IITUM Engineering Journal, Vol. 25, No. 1, 2024 Motakabber et al.
https://doi.org/10.31436/iiumej.v25i1.3093

EXTENDABLE HIGH-GAIN DC-DC CONVERTER FOR
STORAGE BATTERY AND PHOTOVOLTAIC CELL

S.M.A. MOTAKABBER, KHADIZA AKTER", AHM ZAHIRUL ALAM
AND SITI HAJAR YUSOFF

Department of Electrical and Computer Engineering, Kulliyyah of Engineering,
International Islamic University Malaysia, Kuala Lumpur, Malaysia

“Corresponding author: khadiza@iubat.edu
(Received: 12 October 2023, Accepted: 20 November 2023, Published on-line: 1 January 2024)

ABSTRACT: DC-DC converters with significant gain, ripple-free input current, and shared
ground are required to elevate the output voltages of batteries, fuel cells, and Photovoltaic
sources. The proposed topology utilizes a solitary switch to control the circuit and it has
additional inculpation of a voltage doubler cell at the load side, a switch capacitor cell in the
middle, and a quadratic cell at the output side. These cascaded configurations lead to
significant voltage gains at moderate duty cycle rates. Additionally, the voltage stress over
the power components is negligible, coming in under one-third of the resultant voltage.
Moreover, the number of cells at the input and output side can be extended to obtain high
voltage according to the requirements of the load. The gain in voltage, efficiency, and
normalized voltage stress of the semiconductor elements in the circuit are examined
concerning other solutions found in the literature. Eventually, photovoltaic and battery
sources were included to analyze the proposed topology to confirm the circuit’s multifaceted
functionality. The circuit was developed for 270 W, 440 V output from 36 V input, and a 40
kHz switching pulse was used to drive the switch. The theoretical and simulation analysis
states that incorporating photovoltaic and other sources did not deteriorate the transformation
efficiency. Simulink and PSIM analysis found that the circuit successfully transferred 95%
power from source to load.

ABSTRAK: Penukar DC-DC yang mempunyai gandaan ketara, input arus bebas riak dan
pembumi berkongsi penting bagi meningkatkan voltan keluar bateri, sel bahan api dan sumber
fotovolta. Topologi yang dicadangkan ini menggunakan suis tersendiri bagi mengawal litar
dan ia mengandungi sel pendua voltan tambahan bagi menghentikan arus di bahagian beban,
sel suis kapasitor di tengah dan sel kuadratik di bahagian voltan keluar. Konfigurasi berturutan
ini membawa kepada gandaan voltan ketara pada kadar kitar tugas sederhana. Tambahan,
tekanan voltan ke atas komponen kuasa boleh diabaikan, iaitu satu pertiga daripada voltan
terhasil. Selain itu, bilangan sel di bahagian kemasukan dan keluaran arus boleh dilanjutkan
bagi mendapatkan voltan tinggi mengikut keperluan beban. Gandaan voltan, kecekapan dan
tekanan voltan ternormal pada bahan dalam litar semikonduktor diperiksa dengan menyamai
penyelesaian lain yang ditemui dalam kajian terdahulu. Akhirnya, sumber fotovolta dan bateri
dimasukkan bagi menganalisis topologi yang dicadangkan bagi mengesahkan fungsi pelbagai
rupa litar. Litar yang dibangunkan ini digunakan pada kuasa 270 W, pada aras voltan 440 V
dengan kemasukan voltan 36 V dan suis operasi berfrekuensi 40 kHz. Analisis teori dan
simulasi menyatakan bahawa gabungan fotovolta dan sumber lain tidak mengurangkan
kecekapan transformasi. Analisis Simulink dan PSIM mendapati litar ini berjaya
memindahkan 95% kuasa dari sumber kepada beban.

KEYWORDS: PV system; MPPT; DC-DC converter, voltage stress on semiconductor;
CCM; DCM
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1. INTRODUCTION

High voltage gain power electronic converters are crucial to the renewable energy system
field because of their linking capability between RES and electrical power systems. They are
widely used in electrical systems, including electric trains, satellites, electric vehicles, street
lighting, battery charging, tracking a PV array’s MPP, and high-voltage DC transmission [1].
The voltage output from a solar PV array or a fuel cell is rather low and contingent upon
external conditions [2]. PV systems are designed in a series-parallel arrangement to obtain high
output voltage. However, this configuration lowers efficiency and increases system size [3].
Hence, a high-boosting factor configured converter is used for these voltage-boosting
applications because it can alter the converter’s duty cycle to raise the voltage at the output to
significantly higher levels relative to its input.

Figure 1 depicts the overall design of a DC grid-tied diagram using an HVG DC-DC step-
up converter. As a result, various configurations of these kinds of topology have been put out
in the literature to achieve the required voltage output [4].
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Fig. 1: Basic structure of the proposed converter applications.

These types of topologies can be classified as current-fed or voltage-fed, isolated or non-
isolated, unidirectional or bidirectional, and soft-switched or hard-switched type. The
transformer is used in an isolated converter topology to increase voltage at the input side by
modifying its turn ratio [5]. On the other hand, these converters have a strong secondary side
voltage overload and an excessive input current ripple content [6]. Furthermore, the two main
disadvantages of isolated converters are leakage energy, heavy transformers, and multiple
stages of the power conversion procedure [7]. As a result, non-isolated configurations such as
Boost, Buck-Boost, CUK, and SEPIC converters are being utilized to adjust the system’s
performance [8,9]. They are commonly used because these converters are easy to use,
affordable, effective, and have a wide variety of useful applications.

Many methods, such as the employment of a voltage multiplier, switched inductor,
switched capacitor, etc., are employed to improve the functionality of high-gain converters.
High-efficiency, step-up DC-DC converters have been presented in [10]. Active clamps have
been used in these converters to recuperate leakage energy and lessen the problem with the
diode’s reverse recovery. The suggested converter in [11] obtained a considerable step-up
voltage gain by combining a switching capacitor and two linked inductors. Furthermore, the
reduced resistance had reduced conduction losses, thereby raising efficiency and lowering the
diodes’ reverse recovery.
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A highly effective method using dual-coupled inductors and an efficient step-up DC-DC
converter for grid-tied solar systems has been demonstrated in [12]. Using a few extra auxiliary
parts, a modified SEPIC circuit with a marginally greater gain than a boost converter has been
described in [13]. Quadratic gain structures are introduced to boost the gain in [14] further, and
when the duty ratio exceeds 70%, the quadratic converter produces higher gains.
Consequently, inductor core saturation is a serious issue in these kinds of high-frequency
operating converters. The voltage transformation can now be enhanced using quasi-z-source
and z-source networks in conjunction with SC, SI, or other voltage-amplifying topologies. The
converters described in [15] have higher element voltage stress and less gain in voltage.
However, the converter’s power density drops when more inductors are used. Additional
boosting circuits and a dual switch-based flipping capacitor are employed to raise the gain. The
topologies developed in [16] can attain high voltage gain (HVG) with higher efficiency.
Nevertheless, the incorporation of a PV source deteriorates the input current smoothness and
lessens the output voltage level. Moreover, most topologies are not compatible with tracking
optimum power in the shortest time. Some topologies can track maximum power, but they offer
high steady-state oscillation.

This brief proposes a single switched SC-employed non-isolated improved voltage gain
DC-DC converter to address the shortcomings. Common ground, constant input current with
little ripple content, HVG at varying duty ratios, and decreased voltage stress on components
are all aspects of the suggested topology. With considerable efficiency, it can generate 440 V
from 36 V of input even at a low-duty cycle. The steady-state investigation in DCM and CCM
mode, the PV source implementation, MPP tracking analysis, performance comparison, and
assessment are covered in the remaining sections of the study.

2. DESCRIPTION OF PROPOSED CIRCUIT

The suggested converter is being introduced to increase voltage gain using fewer
components and reducing the stress caused by the voltage across the output semiconductor.
The PV output is connected to the MOSFET switching circuit through an electric charge pump
network. Finally, the output of the circuit uses a voltage doubler network and is connected to
the load, as shown in Fig. 2. The circuit has two functioning modes since the MOSFET switch
has two modes of operation: ON and OFF.

Electronic Pump Network Switch Voltage Doubler

T =t T

cs i
a RL§

Fig. 2: Proposed design.

2.1 CCM Analysis of the Proposed Converter

When the converter operates in Continuous Conduction Mode (CCM), the current passing
through the inductor never zeroes out throughout the switching cycle. It indicates that the
inductor continuously receives current and is not completely discharged during the switching
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cycle’s off-time. Designing DC-DC converters that are dependable and efficient requires the
use of CCM analysis, particularly in situations where a steady and tightly monitored output
voltage is required.

2.1.1 When Switch is ON (0 <t < DT)

When the MOSFET switch S is turned ON, the diodes D,, D,, Dg, and Dg are forward-
biased, and diodes D;, D5, and Dg are reverse-biased, the flow direction in this situation is
shown in Fig. 3. The PV energy is pumped to store in the L;, simultaneously the storage energy
of C; is pumped to store in the L,. The output diode-capacitor doubler circuit is in action and
increases the voltage across the load.
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Fig. 3: Current flow direction when the MOSFET Switch is ON.

2.1.2 When Switch is OFF (0 <t < DT)

When the MOSFET switch is turned OFF, the diodes D,, D3, Ds, D¢ and D, are forward-
biased, and the diodes D,, D, and D are reversed bias. Capacitors C, and C5 are connected in
parallel; thus, voltage drops across them are equal. Capacitor C; discharge through L, and
stored the electrical energy for the next half cycle simultaneously. The capacitor C, discharge
through the load, the current flow direction is shown in Fig. 4.
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Fig. 4: Switch OFF operating principle.

2.1.3 Voltage Gain

The volt/sec change approach is implemented on the inductor to calculate the voltage gain.
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0
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After solving the Eq. (1), the voltage across the capacitor C; can be calculated as,
VPV

= 2
@~ 1_D) @)
Similarly, the voltage across the capacitor C, can be calculated as,
DT Ty
[ Vet [ 7y =Vep)de =0 3)
0 DT
v,
V. = PV 4
The output voltage across the load can be calculated as,
3V
°. V;) = n 3 (5)
(1-D)

where D is the duty cycle of the switching frequency.

2.2 DCM Analysis of the Proposed Converter 0 <t< (1 —D — Dx)Ts

In discontinuous conduction mode (DCM), the current flowing through the inductor
becomes zero. Hence, there will be no voltage drop across the inductor. As a result, no power
is pulled from the source or the inductor. Both output capacitors C5 and C6 deliver current to
the load. Figure 5 shows the operating diagram of DCM.

Cy

D, G,

Ds D, Dg

L
1 L, D, D,

R g

Cs
C

LS

PV Ce
Ds

Fig. 5: DCM diagram of the circuit.

2.3 Ripple Current Computation

For a lossless circuit as an assumption, the equation of input and output power can be
written as,
=P

}i’V out (6)
Vepdpy =V 1,

Considering the current through the L1 inductor is equal to the input current Ipv
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_ DV,

L= sy 1-DT) ™

2.4 Assessment of Voltage Stresses on Semiconductor Device

The voltage stress across semiconductor devices appears during their reverse-biased state.
For the first operating mode, the following voltage equation can be written as,

Vi =V, 8)
Vio=Ve )
Ver = (lli—% (10)
Vo= (an

Similarly, the voltage stress across the other diodes is summarised in Table 1.

Table 1: Voltage stress across semiconductor components

Parameters Voltage Stress Parameters Voltage Stress

VDI L VDS Z
(1-D) 3

Vpa Yov Vs &
(1-D) 3

Vs Vo Vi ﬂ
(1-D)? 3

Vba o Vs Vov

(1-Dy’ (1-D)?

3. PERFORMANCE OF THE CONVERTER WITH BATTERY SOURCE

MATLAB/Simulink and PSIM software simulated the recommended converters and
validated the theoretical formulation. The parameters taken into account for the simulation are
Vin=36V,V,=440V,D = 0.5,C; = 250 uF, C, = C3 =40 puF, C, = C5 = C¢ = 100 pF,
Li =L, =25mH and R;, = 750 . The switching frequency of the MOSFET switch is
40 kHz. Fig.7 displays the input-output voltage and current profile. The resultant 440V output
voltage with 0.58 A current appeared across a 750 (1 load. The inductor current is 6.94, while
the ripple current is 0.17 A, which is 2.4% of the average current. The average value of the
voltage across C; i1s 72 V when the voltage over the rest of the capacitors is around 146V, the
voltage between capacitors Cs is increased to 150 V and becomes 292 V. Figure 6(a) and 6(b)
show the proposed circuit’s input voltage and current signal. Figure 6(c) and 6(d) demonstrate
the output voltage and current.

The peak-to-peak output voltage difference is less than 0.25, which is a promising example
of low fluctuation. The proposed topology has been incorporated with a 36 V battery source
during simulation. The waveform characteristics of the proposed topology have been verified
for voltage across each circuit element and semiconductor components. The simulation output
of each component in terms of voltage and current flowing through them complies with the
theoretically obtained output, as displayed in Fig. 6.
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Fig. 6: Input voltage (a), Input current (b), output voltage (c) and output current waveform
of proposed design.

4. PERFORMANCE OF THE CONVERTER WITH PV SOURCE

PV systems generally have intermittent characteristics, poor stability, and lower energy
efficiency during conversion. The MPPT algorithm is required to guarantee that the solar
energy system can produce the most electricity possible. The proposed design has been
incorporated with the PV source to ensure the optimum power obtained from the PV source.
Two parallel strings are used for simulation, each containing three modules. The maximum
power of the PV panel is 1050.55 watts, shown in the PV curve of Fig. 7. The Perturb and
Observe (P&O) algorithm has been utilized to ensure the tracking of optimum power [17].
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Fig. 7: Characteristics of the implemented solar module (a) I-V and (b) P-V.
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Fig. 8: Graphical representation of the proposed system (a) MPP module, (b) converter output voltage,
(c) PV output voltage and (d) PV output current.
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Figure 8(a) shows the proposed converter tracking efficiency capability with less tracking time
and less steady-state oscillation. Incorporating the MPPT controller did not affect the boosting
factor of the circuit. Figure 8(b) shows the converter output voltage, which complies with the
battery output voltage. The PV current and voltage waveform are demonstrated in Fig. 8(c) and
(d), which show the resemblance of the I-V curve in Fig. 7(a).

5. COMPARATIVE ANALYSIS

The suggested converter was contrasted with its more recent counterpart to verify the
viability of the recommended converters successfully. Eight recently developed step-
up converter circuits were compared. A detailed comparison is made between the various
features of these converters concerning voltage across semiconductors, efficiency, and boost
factor. Figures 9, 10, 11 graphically represent the performance of different circuit topologies,
including the proposed design. In the figure, the x-axis number within the square bracket
represents the reference number of the article to home compared to the proposed design.
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Fig. 9: Performance of various topologies (a) voltage boosting and
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Fig. 11: Percentage voltage drops across each element of the proposed topology.

6. CONCLUSION

This paper proposes a unique design of non-isolated boost topology with a large
conversion efficiency. A thorough discussion of the theoretical analysis and operating
principles is provided in detail here. With neither an excessive duty cycle nor a high turns ratio,
the suggested converter has been effectively built to obtain an extremely high step-up voltage
gain. The suggested converter’s construction might be expanded by increasing the QC and
VDC cell to attain a greater step-up voltage boosting range. A significant reduction in the
voltage stress on semiconductors was observed concerning gain. The primary side’s quadratic
structure contributed to a notable reduction in the input current fluctuation. Having low
distortion in input current the proposed topology could efficiently track the optimum power of
the PV panel without deteriorating circuit transformation efficiency. The circuit transformation
efficiency was found to be 95%, whereas 98% transformation efficiency was observed for
MPPT. A comparison between the suggested converter and other recently developed topologies
is provided for better justification. The result analysis section complies with the similarity
between analytical and simulation output. Considering all these merits, the suggested converter
is ideally suited for integrating RES and battery sources, which requires high effectiveness and
voltage enhancement.
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