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ABSTRACT This article presents a single-switch high step-up quadratic DC-DC converter for DCmicrogrid
applications. The quadratic boost converter is integrated with switched capacitor cell along with coupled
inductor to achieve high gain at reduced duty ratio. The switched-capacitor cell is composed of two diodes
and two capacitors. The capacitors charge in parallel and discharge in series to increase the converter’s gain.
The coupled inductor turn ratio can be increased to elevate the converter’s gain further. The inductor at the
input minimizes the current ripples and makes the input current to be continuous. Moreover, the proposed
converter works as a passive clamp circuit to minimize large voltage spikes across the switch (MOSFET)
and it has low Rds(on-state) to minimize the conduction losses. As a result, the device’s rating improves,
losses decrease, and it becomes less expensive to switching devices of the converter. The energy leakage of
the coupled inductor is recycled to the output capacitor, it can reduce the reverse recovery issue in diodes
and increases efficiency of converter further. The proposed converter working principle and its analysis are
explained with different operating modes. The performance of the converter is validated with laboratory
hardware setup with rating of 160W. Here, the input and output voltages are considered at 20V and 400V,
respectively. Finally, the superiority of the proposed converter is compared with existing literature in terms
of gain, stress across various components, switching performance and efficiency.

INDEX TERMS Coupled inductor, dc–dc converter, high step-up, passive clamp circuit, quadratic, switched
capacitor cell.

I. INTRODUCTION
As the world’s fossil fuel reserves continue to deplete at an
alarming rate, it is imperative that countries take effective
and persuasive action towards the adoption of green energy
resources. Many countries have already recognized the need
for this shift and are leading the way towards a sustainable
future. In the production of electricity, renewable energy
sources (RES) play a crucial role due to their advantages
such as pollution-free, abundance, and clean. The schematic
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diagram of a RES in DC microgrid application is shown in
Fig. 1. Among RES, photovoltaic and fuel cells are exten-
sively used due to their compatibility and reliability [1], [2],
[3]. Generally, PV cells generate low voltage, and this voltage
is not adequate for grid-connected inverters. It is more diffi-
cult tomanage high voltagewhenmultiple cells are connected
in series, and the cost of installation is also significantly
higher [4], [5]. For grid-tied as well as standalone systems,
an ultra-high step-up boost converter is mandatory to step up
available low-voltage to a common DC link voltage. From
the literature, the conventional boost converter (CBC) has the
following limitations majorly [6], [7].
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FIGURE 1. General schematic of RES.

1) Extreme duty cycle is needed, which leads to conduc-
tion losses of the converter.

2) It has no control over input current. At high duty cycle,
it draws large current from the source which can dam-
age converter components.

3) Switch and diode voltage stresses are equal to the out-
put voltage. As a result, the rating of the components is
high and their cost increases.

4) The components with high on-state resistance create
losses in the converter and reduce the efficiency.

5) Reverse recovery issue is experienced by the diodes.
It reduces the switching speed and rating of the con-
verter further.

6) The voltage gain is limited due to lack of coupled
inductor, voltage multipliers and passive clamp circuit.

Several converters are listed in the literature for the gain
improvement of converters. In these converters, the CBC is
integrated with various voltage boosting methodologies such
as switched capacitor (SC) [8], [9], [10], switched inductor
(SI) [11], [12], active network (AN) based SC [13], active
network (AN) based SI [14], and AN based SI and SC for
the improvement of gain [15]. Later, coupled inductor (CI)
based boost converters are developed. This coupled induc-
tor is highly efficient and capable to generate a high gain
by the increment of turns ratio [16]. However, the leakage
inductance of CI creates high voltage spikes over the semi-
conductor switches which leads to considerable power losses.
This can be avoided by using clamping circuits such as diode
clamp [17], passive clamp [18], and active clamp [19], [20]
circuits. Clamp circuits can also improve the gain, by recy-
cling the energy leakage of CI. This leakage energy helps to
mitigate the reverse recovery issue of diodes.

In [21] and [22], the voltage multiplier is merged with
CI-based BC to lift the gain of the converter. In this active
clamp is used for recycling energy and alleviating spikes of
switching devices. Apart from this, the power switch and aux-
iliary switch are operated at zero voltage switching.With this,
supplementary switch causes extra conduction losses and
increase components count. It leads to high costs and com-
plexity of the converter. In [11] and [23] switched capacitor is
combined along with coupled inductor-based boost converter
towards enhance the gain further. Here, a passive clamp is
used to mitigate voltage spikes and recycle leakage energy.
These converters have a high ripple of input current. In [24],
voltage multiplier and SC boosting methods are implemented
in a non-isolated converter. Here, the switch is operating

at zero current switching. The major drawback is that the
SC cells are increased for gain enhancement. In [25] is also
coupled inductor integrated with a voltage multiplier to rise
the value of gain. Also, the passive clamp is used to realize
soft switching condition which minimizes the cost, improve
efficiency and reduce the complexity. The above-mentioned
converters can provide higher gain at a lower duty ratio
with reduced switch stresses at maximum rating. However,
the major drawback is high pulsating input current causes
malfunction of protection systems and restricted to limited
rating. Thus, the interleaved configuration is implemented
to minimize the ripple of input current. In [20], [26], [27],
and [28] interleaved converter with coupled inductors is pro-
posed, it has lower input current ripples at high gain. Here,
the switches are operated under hard switching. In [29],
interleaved converter combined with voltage multiplier and
coupled inductors and operate under zero-current switching
(ZCS). With this, it provides low input current ripples, lesser
switch current and stress. However, lower gain and high
components are the major drawbacks. In [30] and [31], zero-
voltage switching (ZVS) interleaved converter is proposed,
it provides high gain, low switch current, lesser ripple of
input, and reduced voltage stress. The major drawback of the
aforementioned converter has a greater number of switches
which increases complexity of design analysis.

Another solution for providing high gain is a quadratic
boost converter. In [32], quadratic boost integrated with cou-
pled inductor and voltage multiplier to lift the voltage gain.
Here, the device’s stress is equal to the value of the output
voltage. In [33], voltage doubler and coupled inductor are
combined with a quadratic boost converter to lift the gain.
Nevertheless, the stress of devices is remaining unchanged,
and the gain increment is also not significant. After consider-
ing all the merits and demerits of above-discussed converters,
a new converter topology is proposed with the following
features.

1) The switched capacitor cell and a coupled inductor
incorporated in a quadratic boost converter to get an
ultra-high step-up gain converter.

2) The coupled inductor turns ratio further helps to lift the
gain of the converter.

3) The inductor at the input side assists in the generation
of continuous input current with reduced ripple content
hence rating increases.

4) Passive clamp is employed to diminish the switch volt-
age spikes, which decreases the conduction loss and
cost of the switching device.

5) Clamp circuit reclaims the energy leakage of the cou-
pled inductor, which aids in to increment of gain as well
as the power density of the converter.

6) Furthermore, the reverse recovery issue of the output
diode is successfully resolved by the inclusion of the
CI leakage inductance component.

The remaining sections in the article are arranged as fol-
lows. Section II provides a description and operating principle
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FIGURE 2. Proposed single-switch quadratic high step-up converter
circuit.

of the proposed converter. Performance analysis is given in
Section III. Details regarding design constraints are elabo-
rated in Section IV. Section V represents experimental results
and efficiency estimation. Performance comparison among
proposed and existing converters is discussed in Section VI.
Finally, Section VII gives conclusions.

II. OPERATING PRINCIPLE AND MODES OF THE
PROPOSED CONVERTER
Fig. 2 illustrates the proposed single-switch quadratic high
step-up converter circuit. It is mainly composed of a quadratic
boost, switched capacitor cell, and a coupled inductor (CI).
Themagnetizing and leakage inductances (Lm, Lk ) alongwith
turns ratio (n) are equivalent to CI. The quadratic boost is
formed by MOSFET switch S, diodes D1, and D2, input
inductor L, capacitor C1, and primary of CI. The capacitors
C2, C3, and diodes D3, D4 built switched cell. Switched
capacitor cell and secondary of CI together form a passive
clamp, which provides less voltage spikes of the switch and
recycles energy leakage of CI to achieve zero current switch-
ing to turn OFF the diodes.

The detailedworking of a converter can be explained in two
modes, and its corresponding key waveforms are presented
in Fig. 3. The relevant equivalent circuit for each mode is
presented in Fig. 4.
Mode 1 [t0-t1]: At time t = t0, the switch S is turn ON,

and the inductor current starts to increase gradually. Also,
the CI is starts to energize by the capacitor C1. Whereas, the
CI secondary and switched capacitors C2, C3 are discharging
energy to load through the diode D0. The diodes D1, D3, and
D4 experience reverse voltage and they are in reverse bias.

Mode 2 [t1-t2]: At time t = t1, the switch S is turned OFF.
The diodes D0, and D2 are in reverse bias due to reverse
voltage. Both input and coupled inductors along with supply
start to energies the capacitorsC2 andC3. In thismode, diodes
D1, D3, and D4 are in forward bias. The output capacitor
supplies to the load. The same analysis repeats for every
cycle.

III. PERFORMANCE ANALYSIS
The mathematical equations of the proposed converter under
steady state conditions are derived by making the following
assumptions.

FIGURE 3. Key waveforms.

FIGURE 4. Equivalent circuit for each mode of operation.

1) All components and semiconductor elements are ideal.
2) Continuous conduction mode (CCM) of operation.
3) The rating of capacitors is adequately large to sustain

constant voltage.

A. STEP-UP GAIN DERIVATION
In mode 1, both the input inductor and primary of CI are
energized by the supply and capacitor C1, respectively. The
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expressions for input and magnetizing inductor voltages are
given below.

VL (on) = Vin (1)

VLp (on) = kVC1 (2)

V0 = VC2 + VC3 + NVC1 (3)

Here, k represents the CI coefficient of coupling.

k =
Lm

Lk + Lm
(4)

In mode 2, the voltage across the inductors are given below.

VL (off ) = VC1 − Vin (5)

VLp (off ) =
k (V2 − VC )

(1 + Nk)
(6)

After solving, equations (1) and (5), the voltage across capac-
itor C1 is obtained and is given below.

VC1 =
Vin

(1-D)
(7)

After solving, equations (2), and (6), the voltage across capac-
itors C2, C3 are obtained, which are same and is given below.

VC2 = VC3 =
(1+NkD)Vin
(1−D)2

(8)

From equation (3), the voltage developed across the capacitor
C0 is given below.

VC0 =
(2+N + 2DNk − ND)Vin

(1−D)2
(9)

Thus, the gain (M) of the converter is obtained and is given
below.

M =
(2 + N + 2DNk − ND)

(1 − D)2
(10)

The above equation includes the leakage inductance effect.
The gain equation can be simplified with k=1 (neglecting Lk
effect).

M =
(2 + N + ND)

(1 − D)2
(11)

The equation (11) affirms that the suggested converter
achieves a substantial step-up gain without requiring an
excessively high duty ratio. Fig. 5 illustrates the relationship
between voltage gain (M), turns ratio (N), and duty ratio
(D). From the figure, with a turn’s ratio of N = 2, the
converter achieves a voltage gain of 20 when operating at
a duty cycle close to 0.5. It shows the superiority of the
proposed converter.

B. SEMICONDUCTOR STRESSES
The MOSFET voltage stress can be derived from mode 2, the
expression for this parameter is given below.

VS =
Vin

(1 − D)2
=

V0
(2 + N + ND)

(12)

FIGURE 5. Proposed converter voltage gain vs. turns ratio vs. duty ratio.

The voltage stress (VS ) on the switch is expressed in terms
of input voltage (Vin) and duty ratio (D) as well as output volt-
age (Vo), duty ratio (D), and turns ratio (N ). The equation (12)
confirms that low voltage rating of MOSFET switches with
low Rds (on-state) can be used for the proposed converter to
reduce cost and conduction losses of the switches. At N =

2 and D = 0.5, the voltage stress of the switch is computed
20% of the output voltage.

Similarly, equation (13) gives the voltage stress on diode
D1, which is equal to VC1. Whereas, the stress on diode D2 is
given in equation (14).

VD1 = VC1 =
Vin

(1 − D)
=

V0(1 − D)
(2 + N + ND)

(13)

VD2 =
VinD

(1 − D)2
=

DV 0

(2 + N + ND)
(14)

The voltage stress on diodes D3, D4 are equal and
expressed in equation (15), and stress on diode D0 is
expressed in equation (16).

VD3 = VD4 =
(1 + N )Vin
(1 − D)2

=
(1 + N )V0

(2 + N + ND)
(15)

VD0 =
(1 + N )Vin
(1 − D)2

=
(1 + N )V0

(2 + N + ND)
(16)

Fig. 6 illustrates the normalized stress on various compo-
nents of converter versus turns ratio. From the figure, it is
realized that normalized voltage stress of switch VS , stress on
diodes VD1, VD2 are decreased with increment in turns ratio
at D = 0.5. Whereas, stress on diodes VD3, VD4, VD0 are
increased with increment in turns ratio at D = 0.5.

Assume lossless converter, then the input current (I in) can
be written as given below.

Iin =
(2 + N + ND)I0

(1 − D)2
(17)
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FIGURE 6. Normalized voltage stress of switch and diodes vs. turns ratio
at D = 0.5.

The current stresses on diodes (ID1, ID2, ID3, ID4 and ID0) are
given below.

Iin = ID1 = ID2 =
(2 + N + ND)I0

(1 − D)2
(18)

ID3 = ID4 =
I0

(1 − D)
(19)

ID0(peak) =
2I0
D

(20)

C. BOUNDARY CONDITIONS
The expressions for change in input andmagnetizing inductor
current ripples are expressed in equation (21) and (22), and
relevant maximum conditions are expressed in equation (23)
and (24).

1IL =
DVin
fsL

(21)

1ILm =
DVC1
fsLm

(22)

IL(max) =
D(1 − D)2V0

fsL(2 + N + ND)
(23)

ILm(max) =
D(1 − D)V0

fsLm(2 + N + ND)
(24)

Thus, the average value of inductor current is given below.

IL(avg) =
DVin
2fsL

(25)

After equating equations (23) and (25), the value of output
current at the boundary condition is given below.

I0B =
D(1 − D)4V0

2fsL(2 + N + ND)2
(26)

The minimum values of input and magnetizing inductances
are needed to achieve CCM and is given below.

L ≥
(1 − D)4RD

2fs(2 + N + ND)2
(27)

FIGURE 7. Normalized boundary time constants of input and coupled
inductor vs. duty ratio.

Lm ≥
D(1 − D)2R

2fs(2 + N + ND)2
(28)

The boundary values of inductor time constants (τLB) are,

τLB =
L
RTs

(29)

τLB =
D(1 − D)4

2(2 + N + ND)2
(30)

τLmB =
D(1 − D)2

2(2 + N + ND)2
(31)

The normalized boundary time constants of input inductor
and coupled inductor versus duty ratio is shown in Fig. 7.
At D = 0.5, the time constant of input and magnetizing
inductors are 0.0006 and 0.0025, respectively.

IV. DESIGN OF COMPONENTS
A. SELECTION OF SEMICONDUCTOR COMPONENTS
The rating of semiconductor components such as switch
and diodes are selected on the basis of current and voltage
stresses experienced across the components. The selected
ratings should bemore than the calculated values, considering
of switching voltage spikes.

B. SELECTION OF CAPACITORS
The selection of capacitors is predominantly determined
by the switching frequency and the magnitude of volt-
age ripple. The capacitance is expressed in the following
equation (33).

C =
icD

%1VC fs
(32)

The output capacitor with voltage ripple of 0.1% is computed
10.4µF from equations (33) and (34).

C0 =
I0D

%1V0fs
(33)
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TABLE 1. Various components and their ratings used in the proposed converter.

C0 ≥
0.4 × 0.52

0.001 × 400 × 50 × 103
= 10.4µF (34)

The effect of series equivalent resistance is reduced by using
two 47 µF capacitors connected in parallel, and net capac-
itance is 94 µF. The circuit capacitors C1, CM1, CM2 are
calculated by considering 5% to 10% of ripple content in the
voltage.

Ci =
DI0

%1VCifs
where, i = 1,M1,M2 (35)

The rating of capacitors is higher than the calculated value to
account of loss due to equivalent series resistance.

C. DESIGN OF COUPLED-INDUCTOR (CI)
In proposed converter, the CI is placed at the middle and after
the input inductor. Thus, it is not necessary to design with
low current ripple. The following is an expression for the
magnetizing inductance.

Lm =
DVC1
δILmfs

(36)

Lm =
0.52 × 41.66

0.7 × 6.5 × 50 × 103
= 95.20µH (37)

where, δ is peak to peak ripple content and considered as
70%. The value of computed Lm is 95.20 µH. Hence, the
magnetizing inductance of 100 µH is chosen by considering
the leakage inductance of 2 µH. To obtain this value in
hardware development a sendust core (micrometals) is used
to made CI with turns ratio N = 2.

D. INDUCTOR DESIGN
An inductor is placed after the input to minimize input cur-
rent ripples. The expression for input inductance is given in
equation (38).

L =
DVin
δIinfs

(38)

L =
0.52 × 20

0.05 × 9 × 50 × 103
= 462.22µH (39)

where, δ is peak to peak input current ripples. By considering
5% current ripples and 0.52 duty cycle at 50 kHz switching
frequency. The calculated value of inductance is 462.22 µH.
Hence, it is selected as 500 µH for better performance in
hardware development.

FIGURE 8. Prototype experimental setup of proposed converter.

V. RESULTS AND EFFICIENCY ESTIMATION
Theoretical analysis was used to design a 160 W rating at
50 kHz switching frequency. This was validated through
prototype hardware development in a laboratory, with input
and output voltages of 20 V and 400 V, respectively. The pro-
totype experimental setup of proposed converter is shown in
Fig. 8. The gate signal for the switch is generated using FPGA
controller (Intel Cyclone IV evaluation board) and TLP-350
is used for gate driving of power MOSFET to amplify the
signal. The 4-channel DSO (Tektronix) is used to record and
store the waveforms with the help of differentially voltage
and current probes. Other than these, the various components
and their ratings used in the proposed converter are presented
in Table 1.

Fig. 9 illustrates the DSO captured experimental wave-
forms of proposed converter. Fig. 9 (a) represents the gate
pulse of MOSFET device, input voltage waveform of 20V
and the output voltage waveform of 400 V at duty ratio of
0.52. The MOSFET gate pulse along with input inductor
and coupled-inductor (primary and secondary) current wave-
forms are shown in Fig. 9 (b). Fig. 9 (c) shows gate pulse,
voltage and current of the switch. The waveforms of voltage
across the clamp (CC ) and voltage multiplier capacitors (C2,
C3) with gate pulse is presented in Fig. 9 (d). Fig. 9(e)
represents the waveforms of voltage stress experienced by
the diodes (D1, D2) with respect to the pulse of gate. The
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FIGURE 9. Experimental results (a) Gate pulse, input and output voltage waveforms, (b) Gate pulse, input inductor, coupled inductor primary
and secondary currents waveforms, (c) Gate pulse, voltage and current waveforms of the switch, (d) Gate pulse, voltage across the switched
capacitors (C1, C2, C3) waveforms, (e) Gate pulse and voltage across the diodes (D1, D2) waveforms, (f) Gate pulse and voltage across the
diodes (D3, D4, D0) waveforms.

waveforms for the voltage stress of the diodes (D3, D4, and
D0) with respect to the gate pulse is presented in Fig. 9 (f).

A. EFFICIENCY ESTIMATION
The proposed converter efficiency is estimated by computing
the losses occurred in the various components such switch,
diodes, capacitors, and coupled-inductor.

The power loss of switch is computed using equation (40).
Equation (41) represents the expression for the power losses

occurred in the diodes. The coupled-inductor power and core
losses are calculated using equation (42) and (43), respec-
tively. The power losses of capacitors are computed using
equation (44).

PS−loss = (I2S (rms)×Rds(on))+PS (on)+PS (off ) (40)

where, Rds(on-state) is MOSFET on-state resistance.

PD−loss=
∑

(I2d (rms)×Rd (on)) +

∑
(Id (avg)×Vf ) (41)
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TABLE 2. Performance comparison of converters.

FIGURE 10. Power loss distribution of converter.

where, Vf is forward voltage across diode.

PCI−power=
(
I2LP (rms) × rp

)
+

(
I2LS (rms) × rs

)
(42)

where, rp, rs are primary and secondary resistances of
coupled-inductor.

PCI−core= k×Ac × lc × Bβ
max × f α (43)

FIGURE 11. Efficiency vs. % of rated load.

where, lc, Bmax , Ac are mean length, maximum flux density,
and cross-sectional area of core, respectively. α, β and k are
constants.

PC−loss = (I2C (rms)∗rc) (44)

where, rc is capacitor’s series equivalent resistance.
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FIGURE 12. Voltage gain comparison.

FIGURE 13. Normalized switch stress comparison.

FIGURE 14. Normalized diode stress comparison.

Thus, the efficiency of proposed converter is estimated
using equation (45).

Efficiency =
P0

P0+PS+PD+PCI+PC
(45)

The distribution of power loss among the various com-
ponents of proposed converter is presented in Fig. 10. The

major portion of losses is constituted by diodes, while the
least portion is constituted by capacitors.

Therefore, the full load efficiency of converter at 160 W
is 92.48%. The efficiency curve for different percentages of
rated loads is shown in Fig. 11. The converter achieves its
highest efficiency when operating at nearly 40% of its rated
load.

VI. PERFORMANCE COMPARISON
Table 2 shows the comparison of proposed converter with
existing converters in literature in terms of quantity of various
components, voltage gain, stress of switch and diodes. Fig. 12
represents the voltage gain comparison of proposed converter
with others mentioned in literature. Finally, the proposed
converter provides high gain in the wide range of operating
duty cycle.

Normalized switch stress comparison of converters is
shown in the Fig. 13. Except [28] remaining converters
are more switch stress compared to proposed converter.
Fig. 14 represents normalized diode stress comparison of
converters. Proposed converter provides lower diode stress
for wide range of operating duty cycle compared to other
converters. However, the proposed converter provides high
gain with least switch and diodes stress. It shows superi-
ority of proposed converter in various aspects for real-time
implementation.

VII. CONCLUSION
This paper has been presented a quadratic boost converter
with switched capacitor cell and coupled-inductor. An ultra-
high step-up gain is achieved with help of switched capacitor
cell and turns ratio of coupled inductor. Continuous input
current andminimization of input current ripples are achieved
through an input inductor. Most importantly, the proposed
converter is used single switch to reduce the complexity of
the control circuit. Passive clamp circuit mitigate the voltage
spikes across the switching device. As a result, the switch
stress is significantly reduced to 20% of the output voltage
at N = 2, and D = 0.5. Thus, it reduces the rating, cost,
conduction losses of switch and increases the efficiency of the
converter effectively. The maximum voltage stress of diode is
also reduced to 60% of the output voltage. Further, efficiency
enhancement and reduction of reverse recovery problem in
diodes are achieved by recycling the energy leakage of cou-
pled inductor to the output capacitor. The proposed converter
description, steady-state analysis, and merits in comparison
to other related converters have been extensively discussed.
Further, a prototype of 160 W proposed converter with input
voltage 20 V and output voltage 400 V is developed, and
peak efficiency of 94.8% is achieved. This feature makes the
proposed converter is more suitable for high step-up converter
for DC microgrid applications.
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