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Abstract

In this paper, a novel dual-input high step DC-DC converter is developed. The structure of proposed converter
consists of one unidirectional and one bidirectional port. The bidirectional port is connected to a battery for energy
balancing purpose. That is, the battery stores extra produced energy and/or releases stored energy in situations
where there is a lack of energy. On the other hand, the bidirectional port is employed as the main power source.
The high step-up output voltage gain of the proposed converter makes it suitable for renewable energy applications
where the output voltage is low. The proposed structure is superior over the previously proposed ones in terms
of the number of components, energy interaction, simple configuration, and flexibility. The experimental results
obtained in three different modes (i.e., without battery, with battery charging, and with battery discharging) are
presented to verify the theoretical analysis and the performance of the proposed converter.
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1. Introduction

In recent years, due to the expanding use of renew-
able energy sources like PV, FC, wind, etc., designing
new converters with appropriate control methods to re-
flect the variability of the resources is critical [4, 9]. Due
to the characteristics of renewable energy sources, they
need to be used in parallel with other resources. For
example, photovoltaic (PV) panels are unable to supply
load at night. Moreover, the rate of energy produced
varies according to insolation and temperature. Most
renewable energy output voltage is very low and vari-
able. To deal with the aforementioned problems, most
renewable energy resources need high step-up con-
verters to run alongside them [11].

In order to increase the efficiency of renewable en-
ergy sources, multi-input converters are introduced [2,
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3, 6, 7, 12]. In [12] a dual input DC-DC converter is pre-
sented. One key benefit of this converter is individual
control of the source to provide the desired voltage at
the output and MPP (Maximum Power Point) for inputs.
An improved structure of dual input DC-DC converter
is introduced in [2]. Compared to [12] the proposed
converter in [2] has better output voltage gain and re-
solves some of the drawbacks of the converters in [12].
The converters proposed in [3, 6, 7] are mostly modular
with a high number of power sources and switches. In
these circuit structures, each module uses an individual
power switch for control. The power source’s energy is
transferred to load by an individual inductor of the en-
ergy source.

As mentioned earlier, most renewable energy
sources generate low value voltage. High gain DC-DC
converters are offered in two basic groups, converters
with coupled inductors and low numbers of circuit el-
ements and circuits without coupled inductors with a
high number of circuit elements. [8, 10] offer two high
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gain DC-DC converters, with and without using coupled
inductor. [8] presents a coupled inductor based high
gain DC-DC converter. In this structure output, volt-
age gain can be changed by varying the transformer
ratio. The proposed converter in [10] is a high gain DC-
DC converter. In this circuit voltage gain is increased
without using coupled inductor, but the high number of
power switches and circuit components can be viewed
as drawbacks.

The recently proposed high gain multi input DC-DC
converter and PDFCM [1, 5] are good for use in re-
newable energy sources. The high step-up capability
makes this structure flexible for use across wide volt-
age ranges. Also by having a multi input circuit, the
efficiency of the converter is increased by making it re-
liable for use off grid. In this paper, a high step up
multi input DC-DC converter is proposed. In addition
to the benefits that were mentioned for high gain and
multi input converters, the proposed converter consists
of two ports, a unidirectional and a bidirectional. Hav-
ing a bidirectional port provides an opportunity to use
a battery in the converter structure to save extra pro-
duced power and to supply load when the generated
energy is too low to be individually supplied by the main
energy source.

2. Operational Principles

Figure 1: Circuit structure of the proposed converter

Fig. 1 shows the circuit structure of the proposed
converter. It consists of four power switches (S1, S2,
S3, and S4), two diodes (D1 and D2), two capacitors
(C1 and C2), magnetizing and leakage inductors (Lm

and Lk), and load (RLoad). The converter is operated in
three operation modes:

1. Without Battery,
2. Battery Charging,
3. Battery Discharging.

Each mode operation is divided into sub-modes as de-
scribed below.

2.1. Without battery (Mode-I)
Operation sub-modes of the converter in mode one

are depicted in Fig. 2. The equivalent waveform of the
proposed converter in this mode is also shown in Fig. 3.

First Sub-Mode [t0 – t1]: This mode starts by turn-
ing on switches S1, S4 or S2, S3. Due to the difference
in leakage and magnetizing inductors’ current value,
diode D2 conducts. Leakage and magnetizing induc-
tors’ current difference charge capacitor C2 on the sec-
ondary side of the coupled inductor. Magnetizing induc-
tor’s current decreases due to the negative voltage on
it, but the leakage inductor’s stored energy increases.

Second Sub-Mode [t1 – t2 ]: This sub-mode starts
when leakage and magnetizing inductors’ stored en-
ergy become equal with each other and diode D2 is
turned off. This sub-mode lasts until the power switches
turn off.

Third Sub-Mode [t2 – t3 ]: This sub-mode starts
when the power switches turn off. In this sub-mode,
the switches’ parallel capacitors start to be charged by
turning the power switches off. The capacitors continue
charging until the switches’ parallel capacitors voltage
reaches capacitor C1’s. In this mode the inductors’
stored energy decreases and this mode finishes when
diode D1 and D2 conduct.

Fourth Sub-Mode [t3 – t4 ]: In this sub-mode, each
of the leakage and magnetizing inductors face differ-
ent parallel voltages. The difference between the in-
ductors’ current is transferred to the secondary side of
the coupled inductor to charge capacitor C2. Capaci-
tor C1 charges with leakage inductors’ current and this
sub-mode lasts until the power switches turn on.

Fig. 3 shows some of the waveforms of the proposed
converter in mode one. The wave forms include power
switches turning on and off times, input current, mag-
netizing inductor current and diodes current. In order
to calculate the output voltage’s gain of the proposed
converter the following condition is assumed:

1. Proposed converter operates in continuous con-
duction mode (CCM);

2. Due to the small size of the leakage inductor, it is
not considered in calculations.

Eq. (1) is a general assumption in proposed converter
calculations.

VO = VC1 + VC2 (1)

where VO, VC1 , and VC2 are output voltage, first
capacitor’s voltage and second capacitor’s voltage, re-
spectively.
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Figure 2: Sub-modes of the proposed converter in mode-I: (a) [t0-t1], (b) [t1-t2], (c) [t2-t3], (d) [t3-t4]
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Figure 3: The proposed converter’s equivalent waveforms in mode-I

In mode one, consideration is not given to sub-mode
one and sub-mode three in calculations due to their
small and unimportant size. In DT interval, D is equal to
duty cycle and T stands for the period of the switching,
giving:

VLm = Vin (2)

where VLm and Vin are magnetizing inductor’s voltage
and input voltage, respectively.

And, in (1-D)T interval:

VLm = Vin − VC1 (3)

VLm = −
N1

N2
VC2 (4)

Using (2), (3) and (4), the following relationship can
be obtained:

VC1 =
Vin

1 − D
(5)

VC2 =

N2
N1 DVin

1 − D
(6)

At the end, by using (1), (5) and (6) output voltage
gain is:

VO/Vin = (1 + (N2/N1)D)/(1 − D) (7)

2.2. Battery charging (Mode II)

In this mode extra produced energy is stored in the
battery. Sub-modes of the converter in this mode are
illustrated in Fig. 4. Wave forms of the converter in this
mode is depicted in Fig. 5.

First Sub-Mode [t0 – t1]: This mode starts by turn-
ing on switches S1, S4 or S2, S3. Just same as first
sub-mode of mode one, due to difference in leakage
and magnetizing inductors current value, diode D2 con-
ducts. Leakage and magnetizing inductors current dif-
ference charges capacitor C2 on the secondary side of
the coupled inductor. Magnetizing inductors’ current
decreases due to the negative voltage on it; but the,
leakage inductors’ stored energy increases.

Second Sub-Mode [t1 – t2 ]: This sub-mode is the
same as the respective sub-mode of mode one and it
starts when leakage and magnetizing inductors’ stored
energy become equal with each other and diode D2
turns off. This sub-mode lasts until the power switches
turn off.

Third Sub-Mode [t2 – t3 ]: By turning switch S4

off and turning switch S3 on, this sub-mode starts. In
this sub-mode the power source energy transfers to the
battery and leakage and magnetizing inductors charge
with lower slope (assuming the power source voltage is
higher than the battery voltage).

Fourth Sub-Mode [t3 – t4 ]: To start this sub-mode,
the power switches turns off. In this sub-mode, the
switches’ parallel capacitors start to charge by turning
the power switches off. The capacitors continue charg-
ing until the switches’ parallel capacitors’ voltage reach
that of capacitor C1’s. In this mode inductors’ stored
energy decreases and this mode finishes when diode
D1 and D2 conduct.

Fifth Sub-Mode [t4 – t5 ]: As in the previous mode,
in this sub-mode, each of the leakage and magnetizing
inductors face different parallel voltages. The difference
of the inductors’ current transfers to the secondary side
of the coupled inductor to charge capacitor C2. Capac-
itor C1 charges with leakage inductors’ current and this
sub-mode lasts until the power switches turn on.

The waveforms of the proposed converter in mode
two are depicted in Fig. 5. D1 and D2 are the equivalent
duty cycle of the proposed converter for charging the
inductors without battery and with battery, respectively.
In Fig. 5, Iin stands for input current, ILm stands for cur-
rent flowing through the magnetizing inductor, and ID1

and ID2 stand for current flowing through diodes.
In order to calculate the output voltage’s gain in this

mode, assumptions of Mode-I are valid.
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Figure 4: Sub-modes of the proposed converter in mode-II: (a) [t0-t1], (b) [t1-t2], (c) [t2-t3], (d) [t3-t4] , (e) [t4-t5]

Figure 5: The proposed converter’s equivalent waveforms in mode-
II

For interval D1+D2, we have:

VLm = (D1 + D2)Vin − D2VBattery (8)

And for interval 1-(D1+D2), we have:

VLm = Vin − VC1 (9)

VLm = −
N1

N2
VC2 (10)

Using (8), (9) and (10) results in:

VC1 =
Vin − D2VBattery

1 − D1 − D2
(11)

VC2 =

N2
N1

1 − D1 − D2

[
Vin (D1 + D2) − D2VBattery

]
(12)

Finally, by using (1), (11) and (12) output voltages
gain in mode two is calculated as:

VO =
Vin
[
1 + N2

N1 (D1 + D2)
]
− VBatteryD2

[
N2
N1 + 1

]
1 − D1 − D2

(13)

2.3. Battery discharging (Mode-III)

In this mode, the power source is assumed to be un-
able to provide the load’s required energy and the bat-
tery is responsible for supplying the rest of the required
energy. For instance, the supply shortage may include
PV during night time or very high and/or very low wind
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velocities for wind turbines, etc. Waveforms of the pro-
posed converter are depicted in Fig. 6.

First Sub-Mode [t0 – t1]: This mode starts by turn-
ing on switches S1, S4 or S2, S3. Just same as first sub-
mode of mode one and mode two, due to difference in
leakage and magnetizing inductors current value, diode
D2 conducts. Leakage and magnetizing inductors’ cur-
rent difference charges capacitor C2 at the secondary
side of the coupled inductor. Magnetizing inductors cur-
rent decrease due to negative voltage on it; however,
leakage inductors stored energy increase.

Second Sub-Mode [t1 – t2 ]: This sub-mode starts
when leakage and magnetizing inductors’ stored en-
ergy become equal with each other and diode D2 is
turned off as in mode one and mode two. This sub-
mode lasts until the power switches turn off.

Third Sub-Mode [t2 – t3 ]: By turning off switch S1

and turning on switch S2 this sub-mode starts. In this
sub-mode, the power source and battery charge and
leakage and magnetizing inductors with higher slope.

Fourth Sub-Mode [t3 – t4 ]: This sub-mode starts
when the power switches turn off. Switches’ parallel ca-
pacitors start to charge by turning the power switches
off. The capacitors continue charging until the switches’
parallel capacitors’ voltage reach that of capacitor C1’s.
In this mode the inductors’ stored energy decreases
and this mode finishes when diode D1 and D2 conduct.

Fifth Sub-Mode [t4 – t5 ]: As in previous modes, in
this sub-mode, each of the leakage and magnetizing in-
ductors face different parallel voltages. The difference
of the inductors’ current transfers to the secondary side
of the coupled inductor to charge capacitor C2. Capac-
itor C1 charges with leakage inductors’ current and this
sub-mode lasts until the power switches turn on.

Fig. 7 shows waveforms of the converter in mode
three. D1 and D2 are inductors’ charging duty cycle
without battery and with battery discharging respec-
tively.

For D1+D2 interval, we have:

VLm = (D1 + D2) Vin + D2VBattery (14)

In addition, for 1- D1-D2 interval we have:

VLm = Vin − VC1 (15)

VLm = −
N1

N2
VC2 (16)

The following relationship can be gained by using
(14), (15) and (16):

VC1 =
Vin + D2VBattery

1 − D1 − D2
(17)

VC2 =

N2
N1

1 − D1 − D2

[
Vin (D1 + D2) + D2VBattery

]
(18)

Output voltage gain of the proposed converter in
Mode-III can be calculated using (1), (17) and (18) as
follows:

VO =
Vin
[
1 + N2

N1 (D1 + D2)
]
+ VBatteryD2

[
N2
N1 + 1

]
1 − D1 − D2

(19)

3. Experimental Results

In order to verify performance of the proposed con-
verter, an experimental circuit is investigated. The per-
formance of the converter in experimental research is
divided into three modes, reflecting the performance
principles. The switching frequency of the proposed
converter in this research is about 30 kHz and the volt-
ages of the input and battery are 20 V and 15 V re-
spectively. Load is about 100 V for all of the experimen-
tal tests and we tested the proposed converter on its
capability to provide all three modes. Fig 8 shows the
performance of the converter in the first mode (Without
Battery). From up to down wave forms are output volt-
age, input current, diode D2’s current and diode D1’s
current. According to equation (7), out voltage of the
proposed converter in this mode considering D = 1/3
should be 140 V which the experimental results verify.
Input current is about 12 A in its peak and waveform is
similar to expected results in Fig. 3. Diode D1, 2s’ cur-
rents are similar to presumed waveforms in Fig. 3 and
are about 5 A and 10 A at their peak respectively.

Experimental results for the second mode (Battery
Charging) is depicted in Fig. 9. In this mode D1 = 1/3
and D2 = 1/3, which results in 95 V according to (13).
Experimental results in Fig. 9 verify performance of the
converter in this mode. In Fig. 9 wave forms are ordered
similar to the first mode (Fig. 8). As was expected, in-
put current, diode D2 current and diode D1 current are
similar to waveforms in Fig. 5. Input’s, diode D2’s and
diode D1’s currents at their peaks are 8 A, 4 A and 6 A,
respectively.

Fig. 10 shows experimental results for the third mode
(Battery Discharging). In this mode wave forms are or-
dered similarly to the previous results. The proposed
converter operates with D1 = 1/3 and D2 = 1/3 in this
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Figure 6: Sub-modes of the proposed converter in mode-III: (a) [t0-t1], (b) [t1-t2], (c) [t2-t3], (d) [t3-t4] , (e) [t4-t5]

Figure 7: The proposed converter’s equivalent waveforms in mode-
III

mode. Equation (19) shows that the output voltage in
this mode is 185 V, which experimental results verify. In
this mode input’s, diode D2’s and diode D1’s currents
are 18 A, 8 A and 12 A at their peaks respectively.
Waveforms are similar to Fig. 7 as was expected.

4. Conclusion

In this paper, a newly developed high step-up dou-
ble input DC-DC converter was presented. The per-
formance of the proposed converter was evaluated in
three different modes (namely, without battery, with bat-
tery charging, and with battery discharging). In addi-
tion, operation of the presented structure in each of the
modes was described and equivalent equations were

Figure 8: Experimental results for proposed converter in mode-I

Figure 9: Experimental results for proposed converter in mode-II

calculated. In order to verify the theoretical perfor-
mance of the converter, the experimental results were
also provided. The results are very consistent both in
theory and experiment.
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