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A B S T R A C T

A solar-powered converter design is necessary for portable devices with increased gain and reduced ripple in
overall operation. This research presents a photovoltaic-powered Field Programmable Gate Array (FPGA) based
on increased gain multiple output converter design and analysis. The dynamic panel input makes it difficult to
operate the load. To control and make the input static to satisfy the demand, perturb and observe with a load
balancing algorithm technique are used. The converter gained output is high, and batteries are used to balance
the loads when solar irradiance is low. Simulation results were carried out with the presented converter circuit
that can be operated with a 12 V supply as input from a renewable power source. The output gain ratio of 14 to a
minimum of 40 % duty cycle operating at a switching frequency of 20 kHz has been achieved. The proposed
methodology is transferred to hardware by connecting with the reconfigurable FPGA Spartan-6 development
board to manage the dynamic load control system’s complex logic and high processing ability. The overall
performance is compared with various pre-existing systems, tabulations are made with the analysis, and
experimental results are also illustrated at the end.

1. Introduction

The general block diagram of the proposed solar-powered High Gain
Dual Output (HGDO) converter system with Field Programmable Gate
Array (FPGA) based MPPT with load balancing algorithm is shown in
Fig. 1. The energy harvested from the array of photovoltaic (PV) cells
needs to be regulated for empowering the dynamic DC loads. Battery
based energy storage is required for solar PV systems to maintain the
system’s reliability [1]. So, the proposed topology combines PV power
with a battery storage system to improve the performance of the overall
output needs. Also, the voltage produced from the PV panels will not
satisfy the varying load demand. So, this hybrid system can be imple-
mented with higher efficiency and reduced ripple boost converter to
fulfill the load needs despite irregular supply. The solar cell’s Maximum
Power Point Tracking (MPPT) mainly depends on the solar irradiance at
a location and temperature. To maximize the power output of solar PV
panels, tracking maximum power continuously for varying irradiation is
necessary. Nowadays, several studies have mainly focused on various
MPPT control based decisive algorithms to obtain maximum power from
the panel.

Previously, authors proposed an interleaved converter with a voltage
doubler and energy-distributing circuit to achieve high gain and effi-
ciency for DC applications [2]. For a high-power application of 450 W,
the gain of approximately nine times was achieved with the interleaved
converters. However, the high duty ratio is not applicable for hybrid/-
integrated power generation systems [2-4]. The boost converters with
and without a transformer are discussed, in which transformer-type
boost converters have an isolated transformer that only transfers the
energy. However, the non-isolated type can store flux in the core, which
helps reduce electromagnetic interference. The isolated converter pre-
sents two [5] and three [6,7] inductor types. Boost converters are
developed in different design types, analysed, and developed for load
balancing. In [8], for the voltage lift technique with a switched capac-
itor, an applicable Luo converter was presented that has the advantage
of being compact and low EMI. However, it has a small gain compared to
isolated converters [9]. The design of better gain achievability in boost
converters, along with mode control options for the input and output
voltage, is discussed in [10,11] to maintain the output voltage for PV
distributed systems. It has a highly boosted output voltage without any
voltage doubler circuit but a single output. In [12], authors
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implemented a single input three output boost converter for multi-port
operation, which displayed low performance compared to in [13]. The
advantages of using MOSFET-based switching devices were discussed,
and a comparison of conventional switches with MOSFET devices was
made [14]. In [15,16], authors discuss the FPGA-based load predictive
MPPT controller for low power, high speed, and energy-saving systems.
An interleaved boost converter [17] is used for greater power applica-
tions because of reduced ripple content. Nevertheless, the demerits of
interleaved boost converters [17] have voltage gain limitations and
increased conduction losses due to high power dissipation.

The parameter analysis on high switching speed design and slew rate
analysis that helped to identify various switching losses were done in
[18]. Authors in [19] presented a non-isolated converter with one
voltage multiplier circuit, but in [20,21], two or more voltage multiplier
circuits were introduced, increasing the system burden. The combina-
tion approach of switched mode and switching capacitor design in the
converter can be attained due to the magnetization of the inductor for
both switches ON and OFF conditions. In [22], the need for efficient
design of DC-DC converters for portable devices was analysed based on

power loss analysis. In [23,24], a high gain up-converter is achieved
with two MOSFET switches, increasing the system cost and switching
loss. To accomplish the tracking speed and accuracy, authors in [25]
proposed the MPPT algorithm associated with modified fractional
voltage and current with a sensor-less operation for auto modulation.
The MPPT algorithm automatically changes the step size according to
the variable solar irradiation conditions. In [26], the need for effective
silicon-based switches was discussed to achieve reduced switching losses
and higher efficiency. In [27], the authors proposed a hybrid MPPT
system validated by simulation and experiment, implemented with only
one voltage sensor to reduce cost and complexity. Adaptive predictive
error filter based MPPT is discussed in [28]. It explains that the discrete
PID controller and tracking of the maximum power in a single stem is
unsuitable for continuous PID control. Authors in [28] have presented a
new adaptive MPPT for portable solar-powered devices, and the per-
formance was analysed.

The structure of this paper is part II, explaining the implementation
of MPT tracking with an FPGA-controlled load balancing algorithm for
solar-powered DC-to-DC converters. Part III analyses the proposed boost
converter with High Gain Dual Output (HGDO) and its modes of oper-
ation. The operation of the HGDO converter is explained in part IV. The
overall performance analysis of the system is presented in part V. Part VI
illustrates the hardware implementation of the proposed HGDO. In part
VII, we discuss the inference and conclusion of the proposed converter.

2. Implementation of FPGA-based P & O with load balancing
algorithm

Xilinx-ISE tool is employed to develop HDL code dumped in the
FPGA processor. The architecture of FPGA consists of Input/output
blocks, interlink wire, and configurable logic blocks (CLB). In the pro-
posed system, due to the varying nature of the sunlight, FPGA-based
control signal generation has better dynamic performance and an
easily rewritable (reprogrammable) code nature compared to
microcontroller-based pulse generation. Here, we develop a Load
Balancing algorithm-based Verilog code that generates the required gate

Fig. 1. General Block Diagram of the proposed FPGA-based HGDO converter
with Load Balancing Algorithm.

Fig. 2a. MPPT with load balancing algorithm - Flow chart.

V. Nanjappan et al. e-Prime - Advances in Electrical Engineering, Electronics and Energy 9 (2024) 100699 

2 



pulse for the switches of the proposed converter. Fig. 2(a) shows the
algorithmic steps in forming the controller code implementations and
the succeeding steps describing the process involved in the load
balancing algorithm. The flow chart of the algorithm is as follows.

Step 1: Start the process.
Step 2: Initialize the parameters such as low duty (Dlow), high duty
cycle (Dhigh), incremental value of duty ratio (ΔD), previous voltage
and power as (Vold and Pold) respectively, state of charging of battery
1 and 2 as (SOC1 and SOC2), and set the duty ratio, D = Dold.
Step 3: Compute the power, change in power and voltage values.
Step 4: Compare the duty ratio, D, with high-value initialization.
Step 5: If yes, check that the power change equals zero. Otherwise,

set D = Dold.
Step 6: If ΔP =0, then check ΔP < 0; if yes means, check the change
in voltage, ΔV < 0. Then, add or subtract the change in duty ratio
from the old duty ratio.
Step 7: Return to the initialization step and set the new duty ratio.

Again, continue from step 3.
Step 8: Check the state of the charge status of batteries 1 and 2. If SOC
> 95 %, open the breaker.
Step 9: Otherwise, check the irradiance level 〈 250 W/m2. If yes,
close the breaker. If radiation 〉 250 W/m2, open the breaker.
Step 10: End the process.

The clock frequency of the FPGA is 50 MHz, and the period is 0.02 µs.
This minimum time range is significantly less noticeable. Fix the

maximum count as (4096) for the system requirement and vary the
sample time.

Fig. 2(b) shows the PWM signal generated by the FPGA controller.
Timer parameters are automatically generated depending on the HDL
code’s clock frequency, which helps generate varying duty cycle PWM
signals. The bit resolution has to control the duty cycle range, which can
be increased or decreased in a single step. Here, the duty cycle of the
pulse can be varied from 30 % to 50 %.

3. Proposed High Gain Dual Output (HGDO) boost converter

3.1. Converter description and its advantages

The proposed High Gain Dual Output (HGDO) boost converter is
illustrated in Fig. 3. The components contain leakage inductor (Lk),
coupled inductors (L1, L2), magnetizing inductors (Lma and Lmb), MOS-
FET switch (S), input voltage (Vi), energy storage capacitors (C1 and C2),
clamp capacitor (Co1), output capacitor (Co2), clamp diode (Do1), output
diodes (Do2) and junction diodes (D1 and D2). Their benefits over the
conventional boost converter topology are discussed below.

1. The proposed HGDO converter is expected to provide a voltage gain
of 14–16 times the input voltage, Vi, at 40–50 % of duty cycles,
respectively.
The achieved voltage gain value is appropriate to interface directly

with the low-voltage source.
The turn ratio can be adjusted flexibly between the coupled

Fig. 2b. Pulse generated from the FPGA controller.

Fig. 3. Proposed High Gain Dual Output (HGDO) Boost Converter.
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inductors, L1 and L2. The coupled inductor leakages are recovered
effectively through passive storage capacitors.

2. The intermediate storage capacitors help to improve the voltage gain
of the design.

3. The switching stress of the switches is minimized due to the low-duty
cycle of the converter.
Leak inductance minimizes switching losses, Lk, with the coupled

inductor L1. It also helps to increase the voltage level during the
voltage boost operation.

4. The clamp circuit consists of two diodes, Do1 and Do2, and two ca-
pacitors, Co1 and Co2, help to obtain the continuous output across the
load throughout the operation.

The proper arrangements of clamp diodes, Do1 and Do2, will help to
protect the energy leakage from the output capacitors, Co1 and Co2. It
helps to maximize the efficiency of the converter.

3.2. Operation of the proposed converter

The operating methods of the high gain dual output FPGA controlled
DC to DC converter are analysed in the following four modes from t0 to
t4. The modes of operation are as follows.

Mode 1 (t0–t1): The mode 1 operation is shown in Fig. 4. During
operational mode 1, switch S is in the closed position. When the input
voltage (Vi) is applied, the magnetizing inductor Lma is charged. This
magnetizes the coupled inductors L1 and demagnetize L2. Additionally,
the energy storage capacitors C1 and C2 are charging, while diodes D1
and D2 are forward-biased, and diodes Do1 and Do2 are in a reverse-
biased state. Since Do1 is reverse-biased, there is no current flow in the
magnetizing inductor Lmb. However, the load has a current flow due to
the voltage across the output capacitor C02.

Current flow through the magnetizing inductors, Lma at (t0–t1) can be
expressed as,

ΔiLma =
Vi

Lma + Lk
(t − t0) + iLma (t0) (1)

Fig. 4. Mode 1 operation.

Fig. 5. Mode 2 operation.
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Current flow through the magnetizing inductors, Lmb at (t0–t1) is
equal to zero. It can be expressed as,

ΔiLmb = 0 (2)

Mode 2 (t1–t2): During this mode 2, switch S is in the open position.
When the input voltage Vi is applied, inductors Lma, Lmb starts to
magnetize and L1, L2 demagnetize, the capacitors C1, C2 and C01 are
charging, while diodes D1, D2 and Do1 are forward-biased, and diode Do2
is in a reverse-biased state. However, the current flow in the load con-
tinues due to the voltage across the output capacitor C02. The mode 2
operation is shown in Fig. 5. The current flow through the magnetizing
inductors, Lma at (t1–t2) can be expressed in the Eqs. (3), (4),

ΔiLma =
VC01 − Vi

Lma + Lmb + Lk
(t − t1) + iLma (t1) (3)

The current flow through the magnetizing inductors, Lmb at (t1–t2)
can be derived as,

ΔiLmb =
VC01

Lmb
(t − t1) + iLmb (t1) (4)

Mode 3 (t2–t3): During mode 3, switch S remains in the open posi-
tion. When the input voltage Vi is applied, inductors Lma, Lmb continues
to magnetize and L1, L2 starts to magnetize, the capacitors C1, C2 are
discharging and C01, C02 are charging, while diodes D1, D2 are reverse
biased and Do1, Do2 are forward-biased, the current flow in the load
continues due to the input supply voltage and the capacitors C1, C2
through Do2.

The mode 3 operation current flow path is shown in Fig. 6. The
magnetized inductors, Lma currents at (t2–t3), can be derived as,

ΔiLma =
VC01 − Vi

Lma + Lmb + Lk
(t − t2) + iLma (t2)

+
VC01 − VC1 − VC2 − Vi

n(Lma)
(t − t2) (5)

The current flow through the magnetizing inductors, Lmb at (t2–t3)
can be expressed as,

ΔiLmb =
VC01 − Vi

Lmb + Lk + Lma
(t − t2) + iLmb (t2) (6)

Mode 4 (t3–t4): During this mode, switch S remains in the open

Fig. 6. Mode 3 operation.

Fig. 7. Mode 4 operation.
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position. When the input voltage Vi is applied, inductors L1 de-
magnetizes and L2 continues to magnetize, the capacitors C1, C2 are
discharging and C01, C02 are charging, while diodes D1, D2, and Do1 are
reverse biased and Do2 is forward-biased, the current flow in the load
continues due to the input supply voltage and the capacitors C1, C2
through Do2. The mode 4 operation is shown in Fig. 7.

The current flow through the magnetizing inductors, Lma at (t3–t4)
can be expressed as,

ΔiLma =
VC01 − VC1 − VC2 − Vi

n(Lma)
(t − t3) + iLma (t3) (7)

The current flow through the magnetizing inductors, Lmb at (t3–t4)
can be obtained as,

ΔiLmb = 0 (8)

The simulation model of the proposed HGDO converter with PV

panel is given in Fig. 8a and the simulated output waveforms of the
proposed DC to DC converter are provided in Fig. 8b.

4. Analysis of the proposed DC to DC converter

Analyzing the proposed converter helps to choose suitable ratings of
the elements used in the circuit design and construction. Assumptions
for this analysis are that all the elements used in the converter except the
leakage inductor Lk are ideal. This analysis is made up of three sub-
divisions. They are a) continuous conduct mode (CCM) operation, b)
design considerations of the components, and c) efficiency calculation of
the converter.

4.1. Continuous conduction mode (CCM) operation

The voltage across the coupled inductor can be derived in two

Fig. 8a. Simulation model of proposed HGDO converter with PV panel.

Fig. 8b. Key waveforms of the proposed HGDO boost converter.
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modes, i.e., one is when the MOSFET switch S, is truned ON and another
when it is turned OFF. When switch S is turned ON or in the closed state,
the Eq. (9) is employed to determine the voltage across the primary coil
of the coupled inductor L1,

VL1 (ON) = Vi (9)

The voltage across coupled inductor L2 is the potential difference
among the storage capacitor, C2 and output capacitor, Co1 is given as,

VL2 (ON) = VC2 − VCo1 (10)

VL2(ON) = nVi = VC2 (11)

When switch S is off or closed state, the input voltage, Vi and output
capacitor, VCo1 difference is the voltage drop across the coupled
inductor, L1. It can be derived as,

VL1(OFF) = Vi − VCo1 (12)

The voltage across the coupled inductor, L2 when the switch is off
condition is derived as,

VL2(OFF) = VCo1 + VC1 + VC2 + VCo2 (13)

The turn’s ratio of the coupled inductor, n is equal to the ratio be-
tween the voltage across the coupled inductor, L1 and L2.

VL1 = n VL2 (14)

The voltage across the storage capacitor, C2 is equal to the n times of
the input voltage, Vi. It can be written as,

VC2 = nVi (15)

4.1.1. Voltage drop across the diodes
The voltage drop occurs in the diodes on the reverse biased condition

or OFF condition. By substituting the Eqs. (9), (10), (11) and (12) in the
Eq. (13), we get the voltage expression in switch OFF condition as,

VL2 = Vi + VCo1 + nVi − Vi + VCo1 + nVi − VCo2 (16)

VL2 = 2VCo1 + 2nVi − VCo2 (17)

By substituting (11), (12), and (13) into (17), it becomes,

VL2(OFF) = 2
{
Vi − VL1(OFF)

}
+ 2nVi − VCo2

VL2(OFF) + 2VL1(OFF) = 2Vi + 2nVi − 2VCo2

VL1 (OFF) =
(2n + 2)Vi

(n+ 2)
−

VCo2

(n+ 2)
(18)

4.1.2. Voltage gain calculation
The sum of the voltage across the inductor, L1 when the switch is in

on and off condition is equal to zero (voltage‑sec balance). By using (9)
and (18), we obtain:

VL1(ON)d + VL1(OFF)(1 − d) = 0 (19)

Substituting Eq. (9) and (18) into Eq. (19), one gets:

Vid +

[
(2n + 2)Vi

(n+ 2)
−

VCo2

(n+ 2)

]

(1 − d) = 0 (20)

From the above Eq. (20), voltage conversion ratio, G is given by,

G =
VCo2+Co1

Vi
=

(n + 2)
(1 − d)

+ n (21)

Where Vi, input voltage, output voltage, VCo2 + Co1, n gives the turns
ratio between the coupled inductor, and d is the duty ratio. Here, the
proposed HGDO converter is considered for selectable low-duty cycle, i.
e. d is 0.4 and turns ratio ‘n’ is 4. The voltage gain (G), as per the duty
ratio (D), is illustrated in Fig. 9. Substituting the obtained values of ‘d’
and ‘n’ in the Eq. (21), G equals 4.05.

Substituting the Eq. (21) in the Eq. (18), voltage across the inductor,
L1 during the switch off position becomes,

VL1(OFF) =
(2n + 2)Vi

(n + 2)
−

nVi + 2Vi + nVi − nVid
(1 − d)(n+ 2)

(22)

When the switch off condition, ‘n’ is completely independent of the
voltage, and it can be neglected from the equation. It becomes,

VL1(OFF) =
− d
1 − d

Vi (23)

4.1.3. Voltage across the switch calculation
During the non-conducting period of the switch, the drain-source

voltage is given by,

VDS = Vi − VL1(OFF) (24)

By substituting the Eq. (23) into the Eq. (24) gets,

VDS = Vi +
d

(1 − d)
Vi (25)

By expanding the terms, VDS becomes,

VDS =
Vi

(1 − d)
(26)

The voltage drop across the capacitor, Co1 remains constant which is
almost equal to the input supply voltage, Vi. By using Eqs. (12) and (23),
the voltage available across the clamp capacitor, Co1 is given by,

VCo1 =
Vi

(1 − d)
(27)

4.1.4. Storage capacitor voltage calculation
The storage capacitor, C1 voltage can be determined from the Eq.

(10),

VC1 = VCo1 + VL2(ON) (28)

Substituting Eq. (11) and (27) in Eq. (28), we obtain,

VC1 =
Vi

(1 − d)
+ nVi (29)

VC1 =

(
1

1 − d
+ n

)

Vi

VC1 =
n(1 − d) + 1

1 − d
Vi (30)

4.1.5. Diode voltage calculation
The clamp diode, Do1 voltage equation when the switch S is ON. The

diode, Do1 acts as reverse biased state. The voltage across Do1 is given as,

VDo1 = VL1(ON) + VCo1 (31)

Substituting VL1 (ON) from the Eq. (9) and VCo1 from the Eq. (27), the
Eq. (31) becomes,

Fig. 9. Voltage gain (G) vs Duty ratio (D).
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VDo1 = − V∗
i +

Vi

(1 − d)
(32)

VDo1 = −
d

(1 − d)
Vi (33)

(*-ve sign indicated the diode oppose the input voltage due to reverse
biased nature.)

The Diode voltage VD1, is given by,

VD1 = VL2(OFF) − VC1 + VCo1

From Eq. (17),

VL2(OFF) = 2VCo1 + 2nVi − VCo1

From Eq. (21), (27) and (28), VL2 (OFF) becomes,

VL2(OFF) = 2
Vi

1 − d
+ 2nVi −

(
(n+ 2)
(1 − d)

− n
)

Vi

VL2(OFF) = −
nd
1 − d

Vi

VD1 =
− nd

(1 − d)
Vi −

n(1 − d) + 1
(1 − d)

Vi +
Vi

(1 − d)
(34)

Substitute the Eq. (16), (23) and (28) in Eq. (34), yields,

VD1 = −
nVi

(1 − d)
(35)

The voltage across the diode, D2 can be expressed as,

VD2 = −
n

(1+ d)
Vi (36)

The voltage across the output diode, Do2 can be described as,

VDo2 = VC1 + VC2 − VCo2 − VL2(ON)

VDo2 =
n(1 − d) + 1

(1 − d)
Vi −

(
n+ 2
1 − d

− n
)

Vi

VDo2 = −

(
n+ 1
1 − d

)

Vi (37)

The voltage drop in various components of the converter design is
explicitly illustrated in Fig. 10, with the help of the above analysis and
the equations obtained from them.

4.2. Design considerations of the components

The converter’s output gain and efficiency mainly depend on the
storage capacitor, output capacitor and magnetizing inductor ratings.
The output capacitor and magnetizing inductor are responsible for the
output voltage ripple and input current ripple, respectively. The values
of the storage capacitors C1 and C2 can be calculated as,

C1
dVC1

dt
= C2

dVC2

dt
= IL2(ON) = (1 − d)(IO2 − Io1)

Considering, C1 and C2 as equal, and then dVC1 and dVC2 are ΔVc.

C =
(Vo2 − Vo1)d(n+ 2+ n(1 − d))Ts
(R2 − R1)(1 − d)(ΔVCo2 − ΔVCo1)

(38)

Where ΔVCo1 and ΔVCo2 are the output voltage ripples between the ON
and OFF time of the switch, R1 and R2 are the load resistances, d is the
duty ratio, and TS is the total switching period of the converter.

The output filter capacitors reduce the voltage ripple in the output.
Typically, voltage ripple is inversely proportional to the sizing of the
capacitor. Increasing the capacitor’s sizing, a smooth output voltage
waveform is obtained. The value of the output capacitor can be obtained
from the Eq. (39),

Co1
dVo1

dt
= Io1 =

Vo1

R

Similarly,

Co2
dVo2

dt
= Io2 =

Vo2

R

In general,

Co =
Vo⋅D⋅TS
RΔVo

(39)

The remarkable advantage of the proposed HGDO converter is the
size of the output filter capacitor. Minimizing the capacitor’s size, one
can achieve a low output voltage ripple and settling time of the voltage.
This indirectly reduces the converter size, makes the converter compact,
and makes the converter cost-effective for implementation.

The coupled inductor and magnetizing inductor design are the
essential features of the converter design. The magnetizing inductor
current is double the average value of the coupled inductor current. The
equation for the calculation of the magnetizing inductance of the
coupled inductor is calculated as,

Lma =
Vi⋅D⋅TS

Δima
& Lmb =

Vi⋅D⋅TS
Δimb

(40)

Where Δima and Δimb are the input current ripples concerning Lma and
Lmb, respectively, the analysis of the different magnetizing inductors for
the input current ripple reductions are made. From the analysis, a low
value (in terms of μH) of magnetizing inductance gives the minimum
input current ripples to the converters.

4.3. Analysis of converter efficiency

The proposed system’s efficiency depends entirely on the losses in
the active and passive elements present in the converter. They are i)
switch loss, ii) coupled inductor losses, and iii) diode losses.

4.3.1. Loss in the switch
The conduction losses of the MOSFET switch can be obtained from,

PS (loss) =
1
2

(
VS(OFF) ∗ IS(peak) ∗ Tf ∗ fs

)
(41)

PS(loss) = RON.d
[
(n+ 2) + n(1 − d)

(1 − d)
(Io1 + Io2)

]2

(42)

Where RON is ON time resistance, VS & Is are Source node voltage and
current of the MOSFET.

4.3.2. Losses across coupled inductor
The losses occurs in the coupled inductor (L2‖L1) are calculated from

the following equations:

Fig. 10. Voltage drop across the components in the converter.
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PL1 = IL12 × rL1 (43)

PL1 = rL1.d
[
(n+ 2) + n(1 − d)

(1 − d)
(Io1 + Io2)

]2

(44)

PL2 = IL22 × rL2 (45)

Fig. 11. Input voltage and current to the proposed HGDO converter.

Fig. 12. Output voltage and current from the load 1.

Fig. 13. Output voltage and current from the load 2.

Fig. 14. Input and output voltages of the HGDO converter.

Fig. 15. Output voltages for different duty ratio with constant input voltage.

Fig. 16. Duty ratio, D vs Voltage, V for conventional and proposed system.

Fig. 17. Solar irradiance (w/m2) with respect to time.

Table 1
Batteries and panel ratings.

S.No. Parameters Ratings

1 Open circuit voltage (Voc) 30.8V
2 Short circuit current (Isc) 8.2A
3 Maximum voltage (Vm) 24.7V
4 Maximum current (Im) 7.7A
5 Battery 1 SOC 40 %
6 Battery 1 Nominal voltage 20V
7 Battery 2 SOC 40 %
8 Battery 2 Nominal voltage 70V
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PL2 = rL2.d
[
(n+ 1){(n+ 2) + n(1 − d)}

n(1 − d)
(Io1 + Io2)

]2

(46)

Where PL1, IL1, rL1 denotes Load 1 power, current and internal resistance
respectively and PL2, IL2, rL2 denotes Load 2 power, current and internal
resistance respectively.

4.3.3. Losses across diodes
The diode Do1, D1, D2 and Do2 losses are calculated as,

PDo1 = (IDo1×VDo1) +
(
I2Do1× rDo1

)
(47)

PDo1 = VFDo1(1 − d)
[
(n+ 2) + n(1 − d)

(1 − d)
(Io1)

]

(48)

PD1 = (ID1×VD1) +
(
I2D1× rD1

)
(49)

PD1 = VFD1.d
[
(n+ 2) + n(1 − d)

2n(1 − d)
(Io1)

]

(50)

PD2 = (ID2×VD2) +
(
I2D2× rD2

)
(51)

PD2 = VFD2.d
[
(n+ 2) + n(1 − d)

2n(1 − d)
(Io2)

]

(52)

PDo2 = VFDo2(1 − d)Io2 (53)

Where PDo1, IDo1, VDo1, rDo1, VFDo1 represent power, current, voltage,
internal resistance and forward voltage, respectively for Clamp Diode
Do1 and PDo2, IDo2, VDo2, rDo2, VFD02 represents power, current, voltage,
internal resistance and forward voltage respectively for Clamp Diode
Do2

Fig. 18a. Voltage across the output variations without battery storage.

Fig. 18b. Constant output voltages using battery backup.

Fig. 19. Hardware setup of proposed HGDO converter.

Fig. 20. State of Charging (SOC) of batteries 1 and 2.

Fig. 21. V-I characteristics of solar panel.

Fig. 22. PV characteristics of the solar panel.
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5. Performance analysis of the proposed system

The performance analysis of the proposed FPGA-based HGDO boost
converter for solar PV applications is analyzed by using MATLAB
simulation. A solar PV cell array with dynamic irradiation conditions is
given as a source for the proposed HGDO converter. The main compo-
nents of the converter are coupled inductors, magnetizing inductors,
clamp and output capacitors, clamp and output diodes and storage
capacitors.

The coupled inductors L1 and L2 have a turns ratio of 1:4 (n= 4), and
the magnetizing inductors help increase the output’s gain value. The
novelty of the proposed converter topology is that the high gain value
and dual output deviate from the conventional and existing converter
reported in [10]. Each load is connected to the battery through the
bi-directional converter. In the proposed converter, the MOSFET switch
gets the input pulse from the PV-fed FPGA-based P & O with a

load-balancing algorithm. For the controlling of batteries, Vf1 and Vf2
are taken as the feedback voltage from the batteries, which is compared
with the reference voltage, Vref. The voltage difference is given to the PI
controller and compared with the carrier saw tooth waveform. Then, the
controlled gate pulses are obtained and given to the MOSFET switch,
which is present in the bi-directional converter. To analyse the voltage
gain ratio, 12 V is given as input to the converter. The pulsating current
is measured as 2.1 A, for the duty ratio D is 0.4. The input voltage and
pulsating current for the converter are shown in Fig. 11. For the given
input, the output voltages for loads 1 and 2 are 46 V and 122.8 V, and the
output currents are 0.2 A and 0.18 A, respectively, which is shown in
Figs. 12 and 13.

Fig. 14 shows the input and output voltages of the proposed con-
verter at D = 0.4. The total output voltage is 168.6 V, and the input
voltage is 12 V. The calculated voltage conversion ratio is 14.05 times,
proven by the output result waveform.

The converter is designed to work with minimum switching on time
and reduce the voltage stress across the MOSFET switch. The voltage
conversion ratio is analysed for the low switch on time (i.e. D is 0.1 to
0.4). The given input voltage is kept constant for all the duty ratios.
Depending upon the duty ratio variations, the output voltages are also
changed. The dual output voltages for duty cycle 0.1 to 0.4 are shown in
Fig. 15.

The voltage gain ratio for the proposed HGDO and conventional
boost converter for the different duty ratios is shown in Fig. 16. The
voltage gain between the conventional and the proposed converter is
varied from 21 to 24 times for the duty ratio range of 0.4, 0.3, 0.2 and
0.1 respectively. Due to the earth’s revolution around the sun, solar
radiation is non-uniform throughout the day. For analysis, three
different dynamic solar irradiance conditions are considered.

The solar radiance is measured in W/m2 and continuously varies
from time to time. In order to simply the analysis, the medium range
(320 W/m2) is set for the early morning time from 6am to 11am, the

Fig. 23. Experimental waveforms of the converter (a) Input voltage, Vi, (b) Output voltage 1, Vo1, (c) Output voltage 2, Vo2, (d) Gate source voltage, Vgs, (e) Voltage
across inductor L1, VL1, and (f) Voltage across inductor L2, VL2.

Table 2
Simulation and hardware values used.

S. No. Parameters Simulated
Values

Hardware
Values

1 Input Voltage Vi 12 V 12 V
2 Magnetizing Inductor, Lma and

Lmb
0.1 mH 10 mH

3 Output capacitor Co1 470 µF 4700 µf, 50 V
4 Output capacitor Co2 150 µF 470 µf, 200 V
5 Capacitor, C1 650 µF 650 µF
6 Capacitor, C2 470 µF 470 µF
7 Load resistor R1 350 Ω –
8 Load resistor R2 650 Ω –
9 Output voltage, Vo1 67 V 53 V
10 Output voltage, Vo2 101 V 105 V
11 Duty ratio, D 0.4 0.4
12 Turns ratio 4 4
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high range (1000 W/m2) is set for the daytime from 11am to 6pm, and
the low range of irradiance (100 W/m2) is set for the time from 6pm to
6am. The total simulated time of 14 s is segregated into three ranges, and
its time range with irradiances is mentioned in Fig. 17. The batteries and
panel ratings used for the analysis are given in Table 1. The voltage,
VPV, and current IPV obtained for the solar irradiance from the solar PV

panel are dynamic and are given as input to the converter.
As mentioned, the three dynamic input voltages, VPV, are obtained

for solar irradiance. The input and output voltages vary concerning
changes in radiation due to the direct connection of the panel, converter
and the load without any energy storage devices. Depending upon the
dynamic input ranges, the gained output voltages are also varied for the
dual output load and are shown in Fig. 18(a). The continuous variations
of the voltage input to the load are not recommended for the effective
system.

The solar input panel and proposed converter setup are connected
with the battery through the bi-directional converter via breaker
switches for analysis purposes. The two batteries are connected to the
system. The static output voltages are obtained even in the variations on
the input voltages from the solar panel, and its waveform is explicitly
given in Fig. 18(b).

6. Hardware implementation

The simulation results are verified practically with the help of a
hardware prototype model of the proposed converter design with a 12 V
solar PV panel of 50 W is used as an input source. This investigation uses
MPPT with a load-balancing algorithm. The PV diode and DPV protect
the panel from the fault current. The inductors L1 and L2 connect in
series as a couple of inductors. The magnetizing inductors Lma and Lmb
are used to magnetize the coupled inductor when the voltage is applied
to the circuit. The hardware setup of the proposed HGDO converter is
illustrated in Fig. 19.

When the solar irradiance is medium (i.e. 320 W/m2), the voltage
produced from the panel is enough to satisfy the loads. So, the batteries
are isolated from the system by using a load-balancing algorithm to open
the breaker. When the solar irradiance is high (i.e. 320 - 1000 W/m2),
the voltage produced from the panel is enough to satisfy the load de-
mand and is also used to charge the batteries.

Fig. 20 shows the State of Charge (SOC) for batteries 1 and 2 at the
period of 2.5 s to 7.6 s, which denotes the charging of the batteries. In a
real-time implementation, the batteries are charged up to 95 %, and the
load-balancing algorithm automatically opens the breaker. Practically,
the batteries’ complete charging and discharging time cannot be shown
graphically. So, the sample charging and discharging nature of batteries
1 and 2 are shown in Fig. 20. During the solar irradiance of the panel in
the low range (i.e. 0 - 100 W/m2), the voltage production is insufficient
to satisfy the load. At the time, batteries are used to support the loads,
and the SOC discharging waveform indicates the battery-supported
operation.

Fig. 21 shows the solar panel’s voltage(V) and current(I) character-
istics under dynamic conditions. Panel voltage decreases from 50 V to
the minimum voltage produced at the lowest solar radiation. Corre-
spondingly, the current values concerning solar irradiance are
increasing. For constant solar radiation, the maximum power can be
easily determined. However, it is not easy in the solar energy harvesting
system for the variable solar irradiance occurrence conditions. Hence,

Fig. 24. (a), (b), (c) Efficiency, output voltage and output power with respect
to duty ratio, D.

Fig. 25. Power losses in the different parts of the proposed converter.

Fig. 26. Comparison of the proposed converter and other existing con-
verter efficiency.
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the proposed MPPT with load balancing algorithms is used to track the
maximum power at different voltage levels and is named as the panel’s
PV characteristics shown in Fig. 22.

When 12 V of input is given, the load voltages Vo1 and Vo2 are 82 V
and 123 V respectively, are measured. The switch voltage Vgs of 12 V is
obtained, and coupled inductor voltages VL1 and VL2 are 53 V and 105 V
respectively and are shown in Fig. 23. The values used for the simulation
and hardware implementation of the converter system are given in
Table 2.

The overall efficiency of the system is 97 % for D = 0.4 (Fig. 24), and
power losses in the individual components present in the circuit are
calculated from the Eqs. (40-52). The losses are illustrated in Fig. 25. The
comparison of the proposed converter and other existing converters’
efficiency is shown in the comparison chart Fig. 26.

7. Conclusion

A reduced ripple, higher gain, low duty ratio converter with load
balancing algorithm and FPGA digital controller for solar-powered
portable applications, are designed, analyzed with simulation and
implementation also verified. It is uniquely designed to minimize the
switching stress and reduce the voltage drop across it. The low duty ratio
with 97 % efficiency is the notable advantage of this proposed system.
The FPGA-based pulse generation ensures a cost-effective approach and
low power dissipation by utilizing its reconfigurable nature over the
other controllers. The load balancing algorithm ensures continuous load
operation even in low radiation from the sunlight. The proposed system
has to improve for high-power applications by replacing the coupled
inductor with the transformer as a future scope of work.
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