/div,
vQin;gs: 10V/div, vQin;ds: 200V/div)

This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIA.2022.3193880

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.



Fig. 9. Zoomed-in waveforms at turn-ON instant of Q2 and Qin with the
proposed circuit (iL1: 5A/div, iL2: 5A/div, iLaux: 10A/div, vQ2;gs: 10V/div,
vQ2;ds: 100V/div, vQin;gs: 10V/div, vQin;ds: 200V/div)

Fig. 10. Zoomed-in waveforms at turn-OFF instant of Q2 and Qin (iL1:
5A/div, iL2: 5A/div, iLaux: 10A/div, vQ2;gs: 10V/div, vQ2;ds: 100V/div,
vQin;gs: 10V/div, vQin;ds: 200V/div)

conditions.

A. ZVT operation under fixed load

This section validates the performance of the proposed
soft switching scheme under fixed input and output voltage
conditions. Salient waveforms of the converter gate pulses
(main and input switches), respective drain-source voltages,
followed with L1, L2 and Laux inductor currents operating
at an input voltage of 36 V, output voltage of 200 V and

output power of 155 W for one switching period are shown
in Fig. 8. It can also be observed that the input inductor (L1)
current has lower ripple compared to the intermediate inductor
(L2) current, whereas L1 carries higher average current of
4.485A compared to 1.92A for L2. When Qin is turned ON
ahead of Q2, Laux charges linearly until it reaches iL2. At
this instant, Laux resonates with the equivalent switch-pole
capacitance leading to ZVS for Q2 as shown in the zoomed-
in waveform in Fig. 9. As seen, the main switch drain-source
voltage (vQ2;ds) is brought down to zero before the gate-
source voltage (vQ2;gs) reaches the threshold voltage level
demonstrating ZVS operation. Also, Qin attains near ZCS
turn-ON operation (with minimal loss due to Coss energy)
while supporting the rising component of Laux current before
the actual resonance. Laux conducts only during (1 � D)Ts
period, incurring minimal additional losses compared to the
significant reduction in the switching and conduction losses.

Fig 10 shows the zoomed-in waveform corresponding to
the turn-OFF instant which illustrates the near ZVS turn-
OFF condition for Q2 and synchronous rectified turn-OFF
operation of Qin. This is achieved due to the inherent large
capacitance of the MOSFET along with a small snubber
capacitor paralleled to both the switches to decrease the turn
OFF loss. After the resonance phenomena with iLaux being
discharged to zero, Qin conducts the charging current for iL1

during most of the DTs interval and turns-OFF slightly ahead
of main switch. As Qin operates in synchronous rectified
mode at turn-OFF, anti-parallel diode of Qin can conduct iL1,
assuring ZVS at turn-OFF instant. Hence, as proposed Qin
achieves soft-switching for its operation along with all other
benefits with minimal additional losses.

B. Operation under varying Tahead

In order to demonstrate the advantage of proposed adaptive
soft-switching method, the hardware is tested under 36 V to
200 V, 210.4 W at 100 kHz with Tahead being swept from
132 ns to 302 ns and the respective ZVS waveforms under

Fig. 11. Experimental test results with different Tahead conditions at 200 V, 210.4 W, 100 kHz (iL1: 5A/div, iL2: 5A/div, iLaux: 10A/div, vQ2;ds: 100V/div,
vQ2;gs: 5V/div, vQin;gs: 5V/div, Time: 100ns/div)

This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIA.2022.3193880

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.



Fig. 12. Experimental efficiency results with varying Tahead at 36V input,
200V output and 210W load condition

Fig. 13. Experimental efficiency results with different input voltage condi-
tions at 200V output and 100kHz switching frequency

each condition are shown in Fig. 11. Also, the corresponding
efficiencies are plotted in Fig. 12. These results show that large
ahead time confirms ZVS for Q2 at the cost of increased losses
in Laux (with increased iLaux;pk) and Qin, whereas smaller
ahead time results in valley switching condition for Q2 which
may not yield optimal loss condition for the entire circuit. As
per the proposed scheme and the recorded efficiency results,
the converter achieves highest efficiency of 96.1% at 150 ns
in close agreement with (28).

C. Operation under varying load power and Vin
As a proof of concept, the hardware is also tested under

varying load power with three different Vin conditions and the
respective efficiencies are shown in Fig. 13. For each of the
input voltage and load condition, the Tahead timing is varied
according to (28). The converter performance validates that it
can attain high gain along with soft-switching operation for
each of the load and input voltage conditions. The converter
can achieve a peak efficiency of more than 95.4 % for all the
three input voltage conditions.

D. Hard-switching versus Soft-switching Operation

For comparison, the hard-switching operation of QBC is
also conducted under same test conditions with a switching
frequency of 100 kHz and the efficiency results are plotted
in Fig. 15. Power analyzer screenshots of converter efficiency
condition under soft-switching operation are presented in Fig.

(a) Peak efficiency at 155 W (b) Full load efficiency at 255 W

Fig. 14. Power analyser screenshots at different operating points

Fig. 15. Experimental efficiency results at 36V to 200V, 100kHz under
hard-switching and soft-switching operation

14, which shows a peak efficiency of 96.1% at 155:36 W
and 95.79% at full load. When compared with the respective
hard-switching case, a gain in efficiency of 2.16% is achieved
at 254:5 W, which is majorly due to the loss saved from
switching and conduction with negligible loss added from
new components. Further, this is validated using a detailed
simulation based loss analysis conducted at 200 V, 254.5 W
to study the loss distribution among the different components
of the converter under hard, soft-switching, CRM conditions.
The corresponding loss sharing for all the cases are illustrated
in Fig. 16, where it is observed that the input diode losses
contribute towards 63% (10.55W) of the entire loss in hard-
switching case. But in the proposed configuration, the input
diode loss is significantly reduced to 45% (4.61W) of the
total losses. This is achieved due to the replacement of diode
conduction loss with MOSFET Rdson loss at the input side.
Also, with the soft operation for all switches in the proposed
converter, loss reduction in the individual switches is seen in
the latter case. As seen in Fig.16, the soft-switching case has
negligible impact on the losses in the passive components. To
show the performance of the proposed converter in comparison
to the CRM circuit in [32], loss analysis is also carried out
for the CRM case at 80 kHz after selecting suitable passive
components and the corresponding results are shown in Fig.
16. As seen even though CRM case reduces the switching
loss, but due to the increased inductor current ripple more
losses are observed in diode conduction and inductor core
in comparison to the actual loss saved. Further, from the
experimental results the total losses for hard and soft-switching
are 16.18 W and 10.69 W. The total losses from analytical
and measured efficiency results are in good agreement at
254.5 W for the proposed converter. Also, other than the
power circuit losses, the house keeping power supplies (i.e,
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Fig. 16. Loss distribution for hard and soft-switching case at 36V input, 200 V output, 254.5 W, 100 kHz and CRM case at 80 kHz

TABLE III
COMPARISON WITH QBC AND OTHER SOFT-SWITCHING DC-DC TOPOLOGIES

Ref.
Soft/Hard
switching$

Main
switch Specifications Total

components#
Sum of all

device V stress$$
Sum of all

device I stress## Rated �

Proposed SS Si Vin: 30-40V, Vo: 200V
Po: 250 W, fsw: 100kHz

L:3, C:2
S:3, D:1 600V 32A 95.8 % at 250 W

(Vin: 36 V)

[32] SS GaN Vin: 30-40V, Vo: 200V
Po: 250 W, fsw: 80-166kHz

L:3, C:2
S:2, D:2 600V 36A 94.6 % at 250 W

(Vin: 36 V)

[26] SS Si Vin: 30V, Vo: 200V
Po: 300 W, fsw: 100kHz

L:3, C:1
S:4, D:1 600V 56A 94.7 % at 300 W

(Vin: 30 V)

[28] SS Si Vin: 24V, Vo: 200V
Po: 200 W, fsw: 50kHz

CL:2, L:1, C:2
S:2, D:3 930V 68A 90.5 % at 200 W

(Vin: 24 V)

[27] SS Si Vin: 36V, Vo: 200V
Po: 240 W, fsw: 110kHz

L:3, C:3
S:2, D:3 800V 37A 90.8 % at 240 W

(Vin: 36 V)

[30] QRO Si Vin: 25V, Vo: 200V
Po: 200 W, fsw: 50kHz

CL:1, L:1, C:4
S:2, D:4 610V 42A 94.1 % at 200 W

(Vin: 25 V)

[33] HS Si Vin: 40V, Vo: 250V
Po: 200 W, fsw: 50kHz

L:2, C:3
S:1, D:3 750V 28A 92.3 % at 200 W

(Vin: 40 V)

[34] HS Si Vin: 20, Vo: 280V
Po: 280 W, fsw: 50kHz

CL:1, L:1, C:5
S:2, D:5 720V 55A 94.3 % at 280 W

(Vin: 20 V)

[25] SS SiC Vin: 117V, Vo: 350V
Po: 800 W, fsw: 100kHz

L:4, C:3
S:1, D:5 1563V 56A

94.7 % at 800 W
95.5 % at 250 W

(Vin: 117 V)
$ SS: Soft-switching, QRO: Quasi-resonant operation, HS: Hard-switching
# CL: Coupled Inductor, L: Inductor, S: Switches, D: Diodes, C: Capacitors
$$ This is the summation of the peak voltage across all switches and diodes in the converter (

P
Vsw;pk +

P
VD;pk)

## This is the summation of the peak current across all switches and diodes in the converter (
P
Isw;pk +

P
ID;pk)

for controller and auxiliary supply) consume a total of 1.42 W,
which is not included in the the efficiency results reported. The
performance of the proposed converter is compared with some
of the recent works and presented in Table III, highlighting the
comparison in terms of soft or hard switching operation, device
level voltage and current stress, total number of components
involved and respective efficiency under rated load conditions.
Rated power efficiencies are compared in the table and it
shows that the proposed scheme attains comparable efficiency
using all silicon devices at 100 kHz switching frequency.

VI. CONCLUSION

QBC is a single switch non-isolated, high gain converter
used for low to moderate power applications. The major loss
contribution in QBC is from the conduction and switching
losses from active devices. Many prior soft-switching schemes
require a dedicated auxiliary or active clamp circuit along

with coupled inductors which makes it complex at design
and implementation levels. Also, MOSFETs with low Rdson
comes with dominant switching loss posing less freedom
in switch selection. These issues are tackled in the work
using the proposed soft-switching QBC. The converter features
that all active devices are switched softly alleviating any
possible EMI noise and helps in reliable operation. This is
achieved by replacing an existing input diode of QBC with
a low rated switch. This input side switch helps in creating
a resonant path between ZVT inductor and switching pole
in realizing ZVS. Also, the input switch is driven adaptively
to attain maximum efficiency under different gain and load
conditions. The proposed scheme is verified experimentally
and the corresponding results show good agreement with the
analysis. The merits of low input current ripple and complete
soft-switching for entire load range using all Si devices makes
it suitable for wide range of applications.
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