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This study focuses on a stand-alone photovoltaic (PV) system employing a
high step-up quadratic boost converter and a battery management system. The
quadratic boost converter, featuring a tapped inductor, facilitates voltage
boosting by adjusting the duty ratio, ensuring low voltage stress on the active
switch and enhancing overall efficiency. Coordination control techniques are
proposed for smooth power transfer between the PV array, battery, and DC-
link, accommodating variations in solar irradiation, ambient temperature, and
loads. Design, modeling, and simulation are conducted using the PLEXSIM
platform, and a real-time laboratory prototype validates system performance.
This integrated approach establishes the feasibility and effectiveness of the
proposed system, offering a robust framework for off-grid or rural

Coupled_ inductor electrification applications with its ability to operate at low voltage levels,
Quadratic boost efficient power transfer, and stable performance under uncertain conditions.
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1. INTRODUCTION

Non-conventional energy sources like photovoltaic (PV) and fuel cells have gained significant
popularity in the power generation sector. However, these energy sources typically operate at low voltage
levels, which necessitates voltage boosting for practical applications and compatibility with AC and DC loads.
Stand-alone or off-grid systems are designed to cater to various applications such as solar lanterns, solar cells,
street-lighting systems, solar water pumping, and stand-alone power plants in remote areas where grid
electricity is not available [1], [2]. When it comes to stand-alone PV systems, different configurations have
been proposed in the literature [3]-[6]. These configurations integrate PV panels, battery storage, and loads.
However, many of these systems involve multiple conversion stages, resulting in a higher number of controlled
switches. While some single-stage configurations have been reported in the literature, most of them do not
include energy storage elements. The absence of an energy storage element in these configurations limits their
ability to supply power to day-to-day household appliances. This is because achieving both maximum power
point tracking (MPPT) operation and load voltage control becomes challenging without the presence of an
energy storage element, such as a battery. Therefore, the inclusion of energy storage elements becomes
essential in stand-alone PV systems to ensure optimal operation, efficient power utilization, and the ability to
meet the demands of household appliances. By incorporating energy storage, it becomes feasible to achieve
MPPT operation, regulate the load voltage, and provide a continuous power supply, even when the PV output
fluctuates or is not available.

The bidirectional converter in the system serves an important role in facilitating bidirectional power
flow between the PV source and the battery. Its ability to operate as both a buck and boost converter allows it to
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adapt to the specific power flow requirements of the system at any given time. When the battery needs to be
charged, the bidirectional converter operates as a boost converter, stepping up the voltage from the PV source
to match the battery voltage and deliver power to the battery. This charging process enables energy storage for
later use. Conversely, when the battery is discharging and supplying power to the load, the bidirectional
converter operates as a buck converter. It steps down the battery voltage to match the load voltage and delivers
power from the battery to the load. By dynamically switching between buck and boost modes, the bidirectional
converter enables efficient bidirectional power flow, ensuring that the system can effectively utilize the energy
from the PV source to charge the battery and deliver power to the load as needed. This flexibility and control
over power flow direction are crucial for the proper functioning of a stand-alone PV system with battery storage.

In stand-alone PV systems, the solar energy generation sources typically have low output voltage
levels. To interface these sources with the inverter and meet the voltage requirements of the system, high step-
up DC-DC converters are necessary. Various high step-up converters have been developed for this purpose,
incorporating switched capacitors or switched inductors to achieve high voltage conversion ratios. Some
examples of high step-up DC-DC converters include:

- Hybrid boost converter [7]: This converter utilizes a combination of inductors and capacitors to achieve
high voltage conversion. The voltage conversion ratio of the hybrid boost converter is (1+D)/(1-D), where
D represents the duty ratio.

- Switched-capacitor-based active network converter [8]: This converter employs switched capacitors to
achieve high voltage conversion. The voltage conversion ratio of the switched-capacitor-based active
network converter is (3+D)/(1-D), where D is the duty ratio.

- Z-source and Quasi Z-source DC-DC converter [9]: These converters utilize impedance networks (Z-source
or Quasi Z-source) to achieve high voltage conversion. The voltage conversion ratio of these converters is
(1-D)/(1-2D), where D represents the duty ratio.

However, the output voltages of these converters are floating, meaning they are not referenced to a
fixed potential. In contrast, in a proposed solution presented in [10], the quadratic boost converter is introduced.
This converter offers low buffer capacitor stress and achieves a voltage conversion ratio of 1/(1-D)2, where D
is the duty ratio. The quadratic boost converter provides a fixed output voltage with a reduced stress on the
buffer capacitor.

These different converter topologies and configurations enable high voltage conversion in stand-alone
PV systems, allowing efficient integration of the PV sources with the load and inverter systems. In the context
of achieving high step-up voltage gain in stand-alone PV systems, different converter topologies have been
proposed in the literature. One such approach is the coupled inductor-based converter, which offers high
voltage gain. However, it is associated with challenges such as leakage energy, increased switching losses, and
electromagnetic interference (EMI) issues. To mitigate these problems, an active clamp circuit can be
employed. Another approach is the use of two cascade boost converters to achieve high voltage gain. However,
this configuration introduces additional switches, leading to reduced efficiency.

On the other hand, the quadratic boost converter is a reliable option that offers a wide conversion
range and requires only a single driver circuit [1]. Although structurally similar to cascaded boost converters,
the quadratic boost converter provides improved performance. Tapped inductor-based boost converters have
also been utilized for high-gain operation. While these converters can achieve high voltage gain, they often
experience highly pulsating input current, especially when the turns ratio is high or the current is large.
However, it has been observed that tapped-boost converters exhibit lower switch voltage stress compared to
standard boost converters for the same output voltage. To address the power supply issue when PV power is
unavailable, additional considerations need to be made. To effectively control the battery current in a quadratic-
boost converter, which is crucial in a stand-alone system, a bidirectional DC-DC converter is integrated into
the system. This converter enables efficient regulation of the battery charging and discharging processes. In
summary, the proposed topologies in the references combine quadratic boost converters and tapped inductor
boost converters to achieve high voltage gain in stand-alone PV systems. These configurations aim to overcome
challenges related to voltage stress, switching losses, and input current pulsations. However, the references do
not provide detailed analysis regarding power supply in the absence of PV power, and a bidirectional DC-DC
converter is incorporated to control the battery current effectively.

Rural electrification through PV-based stand-alone systems is gaining popularity due to its ability to
provide independent and reliable power generation. These systems are typically designed with low voltage
levels for both the PV array and the battery, typically in the range of 24-36 V. Figure 1 shows a typical stand-
alone PV system. However, to provide a suitable DC-link voltage for an inverter and enable a 230 VV AC supply
at the load terminal, a high voltage gain is required for the overall system. The design of the DC-DC converter
plays a crucial role as it determines the efficiency, size, and weight of the converter. The low voltage provided
by the PV array results in high currents in the primary part of the DC-DC converter. These high currents lead
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to increased conduction and switching losses in the semiconductor devices, which can reduce the overall
efficiency of the system.

Additionally, the requirement for a large voltage boost factor poses a significant challenge for the design
of the DC-DC converter. To address these challenges, the use of a quadratic boost converter with a tapped inductor
can be beneficial. The quadratic boost converter offers advantages such as higher voltage gain, improved
efficiency, and reduced stress on the semiconductor devices. By incorporating a tapped inductor, the converter
can achieve a higher voltage gain while mitigating the losses associated with high currents. This approach helps
in optimizing the performance of the stand-alone PV system and overcoming the issues related to low voltage
levels and high voltage boost requirements. Overall, the utilization of a quadratic boost converter with a tapped
inductor presents a viable solution for rural electrification through stand-alone PV systems, offering improved
efficiency, reduced losses, and effective power generation in areas with limited access to grid electricity.

The basic concept of the mentioned scheme incorporating a quadratic boost converter and its very
preliminary study have been presented in the paper [1]. This work explores the use of a quadratic boost
converter for a standalone PV system. Further, a control algorithm is developed for this topology which is
simple and has an efficient control structure ensuring proper operating mode selection and smooth transition
between different possible operating modes.

This paper is organized as follows. In section 2, the basic system overview and operation principle of
the proposed quadratic boost converter are described. Section 3 describes the working principles and different
modes of operation. In section 4, the basic control structure for the proposed quadratic boost standalone
converter is presented, and some places simulations are given in the section. The hardware circuit is designed,
and some experimental results are also presented for validation in this section. Finally, some concluding
remarks and comments are given in section 5.
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Figure 1. A typical standalone system

2. QUADRATIC-BOOST CONVERTER WITH COUPLED INDUCTOR

In the field of PV-based standalone systems, two main converter structures have been widely explored:
isolated converters and non-isolated converters. This paper specifically focuses on non-isolated PV DC stand-
alone schemes, as there is room for improvement in this area. The boost converter is the most commonly used
type of converter to achieve voltage gain in PV systems. However, researchers have made modifications to the
boost converter design to achieve even higher voltage gains. One approach is the use of cascaded boost
converters, where two boost converters are connected in series to provide a significant step-up voltage gain.
However, this configuration requires the engagement of two switches, which can lead to reduced efficiency.

In contrast, the quadratic boost converter, despite its basic similarity to the cascaded boost converter,
offers a more dependable solution with a single driver circuit [11]-[17]. The quadratic boost converter [1]
utilizes a quadratic voltage conversion ratio, allowing for a wide conversion range. Researchers have further
improved the voltage gain capability by developing tapped inductor-based quadratic boost converters as shown
in Figure 2. These tapped inductor-based quadratic boost converters have been the focus of various studies and
research efforts, aiming to enhance the voltage gain and overall performance of PV-based standalone systems
[18]. By leveraging these advancements, the proposed system in this paper aims to address the limitations of
existing non-isolated PV standalone systems and improve their efficiency and voltage conversion capabilities.

In Figure 3, a semi-tapped quadratic boost converter is depicted, which consists of an untapped
inductor L1 and a tapped inductor CL. The primary purpose of this converter is to step up the typically low
voltage generated by the PV system to a higher voltage level suitable for inverters or other DC applications.
The quadratic boost converter, similar to the boost converter, utilizes a single active switch S1, and the
converter's performance is evaluated based on the switch's condition. During the ON state of the switch, diode
D2 becomes forward biased while diodes D1 and D3 become reverse biased. Inductor L1 and capacitor C1 are
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charged by the supply voltage, while inductor CL is charged by capacitor C1. Conversely, during the OFF state
of the switch, diode D2 becomes reverse biased, and diodes D1 and D3 become forward biased. Capacitors C1
and C2 are charged by the supply voltage and the inductors (L1 and CL), respectively. The operation conditions
of the converter are illustrated in Figure 4, which provides a visual representation of the switch states and the
charging/discharging of the various components (inductors and capacitors) during the ON and OFF states of
the switch. Overall, the semi-tapped quadratic boost converter offers a means to step up the system's low
voltage output, utilizing a quadratic boost technique and a single active switch for efficient voltage conversion.

14 7'°’_
] 6.5 -
e Boost 1
12 : .0 -
1 e Quadratic oD ] — =1
5.5 — =
o) =15
= 5.0 — =2
© = )
O gl g 4.5 -
@
=3 ]
% ’ % 4.0 ]
> ) 5 3.5
= 4
4] 3.0
2.5 4
2 2.0 4
1 15
0 T T T T 1 b
0.0 0.2 0.4 06 0.8 1.0 1.0 T — ——
Duty Ratio 0.10 0.15 0.20 025 0.30 0.35 0.40
Duty Ratio
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Figure 3. A typical PV-based quadratic boost converter with coupled inductor CL

The relationships of the capacitor voltages are given by (1) and (2).

Vin
¢ (1-2Dp) (1)
Vin
VCZ = (1—D)2 (2)

Since the inductor L2 is tapped, then the output voltage becomes the function of the turn’s ratio n of the tapped
inductor, and it significantly boosts the voltage. The output voltage Vc2 and inductor current IL1 can be written
as (3) and (4) respectively.

Vin(14nD)
Vep = D) 3)
_ __vin(1+nD)? _ Vo(1+nD)
liy = lIin = R(1-D)* ~ R(1-D)? @)

Where D is the shoot-through duty ratio. The current ripple AI L1 of the inductor L1 can be written as (5).

VinDTs
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To obtain the ripple component for Al L1, the inductance of L1 must satisfy the (6).

VinD
L, > LT, (6)

Similarly, to obtain the ripple component for Al CL, the inductance of CL must satisfy the (7).

VinD
Lew > ot )

The leakage inductance L_k is not considered as its value is negligible.
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3. PROPOSED SYSTEM

In the proposed standalone PV system shown in Figure 5, the quadratic boost converter plays a crucial
role in boosting the output voltage. The converter operates similarly to the one described in reference [1], where
it was observed that the output voltage is determined by the turns ratio (n) of the coupled inductor, allowing
for significant voltage amplification. One major advantage of this converter is its ability to maintain continuous
input current, as the input inductor is not tapped. This ensures smooth power transfer and efficient operation
of the system. To interface the battery with the system, a bi-directional DC-DC converter is employed. This
converter enables effective battery charging and discharging, providing control over the battery's energy flow.
Careful control of battery charging and discharging is essential to preserve battery life and health, ensuring
optimal performance and longevity. Overall, the proposed system integrates PV modules, a quadratic boost
converter for voltage boosting, and a bi-directional DC-DC converter for battery interfacing. This design allows
for efficient power management, effective battery control, and the provision of stable voltage levels required
by the DC loads.
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Figure 5. Proposed standalone PV system with battery
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3.1. Principles of operation and modes analysis

The power flow of the system in a standalone PV system [18]-[20] can be categorized into the
following scenarios:

- PV to load-battery fully charged: In this scenario, the PV array generates power and directly supplies it to
the load without involving the battery. The battery is already fully charged and not actively involved in the
power transfer.

- PV to battery-no load condition, battery charging: when there is no load or the load demand is low, the
surplus power generated by the PV array is used to charge the battery. The PV power is directed towards
the battery to replenish its energy storage.

- PV to both load and battery-surplus PV energy: when the PV array generates more power than what is
required by the load, the excess power is used to simultaneously supply the load and charge the battery.
This ensures efficient utilization of the surplus PV energy.

- PV and battery to load-deficit in PV energy: If the PV array alone cannot meet the power demand of the
load, the battery is utilized to provide the remaining power required. The PV array supplies power to the
load, and if necessary, the battery also contributes to meeting the load demand.

- Battery to load-insufficient PV power: In situations where the PV array is unable to generate sufficient
power to meet the load demand, the battery takes over and supplies power to the load. The battery acts as
an energy source to bridge the gap between the load demand and the available PV power.

- Worst case scenario - PV and DC bus to Battery: This mode is activated when the battery's state of charge
(SoC) is low, and the PV source alone cannot provide the required charging current to the battery. In this
case, the system shuts down as the PV power and the DC bus power are utilized to charge the battery and
restore its energy level.

These power flow scenarios represent different operating conditions of the system based on the
availability of PV power, load demand, and the state of the battery. The system intelligently manages the power
flow to ensure efficient utilization of the PV energy and uninterrupted power supply to the load. This is shown
in Figure 6.

3.2. Basic control structure and mode selection

- MPPT mode: In this mode, the system utilizes maximum power from the PV array. When the power
generated by the PV source is greater than the load requirement, the excess power is used to simultaneously
supply the load and charge the battery. The power balance equation in MPPT mode is given by P_pv +
P_bat = P_load, where P_pv represents the power generated by the PV source, P_bat represents the power
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flowing into the battery, and P_load represents the power consumed by the load. The system remains in
MPPT mode until the battery current (IB) is below a specified value determined by the State of Charge
(SOC) of the battery. This ensures that the battery is not overcharged.

Non-MPPT mode: When the load demand is lower than the generated power and the battery charging
current exceeds its limit, the system switches to non-MPPT mode. In this mode, the power balance equation
P_pv + P_bat = P_load still holds, but P_bat becomes negative, indicating that the battery discharges to
meet the load demand. The battery charging current is maintained at a predetermined value to prevent
overcharging. The operating point in non-MPPT mode is generally on the decreasing slope of the PV curve,
indicating a reduction in PV power to match the load demand.

Battery mode: In the absence of PV power, the standalone system operates in battery mode. The system
supplies power to the load solely from the battery, ensuring that the battery is not over-discharged. This
mode allows the system to meet the load demand when there is no PV power available, without risking
excessive discharge of the battery.

These three modes enable the system to optimize power extraction from the PV array, prevent overcharging
or over-discharging of the battery, and ensure continuous power supply to the load under varying conditions.
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Figure 6. Different power flow operation of the proposed standalone PV system

3.3. Control of standalone modes

In the proposed standalone system, the control system is essential for determining the operating mode

and managing power flow. The controller continuously monitors the system's current state and makes decisions
based on power demand and the battery's specified state of charge (SOC). Figure 7 illustrates the MPPT
algorithm used in this study, which is based on the perturb and observe method. In MPPT mode, as depicted
in Figure 8, the controller adjusts the duty ratio to ensure maximum power extraction from the PV array.The
MPPT block generates a reference current (Ipv-mpp) based on the desired operating point of the PV array. This
reference current is compared with the actual PV current, and the error is passed through a PI controller. The
output of the PI controller is the duty ratio (Dsh) for the switch of the quadratic boost converter, which regulates
the PV current to track the maximum power point.
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To control the DC-link voltage, the voltage across the capacitor C1 is measured and compared with
the desired value. The error is then fed into a PI controller, which generates a current reference (Iref). This
current reference is compared with the battery current (Ib), and the resulting error is used to generate the duty
ratio (Db) for the bidirectional converter. The bidirectional converter allows power flow between the PV array
and the battery, controlling the battery charging or discharging process.

When there is no PV energy available, the controller shifts the system to battery only mode to supply
power to the load solely from the battery. The controller must continuously monitor the current state of the
system, evaluating parameters that indicate power excess or deficit. Based on these parameters, the controller
determines the appropriate mode of operation for the system. Overall, the control system in the proposed
standalone system ensures efficient power management, optimal MPPT operation, battery
charging/discharging control, and seamless power supply to the load under varying conditions.
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Figure 7. Flowchart of the P&O MPPT algorithm

The control strategy for the proposed standalone system involves monitoring and controlling the
system in three different modes: MPPT mode, non-MPPT mode, and battery only (BO) mode. The system is
designed to shift between these modes based on the operating conditions. In the non-MPPT mode shown in
Figure 9, the reference current Iref is subtracted from the maximum battery current Ibmax to generate the
reference PV current Ipvref. This reference current is used to regulate the voltage across the capacitor VC1,
ensuring its maintenance within a certain voltage range. If there is a sudden change in the load, causing VC1
to fall below a specified voltage, the controller automatically shifts from the non-MPPT mode to the MPPT
mode to optimize power extraction from the PV array. This transition allows the system to adapt to varying
load conditions and improve overall performance.
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When there is no PV energy available, the system enters the battery-only (BO) mode as shown in
Figure 10. In this mode, the battery becomes the sole power source and is responsible for supplying the entire
load. The operation in MPPT mode and BO mode is similar, with the exception that the MPPT controller
remains idle in BO mode. The system maintains stable operation in the BO mode to ensure an uninterrupted
power supply in the absence of PV energy.

To facilitate the control of different modes, four control signals, M, NM, BO, and Non-BO, are
generated. When M=1 and NM=0, the controller operates the PV in MPPT mode, with the battery maintaining
the DC-link voltage. If the load reduces or solar radiation increases, causing the battery current IB to reach
Ibmax as specified by the state of charge (SOC), NM is setto 1 and M is set to 0. The controller then operates
the battery in a constant current mode, maintaining the battery charging current at Ibmax, while the PV array
takes responsibility for maintaining the DC-link voltage.

For BO=0 and non-BO=1, the controller operates the PV array in either MPPT mode or non-MPPT
mode, depending on the status of M and NM. When BO=1 and non-BO=0, indicating the absence of PV energy,
the controller shifts to the battery-only mode, where the battery maintains the DC-link voltage and supplies
power to the load. This control strategy shown in Figure 11 allows the system to adapt to changing operating
conditions and ensures efficient operation in all three modes, namely MPPT mode, non-MPPT mode, and BO
mode. The control signals M, NM, BO, and non-BO enable the system to switch between these modes and
disable the modes that are not required based on the prevailing conditions. Figure 12 shows the algorithm to
identify and switch between different modes.
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Figure 10. Proposed operation mode in the battery-only mode
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Figure 11. Overall control strategy
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4.  SIMULATION AND EXPERIMENTAL RESULTS
4.1. Simulation result of proposed converter

The theoretical assumptions were validated through both simulation and experimental setups of the
quadratic boost converter with a tapped inductor. Testing was conducted for both MPPT and non-MPPT modes
under rated load and variable load conditions to ensure the performance of the system in different operating
scenarios. The designed system was implemented using the simulation software PLECS, with a chosen
switching frequency of 20 kHz. The PV operating range was set between 17 to 22 volts, with an open circuit
voltage of 22 V and an MPP voltage of the selected PV panel at 17.6 V. The battery's nominal voltage was
taken as 24 V. For MPPT operation, the perturb & observe (P&O) method was employed to extract the
maximum power from the solar panel. This algorithm periodically perturbs the PV current with a small
incremental step and compares the resulting power with the previously delivered power, allowing the system
to track the maximum power point. Figure 13 shows the MPPT tracking by the quadratic boost converter
through the Aplab solar emulator. To regulate the battery current, a conventional proportional-integral (PI)
controller was used in the battery controller. This Pl controller ensures that the battery charging and discharging
currents are controlled within the specified limits, thereby protecting the battery and maintaining its state of
charge (SOC). The tapped inductor used in the system has a turns ratio of 1.5, which contributes to achieving
the desired high voltage gain. By conducting simulations and experimental tests, the performance and
functionality of the proposed system were evaluated and validated. These results demonstrate the effectiveness
of the quadratic boost converter with a tapped inductor topology in achieving the desired power conversion
and control objectives.

4.2. Experimental result of proposed converter

To experimentally validate the proposed system, a laboratory prototype was developed shown in
Figure 14. The switching frequency of the converter was chosen as 20 kHz, considering the trade-off between
power density and efficiency. The battery bank was constructed by connecting two 12 V, 26 Ah batteries in
series. This configuration provided the necessary voltage and capacity for the system's energy storage. To
emulate the solar array, an AplabSAS120/10 ODIV solar array simulator was utilized. This simulator generates
the P-V (power-voltage) and I-V (current-voltage) characteristics of the PV array based on four input
parameters: Vmpp (maximum power point voltage), Voc (open-circuit voltage), Impp (maximum power point
current), and Isc (short-circuit current) of the PV module. These parameters allow the simulator to mimic the
behavior of a real solar array. The loads connected to the converter output were rheostats, which can be adjusted
to vary the load conditions and evaluate the system's performance under different scenarios. The semiconductor
devices employed in the laboratory prototype include: i) Quadratic and bi-directional switches: IRFP4668PbF
(MOSFET); ii) Diode for PV panel, Dpv: MBR1535CT; and iii) Quadratic-diode, D: RHRG30120
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These semiconductor devices were selected based on their specifications and suitability for the
proposed system. The other relevant parameters and elements used in constructing the prototype were
consistent with those employed in the simulation study. The details of these parameters can be found in
Table 1 of the research documentation. By implementing the laboratory prototype and utilizing the specified
components, the experimental validation of the proposed system was conducted, allowing for a practical
assessment of its performance and functionality.

Table 1. Simulation and experimental parameters

Parameters Value Parameters Value
PV Input Voltage; Vdc(V) 17.5 Tapped turn Ratio 15
Switching Frequency fs (kHz) 20 Output Filter Capacitor Cf(uF) 10
Capacitors C1=C2(uF) 2200  Output Filter Inductor Lf (mH)  0.15
Inductor L1(mH) 1 Load Resistance R(ohm) 204
Inductor L2(mH) 15 Total power of the System(W) 65

80 100 120 140 160 180 200 221

Voliaze Efficiency %
Figure 13. MPPT tracking in Figure 14. Experimental setup of the proposed standalone
AplabSAS120/10 ODIV solar emulator system

The observation of spikes in switch voltages and inductor currents in the steady-state response of the
system as shown in Figure 15 can indeed be attributed to the presence of leakage inductance. Leakage
inductance refers to the imperfect coupling between the primary and secondary windings of a transformer or
inductor. In an idealized analysis or simulation, the effects of leakage inductance are often neglected for
simplicity. However, in practical implementations, the leakage inductance can introduce voltage spikes and
current transients due to the energy stored in the leakage magnetic field. These spikes occur during the
switching transitions of the converter.

From Figure 16, it can be observed that the system is operating in the maximum power point (MPP)
mode while negotiating a 65 W load. The MPP values for the PV array are set at Vmpp = 17.6 V and Impp =
3.69 A. It is evident from the graph that the PV voltage (\VVpv) and current (Ipv) attain values equal to the set
MPP values. This indicates that the system is successfully tracking and operating at the maximum power point
of the PV array. Furthermore, the voltage at capacitor C1 (Vcl) is maintained around 48V, demonstrating the
effectiveness of the system's voltage regulation. Similarly, the voltage at capacitor C2 (Vc2) is maintained at
95V, indicating stable voltage regulation at the output. Overall, the steady-state response of the system in MPP
mode confirms that the PV voltage and current are maintained at their desired MPP values, while the voltages
at capacitors C1 and C2 are regulated within the specified ranges.

In the second case, the PV array initially operates at the maximum power point (MPP) as determined
by the MPPT algorithm. At t=2 sec, there is a step change in solar radiation from 1000 W/m2 to 800 W/m2, as
shown in Figure 17. Despite this step change in solar radiation, it can be observed that the PV array continues
to operate at its MPP. This is achieved through the control of the battery current, which adjusts to maintain the
system in the MPP mode. By adjusting the battery current, the system ensures that the PV array operates at its
maximum power point, maximizing the power extraction from the available solar energy. This control
mechanism allows the system to adapt to changes in solar radiation and maintain optimal operation. Additionally,
the voltage across capacitor C2 (Vc2) is maintained at a constant level of 95V, indicating the stability of the
system's voltage regulation. Overall, the system demonstrates its ability to maintain the PV array at its MPP, even
in the presence of step changes in solar radiation, while ensuring stable voltage regulation at \Vc2.

In Figure 18, the performance of the system during the mode transition between maximum power
point mpp (MPP) and non-MPP modes is illustrated. The system behavior is observed while the load demand
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changes and affects the charging of the battery. Initially, the system is operating in the MPP mode with a load
demand of 65 W, and the PV array is providing power to both the load and the battery charging. The MPP
values for the PV array are Vmpp = 17.6 V and Impp = 3.69 A. During this period, the battery is being
discharged. At a specific instant "t," the load demand is reduced to 30 W. As a result, the surplus power
generated by the PV array starts charging the battery. The charging current of the battery gradually increases
until it reaches the maximum allowable charging current set at 2 A. Once the battery charging current reaches
the 2 A limit, the system transitions from the MPP mode to the non-MPP mode. This transition is observed in
Figure 18, where it can be seen that when the battery charging current is restricted to 2 A, the PV array operates
at a point other than its MPP. Consequently, the PV output power yield is reduced compared to its maximum
potential. The PV power is obtained from the PV simulator display, which provides the P-V (power-voltage)
and I-V (current-voltage) characteristics of the PV array. The battery voltage is measured using a multimeter
to monitor its state during the mode transition. Figure 18 demonstrates the system's response to the change in
load demand and the subsequent transition between MPP and non-MPP modes. This control mechanism
ensures that the battery charging current does not exceed the specified limit while effectively utilizing the
surplus power from the PV array for charging.
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Figure 19 depicts the response of the system during the transition between the BO and maximum
power point tracking (MPPT) modes. The behavior of the system is observed when the PV array is connected
and disconnected from the system. Initially, the system is operating in the BO mode with Vmpp (PV voltage
at MPP) and Impp (PV current at MPP) both set to 0. At the first instant, denoted as "t," the PV array is
connected to the system. As a result, the PV voltage quickly reaches its maximum power point (MPP) value of
17.6 V, and the PV current reaches its corresponding MPP value of 3.69 A. The system transitions from the
BO mode to the MPPT mode. During the MPPT mode, the PV voltage is tightly controlled at its MPP value of
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17.6 V, as indicated in Figure 15. This control ensures that the maximum power is extracted from the PV array.
Additionally, the voltage across the capacitor C2 (Vc2) is maintained at a constant value of 95V in both the
MPPT and BO modes. At the second instant, also denoted as "t," the PV array is disconnected from the system.
Consequently, the system transitions from the MPPT mode back to the BO mode. The PV voltage drops to
0V, and the PV current decreases accordingly. Figure 19 demonstrates that the system successfully maintains
the PV voltage at its MPP value during the MPPT mode, while also ensuring the stability of Vc2 throughout
both the MPPT and BO modes. This smooth transition between modes allows for efficient utilization of the
available solar energy and reliable power supply to the loads.

The efficiency of the quadratic boost converter, as measured from the laboratory prototype, is
presented in Figure 20. The efficiency is calculated by dividing the load power by the sum of the PV power
and battery power. The measurements are conducted using a power analyzer, PM100 for load power, PV
simulator display for PV power, and a multimeter and ammeter for battery power.
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Figure 20. Efficiency plot of the proposed converter

Comparative experiments were also performed using a simple boost converter, which showed that the
quadratic boost converter achieves a higher voltage gain of approximately 30% compared to the boost
converter. Although a better comparison could be made with a cascaded boost converter, the quadratic boost
converter still offers a higher output voltage at the same duty ratio.

The efficiency of the quadratic boost converter is reported to be higher than that of the boost converter,
using the same devices. Additionally, the quadratic boost converter exhibits improved output ripple
characteristics, which can even be canceled at certain duty ratio values. The quadratic boost converter is also
said to have lower EMI due to power phase shifting. However, it is noted that controlling the quadratic boost
converter is slightly more complicated than the boost converter.
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Furthermore, the use of a quadratic boost converter allows for the utilization of smaller energy storage
devices. The proposed system is compared with other standalone schemes mentioned in the literature, and
Table 2 provides a comparison of various aspects and traits of these schemes. Based on these findings, it can
be inferred that the proposed system utilizing the quadratic boost converter offers several benefits, including
higher efficiency, improved output ripple, and reduced EMI compared to other schemes.

Table 2. Comparison of the proposed scheme with typical stand-alone systems

Scheme No of stages Ns Ne Nt N Nc Dedicated converter No of converter in
for MPPT battery charging path
Chen et al. [21] 3 9 0 1 5 6 yes 2
Wang and Zhang [22] 4 7 5 0 4 4 yes 1
Chen et al. [23] 3 12 12 1 3 2 yes 2
Mutoh and Inoue [24] 4 # # 1 # # yes 2
Debnath and Chatterjee [25] 2 6 2 1 3 6 no 1
Proposed 2 6 1 1 3 3 no 1

5. CONCLUSION

The paper introduces a solar PV-based stand-alone system that incorporates a non-isolated semi-
tapped quadratic boost converter. This converter design offers improved voltage gain at lower duty ratios
compared to other converter topologies such as quadratic-boost and boost converters. The analysis of steady-
state conditions reveals that the semi-tapped quadratic boost converter achieves higher voltage gain for the
same duty ratio. The voltage gain and voltage stress on the switch of the semi-tapped converter depends on the
duty ratio and the turn ratio of the tapped inductor. The primary objective of the proposed system is to ensure
smooth power transfer between the PV panel, batteries, and loads while maintaining stable voltages for DC
electrical loads. The inclusion of a bi-directional DC-DC converter facilitates efficient battery charging and
discharging. This approach allows for the utilization of low voltage levels for both the PV array and the battery,
making it suitable for rural areas where low-voltage systems are prevalent.

The control structure of the overall stand-alone system is presented, showcasing the strategies for
regulating power flow and maintaining stable voltages. Simulation studies are conducted to validate the
effectiveness of the proposed control structure in achieving the desired performance. To further verify the
system's performance, experimental tests are carried out using a laboratory prototype. These tests aim to
validate the feasibility and practicality of the proposed system in real-world scenarios. The experimental results
provide evidence of the system's capability to deliver the expected performance and validate the effectiveness
of the control structure. In summary, the paper proposes a solar PV-based stand-alone system that employs a
non-isolated semi-tapped quadratic boost converter. The system offers advantages such as higher voltage gain,
adjustable battery charging and discharging, and operation at low voltage levels. The control structure is
validated through simulations and experimental tests, demonstrating the system's feasibility and potential for
practical applications.
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