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Abstract

In this paper, a new interleaved switched-capacitor bidirectional DC-DC converter with a high step-up/step-down voltage gain
is proposed. In this converter, two inductors, four capacitors and four semiconductors are used. The voltage gain of the
proposed converter is higher than conventional converters such as buck-boost, boost, Cuk and is compared with some new
converters. In order to reduce the ripple of the current through the low-voltage side, an interleaved structure is adopted in the
low-voltage side of this converter. Furthermore, the equations of the voltage, the voltage stress for switches and currents are
presented in different modes. To verify the operation of the proposed converter, the experimental results are provided.
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1. Introduction

In light of the energy crisis and air pollution concerns, energy
storage could become highly influential. Optimal use of en-
ergy would be of great help to the human community and the
energy industry. One of the systems in which considerable
energy is lost is the subway transport system. Energy is gen-
erated by the braking action and is turned off from the circuit
by heat resistance sets [1]. This energy can be stored in spe-
cial batteries, but the supply voltage of the subway engine
and the battery is not at voltage level. For this reason, var-
ious dc-dc converters have been proposed to increase and
decrease the voltage level. Converters such as buck-boost,
flay-back and Cuk have a high voltage gain, but this gain
is achieved in high operating cycles and causes problems
such as electromagnetic interference and the return current
of the diode [2, 3]. In [4], due to the use of the flay-back
structure, the output power is limited and its productivity is
low. The converters used should have a high voltage gain,
low orbital volume and high performance. For this reason,
isolated converters such as forward, flay-back and push-pull
are used. This can be achieved by setting the ratio of the
transformer to the high voltage gain. However, in these con-
verters, because of leak inductance, the power losses will be
high [5-7]. Snubbers and clamp active circuits are used to
reduce leak induced losses. However, the existence of addi-
tional circuits is a problem with these converters [8]. In [9],
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a new converter is provided using the interleaved method.
This converter uses a voltage multiplier module and includes
switched capacitors. The use of the interleave in this con-
verter increases the gain and decreases the input current
rack. In [10], an interleaved structure is proposed that is used
to achieve power density, high voltage gain and reduced rip-
ple input current. In [11], a multi-input structure for a re-
newable energy system is proposed, the proposed converter
gain is higher than with the boost converter. In [12], a boost
converter is provided for a photovoltaic system; this struc-
ture has a very good gain and the stress of the diodes is low.
In [13], a buck-boost converter is proposed, which has three
inductors, five capacitors, three diodes and one switch; the
converter has a high voltage gain and lower voltage stress
than the Cuk, boost converters. In [14], a boost converter is
proposed, two power switches are used in the converter, and
the capacitors of the converter are charged suddenly. In[15],
the voltage transfer gain for the presented converter is twice
as large as the conventional buck-boost converter. In [16],
a new control method is proposed to achieve high efficiency
and high voltage gain in the low cycle. In [17], a high-gain
step-up/step-down converter and zero-voltage-transition are
proposed. So the switching losses of this converter are very
low, but the use of a large number of switches requires more
control.

2. Proposed converter

The proposed interleaved switched-capacitor bidirectional
DC-DC Converter is shown in Fig. 1. Cj, is a filter on the low
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Figure 1: The proposed bidirectional DC-DC Converter

voltage side. Part 1, includes the semiconductor S| and S,
, and energy storagef/filter inductors L1. In addition, L1 — S'1
and L2-S2 form the parallel structure of the low-voltage side.
Part 2 is a switched-capacitor network, including switched-
capacitor units C; — §'3, C, — S§4. The interleaved structure
is used in the low-voltage side of this converter. In this case,
the duty cycles of S; and S, are the same.

3. Operating principle of the proposed converter

The structure of the proposed converter is investigated in
step-up and step-down modes. Step-up steps are discussed
in Section 3.1 and step-down in Section 3.2. Experimen-
tal results are shown and the equations for the current gain,
voltage gain and voltage stress are calculated in each sec-
tion.

3.1. Step-up mode

In this section, the proposed structural, duty cycle have been
investigated, and the voltage and current equations of the
proposed structure have been calculated in two modes.

3.1.1. First level
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Figure 2: Pperational modes of the proposed converter in boost state a) first
mode; b) second mode

In the first, Switches S| and S, are turned on and diodes D3
and D, are turned off (Fig. 2a). In this case, the voltage L,
is equal to the supply voltage and is charged. Capacitors
C, and C; are being discharged and L, charged by C;. The
corresponding equations can be written as follows:

Vi = Viow (1)
Vi = Vs = Ve @)
Ici = -1 3)
Icy = 2015 (4)
Ics = —lyign+112 )]

In the above equations, Vp, is inductor voltage L, Vi, is
inductor voltage L,. Vci, Ve, Vs are capacitors voltages
Cy, Cy, Cs. Icy, Ica, Ic3 are capacitors currents. Iyigh, Viow,
are output current and input voltage.

3.1.2. Second level

Switches S3 and S4 are turned on and diodes D; and D,
are turned off (Fig. 2b). Capacitors C; and C, are charged
by L and L,, L; and L, are discharged at this time. The
corresponding equations can be written as follows:

L, = Viow — Vau (6)
Vii = Viow — Vo (7)
Via = Ves (8)

Ici = I ©)

Icx =1y — 1L (10)
Ics = —hign+112 (11)

From (6) and (7) the following can be obtained as:
Ver = Ve (12)

3.1.3. Voltage gain
By considering the duty cycle (D) for the converter, it can be
defined as:

Ton
D=— 1
2 (13)

Where T, is the duration of switching in on mode and T
is the total key duration.
According to the volts - seconds in the continuous state, the
average voltage of the inductor in a period of time should

—o_



Journal of Power Technologies 99 (1) (2019) 1-9

be zero. By applying voltage-second balance principle on
inductor L;, and using equations (1) and (6), we obtain:

DT T
f Viowdt+ f (Veow — Ve)dt =0 (14)
0 DT

From (14) and (12) for capacitor C, we have:

Viow= (1 = D)V (15)

By applying the voltage-second balance principle on inductor
L, and using equations (2) and (8), we obtain:

DT T

(Vc3 - VCl)dH'f Vc3dt =0 (16)

0 DT
Ves = DV (17)
Viigh = Vea + Vez = (1 + D)V (18)

According to (12), (15), (17) and (18), the voltage gain is
calculated as follows:
Vhigh _ 1+D
Viow 1-D
Where Vy;g, is the output voltage.

(19)

3.1.4. Current calculations

By applying current-sec balance principle on capacitors
C1, C,,C5 and by using (3-5) and (9-11), the following equa-
tion is derived:

DT T
<icl >= f —Idet+f Idet =0 (20)
0 DT

IL2 =icl (21)

DT T
<ic2 >= f 21L2dt+f (o= I 1)dt=0 (22)
0 T

D
_(d-4d
Lz—mlu (23)

DT T

<ic3 >= f (_Ihigh+IL2)dt+f (- Ihigh-i-ILz)dt =0 (24)
0 DT

Ihigh=112 (25)

Inign is output current. According to Fig. (2), the average
current that flows through inductor L; | can be obtained as
follows:

ILow=1IL1 (26)
By using (23), (25) and (26), the current gain as follows:

high 1-D

= (27)
Liow 1+D

3.1.5. Voltage and current stress
According to Fig. (2), the following result is obtained:

Low
(1+ D)
According to (3-1-1) and (3-1-2), the diodes voltage D3, D4
and switches S and S, as follows:

Iy =Ip=—Ip3 = —Ips = (28)

Vp3=Vc2 (29)
Vpa=Vci (30)
Vs1=Vei (31)
Vsa=Vci (32)

Vps and Vp4 are diodes D3, D4 voltages, Vs;, Vs are
switches S| and S, voltage stress.
By using (12) and (15) can be achieved as follows:

Viow

Vp3=Vps=Vs1=Vsr=
D3=Vpa=Vs1=Vsa=1

(33)
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Figure 3: Voltage stress curve for the different voltage gain of the proposed
converter and other converters

According to (33), the voltage stress of switches S, and
S, is lower than the proposed converter output voltage and
the conductor loss of the switches is low. The voltage stress
curves of the buck-boost, references [18-20] and the pro-
posed converter are shown in Fig. 3. The voltage stress
curves of the switches indicate that the lowest voltage stress
in the proposed converter has been created.

19 proposed converter I
17
15 — Boost converter and [22], [23] l

--------- buck-boost and cuk converter /

— — Converterin [20]
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Figure 4: Voltage gain curve of the proposed converter and other converters
for different duty cycles.

The gain curve of the converters buck-boost, Cuk, boost
and proposed converter offered for different duty cycles is

—3—
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shown in Fig. 4. The voltage gain curve shows that the high-
est voltage gain in the proposed converter is generated.

3.2. Step down

In this section, the work modes of the proposed structure
have been investigated and the voltage and current equa-
tions of the proposed structure have been calculated.

3.2.1. First level
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Figure 5: Operational modes of the proposed converter in buck state a) first
level; b) second level

In this case, switches S 3 and S 4 are turned on and diodes D,
and D, are turned off (Fig. 5a). L; is charged by capacitor
C, and the source. L, is being charged by capacitor C; .
Relationships are as follows:

VLi=Viow — Vci (34)
VLi=Viow — V2 (35)
Vi2=Vcs (36)
Iei= -1 (37)
Ico= = high+111 (38)
Ic3=ligh — 112 (39)

Viow is output voltage and /e is input current. Vi, Vi
are conductors L, L, voltages. Vc1,V2,Ves are Capacitors
Cy, Cy, C3 voltages. Ici, Ica, Ic3 are capacitors Cy, C,C
currents
From (34) and (35) we can obtain the following result for ca-
pacitors Cy, C»:

Ver=Ve (40)

3.2.2. Second level

In this case, the S; and S, switches are turned off and the
D, and D, diodes are turned on (Fig. 5b). In this case, L, is
discharged to supply energy, and capacitor C; by L; is being
charged. Relationships are as follows:

VLi=Viow (41)
Via=Ves - Vo (42)
lei=1 (43)
=21, (44)
Ic3=high — 12 (45)

3.2.3. Voltage gain
By applying voltage-second balance principle on inductor L,
and using equations (34) and (41), we obtain:

DT T
f (Viow — Vepdi+ f Viowdt =0 (46)
0 DT

From (46) the following result is obtained for capacitor Cy:
VLow=DVci (47)

By using (47) and (40) we can conclude that:

Viow = DVes (48)
By applying voltage-second balance principle on inductor
L1, and using equations (36) and (42), we obtain:

DT T
f Vc3dt+f (Vc3 - VC])dt =0 (49)
0 DT

From the relations (49) and (40) we can find the following
result:

Ves=(1 = D)V (50)

Vhigh=Vc2+Vc3 (51)

By using (50) and (51), we obtain the following result:

Vhigh=Vc2 + (1 = D)V = 2 - D)V (52)

Vhign is input voltage. According to the relations (48) and
(52), the voltage gain is given as follows:

Viow _ D
Vhigh (2-D)

(53)

—4—
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3.2.4. 3.2.4. Current calculations

By applying current-sec balance principle on capacitors
Cy, C,, C3 and by using (37-39) and (43-45), the following
equation is derived:

DT T
<icl >= f —Idet+f Ii,dt =0 (54)
0 DT

I p=icl (55)

DT T
<ic2 >= f (- Ihigh-i-ILl)dt + f 26 ;dt=0 (56)
0 DT

d
Lhjon=—"—1 57
high=7— /L1 (57)

DT T
<ic3 >= f (Ihigh ) dt+f (Ihigh —Iip)dt=0 (58)
0 DT

Ihigh=I12 (59)
According to Fig. 5 for the output current:

Iow=IL (60)

In (60), I ow is output current. By using (57), (59) and
(60), the current gain as follows:

Low

(61)

2-d
high  d
3.2.5. Voltage and current stress
According to (3-2-1) and (3-2-2), the voltage of diodes Dy,
D, and switches S; and S 4 are as follows:

Vpi1=Ve2 (62)
Vb=V (63)
Vs3=Vci (64)
Vsa=Vci (65)

By using relations (40), (47), the result is as follows:

Vi
Vp1=Vpo=Vs3=Vs4= Lc(l)w (66)
According to Fig. 5 the following result is obtained:
I
I3=Iy= —Ip; = —Ipy = % (67)

The gain curve of proposed converter and other convert-
ers offered for different duty cycles is shown in Fig. 6.

0/9
0/8

The pconverterroposed

c | e———- converter in [9]

0 0/2 0/4 0/6 0/8 1
Duty Cycle

Figure 6: The gain curve of the proposed converter

3.3. Comparison of the proposed converter

In order to have a comparison between the proposed, con-
ventional buck-boost and other structures in references [18—
20], a table including Voltage gain in step-up, the number of
elements and voltage stress of the converters is presented.
According to this and by deduction of Fig. 4 and Fig. 5, it
can be said that the presented converter have higher volt-
age gain in the majority of the duty cycle. Also, the voltage
stress of the proposed is less than that of other structures.
Also the number of the elements is equal to that of [18] and
is less than in [19]. It will be noted that the number of ca-
pacitors in Table 1 is obtained by considering the input and
output capacitors.

4. Efficiency analysis

For efficiency analysis of the proposed converter, parasitic
resistances are defined as follows:

rps is switch on-state resistances, Ry is the diode forward re-
sistances, Vg is the diode threshold voltage, R, is the equiva-
lent series resistances of inductor, r. is the ESR of capacitor,
and the voltage ripple across the capacitors and the induc-
tors is ignored.

4.1. Step-up mode

The power loss of switch S (Prpg) can be obtained as follows:

Lyign
(1-D)

(Prds)l,2 = (rdx)l,2(Ix,rdx)%,2 = (rds)l,Z( )2 (68)

The switching loss of the proposed converter (Py,) can be
obtained as follows:

V
(PXW)I,Z = vavvgz = (%)zfvcs (69)
The total losses of switch S (Pyyircn)1.2 Can be expressed

as follows:
(Pswitch)l,Z = (Prds)l,Z + (Psw)l,Z (70)

Diodes D3, D4 forward resistance losses (Pgr)34 can be
achieved as follows:

—5—
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Table 1: Comparisons among the proposed and the other bidirectional solutions

Bidirectional Voltage Gain number of Semiconductors Number of Number of Total number of Maximum Voltage Stress of
Solutions Step-Up (Switches & diodes) Inductors Capacitors elements Semiconductors
V|
Converter = 3 3 4 10 Low
in [18]
V,
Converter ] 8 2 2 12 ~Low
in [19]
V,
Converter =5 2 2 2 6 LoV
in [20]

Thign

2
- D)) (Rr34) (71)

(Pr)3a = (Ip3.ams)* (Rr3a) = (

Diodes Ds;, D, forward voltage losses (Pyr)34 can be
achieved as follows:

(Pye)sa = Upsaa) (Rr3a) = (L) (Rr34) (72)

The power losses of capacitors Cy, Ca, C3 (Pgrci.23) due to
them ESR, can be obtained as follows:

(Pre123) = (re123)Uc1 23) (73)

The conduction losses of inductors L,, L; (P,;2) can be
obtained as follows:

(P.p) = Rp(1,)* (74)

(P1) = Ry (Ii)* (75)

The total power loss of the proposed converter (P oss) be
obtained as follows:

(Pross) = X1 (Pswitch),, + 33 (PRF),

7
+THPVE), + 5 (PRO)y + (P + Py )

The efficiency of the proposed converter () can be defined
as follows:
Py

-0 (77)
Po + Pross

n

4.2. Step-down mode
The power loss of switch S (Prps) can be obtained as follows:

Thign
(1-D)

(Pras)sa = (ra)sallsras)3 4 = (ras)aal )? (78)

The switching loss of the proposed converter (P;,) can be
obtained as follows:

Vi
(Pasa = fiCVS = (72 (79)

The total losses of switch S (Py,icn)12€an be expressed
as follows:

(Pswitch)3,4 = (Prds)3,4 + (Psw)3,4 (80)

Diodes D, D, forward resistance losses (Pgr)12 can be
achieved as follows:

hhign

2
a —D)) (RF12) (81)

(Pri12 = Up1.2.ms)* (Rr12) = (

Diodes D,, D, forward voltage losses (Pyr);» can be
achieved as follows:
Py = Up1oa) (Rr13) = (1) (RF12) (82)
The power losses of capacitors Cy, Cy, C3 (Prci23) due to
them ESR, can be obtained as follows:
(Pre123) = (re123)Uci23) (83)
The conduction losses of inductors L,, L; (P,;2) can be

obtained as follows:

(P.n) = Rp(1,)* (84)

(Po1) = R(I;,)? (85)

The total power loss of the proposed converter (Pross) be
obtained as follows:

(Pross) = X3 (Pswitch) + Y7 (PRF),,

£ 32 (PVE), + 5 (PRO)y + (o) + (P (O0)

The efficiency of the proposed converter () can be de-
fined as follows:

Po

= — 87
Po + Pross ®7)

n

5. Experimental Results

Table 2: Experiment results

Parameters boost buck
Output power (P,) 216 watts 84.8 watts
Capacitors Cy, Cy, C3, Ciyy 220 uf 220 uf
Storageffilter inductor L; 1.2mH 1.2mH
Storageffilter inductor L, 1.2mH 1.2mH
High voltage side Vj;g, 145V 125V
Low voltage side Vi ow 52V 4116V
Switching frequency fs 40 kHZ 40 kHZ
Power semiconductors S1 ~ S4  Irfp260n Irfp260n
Duty 50% 50%

— 6 —
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Figure 7: Experiment parameters

In order to validate the operation of the proposed converter,
a prototype with capability of working at both states of buck
and boost, was set up at the laboratory. The pulses were
generated by Xilinx Spartan6é Fpga and an illustration of the
proposed converter is shown in Fig. 7. The specifications of
the prototype are given in Table 2.

5.1. Experimental results in the step-up mode

The voltage of switches S| and S5 in the step-up operation
mode are shown in Fig. 8a. According to (33), the voltage of
the diodes and switches is equal. According to Fig. 8b and
Fig. 8c, the proposed converter increases the input voltage
of 52 V to the output voltage of 145 V at an output power
of 216 W, which validates the analysis in Section 3.1.3. The
inductor currents of the proposed converter in the step-up
operation mode are shown in Fig. 8d, which validates the
analysis in Section 3.1.4. The output power is 216 W. There-
fore, the efficiency of the proposed converter at output power
of 216 W is about 90.3%. The input current is about 4.6 A
and the output current is about 1.49 A.

5.2. Experimental results in the step-down mode

The specifications of the implemented prototype are given
in Table 2. The voltage of switch S, in the step-down op-
eration mode are shown in Fig. 9a (According to (66), the
voltage of the diodes and switches is equal, so only the volt-
ages across S1 is presented). The input and output voltage
of the proposed converter in the step-down operation mode
are shown in Fig. 9b and Fig. 9c respectively, which vali-
dates the analysis in Section 3.2.3. The inductors current
of the proposed converter in the step-down operation mode
are shown in Fig. 9d, which validates the analysis in Sec-
tion 3.2.4. In this state, the output power of the converter is
84.8 W and also, the efficiency of the proposed converter at
output power of 84.8 W is about 90.5%. The input current is
about 0.75 A and the output current is about 2.06 A.

5.3. Efficiency

The efficiency curves of the converter for both buck and
boost states are shown in Fig. 10. These curves are ob-
tained and drawn in CCM mode of operation and at a fixed
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Figure 8: Experimental results of the proposed converter in step-up state.
(a) voltage of S 1 and S 3, (b) input voltage, (c) output voltage and (d) Induc-
tors current L1 and L2

output voltage for the buck (Vp = 41 Volts) and boost (Vo =
145 Volts) while changing the output load from maximum to
minimum. It is shown that the maximum output power is
about 94% and 93% for step-up and step-down modes, re-
spectively, and the efficiency of the converter decreases at
lower and higher output powers.
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Figure 9: Experimental results of the proposed converter in step-down state.
(a) voltage of the S1, (b) input voltage, (c) output voltage and (d) Inductors
current Ly and L,

6. Conclusions

In this paper, a new step up / down dc-dc converter with high
voltage gain and without transformer is presented. The volt-
age gain of the proposed converter has been compared with
buck-boost, boost, and Cuk. A comparison was made be-
tween the proposed converter and some other converters —
the superiority of the proposed converter is shown in terms

98 [ T T T T T T T ™
—¥—Buck Efficiency |

95 - P>~ Boost Efficiency |

80 - L L L L L L L L L -
40 60 80 100 120 140 160 180 200 220 240 250

Output Power (W)

Figure 10: The efficiency curves in buck and boost states

of the voltage gain and can be used to increase the voltage.
Also, with a good gain factor in the step-down mode, it can be
used to reduce the voltage. Moreover, the proposed struc-
ture can be used in energy storage systems in the subway
and electric vehicles. Using the interleaved structure on the
low voltage side, the input current ripple is very low and the
current stress of the elements is reduced. The steady state
analysis for both states of boost and buck are presented and
a prototype with 216W output power in step-up mode and
84.8W in step-down was implemented. Furthermore, the ef-
ficiency curves of the converter in buck and both states are
presented. Finally, practical results are presented to prove
the results of the correct operation of the presented con-
verter.
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