
9530 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 9, SEPTEMBER 2020

A Single-Switch High-Gain PV Microconverter With
Low-Switch-Voltage-to-High-Voltage-Bus Ratio

Kajanan Kanathipan , Student Member, IEEE, Reza Emamalipour , Student Member, IEEE,
and John Lam , Senior Member, IEEE

Abstract—A new soft-switched, single-switch electrolytic
capacitor-less step-up dc/dc microconverter for photovoltaic
applications is presented in this article. The proposed circuit is
an improved coupled-magnetics based single-switch topology that
has low-voltage stress across the switch compared to the high
voltage dc bus level (380–400 V). The proposed circuit is able to
achieve zero voltage switching turn-ON and zero current switching
turn-OFF for the switch. Since the input inductor in the proposed
circuit operates in continuous conduction mode, the required input
filter capacitance is reduced and hence, allows for the small-size
nonelectrolytic capacitor to be used. The main advantage of the
proposed circuit is that it is able to achieve high voltage gain while
the ratio between the peak switch voltage and the output dc-bus
voltage is reduced compared to other coupled-inductor based
topologies. In addition, the proposed converter is able to achieve
maximum power point tracking through variable switching
frequency control. Results are provided on a 40-V/380-V, 200-W
system to highlight the merits of the proposed circuit.

Index Terms—DC-DC power converter, maximum power point
tracking (MPPT), photovoltaic systems, step-up converter, zero
voltage switching.

I. INTRODUCTION

SOLAR energy has had the highest growth rate among re-
newable energy resources with its global capacity having

increased from 6.01 to 505 GW from 2006 to 2018 [1], [2].
Solar energy is one of the more promising renewable energy
resources available due to its simplicity and the advancement
in solar technology. However, solar energy is unpredictable and
intermittent, resulting in the lack of constant generated power
at all times. The power generated from PV panels is directly
affected by factors such as the position of the sun, cloud cover,
temperature, and the clarity of the atmosphere. This implies the
need for a method to efficiently extract power from the PV panel
at various operating conditions.

As shown in Fig. 1, a typical solar panel’s output voltage
is much lower than the dc-bus voltage level (∼380–400 V)
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Fig. 1. Power conversion block diagram for PV systems (micro-inverter).

[3], [4] and hence, a dc/dc converter with high step-up voltage
conversion ratio is required. The converter is also responsible
for providing maximum power point tracking functionality. In
addition, the current drawn from the PV panel must have a
low ripple in order to maximize the efficiency of the MPP
tracker [5]. Various step-up dc/dc converter topologies have been
discussed in the literature [6]–[25] for use with solar energy
systems. The basic dc/dc boost converter must operate at a high
duty cycle to achieve a high voltage gain. This can result in
several issues, such as a narrow turn-OFF period, high current
ripple, high switch voltage, and increased switching losses [6],
[7]. Alternative step-up dc/dc converter topologies have been
discussed to achieve a large step-up gain [6]–[9]. For example,
the converter discussed in [8] makes use of two switches and
diodes to achieve a voltage gain of over two times larger than
the standard boost converter. These converters also maintain a
lower switch to output voltage ratio, however, they still operate
with a large duty cycle. They also require multiple switches and
diodes, which implies the need for the additional gate driver
and heat dissipation devices. Another issue is that in most cases,
these converters still require a large duty ratio to achieve high
step-up voltage conversion to match the dc-bus voltage level.

One method of achieving a large step-up gain without the need
for a large duty cycle is through the use of an interleaved structure
[7], [10]–[13], [19]. Interleaved structures also bring the benefit
of low-input current ripple and small magnetic components.
However, one drawback is the increased converter size due to
multiple semiconductor components. For example, the circuit
presented in [7] makes use of two interleaved boost converters
and a voltage multiplier cell to achieve a gain of around ten
with a duty cycle close to 70%. In the case of the interleaved
structure discussed in [10] and [19], several of its semiconductor
switches are not connected to ground, which implies the need
for additional isolation devices.

In order to circumvent these issues, coupled inductor based
dc/dc step-up converters that do not require the use of large
duty ratio have been reported [14]–[18], [20], [21], [23]. For
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Fig. 2. Proposed single-switch dc/dc step-up converter for PV application.

instance, the circuits discussed in [14] and [15] achieve a large
step-up ratio while utilizing a medium duty cycle. In both
cases, the converters require multiple switches, with some of
them operate under hard switching [14]. Single-switch coupled
inductor topologies operating without soft-switching, leading
to larger component sizes due to their low-switching frequency
are discussed in [20] and [23]. Single-switch coupled inductor
based dc/dc converter topologies with soft-switching operating
have been presented in [17] and [18]. However, the switch in
both circuits suffers from a very high voltage stress. In [17], it
was reported that the switch voltage to output voltage ratio is
greater than 1, while in [18], the ratio is greater than 2 in all
operating conditions. This implies the converter operates with a
peak switch voltage of close to 800 V, which is not very practical.

Several aforementioned step-up PV microconverters [5], [17]
do not require any electrolytic capacitors in their circuits. It is
known that electrolytic capacitors have an energy density greater
than that of film and ceramic capacitors at the same rated voltage.
However, the lifetime expectancy of an electrolytic capacitor is
much less than that of the overall converter and they are prone to
large failure rates according to [26] and [27]. Through input cur-
rent ripple minimization, these capacitors can be replaced with
small-sized nonelectrolytic capacitors to improve the lifetime
expectancy.

In this article, a soft-switched electrolytic capacitor-less
single-switch step-up converter for photovoltaic energy appli-
cation is presented. The proposed converter is an improved
coupled inductor based topology that has a low ratio of switch
voltage to the high voltage dc bus value. Hence, compared to
other reference coupled inductor based topologies, the proposed
converter has much lower voltage stress across the switch. Quasi-
resonant zero-voltage switching condition is employed with the
single-switch to improve the overall efficiency by minimizing
the switch power loss. By operating the input inductor of the
converter in continuous conduction mode with a low current
ripple, a small-sized nonelectrolytic capacitor can be employed
at the input, removing the need for an electrolytic-capacitor.
Through the use of variable frequency control, the converter can

operate at the solar input’s maximum power point, allowing for
efficient extraction of solar energy.

This article is organized as follows. Section II provides a
description and the operating principles of the proposed step-up
microconverter. Section III provides the theoretical analysis
and design equations of the proposed circuit. Section IV pro-
vides the simulation and experiment results on a 40-V/380-
V, 200-W prototype to highlight the merits of this work. Fi-
nally, concluding remarks and discussions are provided in
Section V.

II. CIRCUIT DESCRIPTION AND OPERATING PRINCIPLES

The proposed quasi-resonant single-switch step-up coupled-
inductor circuit is shown in Fig. 2. The quasi-resonant zero-
voltage switching (ZVS) condition is achieved through the use
resonant inductor (Lr) and resonant capacitor (Cr). The switch
is controlled through the use of variable switching frequency and
duty cycle. Variable switching frequency control is employed
when operating in maximum power point tracking mode such
that the maximal amount of energy can be extracted from the PV
panel. Operating at a different frequency can affect the convert-
ers’ soft-switching operation. As a result, variable duty cycle
control is also employed to maintain a larger frequency range
for soft-switching. The circuit contains a three-winding coupled
inductor with an inverted polarity for the primary winding. The
secondary winding has one node connected to the load while
the other is connected to a diode D1. The tertiary winding is
connected between the input inductor and the two output capac-
itors. The secondary winding allows for the converter to achieve
a high-gain while the tertiary winding allows the converter to
achieve both CCM operation and a low switch voltage. For
this coupled inductor, the positive node of the primary winding
is directly connected to the negative of the tertiary winding.
The three winding coupled inductor follows the same principle
as a transformer as it can be modeled as a transformer with
the magnetizing inductance representing the primary winding.
The secondary and tertiary winding inductance can then be
determined through the turns ratio (1) where Nx is the turns
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for winding x. There is a mutual inductance between each of the
three windings as shown in (2). From here, the voltage across
each winding can be determined (3)–(5)

Lp = Ls

(
N1

N2

)2

= Lt

(
N1

N3

)2

(1)

M12 =
LpN1N2

N1
2 M13 =

LpN1N3

N1
2 M23 =

LpN2N3

N1
2 (2)

vpri = Lp
di1
dt

−M12
di2
dt

−M13
di3
dt

(3)

vsec = Ls
di2
dt

−M12
di1
dt

+M23
di3
dt

(4)

vter = Lt
di3
dt

−M13
di1
dt

+M23
di2
dt

. (5)

From (3)–(5), it can be seen that the primary winding voltage
is related to the current flowing through the resonant inductor
(i1) as well as the current flowing through the input inductor (i2
and i3). It can also be understood that during the stages when the
secondary winding diode is inactive there is no current flowing
through the secondary winding and as a result, this current does
not contribute to (3)–(5). The proposed converter consists of two
output capacitors labeled C2 and C3 as seen in Fig. 2. The voltage
across each capacitor can be determined by applying Kirchhoff’s
voltage law to the loop containing the input capacitor C1, input
inductor Lin, tertiary winding Lter, and the output capacitor C3

vc1 = −vLin + vter + vc3 . (6)

From the voltage-second balance principle, it is understood
that the average voltage across an inductor is zero. By applying
this principle to (6), it can be seen that the voltage across the
capacitor C3 is equal to the input voltage throughout all operating
stages and as a result, the voltage across the capacitor C2 is the
difference between the input and output voltages as follows:

vc2 = vo − vc3 . (7)

The theoretical operating waveforms of the proposed con-
verter are shown in Fig. 3. These waveforms are broken down
into five operating stages whose time duration ranges from t0
to t5. Fig. 4(a)–(e) shows the equivalent circuit during each
operating stage.

Stage I [t0 < t < t1]: At time t0, switch S is turned OFF and
the current (i1) that was flowing through S is redirected to the
resonant capacitor. Due to positive i1, the resonant capacitor
begins to charge. By applying KVL to resonant capacitor (Cr),
resonant inductor (Lr), primary winding (Lp), and the output
capacitor (C3) as shown in (8), it can be seen that in order
for the resonant capacitor to being to charge the voltage across
the resonant inductor and primary winding must decrease. This
implies that i1 is decreasing. Based on the coupled-inductor
voltage relationship, it can be understood that the secondary
winding voltage also decreases. This results in a decrease in
the voltage across the secondary winding diode. The effective
resonant frequency and the characteristic impedance of this stage

Fig. 3. Theoretical operating waveforms of the proposed converter.

are a function of theLr ,Lp, Lin, and the ratio between the tertiary
and primary winding, as shown in (9) and (10) respectively. This
stage ends at t1 when the diode voltage (vD1) reaches zero,
where t1 is given in (11), with A, B, and C given in (12)–(14),
respectively

vc3 = vpri + vLr + vcr (8)

ω0 =
1√

LpLin+LinLr+LrLpn2
3

Lin+Lpn2
3

Cr

(9)

Z =

√√√√ LpLin+LinLr+LrLpn2
3

Lin+Lpn2
3

Cr
(10)

t1 =
1

ω0

(
sin−1

[
C −B√
A2 +B2

]
− cos−1

[
A√

A2 +B2

])

(11)

A = iLr (t0)Z (12)

B = vi (13)

C =

[
1 +

Lin + LpN
2
3

LpLin

] [
vi − vo − vi

n2 − n3

]
. (14)

Stage II [t1 < t < t2]: At time t1, current flows through the
secondary winding diode and the circuit enters a second resonant
stage. In this stage, the resonant inductor and capacitor begin
to resonate and exchange energy. Only Lr and Cr contribute to
the effective resonant inductance given in (15) and characteristic
impedance given in (16) for the duration of this stage. This results
in a sinusoidal waveform for the resonant capacitor voltage and
current as given in (17) and (18), respectively

ω0 =
1√
LrCr

(15)

Z =

√
Lr

Cr
(16)
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Fig. 4. Equivalent circuit during each operating stage. (a) Stage I: [t0, t1].
(b) Stage II: [t1, t2]. (c) Stage III: [t2, t3]. (d) Stage IV: [t3, t4]. (e) Stage V:
[t4, t5].

vds = vi − vpri + ilr (t1)Zsin (ω0t)− (vi

− vpri + vds (t1))cos (ω0t) (17)

iLr =
(vi − vpri − vds (t1))

Z
sin (ω0t) + iLr (t1) cos(ω0t).

(18)

Unlike the previous stage, the voltage across each of the
coupled inductor windings is constant. Through substitution of
(6) into (19), the voltage across the primary winding can be
determined (20) and can be seen to be a function of the input
voltage, output voltage, and the turns ratio of the secondary and
tertiary winding

vc1 = −vLin + vo + vc2 (19)

vpri =
vo − vi
n3 − n2

. (20)

The resonant inductor’s current continues to decrease while
the resonant capacitor voltage charges until it reaches its maxi-
mum value as given in (20)

vdsmax
= vi − vpri + iLr(t0)Z. (21)

During this stage diode D1 is ON, iD1 is then given in (22) and
it is comprising both linear and sinusoidal components, where
D and E are given in (23) and (24), respectively. Stage II ends
when iD1 reaches zero

iD1 = D [t− sin(ω0t)]− E [cos(ω0t)− 1] (22)

D =
vpri

ω0 (n2 − n3)

[
Lin + Lpn

2
3

LinLp

]
(23)

E =
ilr(t1)

n2 − n3
. (24)

Stage III [t2 < t < t3]: The secondary winding diode D1 is
now OFF, which results in the disconnection of the secondary
winding from the circuit. The converter has the same operating
components as stage I; however, the initial conditions for the
circuit parameters are different. The resonant inductor current
is positive and decreasing. As a result, the resonant capacitor
begins to charge until the inductor current reaches zero. At this
point, the resonant capacitor voltage reaches a second peak. The
capacitor now begins to discharge until its voltage reaches zero.
This stage ends at t3, which is given in (25), where F, G, and H
are provided in (26)–(28), respectively

t3 =
1

ω0

[
cos−1

(
H√

F 2 −G2

)
+ tan−1

(
G

F

)]
(25)

F = −ilr (t2)× Z (26)

G = vsw (t2)− vi (27)

H = −vi. (28)

Stage IV [t3 < t < t4]: The resonant inductor current flowing
through the resonant capacitor is now redirected to the switch. As
this current is negative, it flows through the switch’s antiparallel
diode [see Fig. 4(d)]. By applying the gate signal to the switch
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before the current becomes positive the switch will transition to
the on state under ZVS operation.

Stage V [t4 < t < t5]: The gate signal is applied to the switch
which turns ON at zero current. Once the current has become
positive, it begins to flow through the switch while continuing
to increase as the voltage across the resonant inductor is positive
[see Fig. 4(e)]. The switch current increases at a rate given
in (29). Once the gate signal is removed from the switch, the
circuit rerenters the first stage. During this stage, the current
flowing through the input inductor is decreasing at a rate given
in (30). For both (29) and (30), it can be seen that the rate of
change is linear. This implies the voltage across each coupled
inductor winding and the secondary winding diode is constant.
The voltage across the diode during stage V is provided in (31).
By comparing (20) and (31), it can be understood that (31) can
be obtained by solving for vpri when the diode voltage is zero

di1
dt

= vi

[
Lin + Lpn

2
3

LpLrn2
3 + LinLp + LinLr

]
(29)

di3
dt

= vi

[
Lpn3

LpLrn3
2 + LinLp + LinLr

]
(30)

vD1 = vo − vi − vpri (n3 − n2) . (31)

III. DESIGN EQUATIONS OF THE PROPOSED CIRCUIT

A. Voltage Gain Expression

The voltage gain of the proposed converter can be obtained
by applying the volt-second balance principle to the primary
winding. The total time duration of each stage as well as the
voltage across the primary winding has been determined in
terms of known parameters. As the average primary winding
voltage is zero, the gain can be isolated. Equation (32) shows the
voltage gain of the proposed converter where t1 – t5 represents
the time duration of stages I–V, respectively, and Lα represents
a combination of various inductances in the converter (33). It
can be seen from (32) that the converter operates as a step-up
converter as its minimum gain is 1

vo
vi

= 1 + (n2 − n3)

(
t3
2 + 1

Lα

(
t4 + t5 +

t1
2 + t3

2

))
t2 +

t1
2

(32)

Lα =
LpLrn

2
3 + LinLp + LinLr

LinLp
. (33)

The operating frequency of the proposed converter has an
impact on the time duration of each mode of operation. As
a result, the operating frequency also affects the gain of the
converter. Fig. 5 shows the gain of the converter as a function of
the operating frequency. Here, it can be seen that the gain of the
converter is inversely proportional to the switching frequency.
As the frequency increases the gain of the converter approaches
one. This matches with the expected operation of quasi-resonant
zero voltage switching converters.

B. Voltage Stress

The peak switch voltage occurs during the operating cycle of
stage II where the sinusoidal switch voltage increases until the

Fig. 5. Gain as a function of frequency for the proposed converter.

Fig. 6. Voltage ratio for the proposed converter.

current through the resonant capacitor reaches zero. Unlike the
switch, the peak diode voltage stress occurs during the operating
stage V and is constant throughout the stage. Both voltages are
a function of the output voltage and as a result, vary with the
operating frequency. Fig. 6 shows the peak switch and diode
voltage to output voltage ratio at various operating frequencies.
In the case of the switch voltage, there is an operating frequency
at which the minimum ratio is obtained. For the diode the
ratio increases as the operating frequency increases. However,
it should be noted that as this is a quasi-resonant converter,
the gain decreases as the frequency increases. This implies that
although the ratio is higher at larger frequencies the peak diode
voltage at this point may be lower than when operating at a lower
frequency. As a result, the diode rating should be chosen based
on the operating frequency and the expected output voltage of the
converter. The voltage ratio between the switch and the output
also varies based on the loading condition. Fig. 7 shows this
ratio as a function of the operating frequency at different loading
conditions. It can be understood at that lower loading conditions
the ratio between the switch and the output voltage is lower. The
required operating frequency to obtain the minimum ratio is also
proportional to the loading.
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Fig. 7. Switch to output voltage ratio at different loading conditions.

C. Duty Cycle

As previously mentioned, varying the operating frequency of
the converters switch affects soft-switching operation. In order
to overcome this issue, the duty cycle of the converter’s switch
can be varied. The switch voltage is greater than zero during
stages I–III as shown in Fig. 3. This implies that the gate signal
must be applied to the switch after stage III but before the switch
current becomes positive. As a result, the minimum duty cycle
required for soft-switching operation is (33)

Dmin =
t1 + t2 + t3

T
. (34)

The maximum duty cycle at which the circuit can operate
under soft-switching condition is the time taken until the switch
current becomes positive. This can be solved for by applying
(28) to determine the time period taken for the current to become
positive after the converter has entered stage IV (34)

Dmax = Dmin +
iLr(t3)

vi

[
Lin+Lpn3

2

LpLrn2
3+LinLp+LinLr

] . (35)

D. Coupled Inductor

The proposed converter consists of a three-winding coupled
inductor. Design requirements on the windings exist as the ratio
between the windings affect the converter gain, switch voltage,
switch current, and soft-switching operation. The ratio between
the tertiary and primary winding has a large impact on the peak
switch current. During stage IV the switch current is increasing
linearly as a function of the tertiary winding. This implies that
a larger ratio between the tertiary and primary winding results
in a larger peak switch current. If the ratio between the three
windings are 1:1:1 or 1:x:x the gain of the converter will be
1 as seen in (32). It can also be understood that to achieve a
large step-up gain the ratio between the secondary and tertiary
winding must be significant, however, operating at a large ratio
has an impact on soft-switching. The resonant inductor current
is affected by this ratio, with a larger ratio resulting in a steeper
increase in this current. This can result in a positive current
before the resonant capacitor has fully discharged, resulting in

hard-switching operation. The peak switch voltage is provided
in (21) and is seen to be a function of the coupled inductor
winding (through vpri) and the resonant inductor current at the
start of stage I. This is the same value as the peak switch current,
which was previously mentioned to be a function of the tertiary
winding. This implies the ratio between the tertiary winding
and the primary winding has a larger impact on the peak switch
voltage compared to the secondary winding.

E. Resonant Parameters

As with the previously discussed parameters and components,
the resonant capacitor and inductor have an impact on the circuit
operation. As the proposed converter is a quasi-resonant based
converter its gain is affected by ratio between the operating
frequency and the resonant frequency. When this ratio increases
the gain of the converter decreases as seen in Fig. 5. This causes
restrictions on the resonant capacitor and inductor values. From
(17) and (18), it can be seen that both the peak switch current
and voltage are affected by the resonant inductor parameter. The
switch voltage is also affected by the characteristic impedance Z
which in turn is a function of the resonant parameters.

F. RC Snubber Circuit

The converter’s coupled inductor has a leakage inductance
that resonates with the output capacitance of the diode during
operation. This results in oscillations in the diode voltage and
switch current waveform. In order to mitigate this, an RC snub-
ber circuit was employed in parallel with the secondary winding
diode. The capacitance (36) and resistance (37) for the snubber
were determined based on the ringing frequency and leakage
inductance

cp =
1

(2πfr)
2Lp

(36)

Rs = Zp =

√
Lp

cp
(37)

PL = cpvD
2f. (38)

The addition of the snubber circuit introduces additional
losses into the system. The power loss associated with this circuit
is provided in (38) where VD is the diode voltage and f is the
operating frequency.

G. Maximum Power Point Tracking Controller

During operation with a solar panel, the converter’s oper-
ating frequency was varied through an MPPT controller. The
controller is based on a modified frequency based perturb and
observe method discussed in [28] with an additional check to
minimize oscillation around the MPP. The operating voltage and
current are obtained through sensors and various comparisons
are performed to determine which direction the frequency should
be changed to achieve MPP operation. The additional oscillation
minimization check also reduces the variation in the peak switch
voltage and current. Fig. 8 shows a flowchart depicting the
controller function.
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Fig. 8. MPPT flowchart.

TABLE I
CONVERTER DESIGN SPECIFICATIONS AND PARAMETERS

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

To verify the performance of the proposed topology, simu-
lation results are first obtained on a 100 kHz, with an input
voltage of 40 V with an output power of 200 W system. Table I
shows the system parameters. The resonant components were
chosen based (17) and (18) to obtain a low peak switch voltage.
The primary and tertiary winding ratio was chosen based on the
desired voltage stress. The secondary and tertiary winding ratio
was chosen to achieve the required gain based on the chosen
components. Fig. 9(a) shows the output voltage (vo) and switch
voltage (vds) when operating with an input voltage of 40 V and

Fig. 9. Simulation results. (a) Switch and output voltage. (b) Switch, resonant
capacitor, and resonant inductor current. (c) Diode voltage and current.

at a frequency of 100 kHz. The peak switch voltage is much
lower than the output voltage with a ratio of 0.78:1. Fig. 9(b)
shows the switch, resonant inductor, and resonant capacitor
current waveform. It can be seen that the circuit operates under
the soft-switching condition. At the point, the switch current
drops to zero the circuit transitions to stage I and the current is
redirected to the resonant capacitor. The diode voltage, current,
and output voltage waveforms are shown in Fig. 9(c), which
shows that the diode operates under soft-switching operation.
The overall system efficiency was 94%. The MPPT performance
was then examined with a solar panel at the input. The light
intensity was varied from 200 to 700 W/m2. Fig. 10(a) shows the
MPPT performance of the proposed circuit. The switch voltage
and current are shown in Fig. 10(b) and (c), respectively, and
can be observed to operate under soft-switching conditions at
all switching frequencies. The ratio between the peak switch
voltage and the output voltage was less than 0.8 throughout the
circuit operation.

B. Hardware Prototype

A proof-of-concept 200-W hardware prototype was con-
structed. Fig. 11 shows the picture of the prototype. The three
winding coupled inductor has a turns ratio of 2:8:3 with a
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Fig. 10: Simulation results. (a) Light intensity. (b) Theoretical power and
obtained input power. (c) Switch voltage. (d) Switch current.

Fig. 11. Hardware prototype.

Fig. 12. Hardware waveforms. (a) Switch and output voltage. (b) Switch
voltage and current. (c) Diode voltage and current. (d) Input and input inductor
current.

magnetizing inductance of 18 μH. The resonant components
were chosen to be 1.5 μH and 36 nF, respectively, to achieve
a switching frequency to output frequency ratio of 0.1 when
operating at 100 kHz. Fig. 12(a) shows the switch voltage and
output voltage. The peak switch voltage was measured to be
310 V while the output voltage was around 373 V. This results
in a switch voltage to an output voltage ratio of 0.83:1. The
prototype converter was found to operate under soft-switching
conditions as the switch current is positive well after the resonant
capacitor has discharged. This can be observed in Fig. 12(b),
which shows the switch current and voltage waveforms. The
diode voltage and current waveforms are shown in Fig 12(c).



9538 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 9, SEPTEMBER 2020

Fig. 13. Hardware thermal measurements. (a) Switch. (b) Diode. (c) Coupled
inductor. (d) Input inductor.

Fig. 14. Converter’s switch and output waveforms at (a) 58% loading and
(b) 35% loading.

The steady-state diode voltage is approximately 400 V which is
in agreement with (30). The converters diode is seen to operate
under soft-switching condition as the diode voltage is zero before
the current begins to flow through it. The input current and input
inductor current are shown in Fig. 12(d) with a very low input
current ripple. The efficiency of the hardware prototype was
94%. Fig. 13 shows the thermal images of the proposed system.
The switch is shown to be operating at a temperature of 44.0 °C in
Fig. 13(a). During steady-state operation, the diode temperature
was 43.0 °C. The steady-state temperature of the input inductor

Fig. 15. (a) Experimental results for 300–600 W/m2. (b) 100 ms to reach MPP.
(c) 55 ms to reach MPP.

and the three-winding coupled inductor are shown in Fig. 13(c)
and (d) respectively. Fig. 14 shows the proposed converter oper-
ating at loading conditions of 58% and 35%, respectively. The
converter is still able to achieve soft-switching operation while
maintain a low switch to output voltage ratio. The efficiency
was 93% and 92%, respectively. The MPPT performance of the
hardware prototype was verified through a Keysight E4360A
Solar Array Simulator. A TMS320F28335 DSP board was used
as the MPPT controller. The operating light intensity was varied
between 300 W/m2 and 600 W/m2 every two seconds. Fig. 15(a)
shows the panel power, voltage, and current waveforms during
operation with the MPPT controller. By comparing the obtained
panel power to the maximum power provided by the panel
software in Fig. 16, it can be understood that the controller
successfully brought the converter to the maximum power point
of the input panel. From Fig. 15(b) and (c), it can be observed
that the MPPT controller is able to track the MPP in 100 ms or
less.
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TABLE II
COMPARISON WITH OTHER STEP-UP DC/DC CONVERTERS

Fig. 16. Operating condition of the solar emulator. (a) 81.27 W. (b) 64.57 W.

Table II provides the comparison of the proposed converter
with other dc/dc converters designed for renewable energy
systems. The proposed converter has the lowest component
count out of all types of converters. When compared to other
single-switch soft-switching coupled-inductor based topologies,
the proposed converter is able to obtain the same circuit gain
while minimizing the ratio between the peak switch voltage and
the output voltage.

Fig. 17 shows the power loss breakdown for the proposed
converter when operating at the rated power. The switch conduc-
tion losses were found to contribute the most to the efficiency
loss. This can be improved by utilizing a switch with a lower
drain-to-source resistance.

Fig. 17. Power loss breakdown of the proposed converter at rated power.

V. CONCLUSION

A soft-switched, single-switch coupled-inductor based dc/dc
converter for photovoltaic energy application has been
presented. The converter is able to achieve a high step-up
voltage gain while minimizing the ratio between the switch
voltage and the output voltage. The proposed converter achieves
soft-switching operation at all conditions. MPPT operation is
achieved through variable frequency control. The input inductor
of the proposed converter operates in CCM while maintaining
the minimum current ripple from the input source, removing the
need for an electrolytic capacitor at the input. Simulation and
experimental results on a proof-of-concept hardware prototype
have been provided to highlight the features and performance of
the proposed converter.
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