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Multi-input Step-Up Converters Based on the
Switched-Diode-Capacitor Voltage Accumulator

Shiying Hou, Jianfei Chen, Tao Sun, and Xiaohui Bi

Abstract—This paper introduces the application of a switched-
diode-capacitor voltage accumulator (SDCVA) on conventional
boost converter. This study aims to obtain two different kinds of
multi-input step-up converters with high voltage gains, low com-
ponent stresses, low ripples, simple control, and high conversion
efficiencies: one is based on the parallel SDCVA and the other
based on the serial SDCVA. The double-input step-up converter
based on the parallel SDCVA and the double-input step-up con-
verter based on the serial SDCVA are, respectively, taken as an
example to do theoretical analysis, including operating principles
and performance analyses when they work individually and simul-
taneously. The two proposed converters are implemented with a
voltage closed-loop control at the switching frequency of 30 kHz.
Experimental results obtained from the implemented prototypes
are provided to validate the feasibility and effectiveness of the pro-
posed converters.

Index Terms—High efficiency, high voltage gain, low component
stress, multi-input, simple control, switched-diode-capacitor volt-
age accumulator (SDCVA).

1. INTRODUCTION

NERGY sources such as photovoltaic cells (PVs), fuel
E cells (FCs), batteries, etc., play a very important role in
distributed generation systems. The interconnection of the re-
newable and alternative energy sources is achieved through elec-
tronic interfaces. Therefore, power electronic interfaces become
essential for the integration of different power generation units
with distinct electrical characteristics into a common system
while still achieving high efficiency and good performances [1].

To attain the goal of integration, a multi-input converter (MIC)
is a perfect choice, which may integrate diverse power sources
and provide power to a common load in a single conversion
stage. Many papers related to a variety of MIC topologies have
been published. In [2], a systematic approach to synthesizing
MICs by introducing the pulsating voltage source cells and the
pulsating current source cells into six basic PWM converters
is proposed. Four rules that must be observed in order to be
able to realize a MIC from its single-input version are listed in
[3]. In the renewable power generation system, MIC topologies
are usually integrated with a dc link. However, most of these
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MICs do not take high voltage gain into consideration, since
the output of PVs, FCs, and batteries is typically unregulated
low-level dc voltages that needs to be stepped up to regulated,
high-level voltages for practical applications.

At present, the conventional boost converter is usually used
because of its simple circuit. Unfortunately, practical consider-
ations limit its output voltage to approximately four times its
input voltage [4]. To supply a high output voltage, it must oper-
ate at extremely high duty-cycle whereas extreme duty-cycles
impose inefficient small off times or low switching frequen-
cies. Small off times will cause severe diode reverse-recovery
currents, increasing electromagnetic interference (EMI) levels.
And low switching frequencies may cause higher ripple currents
and increase size of magnetic components. Significant switch
and diode reverse-recovery losses leading to low conversion
efficiency is another concern [5].

To increase conversion efficiency and voltage gain, many
high step-up converter topologies have been proposed. It is well
known that the method of cascading several conventional boost
converters may lead to low efficiency and high cost. And en-
suring the stability of the cascaded converter is another con-
cern. Several high set-up converter topologies that use coupled
inductors are proposed for the FC generation system [6]—[9].
Although a high voltage gain is obtained, their efficiencies are
degraded due to the losses associated with leakage inductances.
And coupled inductors may bring in high switch voltage stress
and EMI problems. The voltage-lift technique is an effective
method that can be applied in electronic circuit designs, to at-
tain a high voltage gain [10], [11]. It is, however, limited. A
step-up converter based on charge pumps with one inductor
inserted is proposed [12]. Unfortunately, its control circuit is
usually difficult to design and the input current is not continu-
ous, which is not a good choice for the PVs and FCs. The study
in [13] has achieved a high voltage gain with continuous input
current and a simple control circuit. But large switch voltage
stress becomes one concern. The study in [14] and [15] pro-
poses an effective topology that can achieve high voltage gains
without high duty-cycle by cascading several voltage multiplier
cells, whereas the high output voltage is achieved through lifting
capacitor voltage step by step, making the capacitor voltage of
the latter cell larger than that of the former cell. High voltage
stress of the capacitors, increasing size and cost of converters,
should be also taken into account.

To integrate different energy sources well and achieve high
voltage gain, one possible solution to this problem is the applica-
tion of the switched-capacitor technique on classical nonisolated
dc—dc converters [16]-[21]. Based on it, a parallel switched-
diode-capacitor voltage accumulator (SDCVA) composed of
several switched-diode-capacitor cells in parallel and a serial
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Fig. 1. Switched-diode-capacitor cell.

SDCVA composed of several switched-diode-capacitor cells
in series are proposed in the paper. Then, a multi-input step-
up converter based on the parallel SDCVA and a multi-input
step-up converter based on the serial SDCVA are, respectively,
presented. Both of them achieve a high voltage gain due to
the accumulation of some or all capacitor voltages of SDCVA.
Other advantages are included, such as low voltage stress and
current stress across components, low voltage ripple and current
ripple, and a simple control circuit. Furthermore, the proposed
converters can be extended by simply increasing the number of
switched-diode-capacitor cells.

II. Two SDCVA STRUCTURES

Fig. 1 shows the switched-diode-capacitor cell, which pos-
sesses a symmetrical characteristic as capacitors C;, Co and
diodes Dy, D, are, respectively, identical in technical parame-
ters, making voltage across C; and C, equal

Uep = Up (1)

where U.; and U, represent the voltage across C; and Co,
respectively.

The principle of the switched-diode-capacitor cell is that:
when the main switch S is turned on, diodes D;, Dy are turned
OFF with capacitors C;, Co discharged in series; when S is
turned OFF, diodes D, D are turned ON with C;, Cy charged in
parallel. A high voltage gain can be attained since two capacitors
are discharged in series and charged in parallel automatically
by the ON-OFF transition of the main switch.

Based on the switched-diode-capacitor cell, two different SD-
CVA structures could be attained: the first one called the par-
allel SDCVA consists of two switched-diode-capacitor cells in
parallel, shown in Fig. 2(a); the second one called the serial
SDCVA is composed of two switched-diode-capacitor cells in
series, shown in Fig. 2(b). In the two SDCVA structures, the
two switched-diode-capacitor cells are, respectively, labeled as
cell 1, cell 2 and the capacitor voltage of each cell is, respec-
tively, labeled as Uy, U,. It should be noted that the two adja-
cent switched-diode-capacitor cells share the same diode D> in
Fig. 2(a), and it is the reuse of the diode that makes the capacitor
voltages of cell 1 and cell 2 equal, which can be verified by (5).

The two SDCVA structures can be utilized to construct two
different double-input step-up converters, shown as follows.

1) The parallel SDCVA with two input ports in Fig. 2(a) can
be utilized to construct a double-input converter with a
high voltage gain, which feeds power to the load individ-
ually. It should be noted that the word “individually” in
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Fig.2. Two SDCVA structures: (a) parallel SDCVA and (b) serial SDCVA.

the paper means that the double-input converter operates
with the two input sources alternately but only one of them
is active every time. The two switches driven by the same
switching signal provide a pathway for making two cells
connected in parallel and a pathway for three capacitors of
the parallel SDCVA connecting in series to feed the load
power energy. A great advantage is that the same output
effect will be attained when each input source works in-
dependently, namely, a double-input step-up converter for
individual supplying power can be constructed based on
the paralle]l SDCVA.
The serial SDCVA with two input ports in Fig. 2(b) can be
used to build another double-input converter, which also
achieves a high voltage gain. Different from the parallel
SDCVA, the serial SDCVA is the circuit structure that can
be used to build a double-input step-up converter for both
simultaneous and individual supplying power. Also, the
two switches are driven by a switching signal. However,
the two switches make two capacitors of each cell in paral-
lel and provide a pathway for making all rather than three
capacitors of the serial SDCVA be connected in series to
feed the load.

Both the two proposed converters achieve a high voltage gain
due to the boost circuit and the SDCVA, in which the boost
circuit converts the low input voltage to a high voltage level

2)
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Fig. 3.

and the SDCVA converts the high voltage level to a higher
level simultaneously. It should be noted that the two converting
processes are performed at the same time, i.e., it is a one-stage
circuit instead of a two-stage circuit. Other outstanding merits
are included as follows:

1) ahigh voltage gain can be achieved due to the accumula-
tion of some or all capacitor voltages of SDCVA;

2) voltage stresses across all components of the two cells are
equal and small, therefore, low voltage devices with small
RS-ON can be adopted to reduce conduction loss and cost
of the proposed converters.

3) a simple control circuit is attained since the two main
switches are driven by the same switching signal;

4) high conversion efficiency is achieved.

This paper is organized as follows. Basic operation principle
and performance analysis for the double-input step-up converter
based on the parallel SDCVA and the double-input step-up con-
verter based on the serial SDCVA are, respectively, presented
in Sections III and IV. Section V shows the experimental veri-
fication in detail. Finally, a conclusion for the two converters is
given in Section VL.

III. DOUBLE-INPUT STEP-UP CONVERTER BASED ON THE
PARALLEL SDCVA

Topology and operation principle of the double-input step-up
converter based on the parallel SDCVA at the mode of indi-
vidual supplying power are given in Section III-A. And the
performance analysis of it is presented in the Section III-B. In
addition, the converter can also operate at the mode of simulta-
neous supplying power. At this mode, the parallel SDCVA is a
good choice to construct a novel voltage balance converter.

A. Operation Principle

Fig. 3 shows the basic topology of the double-input converter
based on the parallel SDCVA, which is made of two switched-
diode-capacitor cells in parallel. In the circuit topology, two
switched-diode-capacitor cells are, respectively, labeled as cell
1, cell 2, and the two input sources are respectively labeled
as input source 1, input source 2. Cell 1 and cell 2 share the
same diode Dj. As the converter feeds power to the load R
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Fig.4. Equivalent circuits when input source 1 works independently: (a) stage
1 and (b) stage 2.

individually, the specific two analysis processes when input
source 1 and input source 2, respectively, work independently
are presented next.

1) When Input Source 1 Works Independently: Equivalent
circuits of the converter based on the parallel SDCVA when
only input source 1 works independently are given in Fig. 4,
including two operating stages.

Stage 1: When switches S; and S, are turned ON [see
Fig. 4(a)], diodes D1, D5, and D5 are reverse-biased while diode
D, is forwarded. During the switch-on period, capacitors Cy,
Cs, Cs, and C4 are under serial-and-parallel connection, where
Cy, Cs in parallel are connected with Cs and Cj in series. Thus,
the capacitor voltage of cell 1 equals to the capacitor voltage
of cell 2, i.e., U; equals to Us. And it gives the reason why
the SDCVA in Fig. 2(a) is called the parallel SDCVA. At this
period, the voltage across the inductor L, can be obtained

ur1 = Un1. @)

In the serial—parallel pathway of capacitors C;—Cj, the output
voltage is achieved as U; +2U, or 2U; +U,

U, =U, +2U, =2U; 4+ Us. 3)

Stage 2: When switches §; and So are turned OFF [see
Fig. 4(b)], diodes Dy, Dy, and D5 are forwarded while diode
D, is reverse-biased. During the switch-off period, capacitors
C1, Cy of cell 1 and capacitors Cs, Cy of cell 2 are, respectively,
connected in parallel, making each capacitor voltage of each
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cell equal. The voltage across the inductor L; is written by
“

In addition, by applying the principle of voltage—second bal-
ance on the inductor L; according to (2)—(4), we attain the
capacitor voltage of the parallel SDCVA and the output volt-
age of the double-input step-up converter based on the parallel
SDCVA as follows:

ur1 = Uin1 — Uy.

1

Ui = 1-D

U2 - Uinl (5)

3
1_-D Ulnl .

2) When Input Source 2 Works Independently: Operation
principle of the converter based on the parallel SDCVA when
input source 2 works independently is similar to that when input
source 1 works independently. Therefore, it is easy to obtain the
capacitor voltage and the output voltage of the converter as
follows:

U, = (6)

Uh=Uy=—=F (N

3
——Uins.
1—Dp ™
According to the double-input converter, it is not difficult
to derive the voltage gain of N-input converter with N cells in

parallel, which is given in the following equation:

%_N+1“_
Uw 1-D

U, = ®)

1,2...,N). )

B. Performance Analysis

As the converter could attain a similar output effect no matter
which input source works independently, the operating mode
when input source 1 works independently is taken as an example,
to do detailed performance analysis later. First, the transient
characteristic of the converter is analyzed in detail. Then, the
current ripple, voltage ripple, voltage stress, and current stress
are, respectively, discussed.

1) Transient Circuit Characteristic: Some definitions are
given

Ci=Cy=C3=C,=C

Liin = I — Ajy
Uc min — Un - Aun

Uy =U, =T,
Ilmax = Il + AZ1
Ucmax = Ur: + AUC

(10)

where the four capacitors C;—C, have the same capacitance C,
U. represents the capacitor voltage value of the parallel SDCVA,
Ucmins Ucmax represent the minimum value and maximum value
of the capacitor voltage, Au, represents the capacitor voltage
ripple, I; represents the average current of the inductor L, and
I1min and Adq, respectively, represents the minimum value of
I, and the current ripple of the inductor L; .

During the stage 1, Uiy, is applied to the inductor L; and the
input current #; can be written by

Ui nl

=1 + Uinl
1 — 41 min
L

t=1 — Ai; +
) 1 IR

t. (11)
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During the switch-on interval, the four capacitors C;—C, con-
struct a serial—parallel configuration, in which three capacitors
(Cy, C1, Cy4 or Cy, C3, Cy) are connected in series to real-
ize accumulation of the three transient capacitor voltages. The
equivalent capacitance of the serial-parallel configuration can
be achieved by 2/5C, since the four capacitors have the same
capacitance C. Thus, three expressions can be given

Uy = U (12)
du,
o _ |
R (ZDU Co dt > Uo ( 3)
. 2 _du,
1Do= — BC 7 (14)

where u,, u., and ip,, respectively, represent the transient out-
put voltage of the converter, transient capacitor voltage of C;—
Cy4, and the transient current through the diode D, . In addition,
the initial value of u. during the stage 1 is U,y ax. From (12)
to (14), the transient capacitor voltage u,. can be achieved as
follows:

_ 15 ¢
Ue = Uemaxe FEE+H1C) 7, (15)

Then, ip, can be further obtained based on (14):
6CUcmax e—mt. (16)

Do = R(20+15C,)
During the stage 2, U;,1-U. is applied to the inductor L; and
we have the input current i; expressed in

Uinl - Uc . Uinl - Uc
—t=L +A —t (17
7 1+ Ay + I (17)

where the initial value of iy during the stage 2 is /1 ax.-
The input terminal of the circuit forms a current loop L;—C;—
Uin1, which is described by
diy
Ingy e =

As the two capacitors of each cell are connected in parallel,
the input current /; can be also written as follows:

du,.
=20 —.
" dt
By substituting (19) into (18), a second-order differential
equation is obtained

Z.1 = Ilmax +

inl-

(18)

19)

d*u
dt
where the initial value of u, during the stage 2 is U.p;iy -

During the switch-off period, the capacitor voltage u,. in each
cell can be derived from (17) to (20)

2L1C c + U, =

Uin1 (20)

Ue = (U(’ min — Uinl) COS <

[ Ly :
+ %Ilmax sin (

In addition, as the diode D, is reverse-biased, the current ip,
flowing through the diode D, is zero.

2L16j>

2L10t> + Ui 21
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Fig. 5. Key waveforms: (a) input inductor current and (b) output voltage.

2) Current Ripples and Voltage Ripples: In the steady state
of the converter, waveform of input inductor current i; is given
in Fig. 5(a). It is easy to attain the current ripple of the input
inductor L, which is also the input current ripple Ay

Uinl
DT..
214 '

Aip = (22)

According to (22), the expression of input current ripple is
similar to that of the conventional boost converter.

In addition, according to the definitions mentioned in (10),
the four capacitors have the same capacitance C. An equation
can be obtained based on the energy conservation principle

3e %C(Ugmax - Ugmin) _
T, -
3C Uc max Uc min Uc max — Uc min U2
(Uemas + Uemin ) ) o)
2T R

In addition,

Uc max T U(t min — ZU(:- (24)

Thus, the capacitor voltage ripples Auy, Awus of the two cells
can be formulated based on (23) and (24)

cmax — Yemin in Ts
Auleuz:U U, _ 3Uin1

2 2(1 — D)RC"

Though the SDCVA is combined with the conventional boost
converter, the output voltage waveform of the converter shown
in Fig. 5(b) is quite different from that of the conventional boost
converter. In the conventional boost converter, the output filter
capacitor delivers power to the load during switch-on period and
input source and input inductor supply power to the load during
switch-off period. However, in the proposed double-input step-
up converter based on the parallel SDCVA, three capacitors of
the parallel SDCVA are connected in series to feed the load dur-
ing the switch-on period and the output filter capacitor delivers
power to the load during the switch-off period. That is to say,
during a whole switching period, the load is always charged by
capacitors. As a result, the output voltage ripple can be divided

(25)
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into two different parts: voltage ripple Awu,; during the switch-
on period and voltage ripple Au, o during the switch-off period.
Thereinto, Au,; could be derived by approximate calculation

1 ___15DTs
Auol - 5 <3Ucmax - 3Ucmaxe R(Q(UFIJC“))

3 ___15DTs

— §UcmaX (1 —e R(ZC?]TS(‘O)) .
As only the capacitor C, feeds power to the load during the

switch-off period, it is easy to attain the output voltage ripple

Au,o during the switch-off period as follows:

(26)

(1-D)U,Ts

Aty = ——F—— 27
oz 2RC, &7

Thus, the output voltage ripple Au, can be written by

Au, = Augr + Augo
3 ___1sp7y (1-D)U,Ts
= — . _ R(2C+15C4) .

Uemax (1= )+ ame - @8)

3) Component Stress: In the parallel SDCVA, all switches
and diodes are subjected to a low voltage stress, which is de-
scribed by the product of the input source voltage and 1/(1-D).
Combining (5) and (7), it is clear to know that the capacitors
have the same voltage stress as the switches and diodes. As a
result, small and equal voltage stress of switches, diodes, and
capacitors enables the use of the components with a low rated
voltage and low RDS-ON, which greatly reduces losses.

Combing (11), (16), (17), and (22), the input inductor current
i1 and the current ip,, through the diode D, can be, respectively,
described as (29) see at the bottom of the page

1 =

3U0 Uinl Uinl
—_— — DT, f < DT,
G-DR 20, ! 0<t<DT,
3U0 Uiul DUinl
__vo o wFml (¢ <
(1—D)R+2L1DTS (l—D)Ll(t DT,) DT,<t<T,
29)
6CU(’max N E——
___JFemax TR0+ 15C0) 0<t<DT,
in, = {4 R(2C+15C;)
0 DT, <t <Tj.
(30)

From (29), we know that the current stress ;s of the switch
S can be achieved at the end of the switch-on interval
3Uvo Uinl

lipS1 = 7+E

(1-D)R DT,

(D
And from (30), the current stress 7;,p, of the diode D, can
be achieved at the beginning of the switch-on interval

6 CUL max

R(2C+15C,) 32)

LipDo =

At the same time, during the switch-off period, the current
159 through the switch S» and the current through every diode
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of the parallel SDCVA can be derived based on (21)

ip] = ip9 = ip3=ig :C%:Ilmax
D1 D2 D3=152 i 5C

=)

Uc min — Uvin .
-5 (33)

1

e o (Jaret):

Referring to (31)—(33), it is clear that the main switch §; is
subjected to a relatively high current stress while the switch
Sy and the diodes of the SDCVA are all subjected to a low
current stress. Low voltage stresses and current stresses across
components greatly reduce the conduction losses.

In conclusion, the output effect is similar when each input
source independently feeds power to the load. When one in-
put source is active, the input power will be transferred into its
own corresponding switched-diode-capacitor cell and the en-
ergy stored in the cell will be simultaneously transferred into
its adjacent cell. Finally, all capacitors of the parallel SDCVA
own the same capacitor voltage, i.e., the parallel SDCVA has
the voltage self-balanced function. In addition, a high output
voltage can be achieved by the accumulation of three capacitor
voltages in the parallel SDCVA. Most importantly, the capaci-
tor voltage of each cell is equal and small with the value 1/3U,,,
which is the biggest difference compared with the cascade step-
up converters based on diode-capacitor voltage multiplier cells
[17]. In the cascade step-up converters, as the capacitor voltage
of the latter diode-capacitor cell is 1/(1-D)Uj;,, bigger than that
of the former diode-capacitor cell, capacitors with high rated
voltage should be needed. However, in the proposed double-
input step-up converter based on the parallel SDCVA, small and
equal capacitor voltage allows the use of capacitors with smaller
voltage stress, reducing size and cost of the converter. Moreover,
compared with the ones obtained by simply placing the output
terminals of several converters in parallel or in series, another
advantage of the proposed converter is that two cells operate
all the time and make a contribution to achieving a very high
voltage gain no matter which input source works independently.
Thus, a high component utilization can be achieved.

C. Novel Voltage Balance Converter

As analyzed previously, the converter based on the parallel
SDCVA operates at the mode of individual supplying power
where the two input sources works alternately. If the converter
operates at the mode of simultaneous supplying power, the two
input sources will have the same voltage value due to the au-
tomatic voltage self-balanced function of the parallel SDCVA.
And itis just this function that makes the parallel SDCVA a good
choice to construct a novel voltage balance converter, which is
suitable for a serial battery string.

The operation principle of the voltage balance converter is
that: when two input sources work simultaneously, the two cells
work alternatively between charging and discharging states,
making the excess energy transferred from the input source with
high voltage to the input source with low voltage. And finally,
both of the two input sources achieve the same voltage value.
Unlike the traditional voltage balance converter, all batteries in
the proposed converter with simultaneous supplying power are
not connected in series directly. Conversely, they are connected
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Fig. 6. Double-input step-up converter based on the serial SDCVA.

in series with the parallel SDCVA indirectly, in which sepa-
rate batteries serve as the multiple input sources. And the output
voltage of the self-balanced converter for N batteries is the prod-
uct of (N+1)/(1-D) and the self-balanced voltage. In addition,
a great advantage of the voltage self-balanced converter is that
when some battery is out of service, the converter can still com-
plete the voltage self-balanced function for the other batteries
and the output voltage keeps unchanged.

IV. DOUBLE-INPUT STEP-UP CONVERTER BASED ON THE
SERIAL SDCVA

Another double-input step-up converter based on the serial
SDCVA is proposed in this section. The converter can also feed
load individually as well as simultaneously. Operation principle
and performance analysis are, respectively, given.

A. Operation Principle

Fig. 6 shows the basic topology of the double-input step-
up converter based on the serial SDCVA, which consists of
two switched-diode-capacitor cells in series. In the converter,
the operating mode of simultaneous supplying power and the
operating mode of individual supplying power are, respectively,
presented next.

1) Operating Mode of Simultaneous Supplying Power:
Equivalent circuits of the converter when two input sources
work simultaneously are presented in Fig. 7, including two op-
erating stages. Some definitions are given as follows:

C1 =0y = Ceemt C3 = Cy = Ceento- (34)

Stage 1: When switches S, Sy are turned ON [see Fig. 7(a)],
the voltage across inductor L; and the voltage across inductor
Ly can be formulated in

uri = Uni (Z =1, 2) (35)

Since all capacitors of the SDCVA are connected in series to
feed the load, the output voltage of the converter based on the
serial SDCVA can be written by

U, =2U; + 2Us. (36)



HOU et al.: MULTI-INPUT STEP-UP CONVERTERS BASED ON THE SDCVA

B
TUinl =1,
4
C1::_Ul
L, =
e SR
_|_
TUM C—=U,
_|_
G—uU,
(@
L
+ upy —
_ =+ 1+
= U G==U; G2 U,
+
L & R[]
+ i — i
£ 1+ 1t
Uiz G==U, C=FU,
(b)

Fig. 7. Equivalent circuits when the converter is under the operating mode of
simultaneous supplying power: (a) stage 1 and (b) stage 2.

Stage 2: When switches S;, So are turned OFF [see Fig. 7(b)],
capacitors Cy, Cy of cell 1 and capacitors Cs, C; of cell 2
are, respectively, connected in parallel, making each capacitor
voltage of each cell equal. During this period, the voltages across
L, and L, are, respectively, expressed as follows:

ur; = Uini — Uz (Z = 1, 2) (37)
From (35) to (37), we obtain the following results:
1 .
Ui = mUini (Z = ]., 2) (38)
U, = L(U + Uin2) (39)
o — 1-D inl in2)-

Similarly, it is easy to conclude the output voltage of the
N-input converter for simultaneous supplying power, which is
formulated in the following equation:

9 N
U, = m;Ulnz

2) Operating Mode of Individual Supplying Power: In the
operating mode of individual supplying power, the two input
sources of the converter work alternately. When the input source
1 works, only cell 1 makes a contribution to boosting the low
input voltage to the value 2/(1-D)Uj,; and cell 2 continues
to work to provide a pathway for the boosting process. When

(40)
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the input source 2 works, only cell 2 makes a contribution to
boosting the low input voltage to the value 2/(1-D)U;,» and
cell 1 continues to work to provide a pathway for the boosting
process. Compared with (6) and (8), the voltage gain of the
converter operating at the mode of individual supplying power
is 1/(1-D) smaller than that of the double-input converter based
on the parallel SDCVA.

B. Performance Analysis

1) Component Voltage Stress: The component voltage stress
of cell 1 is described by
UypS1 = UyppC1 = UypC2 = UypD1 = UppD?2
1

= Uinl

1-D 1)

where w51, Uypc1s Uppc2, Uvppi, and u,,po, TESpectively,
represent the voltage stress across S, Cy, Co, D1, and D of cell
1.
The component voltage stress of cell 2 is described by
UypS2 = UypC3 = UypC4 = UypD3 = UypD4
1

= UinZ

- D (42)

where w52, Upc3, Uppcd, Uvpp3, and Uyppya, TESpeECtively,
represent the voltage stress across So, C3, Cy, D3, and Dy of
cell 2. In addition, the voltage stress across the diode D, is as
follows:

1 1 1

Uinl + 7U1112 = 7U0-

1-D 1-D 2 43)

UypDo =
According to (41)—(43), it is clear to know that the volt-
age stresses of the main switch, capacitors, and diodes of each
cell are equal and small, which can be described by the prod-
uct of the corresponding input source voltage and 1/(1-D).
And the voltage stress across D, is only half of the output
voltage.
2) Current Ripples and Voltage Ripples: In the converter
based on the serial SDCVA, the current ripples of L; and Ly can
be described in

. Uini
AZi =

= 22 pT,
2L,

(i=1, 2). (44)
As the two input sources work together in series, their average

input currents are equal

I =L (45)

In addition, by applying the energy conservation principle,
we attain
U;
LUt + LU = h
Combining (39), (45), and (46), two average input currents
are achieved as follows:

(40)

20,

L =1 =—"2_
TP T 1-D)R

(47)



388

uo (t)‘k 2((]l max + U2max)

2, i + Uspin)

Fig. 8. Output voltage waveform.

Some definitions are given
Ul min = U1 — Ay

U2 min — U2 - Au?
Cl = 02 = Ccelll

Ul max = Ur + Auy
UQ max — U2 + AUQ
C3 = Cy = Ceen2

(48)

where Uiy and Uy ax, respectively, represent the minimum
value and maximum value of capacitor voltage of cell 1, Usyin
and Uy ax represent the minimum value and maximum value
of capacitor voltage of cell 2, and Au; and Ausy represent the
capacitor voltage ripples of cell 1 and cell 2.

In terms of the capacitor voltage of cell 1, an equation can be
obtained by applying the energy conservation principle

1
2e §OC9111 (U121nax - U12111111)/T9 = (]illlll' (49)

In addition, the minimum value and the maximum value of
the capacitor voltage of cell 1 have the relation as follows:

Ul max T Ul min — 2(]1 . (50)

By substituting (50) into (49), the capacitor voltage ripple of
cell 1 can be attained as follows:

Ulmaa: - Ul min UoTs
2 2Rccelll .

By applying the previous computing method, the capacitor
voltage ripple of cell 2 can be attained as follows:

A U2max - U2 min U()Ts
Uy = = .
’ 2 2RConz

Like the double-input step-up converter based on the parallel
SDCVA, the load of the converter based on the serial SDCVA
is always charged by capacitors. Therefore, the output voltage
ripple can also be divided into two different parts: voltage ripple
Au,y during the switch-on interval and voltage ripple Au,o
during the switch-off interval, shown in Fig. 8. A little difference
is that during the switch-on interval, the load of the converter
based on the serial SDCVA is fed by all capacitors while the
load of the converter based on the parallel SDCVA is fed by
three capacitors.

During the switch-on period, as the output voltage equals to
the accumulation of all capacitor voltages, it reaches the maxi-
mum value 2(U1yax + Uamay ) at the beginning of the switch-on
period and the minimum value 2(U1 i, + Uzmin) at the end of
the the switch-on period. Combining (49) and (50), the voltage

Auy = (51)

(52)
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ripple A, during the switch-on period could be achieved

2(U1 max + U2 max) - 2(U1 min + U2 min)
2

Au(,l =

U()T9 UOT9
= — + . (53)
Rccelll RCCell?
Also, Au,s during the switch-off period could be easily de-

duced like (27)

(1 - D)UOTQ

Aty = ———~——— 4
Uo2 SRC, (54

Therefore, the output voltage ripple can be achieved

UOTS‘ UOTS‘
Au, = Auy + Auygo = -
' 7 RCei ' RCeon
(1 - D)U0T9

- 55
2RC, (53)

V. COMPARATIVE ANALYSIS AND CLOSED-LOOP CONTROL
A. Comparative Analysis

A comparison of voltage stresses among the two proposed
converters and the traditional boost converter is presented in Ta-
ble I. It can be seen from Table I that the voltage gains of the two
proposed converters are both higher than that of the traditional
boost converter. And in the double-input step-up converter based
on the parallel SDCVA, the component voltage stress of each
cell is the product of its corresponding input source voltage and
1/(1-D), which is also 1/3 of its output voltage. In addition, the
voltage stress of the output diode D, is also 1/3 of its output
voltage. In the double-input step-up converter based on the se-
rial SDCVA, the component voltage stress of each cell is the
product of its corresponding input source voltage and 1/(1-D).
And the component voltage stress of each cell and the voltage
stress of the output diode D, are all half of its output voltage.
On the whole, if these three converters output the same voltage,
the voltage stresses of all components of the proposed convert-
ers are smaller than that of the traditional boost converter. Low
voltage stress across component will reduce cost and size of
circuit designs.

B. Closed-Loop Control

As the two proposed converter topologies are similar, they
can be designed in one variable-structure circuit presented in
Fig. 9 by adding three toggle switches Q;, Q2, and Q3. The
two converter topologies can be transformed from one to the
other by the ON-OFF transition of these three switches. When
01, Qs are both turned on and Q3 is turned off, the circuit is
equivalent to the circuit of the double-input step-up converter
based on the parallel SDCVA. When Q;, Q> are both turned
off and Q3 is turned on, the circuit is equivalent to the circuit
of the double-input step-up converter based on the serial SD-
CVA. In the experimental prototype, these three switches are
implemented based on toggle switches.

To make the proposed converters operate stably when the
input voltage varies, a voltage closed-loop control is essential.
Structure diagram of the voltage closed-loop control circuit for
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TABLE I
COMPARISON OF VOLTAGE STRESSES AMONG THE TWO PROPOSED CONVERTERS AND THE TRADITIONAL BOOST CONVERTER

The proposed double-input step-up converters

Output voltage U, Voltage stress of switches, diodes, capacitors

Cell 1 Cell 2 D,
The converter based on the parallel SDCVA Individual/Simultaneous Input source 1 3U;y 1 /(1-D) 13U, 173U, 13U,
Input source 2 3Uin 2 /(1-D) 13U, 13U, 13U,
The converter based on the serial SDCVA Simultaneous Input sources 1, 2 (2Uin1 +2Uin2)/(1-D) Uin1/(1-D) Uino/(1-D) 120,
Individual Input source 1 2Uin1 /(1-D) 12U, - 12U,
Input source 2 2Uin2 /(1-D) - 12U, 12U,

Traditional boost converter Uiy /(1-D) U, U,

= Uinl

+ Uy —

;UinZ

Fig. 9. Variable-structure circuit for the two proposed converters.

\4

Isolated driving 1—»

¥\ [solated driving 2 ——»

Fig. 10.  Structure diagram of the voltage closed-loop control circuit.

the proposed converters is presented in Fig. 10, in which an a
voltage error signal is obtained by taking the referring signal of
the output voltage U, to subtract the sampling output voltage,
which is designed to be U,/240, and then passes through the
proportional-integral regulator to compare with the carrier signal
to achieve the driving signal for the two switches S7, So. It
should be noted that the driving signal must be isolated during
the experimental research, because the switches S1, So do not
share the same ground with the output port. But on the whole,
the control circuit is simple and a stable output voltage can be
obtained.

VI. EXPERIMENTAL VERIFICATION

The experimental prototype with output power 160 W for
the two proposed converters is presented in Fig. 11(a). And
the main components and parameters of the prototype are

Auxiliary Power Supply

-
=
8
<
15
=
=
o
<
o
=
o
=11}
s
©
=

Main Circuit

Closed-loop Control Current Measurement

(a)

Three Input Ports Three Cells Toggle Switches

Output Port

Driven Circuit

(b)

Fig. 11.  Experimental prototypes: (a) proposed converter prototypes and (b)
voltage balance circuit for three batteries.

summarized in Table II. In the prototype, the main circuit is
realized based on the variable-structure circuit presented in
Fig. 9, which can save the design cost. In addition, the volt-
age closed-loop control is realized based on the digital signal
processor TMS320F2812, the voltage sampling circuit, and the
isolated-driving circuit. The isolated power supply provides the
voltages for the isolated-driving circuit, and the auxiliary power
supply provides the voltages for the voltage sampling circuit.
Furthermore, Fig. 11(b) presents the prototype of the three-input
step-up converter based on the parallel SDCVA, which can re-
alize the voltage self-balanced function for three batteries as
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TABLE II

EXPERIMENTAL PARAMETERS
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Components Rated value
Switching frequency fg 30 kHz
Inductors L; , Ly in Section III 900 nH
Inductors Ly, Ly in Section IV 800 uH
Load R 1000 ©
Control circuit TMS320F2812
Optocoupler TLP250
High frequency switches Sy , S» IRFP250
Switches Q1 , Q2, Q3 Toggle switch
Diodes Dy, Dy, D3, Dy, D5, D MUR420
Output diode D, MUR440
Capacitors Cy, Cy, C3, Cy, Cs5, Cg 100 £ F/250 V
Output filter capacitor C', 470 pF/470 vV
Three lead-acid rechargeable batteries 12 V/7 AH

well as achieving a high voltage gain. Though three inductors
in the voltage balance circuit are designed to be 220 pH, they
are, respectively, 222, 225, and 216 pH due to some deviations
in fact.

In the section, the experimental results of the converter based
on the parallel SDCVA and that of the converter based on the
serial SDCVA are, respectively, given. It should be noted that
ug; (i = 1,2) is defined to describe the voltage difference be-
tween the drain terminal and the source terminal of the MOS-
FETs. And up;(i = 1,2, 3,4) is defined to describe the voltage
difference between the cathode and the anode of the diodes D; -
D,. In addition, up, is given to describe the voltage difference
between the cathode and the anode of the diode D, .

A. Converter Based on the Parallel SDCVA

The converter is designed to operate stably with 400 V output
voltage when the input voltage varies between 33 and 50 V.
The experimental results when the input source 1 works in-
dependently are presented in Fig. 12, where (a), (b), and (c),
respectively, shows the key waveforms when the input source 1
is, respectively, 33, 40, and 50 V. In addition, waveforms of all
the components of the parallel SDCVA are presented in (d)—(f).
To further analyze the dynamic performance of the converter,
waveforms of the output voltage and the current of L; shown
in (g) when the voltage of the input source 2 jumps from 33
to 40 V, and the waveforms shown in (h) when the voltage of
the input source 2 jumps from 40 to 33 V are, respectively, pre-
sented. Furthermore, the experimental results when the input
source 2 works independently are presented in Fig. 13, where
(a) and (b) shows the key waveforms when the input source 1
is, respectively, 33 and 50 V.

On one hand, it cannot be difficult to see from Fig. 12 that the
output voltage is stable with the value 398 V, getting close to the
theoretical value 400 V, though the voltage of the input source
1 changes from 33 to 50 V. When the input voltage is 33 V in
Fig. 12, the average current of the inductor L; is 5.16 A. While
when the input voltage increases to 40 V, the average current is
4.23 A. And finally when the input voltage increases to 50 V,
the average current is 3.39 A. Thus, the average input power is
about 170 W and when the input voltage increases, the average

i, (2. 58/div) i, (2. 50/div)
"_,/_"/“- ./"A-_J/ _,,,/".\___-” \_,/'/" B P I R N T
U, (100V/ div) U, (100 V] div)
5 B
driven signalt5V/div) driven signal(5V/div)
2] B
B B
20us/ div 20us / div
(a) (b)
i, C1A/div) 1, (100 V/ div)
L (IA/diV) Pr " i -
V. / : , N & ]
"uadovrdivy S | T e
R i ik i e ”.~.-Ut]"\‘lr"'_d'_‘"3
driven signall 5V /div) B i
¥ il 1, (100 V/ div)
L4 -
20us / div 10us / div
(c) (d)
Hy (100V/ div) U (100V/ div)
& e sk & 4 UL (100V/ div)
11, (100V/ div)
-
B U, (100V/ div)
Hig (100 div)
s e U, (100 V/ div)
B -
10us / div 10us / div
(e) 0]
U.(100¥/div) U,(100V/div)
i, (2.5 A/ div) J‘,' l [
AL VN i i (2.5 A/ div) by \", I  f
G ! .II 'l-'.'l-I '.'I'_I.I.'lh..|I-I-I]..'-" AR, : i
- B
B " r
100msS / div S0mS / div
(2) (h)
Fig. 12.  Experimental results when the input source 1 works independently:

(a) 33 V input voltage, (b) 40 V input voltage, (c) 50 V input voltage, (d)
waveforms of S1, S2, and D,,, (e) waveforms of D1, D, and D3, (f) capacitor
voltage waveforms, (g) input voltage jumps from 33 to 40 V, and (h) input

voltage jumps from 40 to 33 V.

iy»(2. 5A/div)
L N I

i,(2. BA/div)

- . AL - -
i Tt Vi g R

U,(200V/ div) U, (200V/ div)
B it L e
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® i
20us / div 20us / div
(a) (b)
Fig. 13.  Experimental results when the input source 2 works independently:

(a) 33 V input voltage and (b) 50 V input voltage.

current of the inductor L, decreases to keep a stable output power
160 W. As aresult, the conversion efficiency of the converter is
as high as 94.1%. Furthermore, it can be seen from Fig. 12(d)
and (e) that the top voltages of the MOSFETs S, S2 and the four
diodes D,, D1, Do, and D3 are nearly the same with the value
132 V. And from Fig. 12(f), we know that the four capacitors
Cy, Co, C3, and Cy also share the same average voltage with the
value 133 V. Thus, the top voltages of the MOSFETS, diodes,
and the average capacitor voltages are equal, which is nearly 1/3
of the output voltage. And the output voltage 398 V is nearly
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Theoretical Value

Experimental Value |

Voltage Gain

32 025 03 035 04 045 05 0.55 06 065 07
Dritv-cycle D
Fig. 14.  Graph comparing theoretical and experimental voltage gains versus

duty-cycle for the mode of individual supplying power when the input source 1
is active.

the accumulation of three capacitor voltages. In Fig. 12(g) and
(h), it is obvious that the output voltage and the current of L
are regulated well with a short regulation time and low voltage
overshoot.

On the other hand, it is easy to see from Fig. 13 that the
similar results are achieved when the input source 2 works inde-
pendently. And the conversion efficiency of the converter when
the input source 2 works independently is also as high as 94.1%.

In conclusion, all experimental results indicate that the same
output effects can be achieved no matter which input source is
active in the double-input step-up converter based on the parallel
SDCVA.

Fig. 14 shows the graph comparing theoretical and experi-
mental voltage gains versus duty-cycle for the mode of individ-
ual supplying power when the input source 1 is active. It is easy
to conclude that both the theoretical and experimental voltage
gains increase with the duty-cycle increasing. And the experi-
mental voltage gain approximates the theoretical voltage gain
when the duty-cycle varies between 0.20 and 0.50. However,
when the duty-cycle is over 0.50, the experimental voltage gain
is less than the theoretical voltage gain and their voltage gain dif-
ference increases as the duty-cycle increases. This phenomenon
may attribute to the variable input voltage and component
losses. Fortunately, the voltage closed loop can relief it to some
degree.

As analyzed in Section III-C, the converter based on the par-
allel SDCVA can also be utilized to construct a voltage balance
system. In Fig. 11(b), a voltage balance prototype according
to the three-input converter based on the parallel SDCVA has
been built for the voltage balance of three batteries, whose ini-
tial voltages are, respectively, 11.770, 10.398, and 12.275 V. All
batteries work simultaneously and about 180 min later; volt-
ages of the three batteries are, respectively, 11.792, 11.695, and
11.884 V with the voltage difference of only 0.1 V among each
other. And the balancing time is long, which may attribute to
the large capacity of these batteries. Further researches for the
voltage balance of batteries will be done in the future. For this
research, three inductors in the voltage balance system will be
substituted by three high frequency MOSFETsSs and then a mod-
ified system will be presented. Smaller size and cost will be
achieved.
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Fig. 15. Experimental results when U;,1 = 30V, Ujp2 = 20 V: (a) inductor
currents, output voltage, and driving signal and (b) capacitor voltage.
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Fig. 16.  Experimental results when the input source 1 works independently:

(a) 50 V input and (b) 66 V input.

B. Converter Based on the Serial SDCVA

As analyzed in the Section IV-B, the double-input converter
based on the serial SDCVA can work at both the modes of
individual supplying power and simultaneous supplying power.
Like the converter based on the parallel SDCVA, the converter
based on the serial SDCVA is also designed to operate stably
with 400 V output for the two modes.

In terms of the mode of simultaneous supplying power, exper-
imental results when the two input sources are, respectively, 30
and 20 V, are presented in Fig. 15, including the waveforms of
inductor currents, output voltage, and capacitor voltages. From
these results, it is clear that the converter outputs a stable voltage
402 V, which basically matches its theoretical value 400 V. In
addition, the average current of L; and the average current of
L, are equal with the value 3.55 A, which verifies (45). Mean-
while, the conversion efficiency of the converter is 91.0%. In
Fig. 15(b), the capacitor voltages of C; and C, are both 112V,
and the capacitor voltages of C3 and C, are both 74 V. It can be
known from the four capacitor voltages that every two capacitor
voltages in the same switched-diode-capacitor cell are equal.
The capacitor voltages of the two cells are different because the
two input sources have different voltages. In particular, all the
four capacitor voltages are small, compared with the high output
voltage 402 V.

When the converter operates at the mode of individual sup-
plying power, key experimental waveforms with 50 V input and
66 V input are, respectively, given in Figs. 16 and 17. When
only the input source 1 is active, the output voltage is stable
with the value 400 V. The average current of L; is 3.40 A when
the input voltage is 50 V and 2.58 A when the input voltage is
66 V. Moreover, the conversion efficiency is as high as 94.1%.
When only the input source 2 is active, the output voltage is also
stable with the value 400 V, and the average current of Lj is,
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Fig. 17. Experimental results when the input source 2 works independently:
(a) 50 V input and (b) 66 V input.
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duty-cycle for the mode of simultaneous supplying power when Uj,,; = 30 V
and UinQ =20V.

respectively, 3.38 and 2.54 A when the input voltage is, respec-
tively, 50 and 66 V. At this situation, the conversion efficiency
is about 94.7%.

On the whole, the experimental results of the converter based
on the serial SDCVA indicate that the two operating modes are
feasible and the conversion efficiency of the converter is high.

Furthermore, the graph comparing theoretical and experi-
mental voltage values versus duty-cycle for the mode of si-
multaneous supplying power is presented in Fig. 18. It is not
difficult to conclude that the experimental output voltage basi-
cally matches the theoretical output voltage when the duty-cycle
varies between 0.20 and 0.50. However, when the duty-cycle
is over 0.50, the experimental output voltage value is less than
the theoretical value, and their voltage difference increases with
the duty-cycle increasing. This phenomenon is similar to that
of the converter based on the parallel SDCVA. As analyzed be-
fore, it is normal since variable input voltage and component
losses may result in voltage offsets.

As described in the experimental section, all experimental
results are sufficient to verify the correctness of the theoretical
analysis for the two proposed double-input step-up converters.
Both the two converters can operate stably at the modes of indi-
vidual supplying power and simultaneous supplying power with
low component stresses, simple voltage closed-loop control, and
high conversion efficiencies.

VII. CONCLUSION

In this paper, two SDCVA structures are proposed and then
two different double-input step-up converters are, respectively,
proposed based on them. According to theoretical analyses and
experimental researches, we know that the proposed converters
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can achieve high voltage gains with low component stresses,
simple control, and high conversion efficiencies. It should be
emphasized that a high output voltage is achieved by the
accumulation of three serial capacitor voltages in the double-
input converter based on the parallel SDCVA operating at the
mode of individual supplying power. Operating principle of the
converter operating at this mode is that the input source delivers
power to its corresponding switched-diode-capacitor cell and
then the power stored in the cell is transmitted to its adjacent
cell. Besides, the parallel SDCVA has the voltage self-balanced
function that makes it a good choice to construct a novel volt-
age balance system for batteries with different voltages. In the
system, the three-input converter based on the parallel SDCVA
operates at the mode of simultaneous supplying power, where
the three batteries with different voltages achieve the same volt-
age finally.

In addition, for the double-input step-up converter based on
the serial SDCVA, the high output voltage is attained by the
accumulation of all capacitor voltages of the serial SDCVA.
Like the converter based on the parallel SDCVA, the converter
based on the serial SDCVA can work at the modes of individual
supplying power and simultaneous supplying power. When only
one input source works independently, only the switched-diode-
capacitor cell which is connected with the input source makes
a contribution to the output voltage. So, the voltage gain of the
converter operating at the mode of individual supplying power
is less than that of the converter based on the parallel SDCVA.

Furthermore, all devices in the two SDCVA and the output
diode D, have low voltage stresses and current stresses. High
conversion efficiencies have been achieved in both the two pro-
posed converters. As the MICs are related to the energy man-
agement technique in renewable power generation area, great
work combined with storage technique based on the proposed
converters will be done further.
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