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Abstract—The traditional switched-inductor technique for high-
step-up conversion is widely utilized in industrial applications, es-
pecially multicell technique is combined to realize ultra-high volt-
age. However, the component currents are accordingly increasing
with the increasing number of cells, which results in high cost, low
efficiency, and low stability. In order to solve these problems, an im-
proved multicell structure of switched inductor is devised, which
can be utilized to replace traditional switched-inductor cells for
higher actual boost ratio and lower diode currents. An example of
the proposed structure-based boost converter is demonstrated for
a detailed analysis, and it is followed with a comparison to verify
its features. Finally, simulations and experiments are conducted to
validate the effectiveness.

Index Terms—High step-up, multicell, reduced component cur-
rents, switched inductor.

1. INTRODUCTION

N RECENT years, air pollution and energy shortage have
I attracted major national attentions because of some environ-
mental phenomena affecting human life and safety [1], [2]. To
solve these problems, the worldwide-installed renewable energy
capacity shows nearly an exponential increase due to decrease in
costs and improvements in renewable energy techniques, which
raises higher demands on power electronics techniques, espe-
cially the high-step-up energy conversion, i.e., to boost a very
low voltage to a grid-connected one [3], [4].

In practice, the basic boost converter can only realize a very
limited voltage gain due to its instincts topology and the parasitic
parameters, so it cannot fulfill the requirements in renewable en-
ergy system [5]. A cascaded boost converter is also capable of
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TABLE I
HIGH-VOLTAGE-GAIN CELLS

Structure ‘ Feature

Type ’

SL 1# \

e Low Capacity
e Low Loss

e Small Size

L

e Low Cost

o Simple Control

o Simple Modulalization
o Voltage Multiply

SC e Low Cost

T, !

o Simple Control
e Stable
e Low Switch Stress

0G| P

~

e Many Switches
A-SL o Uncommon-Grounded Ports
e Complex Control

e High Cost

N

e Large Size
Z-source

e For Inversion

)

e High Component Stress

e High Voltage Gain

e Large Size

e High Cost

e High Component Stress

Y-source

:

Y

providing high voltage gain but with many switches and high
switch voltage stresses [6], [7]. Power converter topologies em-
ployed in renewable generation systems, such as photovoltaic
arrays or fuel cells, are mainly characterized by multistage con-
verters, which also results in too many switches and control
units [8], [9].

In order to solve these problems, there are various high-step-
up techniques coined out in the literatures, including novel
cells, i.e., switched inductor (SL) [10], [11], switched ca-
pacitor (SC) [12], active switched-inductor (A-SL) [13], Z-
source [14], [15], and Y-source [16]; connections techniques,
i.e., cascaded [17], output series [18], interleaved [19], [20],
and multicell [21], [22]; and some combinations of them. Their
features are concluded in Tables I and II, respectively.

See http://www.1ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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TABLE II
CELLS CONNECTIONS

Structure ‘ Feature

Type ’

o Easy Realization
o Seperate Control
e Many Switches
e High Cost

e Complex Control

Cascaded \—r RRCDS O
onverter onverter

o Large Size
e High Cost

vl e High Power Level

e High Voltage Level

e Few Magnetic Component
Output Series Ve e Many Components
e High Cost

e Complex Control

pC-DC o Large Size
verter n

e Low Current Ripple
e High Power Density
e High Cost

o Difficult Realization

,,
g
l——

Interleaved

o Instability

e Simple Structure

Celll —
e Low Loss

Multi-cell R e High Power Density

o Easy Realization

Celin —2

o Simple Control

Therein, switched-capacitor and switched-inductor tech-
niques are widely used. In detail, switched-capacitor ones are
the most popular one. For example, Cortez proposed a three-
phase multilevel hybrid switched-capacitor pulse width modu-
lation (PWM) pfc-power factor correction (PFC) rectifier with a
high voltage gain [18], Zhou et al. devised switched-capacitor-
based current compensator for mitigating the effect of long ca-
ble between PWM driver and led light source [3], and Wu et al.
developed a family of two-switch boosting switched-capacitor
converters [12], to list just a few. However, due to the low life-
time of electrolytic capacitors, the application of the switched-
capacitor technique is hindered. There are also a lot of published
works about switched-inductor techniques, while the multicell
switched inductor is the most typical one [23], [24]. It is known
that this technique is, however, limited by increasing component
current stresses, which finally results in high cost, high loss, and
low stability [25], [26].

In face of the existing background, this paper aims to propose
a unique modular structure, which can be utilized in high-step-
up converters to replace the traditional multicell switched induc-
tor (TnSL) converters, the new designed one can not only realize
higher actual voltage gain, but also reduce diode currents.

The body of this paper is organized as follows. The TnSL
modular structure will be analyzed in Section II to demonstrate
their shortages. Then, the proposed unique modular structure
is introduced in Section III to coin out its unique features.
Section IV gives a detailed comparison, including the main
features, actual voltage gains, and efficiencies. To verify the
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Fig. 1. Schematic of a TnSL-Boost converter.

effectiveness, simulations and experiments are presented in
Sections V and VI, respectively. Finally, a conclusion is drawn
in Section VIL

II. TRADITIONAL MULTICELL SWITCHED INDUCTOR

Techniques of multicell connections and switched-inductor
(SL) cells are combined to form the TnSL. It is a fact that the
more cells are, the higher voltage gain it obtains; however, the
component current stresses are dramatically increasing with the
increasing number of cells, which will finally result in high cost,
high loss, and low stability. This is a main reason hindering the
development of TnSL in industrial applications. In the following
contents, TnSL will be introduced and analyzed in detail.

A. Operational Analysis

The structure of TnSL cell is shown as the dash diagram of
Fig. 1, while Fig. 1 is a schematic of a TnSL cell applying in
a boost converter. Therein, TnSL is consisted of n inductors
sharing the same inductance, i.e., Ly,...,L,, and 3(n — 1)
diodes, i.e., Dy, ..., D3(,_1).

In the steady states of a TnSL boost converter, there are
two continuous-conduction modes (CCMs) corresponding to
two equivalent circuits, as shown in Fig. 2(a) and (b). Therein,
different colors are marked in the circuit to demonstrate different
levels of current stresses.

Denote d as duty cycle of switch @, and ¢y, t;, and ¢, as
the beginning of one period, the mode transition instant from
Mode 1 to Mode 2, and the end of the period, respectively.
Fig. 3 depicts the key waveforms in CCM, therein, v, is the
driving voltage of switch Q; iy, (=ir,=---=ir, ) is the cur-
rent of Ly(La,...,Ly,); ip, (:ti 71)), ip,(=tp,, ,)..., and
ip,_, (=ip,,_,), are currents of D1(Ds3(,—1)), Da(D3p-4)s...
and D, _1(Ds,,_1), respectively; and ip, (:...:z’Dm . ) is cur-
rentof D,,(...,Da(,,_1)). In order to describe the increasing diode
currents, their waveforms lines are marked with corresponding
colors, it is obvious thatip, (=ip, 1) ) is dramatically increas-
ing with the increasing n.

1) Mode 1 (ty <t <ty): As shown in Fig. 2(a), when Q
turns ON, the corresponding diodes turn ON and OFF,as presented
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Fig. 3. Key waveforms of a TnSL-Boost converter.

in Table III, and the corresponding waveforms are shown in
, Ly, store energy in parallel from

Fig. 3. Inductors, Ly, Lo, ...
dc source, and their voltages are

UL, =L, ==L

n

=V (1)

TABLE III
SWITCH STATE

Switches Mode 1 Mode 2

Q ON OFF

Dy, Do,..., D, ON OFF

Dy, Dypst,..., D2(nfl) OFF ON

D2n717D2n7~~~~,D3(n71) ON OFF

D3, o OFF ON
where v, vp,,...,v,, and V,, are voltages of
Ly, Lo, ..., L, and dc input source, respectively.

2) Mode 2 (t; <t < t3): As shown in Fig. 2(b), when @
turns OFF, the corresponding diodes turn ON and OFF, as pre-
sented in Table III, and the corresponding waveforms are shown
in Fig. 3. All inductors are in series to boost the input voltage as

UL1+UL2+~~+UL,,:V9_V:7' 2)
From an inductor’s voltage-second constant theory yields
Vi =V,
dVS—i—(l—d)—:O 3)
n

solve it and one can obtain voltage gain of TnSL-Boost as

V, n—1d+1
Grnst = v % 4

B. Shortages of TnSL

In this section, shortages of TnSL will be analyzed. As shown
in Fig. 3 and corresponding color lines of Fig. 2, it is clear that
diode currents are increasing with the cells number n. Specially,
the largest one will bear n — 1 times of inductor currents, which
implies high cost of diodes.

Assume L; = Ly = --- = L,, and all inductances are large
enough to have constant currents, one has

i, =i, =---=14dr, =1Ig (5)

where I}, is the current of inductors.
Then, the diode currents can be derived as

ip, , =41, =1,
ip, ., =4r, +ir, , = 21,
ip,, =tr, +ir,., +ir,, =3I, (6)

ip, =L, +ir,, ++in, = -1
and
iDanl = iLl =1,
iD‘Zn = iLl + iL2 =21,
Dy ey = UL, UL, Ty = 31, @)

iDB(H -y = tp, tip, +ooFip, = (n—1)1p.
As shown in (6) and (7) of Mode 1, Dy,..., D, o and
Doy, ..., D3(,,—1) bear more than one time of /7, which will

finally result in high conduction losses and low voltage gain,
moreover, the conditions will become worse as the number of



7798
{ Ly Dy InSL % D
1 1 2]
| D, :
i |
1 . 1
: Dy, . Li Dy :
+ | M Y YL M : L,
V= ! —
T Dy i :l‘Q T DR
| |
1 . 1
: D'\nil : . Ln :
l\ =t Y Y\ /I
Fig. 4. Schematic of an InSL-Boost converter.
L, Dy, D;,,»
l Y Y Y {>1‘ 2
iy — i,
— (n-DI,,
[)D]‘r‘l L, ‘DZ{E{I\—J —— -2,
Vi= i = — . :
= i Dpier _‘LQ c DR ] .
P — 21,
”5‘1' b ] — I
(a)
LI DZI\'I I)JH—Z
i Y £ 2 Bt f ;
D, i
(n-1)1,
. Dvi . Ly Dz}.mr: — (2,
V= . b X
’ %m o ==c [k 1
D,. o L, {
B s rBA] I
(b)
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cells increase. The corresponding current stresses have been
marked with different colors in Fig. 2(a).

III. IMPROVED MULTICELL SWITCHED INDUCTOR (INSL)

As shown in the dash diagram of Fig. 4, a novel InSL is de-
vised to overcome shortages of TnSL, while Fig. 4 depicts the
InSL modular structure applied in a boost converter as an exam-
ple, namely InSL-boost converter (InSL-Boost). Similarly, InSL
has the same components as TnSL but with different structure.
Compared to the traditional one, the proposed one can not only
achieve higher voltage gain, but also reduced diode currents,
i.e., the diode currents are only one time of I; even with the
increasing number of cells. The detailed analysis is presented
as follows.

A. Operational Analysis

In steady states, InSL-Boost corresponds to two equivalent
circuits of CCMs, as shown in Fig. 5, while the correspond-
ing waveforms are depicted in Fig. 6. Therein, corresponding
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TABLE IV
COMPARISON OF INSL-BOOST AND TNSL-BOOST

TnSL-Boost InSL-Boost
o (n—1)d+1 (n—1)d+1
1—d 1—-d
I Vo Vy
o (1-d)R (1-d)R
(Vo = Vs) (n—1)(V, — Vs)
UDTI -1 and UDQH -1 n n
(Vo = Vs) (n—2)(V, —Vg)
vp, , andvp, - -
(Vo = V5) (Vo = V5)
vp, and YDy, ) — —
UD (3, -2) Vo Vo
iD(Sn—Z) I, Iy

parameters are as the ones of TnSL. Similarly, the analysis is
presented as follows.

1) Mode 1 (ty <t <t;): As depicted in Fig. 5(a), switch
@ is ON. The switch states are the same as the ones presented
in Table III. The inductors store energy in parallel from the dc
source, and the corresponding voltages are

UL1:UL2:.”:UL71 :‘/5 (8)

2) Mode 2 (t; <t < t3): As shown in Fig. 5(b), switch @
turns OFF, and the switch states are the same as the ones pre-
sented in Table III. The inductors are in series and one has

v, +vp, +-+op, =V =V, 9
which results in

V.-V,
mos

v, + (1 - d) 0 (10)

solve it and one has the same voltage gain of TnSL as

V, n—1d+1
Grast, = ve = Lo DOEL

v T4 (11
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Fig. 7. Waveforms comparison of (a) TnSL-Boost and (b) InSL-Boost.

B. Diode Current

As shown in Figs. 5 and 6, the corresponding diode currents
are marked with different colors, and the corresponding color
represents one current stress that is labeled in figures. It is clear
that diode currents in InSL are only one time of I; even with
the increasing number of cells, but the ones of TnSL increase
with increasing n.

IV. COMPARISON ANALYSIS

In order to demonstrate the features of the proposed structure,
performance comparisons of TnSL-Boost and InSL-Boost are
conducted in this section.

A. Main Parameters

In detail, the main parameter are demonstrated in Table IV
with comparison of voltage gains, inductor currents, diode cur-
rents, and diode reverse voltages. Moreover, key waveforms are
also compared in Fig. 7. It is noted that InSL-Boost has lower
diode currents and condition loss than TnSL-Boost according
to Table IV and Fig. 7.

According to Zhang et al. [11], the parameters design can
be obtained by expressions presented in Table IV and Fig. 7.
Therefore, the detailed deductions are not presented here due to
the page limitations.

B. Voltage Gain Considering Parasitic Parameters

It is known that parasitic parameters, such as diode forward
voltages (Vp), diode conduction resistors ([2p), winding re-
sistors of inductors (Ry ), and the drain—source on-resistance
(Rps), have effects on gain and efficiency. For example, al-
though the ideal gains of T4SL-Boost and [4SL-Boost are same,
their actual voltage gains are different if parasitic parameters
are considered. In detail, the corresponding equivalent circuits
and voltage gain equations are compared in Table V, therein,
ar =n+n(nd —2d) > ar =n+ (nd —2d), and by =n+
(nd — 2d)(n® +n)/2 > by = n+ (nd — 2d). Since the other
variables are same, it can be deduced that G,s1, > Grasy,. It
is forwarded with typical voltage gains of a traditional four-
cell switched-inductor boost (T4SL-Boost) and an improved
four-cell switched-inductor boost (I4SL-Boost), substitute their
parameters, n = 4, V; =20V, Vp = 0.4-0.6 V (decided by

different diodes), Rp = 50 m{2, Ry = 200 m{2, and Rps =
110 mS2, into Table V, and one can obtain their voltage gain
curves, as shown in Fig. 8. It is remarked that one of 14SL-
Boost is obvious higher than that of T4SL-Boost.

C. Efficiency Considering Parasitic Parameters

Similarly, their efficiencies considering parasitic parameters
are discussed as follows:

B Vi /R

B Po+-Ploss N ‘/;)2/R+PL +PD +PS+PC
where P, = V?/R and Pos = Pr + Pp + Ps + Pc are the
output power and power loss of the converter, respectively.
Therein, P, Pp, Pg, and Pr are power loss of inductors,

diodes, switch, and capacitor, respectively, and their expressions
are shown as follows:

7 (12)

P, =nliRy (13)

where I and Ry, are the rms current of inductor and the winding
inductor resistor, respectively

3n—2

Pp = Z (Ip,) Vo +1p, Rp)
k=1

(14)

where Ip, . and Ip, arethe average and rms currents of diode,
respectively

Ps = PQ(con) + PQ(swi)

(VDS(OH)IS(OH) (ton + Lot )) fs
6

where P (con) and Py (swi) are conduction and switching power
losses of @, respectively; Ig is the rms current of Q; Vps(of),
Is(on)» ton, and top are the drain-source voltage of Q@ being
OFF, current of () being ON, turn-on-transient and the turn-off-
transient time intervals of @), respectively

Pc = I} Re

(15)

= I%Rps +

(16)

where I is the rms current of C.

Similarly, T4SL-Boost and I4SL-Boost are discussed as ex-
amples, substitute parameters, n = 4, Vp = 0.4-0.6 V (decided
by different diodes), Rp = 50 mS2, Ry = 200 mS2, R¢c =
200 m?, Rps = 110 m2, t,, = 54 ns, and t,x = 125 ns, into
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TABLE V
ACTUAL GAIN COMPARISON

‘ Equivalent Circuits with parasitic parameters

Actual gain

L R Dy, Ry
1 by o
Ty,
D R"T L R |Du Ry
kS P
Ly,
b A% L R Vb
[ ((n=1)d+1)—ar- 3=
; GTnsL = N
Ly Ry Dm,.{:ﬁ Ry IL nRy + WQdRDS +br-Rp
"k, 1=+ (1-dR
Dy, K% L R Dys Ry
Vo 2[ W
+ e T Hf
Vi= RV,
_T Ros Re B
Li Ry Dy. Rp Dy Ry
3=
1 Di’VnVn 2 Vo
x.,% Vo
Dy Ry . L Ribyus Ry =1y ¢ + ((n N 1)d + 1) —ar Ve
T kS D, Vo G = S
Vs__:_ it ), RHVa InSL TLRL I TLQdRDS + bI | RD
R.,% Ros Re _ (1 — d) + (1 — d)R
Dy1\ Ry ' L, R,
Ve
40 : . . : T 1
Ideal
-=-14SL-Boost
35- 15 1
----- T4SL-Boost 0.95 L
09 st

Fig. 8.

Voltage gain comparison.

(12), and one can plot their curves, as shown in Fig. 9. With the
same input voltage, the efficiency of 14SL-Boost is higher than
the ones of T4SL-Boost in all conditions. Assume their output
powers P, = 100 W, their different parts of losses are compared
in Fig. 10. It is remarked that diode power loss of T4SL is larger
than the ones of I4SL, which finally raises higher efficiency of
14SL.

V. SIMULATIONS VERIFICATIONS

In order to verify the effectiveness of the proposed modular
structure, four-cells of TnSL- and InSL-Boost converters are
simulated, and their schematics are shown in Figs. 11 and 12,

|| —I4SL-Boost-40V
—T4SL-Boost-40V
| |-=-I4SL-Boost-30V
---T4SL-Boost-30V
-~ 14SL-Boost-20V

o
0
[

efficiency
j=1
oo

0-75/1.... T4SL-Boost-20V il
0.7
0'650 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
d
Fig. 9. Efficiency curves of V5 = 40, 30, and 20 V.

respectively. Assume the corresponding parameters depicted in
Table VI, and simulation results via PSIM software are depicted
in Fig. 13(a) and (b). It is remarked that the results agree with
the theoretical analysis.

VI. EXPERIMENTS VERIFICATIONS

Two prototypes with corresponding parameters, presented
in Table VII, are built as shown in Fig. 14 and tested under
conditions given in Table VIII. According to Table VII, it is
found that in the same experimental conditions, rated currents
of D1, D5, Dg,and Dy in 14SL-Boost are lower than the ones
of T4SL-Boost. Then, one can obtain experimental results as:
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Fig. 13.  Simulation waveforms of (a) T4SL-Boost and (b) I4SL-Boost.
TABLE VII
EXPERIMENTAL PARAMETERS

Parameters T4SL-Boost 14SL-Boost
Input voltage V 20V 20V
Output voltage V, 200V 200V
Output power P, 100 W 100 W
Switching frequency f 50kHz 50kHz
Inductors Ly, ..., Ly 470 uH 470 uH
MOSFET @ IXTQ36N30P  IXTQ36N30P
Driving IC IXDN404SIA  IXDN404SIA
Diodes Djand Dg 8TQ100 SS36
Diodes D2 and Dg SSs56 SS310
Diodes D3 and D7 SS36 S$S3200
Diodes Dy, D5, and Dg SS36 SS36
Diode D1 HER304 HER304
Capacitor C' 330 uF/250 V. 330 uF/250 V

Driving
Cricuit

Fig. 14.

Driving
Cricuit

Prototypes of (a) T4SL-Boost and (b) I4SL-Boost.

20
Po=100W | |llCapacitor
Inductors
Switch
15 Diodes
S
§ 10 ]
s
5 o
0
T4SL-Boost 14SL-Boost
Fig. 10. Power loss comparison of Vg = 20 V.
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Fig. 11. Traditional four-cell switched-inductor boost converter.
e D 2y
1 “ 2 !
2
D; L Dy
N YN M
+ » /s D L,
= LB NI e == |Jx
Vs
D, Ly
% ~
Fig. 12.  I4SL-Boost converter.
TABLE VI
SIMULATIONS PARAMETERS
Vs f Ly, Ly s Ly C R
20V 50 kHz 330 uH 330 uF 200 Q

1) Figs. 15(a) and 16(a) demonstrate waveforms of vgs, Ups,

Vs, and V,;

2) while Figs. 15(b) and 16(b) depict waveforms of iy, , iz, ,

and iz, ; and

3) Figs. 15(c), 16(c), 15(d), and 16(d) remark that
1Dy D, Dy, and ip, of I4SL-Boost are lower than the ones
of TASL-Boost.

In order to verify the advancements of InSL in actual
voltage gain and efficiency, experimental and theoretical re-
sults are plotted and compared in Figs. 17 and 18. In detail,
Fig. 17 depicts their actual voltage gain curves when V, = 20
V with a plugged output voltage comparison table, whereas
Fig. 18 shows the experimental efficiency measurement curves
of Vi = 40, 30, 20 V with plugging efficiency data subta-
bles, which shows that the highest experimental efficiency of an
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14SL-Boost converter is about 94%, and the largest efficiency
difference between InSL-Boost and TnSL-Boost is 4.32%.
There is only about 1.5% difference between the efficiencies
of theory analysis and experimental tests, which implies that the
theory analysis is consistent with the experiments. Moreover,
the tiny difference is also reasonable since some tiny losses are
ignored here, e.g., the core losses of inductors and the switch-
ing losses of diodes. It is concluded that experimental results
are consistent with simulations and theoretical analysis, i.e.,
I4SL-Boost is superior to T4SL-Boost both in efficiency and
actual voltage gain, which forwardly implies that the InSL mod-
ular structure had unique features to replace TnSL in industrial
applications.

VII. CONCLUSION

This paper has devised a novel multicell modular topology
based on switched-inductor techniques. Compared to the tra-
ditional multi-cell one, the proposed one can achieve higher
actual voltage gain with the same components but reduce diode
currents even with the increasing number of cells, which fi-
nally reduces its power losses and economy costs. In detail,
their main parameters, actual voltage gains, and efficiencies
considering parasitic parameters are described in detail. Two
experimental prototypes are built to validate the advancements
of the proposed structure, it is found that the proposed struc-
ture has higher efficiency and lower diode currents compared
to the traditional ones, the highest efficiency of I14SL-Boost can
realize about 94%, and the largest efficiency difference between
InSL-Boost and TnSL-Boost is 4.32%. Therefore, the proposed
structure can be used in high-voltage converters to replace the
traditional one.
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