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Abstract—This paper introduces a high-gain step-up DC-DC
converter with an active switched-inductor and a voltage
multiplier cell. The proposed converter has a simple structure
with the replacement of a diode in the switched-inductor cell
with an active switch to reduce the voltage stress on power
switches and improve efficiency. In addition, an inductor is used
in the output side of the voltage multiplier cell to mitigate
electromagnetic interference (EMI) issues and to reduce reverse
recovery loss. A comprehensive comparison study with the
conventional switched-inductor converter is also presented to
confirm the effectiveness of the proposed converter. To verify its
feasibility, a 200 W prototype of the proposed converter is built.
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I. INTRODUCTION

Renewable sources will have a significant impact on the
future of power generation. Compared to other renewable
sources, solar photovoltaics have become one of the major
trends due to their accessibility, modularity, and low cost [1].
The output voltage of a solar panel varies depending on
changing environmental conditions. Therefore, DC-DC boost
converters are required to provide constant DC bus voltage.
Traditionally, conventional boost converters can increase the
low solar panel voltage to the required high DC-bus voltage
by controlling the duty cycle of the active switch. However,
these converters cannot satisfy the voltage ratio requirement
of the practical applications and need to work at a high-duty
cycle to achieve a high voltage conversion, resulting in issues
such as reduced efficiency, high voltage stress on power
switching devices, and high reverse recovery loss. Therefore,
high-gain boost DC-DC converters have been derived to
overcome the limitations associated with the conventional
boost converter [2]. When considering the isolation issue,
high-gain step-up DC-DC converters can be divided into
isolated and non-isolated structures. For the isolated structure,
while the output voltage can be further boosted by the high-
frequency transformers [3]. Such transformers can increase
the converter cost and size. Likewise, the method with
coupled-inductor also contains critical issues related to high
voltage spikes on semiconductor devices caused by the
leakage component of the coupled-inductor [4]. By contrast, a
non-isolated structure is considered a potential solution for
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Fig. 1. Typical block diagram of renewable energy
conversions.
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Fig. 3. Proposed ASL DC-DC converter.

high efficiency and low cost of the converter system in
distributed generation systems. Switched capacitor (SC)
structures have become good candidates for their high-power
density, extendibility, and high efficiency at low-power
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Fig. 4. Key waveforms of the proposed ASL DC-DC
converter.

applications. In these structures, the voltage ratio is obtained
by storing or restoring capacitors’ energy in parallel or in
series then discharging the charge to the load. Similarly, the
switched-inductor (SL) structures also provide a high voltage
ratio by charging inductors in parallel and discharging them in
series. Some of the recent solutions of SL/SC structures and
hybrid SL/SC structures were reported in [5]-[7].

In addition, converters like Buck, Cuk, and Zeta use an
inductor connected to the output side to provide continuous
output currents. The concept of using an output inductor to
replace the diode at the output side of the voltage multiplier in
a high-gain boost DC-DC converter was discussed in [8]-[10].
The replacement of the output diode by an inductor can be
considered as the output low-pass filter for high step-up DC-
DC converters, which provides a continuous output current,
reduces the output electrolytic capacitance, and improves the
reliability of the power converter. However, this replacement
reduces the voltage gain of the converters. So, the SL and SC
structures can be added to these converters to improve the
voltage gain. Fig. 1 presents the topology of the conventional
SL DC-DC converter, in which the output diode is replaced
with an inductor. The SL circuit is applied on the input side to
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Fig. 5. Operation modes of the proposed ASL converter. (a)
Mode 1, (b) Mode 2.

improve the voltage ratio compared with the conventional
boost converter. Moreover, a voltage multiplier circuit is used
on the output side to provide twice the voltage ratio and
reduces voltage stress of the component. However, the voltage
stress of switching devices is still high. Hence, the derivation
of the SL circuit on the input side is proposed in this paper.
The diode in the SL circuit is replaced by an active power
switch, and the total number of components is kept the same.
The proposed active-switched inductor (ASL) converter
reduces the voltage rating of switching devices and offers high
step-up capability.

II. PROPOSED ASL DC-DC CONVERTER
1. Operating Principle

The proposed ASL converter is derived from the
conventional S converter by replacing the diode in the SL
cell with an active switch, as shown in Fig. 2. On the output
side, the voltage multiplier cell with an output inductor is
employed. The total number of components in the proposed
ASL converter equals the conventional SL converter. In the
pulse-width modulation (PWM) control method, switches S1
and S2 are turned on and off simultaneously. The proposed
ASL converter is considered in the continuous conduction
mode to simplify the circuit analyses.

Mode 1: In this mode, the two switches S1 and S2 are
turned on. During this mode, only diode D1 is turned on, and
the other three diodes D2, D3, and D4 are turned off. The
analysis circuit of the proposed ASL converter is described in
Fig. 5(a). The corresponding equations are expressed as
follows

ViiMode 1) = Yi2(Mode 1) = 14
Ver v Vey = VioMode 1) T v,
I (1)
II‘() - 1{)
IeiMode 1) = leaMode 1) = 1,



Mode 2: In this mode, the two switches S1 and S2 are
turned off. In this mode, diodes D,, D3, and D, are turned on
while diode D; is turned off. The analysis circuit of the
proposed ASL converter is described in Fig. 5(b). The
relevant equations are expressed as follows

ViiMode2) T VioMode2y T Ve =V,
Ver=0

% +v -
1 Lo(Mode 2) ) (2)
{Va = Ve

1= 105 = civode sy t lcamodesy ¥ Lroo

Using the average value equation of the inductor voltage
<"L1>Ts - <VL2>T5 =0, (3)

From (1) to (3), the voltage gain of the proposed ASL
converter can be calculated as

v, (1+ Dy

oo LDy “)
v, 1- D

Where D is the duty cycle.

Besides that, the voltage stress on capacitors C;, C; and
inductors L, L, and L, can be derived as

1+D °
1- D
Viimoden = Viamode ny = m o
-D
VLl(Modez) = VLZ(ModeZ) = (1+—D)2Va Q)
1- D
Lo(Mode 1) — EVO

-D
VLa(Mode 2= 1+_D v,

Using the average value equation of the capacitor, we got
the equation as follows

(er)y, = (iea)y, = (i), = 0. (6)

From equations (1), (2), and (6), the current through
capacitors, and inductors can be calculated as follows

Teinode 1y = Leamodeny = = 1y
D
Teivodery = Leamoder) = 1 DIO
- 7
]Lo = ]o ( )
1+ D
I,=1,= 1 Dlo’

III. DESIGN GUIDELINE
1. Inductance values of L1, L, and L,
The inductance values in the proposed ASL converter are

selected according to their current ripple. The equations can
be shown as

TABLE 1
COMPARISON OF CONVENTIONAL SL. AND PROPOSED
ASL CONVERTERS
Converter Conventional SL Proposed ASL
converter converter
2 2
Voltage gain M (1 - D)
1-D 1-D
Total device 12 12
Normalized
switching 4+4D 443D v
device 1-D ! 1-D
voltage
Common-
ground Yes Yes
feature
Cost (USS) 59.29 56.12
Measured 93.9 % 94.8 %
efficiency

TABLE 2. SIMULATION PARAMETERS

Parameter Values
Vi 40V
Vo 200V
P, 200 W
s 20 kHz
Inductors (L, Lo, L) 500 uH
Capacitors (Ci, C2, C,) 200 pF

TABLE 3. SIMULATED COMPARISON

Converter

Conventional
SL converter

Proposed ASL
converter

Voltage gain

5

5

Total device

12

12

Semiconductors
voltage stress

518.1V

4774V

Semiconductors
current stress

224 A

232 A

Total
semiconductor
device rating

(TSDR)
di

v = L dil

di,,

dt

diLo

o = 0 dt

1v,, = L,

B

11.605 kVA

The equations (8) can be derived

11.075 kVA

®)
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The inductor current ripple can be calculated as
1- DYV
Vi, =Vi,, = i%., = % .
(1+ D) (10)
(- DYV,

s

ViLo = i%'lLo = ﬁDT
+

Using equations (7) and (10), the inductances of L, and L,
are found as

[ = - RDQ- DY
L7 i%f,(+ D) (11)
_ _RDQ- D)

i%f.(1+ D)’

where i% is the percent of current ripple on inductors L1, L,
and L,.

2. Capacitance Values of Ci, Cy and C,

Similar to inductance selection, the capacitance values are
also selected based on their current ripple. The equation can
be expressed as

Dv
I, = C—*<-
C1 1 Dt
Dy (12)
I.,=C e
Cc2 2 Dt
Di
DQO,. = CDv, = —Lo
QCo o Co 8];

The capacitors are designed by the ripple voltage, charging
current, and rated voltages. Utilizing equations (7), (10) and
(12), the below equation is obtained

D
< DVTC1 =4
C, DV, _ I, (13)
DT,
Di
CoDvCo = 8;;‘0,

The capacitances of capacitors Ci, C;, and C,, can be
derived as

D(1+ D)
c%Rf,
D(A- D)

8c% f.2(1+ D)*’

where ¢% represents the percentage of voltage ripple of C,
C,, and C,.

C=¢C,=
(14)

o

3. Semiconductor Devices Selection

Semiconductor devices in this topology are chosen by their
current and voltage rating. From equation (5) and referring to
Fig. 5, the voltage stress of all semiconductor devices can be
written as
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Fig. 6. Simulation results of the conventional SL converter.
(a) Voltage gain, voltage stress on capacitors and inductors
current (b) Voltage stress on diode Di, D,, D3, Ds, Ds and
switch S (c¢) Current stress through diode D, D,, D3, Da, Ds
and switch S.

1
Vg, = —=V
S1 (1+D)2 o
D
2= —=V,
a+ D)
__D (15)
P+ Dy
_1- D
D2 (1+ D)2 o
1
Vs = Vpa = 1+DV0’

From the (7) equation, all semiconductors current can be
written by the following expression

3+ D
Iy, = I
S1 1_ D o
2
I, = 1
2 1-D°° (16)
1+ D

I, =1,,= I
D1 D2 1_ D o
I =1, =—1
D3 D4 1_ D o
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Fig. 7. Simulation results of the proposed ASL converter. (a)
Voltage gain, voltage stress on capacitors and inductors
current (b) Voltage stress on diode Di, D», D3, D, switch S|
and S, (¢) Current stress through diode D, D,, D3, D4, switch
Si and S,.
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From equation (16) and referring to Fig. 5, the current
RMS of all semiconductors can be calculated as follows

3+ D)ND
Lovws =~ 1o
Lo jaas = 2D 1,
’ 1- D
(+ D)~ D (17)
1o raas = Tlo
1+ D
Lo ruis = ﬁlo
1
L ps raas = Lparass = ﬁ[{,a

IV. COMPARATIVE STUDY

To present the improvement of the proposed ASL
converter with the conventional SL converter, a comparison
is shown in Table 1. The conventional SL and the proposed
ASL converters have the same number of components. The
total voltage stress of the proposed ASL converter is lower
than that of the conventional SL converter. In addition,

(b)
Fig. 8. Experimental results of the proposed ASL converter.
(a) Input voltage, capacitor voltage, output voltage. (b)
Switches S; and S> waveforms.

compared with the conventional SL converter, the measured
efficiency of the proposed ASL converter is improved and its
cost is reduced. This is because the voltage rating of
semiconductor devices in the proposed ASL converter is less
than that of the conventional SL converter.

V. SIMULATION AND EXPERIMENTAL RESULTS

To verify the performance of the proposed ASL converter,
a simulation is built in PSIM software. Table 2 shows that the
simulation parameters are identical for both the conventional
SL and proposed ASL converters. The 40 V input voltage and
the 0.6 duty cycle generate a 200 V output voltage. The 200
Q resistive load is connected to the output side to provide 200
W output power. Figs. 6-7 shows the simulation of the output
voltage, current through inductors L, and L,, voltage through
capacitors C; and C;, current through all semiconductors, and
voltage stresses of the conventional SL converter and the
proposed ASL converter. It is clear from the simulation
results that the capacitor voltages for C; and C; are 99.8 V
and the output capacitor V¢, equals the output voltage around
200 V. The simulated data in Table 3 compares the
conventional SL and proposed ASL converters. The
proposed ASL converter is more advantageous than the
conventional SL converter because the ASL converter
demonstrates a lower semiconductor voltage. Also, because
of the proposed ASL converter’s lower total semiconductor
device rating, it has a 0.9% increase in efficiency compared
to the conventional SL converter.

A 200 W prototype was built to verify the performance of
the proposed ASL converter. The switches S1 and S2 were
controlled with a 20 kHz switching frequency. We also
selected two 0.5 mH SL and 0.1 mH output. The 40V input
voltage and the 0.6 duty cycle of S; and S, produces an output
voltage of 200 V. Fig. 8(a) shows the experimental results of
the input voltage, capacitor voltage, and output. Fig. 8(b)
shows the voltage stresses of switches S; and S,. The voltage



stress of switch S| is significantly reduced compared with that
of the conventional SL converter.

VI. CONCLUSION AND FUTURE WORKS

This paper proposes a new ASL converter based on the
conventional SL converter. The proposed ASL converter
reduces EMI and reverse recovery issues, as well as the
required output capacitance. Compared with the
conventional SL converter, the proposed ASL converter
requires a lower total semiconductor voltage rating. Thus,
the efficiency and cost of the proposed ASL converter can
be improved. Additionally, the theory and experimental
verification have been provided. For future work, the power
density of the proposed ASL converter can be increased by
applying a coupled inductor for the SL inductors and an
output inductor.
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