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1 | INTRODUCTION

High gain DC/DC converters are required for a variety of
different applications, including the integration of distributed
generation into microgrids, UPS battery backup, high intensity
discharge lighting, electric traction, and some medical devices
[1-5]. A high gain DC-DC converter is eventually required
for grid interaction of renewable-based generating stations to
high voltage DC buses as can be seen in Figure 1. However,
using a high duty ratio to produce high voltage gain has a num-
ber of drawbacks, including higher switching and conduction
losses, poor transient responsiveness, voltage spikes, and EMI
[5—7]. Furthermore, it generates significant diode reverse recov-
ery problems [8, 9]. Therefore, the potential problem is to create
an efficient converter capable of producing higher output volt-
age while maintaining a low duty ratio. Improvements are also
sought in terms of power supply rejection ratio, input voltage
and current fluctuations, electromagnetic interference (EMI),
and converter cost in various applications.

High-voltage gains may be accomplished in isolated
transformer-based DC-DC converters such as phase shifted
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The DC-DC converters have to be characterized by high gain, low voltage stress, small
size, and high efficiency for most of the applications including fuel cell and photo-
voltaic integration to microgrid. However, conventional, quadratic, interleaved, three-level
and cascaded boost converters are not able to satisfy the requirements. This letter
proposes a new, non-isolated DC-DC converter with switched-capacitor and switched-
inductors that can achieve high-gain, wide-ranging input-voltage, and low-voltage stress
across the switches. This paper analyses the operating principle, the design of compo-
nent parameters and comparisons with other high-gain converters. Experimental results
for 22 'V /400 V, 50 kHz prototype finally verifies the proposed converter with a voltage

full-bridge (PSFB) converters, fly-back, and forward type
converters by propetly setting the turn ratio of the associated
high-frequency transformer [2, 4, 9—11]. However, the presence
of the transformer increases the size, weight, and volume of the
converter. Non-isolated de—dc converters have gained a lot of
attention due to their reduced size, low losses, and lower cost
[6, 12, 13]. The cascaded boost converter may deliver significant
voltage gain at low duty ratios. However, as the number of stages
rises, the control becomes complicated. To address the concern,
quadratic boost converter is proposed which is easy to control
but have higher voltage stress that is equal to output voltage
which limits its application at certain voltage level only [11].
Coupled inductor based converters are also discussed to allevi-
ate the voltage gain but they suffer with EMI issue, circulating
current and sometimes resonance with the diodes parasitic
elements which requites snubber circuits to damp down [7, 14,
15]. Moreover leakage current in these converters occurs like
an isolated converters which requires clamping or recycling.
With switched networks that include inductors and capacitors,
increasing the voltage gain is quite easy. These devices may be
effectively coupled in larger numbers to provide a noticeably
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higher voltage [16-19]. Compared to switched inductor circuits,
switched capacitor circuits are lighter and more resistant to
EMI. However, the circuits adopting SC are more vulnerable
to voltage imbalance and instability under varying loads. Higher
voltages can also be obtained by combining multiplier cells at
the cost of increased complexity size and control. A serious
issue with these converters is the increased voltage stress across
the switches, which limits their usage for very high voltage
applications. The converters proposed in [20-22] use double
duty ratios to control and regulate the output voltage for a
wider range of operation but again their auxiliary switch and
the output diode suffer with higher voltage stresses. This
paper introduces a symmetrical voltage lift switched inductor
converter (SVLSI) with the following key features:

* Capable of providing higher gains at low duty ratios with the
switches having low voltage stress across them.

* Having continuous input current and output current.

* Lower PIV at the output diode.

* Suitable for various applications, such as PV and fuel cell
integration to a DC microgrid.

* Transformer/coupled inductor free design and simple con-
trol.

2 | THE PROPOSED CONVERTER

2.1 | Description

The circuit assembly of the proposed high gain converter
is shown in Figure 2. It consists of two switches, four
inductors, five capacitors and seven diodes. The components
Ly,1,,C1,D; and D, forms a voltage lift switched induc-
tor (VLSI) section. A similar structure has been formed by
L5,14,C5, D5 and D,. The two switches S and §, are turned
ON at same time and is termed as Mode I as shown in
Figure 3. In Mode I, all four inductors and two capacitors

D;

FIGURE 2 The proposed converter
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FIGURE 3 Mode I of the proposed converter

FIGURE 4 Mode II of the proposed converter

of VLSI section gets charged up to the voltage level equal to
the source voltage #;. The output capacitor C, gets charged by
the series connection of capacitors C3 and Cj along with the
input voltage. Therefore, capacitors C; and C;; gets discharged
in Mode 1. In Mode II, both switches are turned OFF and
capacitors Cj and Cj gets charged by the series connection of
Ly,1,,C1,15,14,Cy and »; (Figure 4). During Mode II, the
diode D, is turned OFF and the output capacitor C,, supplies
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Ver =V =1, @
Vel,2
Vit VeatVes =1, ©)
= <‘I DT i..,« (1 -D ) T }" | DT | Equivalent inductor voltage equations in Mode-IT are:
iy o T ] -
LI-4 L
A dop = Vip+ Vor + ey = Ve )
L1-4 ¢
3o = Vs
JT_ v ) ©)
VL1-4 o I/in vy = 317/1'[1 ; I/C4 (6)
J__ ] Where vy | = v;5 = v;5 = v;4 = v;; 1/, is the output voltage,
B B and it is equal to the voltage across the output capacitor C,. Now
Vers ‘\,I 0.253V~vc3) | using Volt-Sec balance principle on the inductors,
Y
| 315, — Ve
AVer.2 ; 1,D + <ZTC3>(1_D)=0, )
v
J_ g Ves  Vey 3+ D ®
_ T//’n B I/iﬂ B 1-D°
Ves.a . . - :
T Where D is the duty ratio. Now after solving Equations (3)
-4 an , the following voltage gain relation is obtained.
AVes.4 d (8), the following voltage gain rel btained
v
[—— g —] >
! TRV, | g o _7+D
R v, 1-D ©
Vbi4 ‘\ in
~ 3 | DESIGNING OF THE CONVERTER
Vbs.s 4(7+D)"
: D) V|-
( ) Vo When it comes to certain applications, the design of the con-
J_ verter as well as the choice of components that are appropriate
= are of the utmost significance. This converter has been designed
‘ | 4(7+D )-IV_ _______ N to wortk in continuous conduction mode. The components
- . selection is done as per the following relations:
il - 2(7+D)"V, |
Vi - 3.1 | Inductor design
J__ The selection of inductor value depends on the average value
= | MODEI | [ MODEINl || MODEI

FIGURE 5

power to the load. The key waveforms associated with Modes 1

Characteristics plots

and II are illustrated in Figure 5.

22 |

Voltage gain analysis

Equivalent inductor voltage equations in Mode-I are:

Yy = V2 =0 =V =

1%

m

of the charging current, its ripples, duty ratio, and switching
frequency. The ripple current through each inductor in the
charging condition is obtained as follows,

7 = Aidy. (10)

Where, A7, is ripple current values of each inductor (L, L, 15
and 7). Therefore, the critical value of each inductor required
to operate the proposed converter in CCM can be calculated

as,
I > I/z'ﬂDTY _ %ﬁD 11
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Thus, the value of each inductor can be chosen based on
Equation (12), where A7; is 20—40% of the average induc-
tor current value and f; is the switching frequency to control
the switch.

3.2 | Capacitor design

The capacitor value depends on its charging current, the rip-
ple in voltage across it, duty ratio, and switching frequency.
Capacitors C}, C; and C, are charged in Mode-1. whereas, capac-
itor C; and C}j charged in Mode-1I. Thus, the critical values of
capacitors Cj, ), C; and C) can be obtained as follows,

Gy 2d=D) 12)
AV fs
(1= D)
Chp > — 13
V= AV fs )
G=C > G = D) (14)
ADVis4 fs

Whete, AV, Al o, AV3, ALy, and DI, are the volt-
age ripple contents of the capacitors Ci, Cy, C5, Cy, and C,
respectively; z, is the output current.

3.3 |

Selection of diodes

The maximum value of voltage stress across all the diodes are
expressed as follows,

0, 0<7<DT;

DiOd€D1/2/g/4 . T/U (1 5)
; - DTy <t < T
@Dy SIS

0, 0<7<DT;

DiodeD, 41}, (16)
— DT T
7+ D)’ st
o 0<t< DI
- > S
DiodeDs s+ 4 (T4 D) 17

0, DIy <it<Ig

Therefore, the diodes are selected to sustain the voltage stress
as mentioned in the above equations:

o 4%

> >
"pi2ss 2 7Dy Ve 2 T D)

(18)

3.4 | Selection of switches

Both the switches §; and §, are selected based on their respec-
tive voltage stress in the circuit. It is observed that the voltage
across both the switches §; and S, is zero in Mode I. The max-

imum value of voltage stress across the switches §; and 5, is
expressed as follows,

0, 0<t<DIT;

SWZf[bS1/2 . 2% (1 9)
DT, <t < T;
7+ D)’ s<r<iy

Therefore, both the switches §; and 5, are selected to sustain
the voltage stress mentioned in the Equation (20).

2, Vit

S/ > = 20
12=7%D 4 (20)
3.5 | Efficiency analysis
3.5.1 | Switches loss
The total loss by the switches is calculated as:

Py = Py + By, 21)

Where, Py is switching loss and £,,, is conduction loss which
are calculated as follow,

Pay = Papy + Pop

V? (22)
= —"(th+ 1) f¢
6R(1 —D)(R+ s
— 72 2
Leon = ]j'l(RMA') ps1 + [3‘2(1@1{3') Ds2
(7 + D)’ V2 Drps (23)
20 -DPR

3.5.2 | Diodes loss

The power loss contributed by the diode is the addition of

loss by internal forward voltage drop (1) and loss by internal
forward resistance (7)) which is calculated as:

P ioss = Ppary + Poen) 24

The power loss by the diode due to the forward voltage drop
of VF is calculated as,

Ppary = 4, Vi (25)

The power loss by the diode due to the internal forward
resistance 7;_ is calculated as,

12 ( (74 D)’ +2D(1 — D) —2D(7 + D)(1 — D)
Ppepy = 2 - D)Z "D
(26)
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FIGURE 6 Efficiency plot of the converter
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Inductor loss

Total inductor power loss is calculated as;

4
P = 2 (27)

Ln—(rms) TLn
n=1

Therefore, the efficiency of the proposed converter
is calculated with the help of Equations (18)—(24) as
(Figure 0);

P

0
= (28)
L+ B+ B, + Poary + Poepy

7

_ (1-D)'[,RV?
(1 = D)V, R2 + 161721, [64M, + 4M, + M)

29)

My = (1, + Drpg), My = (1 = DY Vie, My = (4= 3D)’rp,
(30)

4 | COMPARATIVE STUDY

Comparison of the converters having similar boosting networks
involving switched inductors and capacitors are discussed in
this section and they are briefly summarized in the Table 1.
Most of the compated converters are multiple switch type which
involves more than one switch in their designs. A switched
inductor (SL) based converter is presented in [23] which is
developed by three diodes and two inductors such that induc-
tors magnetize in parallel and demagnetize in series. However,
the voltage stress across the only active switch is same as the out-
put voltage. To counter the issue [24], presented three designs
of active switched inductor (ASL) which involves capacitors in
them and have lower voltage stress on the switches. However,
switches are floating such that they need separate drivers and
control. Also the gain of these converters is not that sufficient
to be used for high voltage applications. Multi-cell based con-

TABLE 1 Comparison among relevant converters topology
Norm. Voltage
Switches Stress of
Ref. Voltage gain Ny Voltage stress switches
1+D
23 1 S5 = 51 =1
[23] =D 1=V, 1
1+ D Wt . 1+ G
e N ) 2 2= 2= 50
S'—Z'”+V0 S‘—2+G
ps X2 2 T3 TS
; (1-D) ¢ = Va2l _1+2G
2 = 2 =
3 3G
14D, 5=t l j = L1 C
[20] — 1 3 2 2G
1=Dy =D, =1 S=1
v 5 =0.5
2=Dy) § = =2 91 -
21 — 3 L) G-1
[21] 1—D,—D, S=V-1, 5 ===
/.
(143D, + D,) g = VitV 5= ¢
22 S5 3 . 2 2G
1-Dy =D, =1, S =1
v
4-2D5) S = 5 S =0
26 PE=—— 3
[26] 1—D, —D, sg:z 5, =0
’ 2
(V- G-t
(3-D) Si=—= Si="
(241 1-D 2 ¢ = Yo Vin oo G—1
= 2 =
2 2G
wt 1V 1+G
b (74 D) 5 Si=—p $i=—¢
ro 1-D) S'—Vi”+VU S=1+G
T4 27 4G

Abbreviations: 2, Duty ratio; Ny , switch count; G= voltage gain.

figurations are presented in [25] where SL and SC networks
are extended with their different modules to obtain higher volt-
age gain but doing this increases the size, complexity, and cost
of the converter. A new idea is presented in [20, 26] in which
inclusion of third switch in ASL based boost converter is intro-
duced. This modification has made the converter to be operated
and controlled with double duty cycles. Now a wider range of
control is possible by varying one or all the duty ratios. An
extension to this converter is presented in [21] in which a pair
of diode capacitor is included to the converter. The voltage
gain is enhanced, but so are the ripples in the input current.
The converter in [22] involves two switched inductors (SL) con-
nected in series with the respective branch switches. By using
the auxiliary switch, this converter is also set to run in extended
duty mode. One of the key advantages of these converters is
that they can control multiple entities at the same time. How-
ever, they suffer from high voltage stress across the third switch
and the output diode which then is not allowed to operate the
converter for very high voltage gain. All the discussed voltage
gain and switch voltage stress are plotted in the Figure 7a,b,
respectively.

5 | RESULTS AND DISCUSSIONS

The proposed converter is experimentally validated at a duty
ratio of 0.6 (Figure 9). For the input voltage of 22 'V, magnitude
of the output voltage is 400 V, which confirms the voltage gain
of 19. The schematic of the control circuitry used regulate the
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FIGURE 7 Comparison plots among different discussed SL, SLC models
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FIGURE 8 Schematic of the converter control

converter voltage is depicted in the Figure 8. The waveforms of
input and output voltages are shown in Figure 10a. In addition
to the voltage and current waveforms of the input and output,
the voltage of different components has also been examined.
Figure 10b illustrates the voltage stress of the switches S} and 5.
An important feature of the proposed converter is to have low
voltage stress across the components and it can be observed that
the peak voltage across switches 57 and S is about 100 V while
the magnitude of the output voltage is 400 V. This confirms
the low voltage stress of switches §| and 5,. Further, Figure 11a
voltage across capacitor C; and voltage stress of diode D;. The
voltage of capacitor C] is equal to the input voltage and has a
magnitude of 22 V, while the peak voltage stress of the diode
Dy is equal to the sum of capacitor voltage C; and voltage of
inductor 7.;. The inductor current /., and /5 are also shown
in Figure 11a,b illustrates the voltage of capacitors C3, Cy, and
output capacitor C,. The voltage of the capacitor C3 and Cj
has a magnitude which is half of the output voltage, that is,
200 V whereas the voltage of the output capacitor is equal to
the output voltage, that is, 400 V. Similatly, the voltage stress
of diodes Ds, Dg and D, are shown in Figure 12. All these
three diodes have a peak voltage of 200 V, that is, half of the

Oscilloscope

V /

FIGURE 9 Experimental setup for the converter testing

output voltage. All these waveforms confirm the high gain of
the proposed converter using the lower voltage rating devices

(Table 2).

6 | CONCLUSION

The article discusses the novel topology with high gain and low
voltage stress DC-DC converter based on switched-capacitor
and switched-inductors for fuel cell and PV applications.
The converter performance is analysed and verified with the
hardwatre prototype (22/400 V, 50 kHz). At a duty ratio of
0.6, the converter is able to maintain 200 V for an input
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Main = 1.25 M 10us/div Main : 1.25 M 10us/div
K 20 V/div
V
. 100 V/div
. _ CRCRCR- 5 T
200 V/div v, 10 A/div
an (0T AT AN (L LT LT I LT LT
: K Te— — — — sm— am— T am—— e mr— *
0.5 A/div io Voo 100 V/div ‘
|
FIGURE 10  Experimental results: 1), 1,4, 7,, V51, Vi
Main = 1.25 M 10us/div Main = 1.25 M 10us/div
W20 Vidiv ;
- [ 100 V/div | \ i
VCI 12ecl 100 Vi/div é
25 A/le : F\ '
100 V/di '
\/\/\/\/\/W ves |
4 2.5 A/div [N (o™ 200 Vidiv
'3 i
FIGURE 11  Experimental results: 11, Vi, 471,270, Vs, Ve, and 1oy
TABLE 2  Parameters for experimental validation
i 10us/dv Parameters Values
v 200 V/div
D5 Power 500 W,
Switching frequency 50 kHz

UL UL
I

-?LL.L_L.LLLL\.—\—:
i P

™

FIGURE 12  Experimental results: s, 156 and 177

voltage of only 22 V. The switches experience a voltage of
50 V across them which is only 0.25 times the output volt-
age. The reported maximum efficiency is 94.7% at a load of
250 Q.

Load

Inductance 7,; and 7.,
Capacitance

Switches S; and §,

Diodes D, and D 53 4

Resistive 150-450 Q

1.5mH

C, =220 UF, C 554 =100 uF
SiC MOSFET-C3M0065090
STTH30R0/6 and SDUR3020W
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