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Abstract: The increased need for renewable energy systems to generate power, store energy, and
connect energy storage devices with applications has become a major challenge. Energy storage
using batteries is most appropriate for energy sources like solar, wind, etc. A non-isolated three-port
DC-DC-converter energy conversion unit is implemented feeding the brushless DCmotor drive. In
this paper, a non-isolated three-port converter is designed and simulated for battery energy storage,
interfaced with an output drive. Based on the requirements, the power extracted from the solar panel
during the daytime is used to charge the batteries through the three-port converter. The proposed
three-port converter is analyzed in terms of operating principles and power flow. An FPGA-based NI
LabView PXI with SbRio interface is used to develop the suggested approach’s control hardware,
and prototype model results are obtained to test the proposed three-port converter control system’s
effectiveness and practicality. The overall efficiency of the converter’s output improves as a result.
The success rate is 96.5 percent while charging an ESS, 98.1 percent when discharging an ESS, and
95.7 percent overall.

Keywords: BLDC motor; DC-DC converter; field programmable gate array; MPP tracking; solar PV
system; three-portconverter (TPC); energy storage device (ESD)

1. Introduction

While renewable energy is good for the planet and produces no pollution, its steady
yet fluctuating DC voltage is a drawback. When it comes to solar panels, for instance, the
sun’s position in the sky and the time of day affect not just the amount of energy harvested,
but also the voltage and current that is ultimately transmitted. Since wind speed cannot
be controlled, the generator’s output voltage is not high enough to power an inverter
directly, making an AC voltage converter or other load necessary. As part of this research,
we designed a non-isolated three-port converter to connect a battery to an output drive.
During the daytime, energy is collected by solar panels and sent to the three-port converter,
which then charges the batteries. An analysis of the proposed TPC converter’s working
principles and power flow is also provided.

An efficient, compact, and cost-effective bidirectional step-up/step-down converter
may be built with the use of shared switches. A three-port circuit is used to connect
the regenerative energy system to an energy storage battery. High-voltage gain boost-
buck three-port bidirectional conversion circuits and three-port bidirectional single storage
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inductor DC-DC converter circuits are examples of popularly used non-isolated three-port
bidirectional DC-DC converters. These bidirectional DC-DC converters do not feature
isolation, but they are cheap, easy to build, and have few internal components. Due to the
reduced number of energy storage components, however, increasing the voltage gain of
the circuit is challenging.

Various multi-port converters have been investigated for electric vehicles, energy
storage (ES), and photovoltaic (PV) applications [1,2]. The multi-port converters require
only a few energy conversion stages. Due to this power density and energy conversion,
efficiency is high when compared to conventional converters [3]. This advantage made
the storage elements and photovoltaic units be accommodated with this and this unit is
integrated with micro grids (MGs) [4]. The ES and PV can be integrated into MGs, with
the help of a three-port converter (TPC), instead of a multi-port converter. There are two
classes of TPC topology; they are isolated [5], and non-isolated [6]. Isolated topologies are
again classified as partially isolated TPCs, and fully isolated TPCs [7].

Three-ports are built utilizing a multi-winding transformer in fully isolated TPCs.
Each of the three ports is completely isolated from the others. Ports are designed to have
three full and half bridges, or a series of resonant designs in contact with them [8]. A third
port in a partly-isolated TPC is disconnected from the other two ports. A partly-isolated
TPC is created by merging two networks that are both isolated and non-isolated.

Isolated TPCs are required for applications of higher power than non-isolated appli-
cations. Non-isolated TPCs may offer high effectiveness, energy output, and reduction in
costs in low-power applications, by reducing the number of transistors in the circuit [9].
Recently, many non-isolated TPCs have been introduced. Paper [10] proposes building
a non-isolated TPC by sandwiching a general cell between standard buck, boost, and
buck-boost converters. Because this TPC only has two MOSFETs and one inductor, it
is smaller and less expensive. Minimal power, stand-alone renewable energy systems
typically use TPCs.

Conventional step-down, step-up and buck-boost converters are combined [11] to
build a TPC. This single-switch TPC allows for regulation of both switching frequency
and duty cycle. Because of the lack of a decoupled control approach, the usefulness and
efficiency of this TPC are severely constrained. Dual input or output converters can be
given with additional power flow path to form a TPC family [12]. It is very small in size
and has high integration. During the charging and discharging operation, the battery
voltage is adjusted to be as near as possible to the PV voltage. PV voltage redesign is
a time-consuming and labor-intensive undertaking. Paper [13] proposes a three-port
high-voltage converter with higher gain. The current flow is continuous in the port with
low voltage. There are seven semiconductor devices, which makes the process of system
design a complicated one. Using shared switches allows for a bidirectional step-up/step-
down converter to be created, which reduces the amount of components, cost, and size
of the converter. A three-port circuit is used to connect the regenerative energy system
to an energy storage battery [14-17]. Two-inductor bidirectional buck converter and two
inductor boost converters are combined to make a continuous current flow in all the ports
of a TPC [14-17].

The power density of this TPC can be improved and optimized by using the magnetic
integration technique proposed in [18-22]. High-voltage gain non-isolated TPCs are pro-
posed in [23-28], and they are very complex in structure. An important addition of this
research is the single-stage power conversion that occurs between the load port and PV, or
between the load port and battery, depending on the configuration [29]. Power density is
also improved by sharing the passive power devices in various power flow modes. The
efficiency can also be improved by decreasing the conversion gain by connecting PV [30]
in series with battery during the discharging domain, and making a parallel connection
between them in the charging domain.

In recent years, the global energy calamity has been acknowledged as the require-
ment to enhance more energy-efficient systems, if possible, whilst beingclean and non-
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exhaustible. The strong lessening of conservative energy sources couldcreate future genera-
tions of researchers to search for sources of renewable energy. Sources of renewable energy
can be wind energy, fuel cell, and solar PV systems. In the power industry, the solar PV
system has attained extensive concentration. Solar energy can be an ideal kind of renewable
energy source, as it has zero running costs, is environment responsive, and has simple
deployability [31-33]. The output of direct current (DC) in a solar PV system is generated,
and it is effortlessly interfaced with the DC microgrid and Energy Storage System.

Numerous researchers have exploited the solar PV system for renewable energy.
In [31], a modular hybrid renewable energy system was presented, in which biogas and
solar PV had been combined for several dairy cattle barns located in Turkey. The grid-
connected scheme that contains biomass and PV was more sufficient, compared to the
stand-alone biomass scheme, in terms of energy cost, net present cost, and annual worth.
The grid combination of solar PV systems was increased with two major motivations:
energy cost reduction, and greenhouse gas emission reduction. Conversely, the solar PV-
generated power’s irregular nature affects the grid constant voltage. As a result, a structure
was proposed in [32] to provide the constant voltage examination, because of suspicions
related to the power generation and load demand of the PV system, with the help of
the Monte Carlo simulation. For the incorporation of solar PV and ESS, an incorporated
conception was presented in [33] for the diffusion of links of AC grid and high-voltage
direct current (HVDC), known as multi-port autonomous reconfigurable solar (MARS)
power plant. For super-efficient electrical purposes, grid-tied and off-grid solar PV systems
are designed and optimized [34]. In the optimization process, hourly calculations have
been exploited for the daily and yearly performance estimation and the renewable energy
systems’ cost evaluation. In [35], an event-driven predictive approach has been presented
for optimization of real-time volt/volt-ampere reactive (VAR), by applying a local two-level
adaptive volt/ VAR droop-based control algorithm.

In a single photovoltaic system (PVS), the voltage level can be very low, and the
source may not be rigid; consequently, a converter interface might be needed. Therefore,
buck, boost, and buck-boost converters were typically exploited for PVS [36-43]. For MPPT
control, buck converters have decreased the voltage level and are appropriate at the smallest
number of modifications in temperature or irradiance. The output voltage was increased,
and the input was increased twice by the boost converter. From the concatenation of buck
and boost converters, the buck-boost converter has been derived. For higher loading, the
boost converter might not be appropriate, since the system can attain maximum power
point at top conditions. A DC-DC converter has been required and worked with MPPT
to the boundary of PV Source and load [43]. Better harvest of solar power can be given
through MPPT. Thus, numerous researchers have developed some MPPT methods. The
MPPT’s effectiveness is calculated according to the converter’s input impedance in various
atmospheric situations. In the solar PV system, Incremental Conductance (IC), Perturb and
Observe (P&O), and Hill Climbing MPPT algorithms have been exploited for harvesting
power enhancement [44—48]. In [49,50], an improved P&O algorithm and tracker of solar
has been presented for the separate solar PV scheme. An improved and modified IC
algorithm was proposed for PV system modeling for quick modifications of irradiance. A
modified hill climbing MPPT algorithm was presented in [51], with decreased fluctuation
of steady-state and enhanced tracking effectiveness.

In general, a PV panel can produce the DC, other than most frequent household
appliances, such as fans; it can also use single-phase induction motors, and thus, a DC to AC
converter is needed to function, hence conversion loss may have been introduced [51]. This
kind of difficulty could not be exterminated through the replacement of an AC induction
motor with a DC motor. However, a DC motor may be limited by high maintenance cost,
small rpm application, and high electromagnetic (EM) noise [52]. A BLDC is exploited as an
appropriate alternate, since it contains an enhanced power-to-weight ratio, compared to a
conservative induction motor, with the added benefit of openly being capable of power run
of DC [53]. However, for speed control of BLDC drive, the extra current sensors and control



Energies 2023, 16, 624

4 0f 21

PV Source

strategy can enhance the difficulty and cost. A two-port bidirectional-based application,
such as DC microgrid and regenerative braking, has been analyzed in [54]. To achieve high-
power density and high efficiency in combined OBC and APM for EV applications, [55,56]
proposes a novel, isolated, three-port, bidirectional DC-DC converter architecture and
its control. In [55], a unique three-port high step-up/step-down bidirectional DC-DC
converter with a linked inductor is presented for photovoltaic (PV) systems, in order to
boost the system’s overall efficiency and decrease switch loss.

In this work, we have developed a non-isolated three-port converter for coupling a
battery to an output motor. When the sun provides the energy, the TPC converter takes the
energy harvested from the solar panels and uses it to charge the batteries. The operation
principles and power flow of the proposed three-port converter are also examined. RCP
FPGA-based systems allow for reconfiguration, co-simulation, HIL, automated VHDL code
development, and system expansion. This is done using the XSG, an FPGA-programming
Simulink plug-in design tool from Xilinx. High-level Simulink abstractions are turned
into lower-level and executable VHDL code through the bit stream. The proposed system
shown in Figure 1 has the following advantages:

e The proposed converter is utilized for simultaneous power management of a PV
system with a battery;

e  The charge and discharge controller provides control to the integrated battery to either
absorb the additional power supplied during daytime or supply the power during
absence of sun;

o  The proposed system can be highly employed to low-power household applications,
such as air conditioners.
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Figure 1. Proposed TPC DC-DC Structure.

2. Mathematical Modeling of the Proposed System
2.1. PV Modeling

A PV module’s mathematical model could be attained from a PV solar cell’s equivalent
circuit (Figure 2). I can be the photocurrent that is produced through the PV cell, according
to the temperature of the cell and irradiation of solar irradiation, and Rs and Ry, represent
the series and push interior resistances of the PV cell.

The nonlinear V-I feature of the PV solar cell can be evaluated through Equation (1):

Vpy + Rl Vpy + Rgl
Ipy = L. — I [exp(q(kaTSPV)> _1} - Yovt Reley
sh

In the above Equation (1), electron charge is symbolized by q, Iy represents the diode’s
overturn diffusion current, the Boltzmann steady state can be denoted by the k, and T
denotes the working cell temperature in Kelvin.

)
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Figure 2. PV solar cell’s equivalent circuit.

In a module of PV, an assortment of a dozen PV solar cells has been linked in series to
obtain more voltage and power, because the voltage of a PV solar cell has to be about 0.5 V.
Therefore, some PV modules have been linked in series already to form a string of PV. A
few of these strings of PV might be linked in parallel.

2.2. Modeling of BLDC Motor Drive

In general, a BLDC motor contains three-phase stator windings that link with a
star link. In the rotor of the BLDE motor, stable magnets are exploited. A three-phase
BLDC motor’s winding has been modeled as a series circuit that contains an inductance L,
resistance R, and a source of speed dependent voltage that can be called the back voltages
of EMF in the rotor magnet [26]. Induced current in the rotor iron and losses of stray in the
stator harmonics areas can be abandoned during the BLDC motor designing process [27].
In the BLDC motor, individual and mutual inductances have been measured as constant.

The BLDC motor’s mathematical model will be acquired using the following Equa-
tions (2)—(12):

d
Va :RIa"‘aFa‘i‘Ea (2)
d
V, =Rl + an +E, 3)
Ve = Rlc+ SF +E @)
¢ = MeT gt c

where R indicates the stator winding’s resistance, I, I,, I. denote the current of the three
phase stator, V,, V},, V. can be the voltage of three stator, three-phase back EMF is denoted
by Ea, Ey, Ec, and F, Fy, Fc represents the flux linkage of the stator. The flux linkage of the
stator will be calculated using the following Equations (5)—(7):

Fa = LaaIa + LabIb + LacIc (5)
Fp = Lpala + Lpplp + Lpcle (6)
Fc = LcaIa + chIb + LCCIC (7)

In the above Equations (5)—(7), Lap, Lac, Lbe, Leb, Lba represents the joint inductance
between the winding of stator, and Laa, Lpp, Lec denotes the stator self-inductance, given in
Equation (8):

R 0 0 Ia Laa Lab Lac d Ia Ea
Ve[ =10 R 0| || + |Lba Lub Lic En I,| + |Ep (8)
0 0 R L Lca ch Lec I Ec
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Equation (8) will be written as:

Va 1 0 0] L L MM d L Ea
V| =R|0 1 0| [L,|+|M L M Tt | + |Ep )
Ve 0 0 1] |L M M L I. E.

Equation (9) could be rewritten as:

Va 1 0 0] |1 L-M 0 0 d Ia Ea
Vp| =R|0 1 Of (L] + 0 L-M 0 dt I | + |Ep (10)
Ve 0 0 1] |L 0 0 L-M I. E.

where stator winding’s self-inductance can be denoted by the L, and stator winding’s
mutual inductance is represented by M. The straight connection between exploited source
voltage to induced back EMF (E) and phase terminal (V) might be resultant for steady
mutual inductance and self-inductance approximate air gap, given by Equation (11).

EaV (11)

Only two phases of conduct are employed at a time whereas the third phase floats
in running mode, as per the operational code of the BLDC motor; this decreases Equa-
tions (10)—(12) and is given by:

Val 5|1 0|l L-M 0 |dL Ea
= Al Al m) e
3. Design of Converter and Operating Principles

The voltage extension cell and switching circuit built around an inductor serve as the
converter’s foundation, as seen in Figure 1. For each input, there are two distinct phases in
the proposed converter, which has three operating modes: i. Power transfer between input
and output independently; ii. Power transfer from input to output occurs at the same time;
iii. Transmission of energy from a power generator to a load, which is also used for ESS
charging. The energy from all the sources is controlled by using two different phases. The
voltage gain may be increased by using two voltage extension cells in series and parallel.
By using the same components in many working modes, the suggested converter may use
fewer parts.

The ESS charging and discharging state defines the operation of the proposed converter.
During discharging, switch S; body diode SD; is always "OFF”. Energy is transferred from
one phase to the next independently. S; and S, are the main switches in the converter,
whereas diodes D; and Dy will conduct. The filter capacitor and inductive element are
given by Cp, L1 and L,. In charging mode, the switch S3 body diode SDj is always “OFF”.
PV phases transmit the energy from the inputs to the output and batteries. 5; and S are
the converter’s primary switches. Diodes Dy, Dy will be in conduction. The filter capacitor
and inductive element are given by Cy, L1, and L,

3.1. ESS Discharging Domain

In a single switching cycle, the switch may operate in one of four modes. The suggested
converter’s waveforms and comparable circuit are shown in Figures 3 and 4:

Mode I (a): In this mode, switches (S;) will be in the “ON” position, and switches
(S3) will be in the “OFF” position. Diode (D;) is reverse biased. Figure 4a shows the
proposed converter’s equivalent circuit. From the PV source, input side inductor (L;) starts
charging, and current (I1;) increases. The inductor (L,) of ESS and battery are starting to
get discharged via (Spy) body diode of switch (S;) to output capacitor (Cp). Current (I15) is
decreasing, and output capacitor (Cp) is started to get discharged to load.
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Figure 3. Mode Wave Form for ESS Discharging Domain.

Mode I (b): In this mode, switch (S, and S3) will be in the “ON” position. Diodes
(D1) (Sp2) and (Sp3) are reversely biased. Figure 4b illustrates the equivalent circuit of the
suggested architecture. From the PV source, input side inductor (L) starts charging, and
current (I 1) increases. The inductor (Ly) of ESS and battery are starting to get charged via
(Sp2) body diode of switch (S3) to output capacitor (Cy). Current (Iy ) is increasing, and
output capacitor (Cy) is started to get discharged to load.

Mode I (c): In this mode, switches (S3) will be in the “ON” position, and switches
(S2) will be in the “OFF” position. Diode D, is forward biased. Figure 4c shows the
proposed converter’s equivalent circuit. From the PV source, input side inductor (L1)
starts discharging via diode (D;) to charge the capacitor (Cy).The inductor (L;) of ESS and
battery are starting to get charged via switch (S3). The output capacitor (Cy) is started to
get discharged to load.
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Figure 4. Comparable circuit: (a) Mode I (a); (b) Mode I (b); (c) Mode I (c); (d) Mode I (d).

Mode I (d): In this mode, switch (S3) and switch (S;) will be in the “OFF” position, and
switch (S;) will be in the “ON” position. Diode Dy, (SD,) and (SD3) are reverse biased.
Figure 4d shows the proposed converters equivalent circuit. From the PV source, input side
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inductor (L) starts discharging via diode (D) to charge the capacitor (Cp). The inductor
(Lp) of ESS and battery are starting to get charged via switch (S3). The output capacitor (Cp)
is started to get discharged to load.

3.2. ESS Charging Domain

In one switching period, based on the state of the switch, there are four opera-
tional modes. The suggested converter’s waveforms and comparable circuit are shown in
Figures 5 and 6.

Vesi | | . ‘

| I 1 I

.V.(','H_Z‘ ! | | | i

1 I 1 I

I, 1 1 I 1 I

1 ] 1 I
/\/

7 ‘ 1 I 1 I

L2 1 I | I
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IS]. ! 1 I 1 I

1 I 1 I

1 1 I

Isa ! : | : 1

I | I

IDI ‘ 1 i 1 I

| I 1 I
\

Isp3 | ! ! ! !

1 I 1 I
1 I !—\

to "t ta "3
Figure 5. Mode Wave Form for ESS Charging Domain.

Mode II (a): In this mode, switches (S;) and (S;) will be in the “ON” position. Diode
D; is reverse biased. Figure 6a illustrates the suggested converter’s equivalent circuit.
From the PV source, input side inductor (L) starts charging, and current (ir ;) increases.
The inductor (L,) of ESS and battery are starting to get charged via (SD3) body diode of
switch (S3) to output capacitor (Cp). Current (ir ») is decreasing, and output capacitor (Cp)
is started to get discharged to load.



Energies 2023, 16, 624

10 of 21

D] DO
~U N
L1 - L1 -
L2 ;N v
S3 A
. BAT[Y CC’:: V3l
PV Source rvviwq i T i Fed
= - N BLDC
Sp it
i A\
v |
Do
N
- B e I -
\J
i M I VS|
. Ly | T
PV Source MM Fed
¢ —
- BLDC
So =t
- ‘ '
- e o B o ———— L[ [ — -
Do
N
0 e B - B e e
L |
sz T Co' A VS|
: L i u
PV Source rv-vlv-) s Fed
e BLDC
Sy =t
- ‘ v
- X e Y| oL -
(o)
Dy Do
I~ N
e T Bl ==
v \
Co| * VSI
' Ly T
PV Source ™M Fed
: —
i BLDC
i A\
- - I -+
(d)

Figure 6. Comparable circuit: (a) Mode II (a); (b) Mode II (b); (c) Mode II (c); (d) Mode II (d).

Mode II (b): In this mode, switches (S1) and (S;) will be in the “OFF” position. Diodes
(D1), (SDy), and (SDj3) are forward biased. Figure 6b illustrates the suggested converter’s
equivalent circuit. From the PV source, input side inductor (L;) starts discharging, and
current (ir ) increases. The inductor (Ly) of ESS and battery are starting to get charged via
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(SD3) body diode of switch (S3) to output capacitor (Cp). Current (ir») is decreasing, and
output capacitor (Cy) is started to get discharged to load.

Mode II (c): In this mode, switch (S;) will be in the “ON” position, and switch
(S1) will be in the “OFE” position. Diode D; is forward biased. Figure 6¢ shows the
proposed converter’s equivalent circuit. From the PV source, input side inductor (L) starts
discharging via diode (D;) to charge the capacitor (Cp). The inductor (L) of ESS and
battery are starting to get charged via switch (S3). The output capacitor (Cp) is started to
get discharged to load.

Mode II (d): In this mode, switch (S;) and switch (S1) will be in the “OFE” position.
Diode Dy, (SD;) and (SD3) is forward biased. Figure 6d shows the proposed converter’s
equivalent circuit. From the PV source, input side inductor (L) starts discharging via diode
(D1) to charge the capacitor (Cp). The inductor (L;) of ESS and battery are starting to get
charged via switch (S3). The output capacitor (Cp) is started to get discharged to load.

3.3. Design of Proposed Bi-Directional DC-DC Converter

In order to get the appropriate ripple effects, the values of L; and L, are carefully cho-
sen. The value of inductance Ly and L, and capacitance Cy is calculated using the formula:

_ VieDy

L 1

k= AL (13)
Ip-(1—-Dy)
Cy = 14
0T TEAVe (14
where k =1 and 2, AV is the voltage ripple of Cp, and:
AV,

Al = 1

k = Ck Dy T (15)

4. Proposed TPC Control

To achieve the load requirements, the converter’s load port should be regulated tightly
and, to have maximum energy, the PV port must have maximum power tracking capability.
In order to have battery management, the current in battery port charging must be regulated.
There are two ways to control the action; one manages the current flowing via the load
port, while the other manages the flow of (L,). Battery charging and discharge are both
regulated by them.

Figure 7 illustrates the proposed scheme’s modulation and control methods. The
output of the MPPT algorithm is represented by ‘D’. PV panel voltage and current are
given by Vpy and Ipy. By correlating the voltage level to the reference value, the output
voltage is controlled. Based on the proportion and integral gain of voltage controller (PI),
the difference in voltage is amplified and is represented as Vcon. The triangle carrier signal
is used to compare Von. Figure 7 shows the controlled state (Sy) and (S3) of the battery.

Control of Brushless DC Motor Drive

For the BLDC motor drive, an electronic commutation control scheme can be employed,
due to its flexibility and efficiency. Table 1 shows the electronic communication of the PWM
inverter for the BLDC motor drive. The PWM inverter has been generated controllable
and, therefore, the power balance might be attained through speed regulation of the BLDC
motor. Electronic commutation is adopted since the suggested system is designed for
low-power household applications. In case of systems where it requires high initial torque,
such as automatic fuel pump applications, a sensorless approach, such as the hysteresis
comparator technique shall be applied.
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Carrier signal

Figure 7. Control loop operation of proposed TPC.

Table 1. Input and Output Specifications.

Switching States of PWM Inverter

Degree (*) s1 S2 S3 S4 S5 S6

0-60
60-120
120-180
180-240
240-300
300-360

OO OO =
NN oNo N
OO R R, OO
O OO
—_ -0 0O 0O
[N eNel T ]

5. Experimental Results and Discussions

An FPGA-based system with a Xilinx board interface is used to implement the pro-
posed integrated hybrid energy system control. For the implementation of real-time
analogue signals, the system is programmed using a NI-PXIe 1082 chassis. Hall sensors LA
25-P and LV 20-P are used to detect the signals. The suggested converter operates in the
sun domain (SD), while the distribution solar irradiation is high, and in the MBCD, when
the solar irradiation is lowered to some desired value, based on domain. During the night,
it performs the function of MBDD. Solar energy is an important factor in all three domains
of the converter’s performance, including load voltage management and modes that are
automatically changed based on power circumstances at any given time. The next sections
go through the findings of the experiment. Table 2 shows specifications of converter input
and output used in experimentation:

Table 2. Input and Output Specifications.

Parameter Value

Solar PV panel Specifications at Standard Test Conditions (STC)

Input power (180 W solar PV panel-10 Nos. connected in series) 1800 W

Voc(Open circuit voltage in volts) 4248V

Isc(Short Circuit current in Ampere) 48 A

Vmp (Voltage at MPP condition) 36V

Imp (Current at MPP condition) 5A

Cell Temperature at STC 25°C

Irradiance at STC 1000 W/m?
Load-BLDC Motor Drive

Power Rating 250 W

Voltage Rating 110V

Speed 1500 RPM

Torque 12 N-m
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Table 2. Cont.

Parameter Value

Storage Battery Specifications

Voltage Rating 24V

Battery Capacity 135 Ah
DC-DC Converter Specifications

Inductor L, Ly 320 uH

Capacitor Cy 1000 uF

Figure 8 shows the experimental setup of the proposed system. It comprises the
proposed DC-DC converter which is fed through a Solar PV system, a battery, FPGA
control board, and a BLDC motor drive. The parameters of the proposed system are
mentioned in Table 2, along with the values of inductors and capacitors.

oscilloscope D/A converter & angle detector

FPGA BLDC

board motor

Bidirectional TPC e motor

BLDC

Figure 8. The Experimental Setup.
5.1. ESS Charging Domain

In order to balance the power requirement, solar power generation is used. Batteries
can also be charged using solar. The functioning of the converter in the ESS charging
domain is shown in Figure 9. 372.32 W power is delivered by the solar PV panel. The
respective voltage and current are 208 V and 1.79 A. This is shown is Figure 9a. Figure 9b
shows the load power, voltage and current are at 159.89 W, 98.7 V and 1.62 A, respectively.
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Figure 9. The functioning of the converter in the ESS charging domain: (a) Experimental Wave Form
of PV; (b) Battery in ESS Charging Domain.

Figure 10a shows diode current of D; and Dy. Diode conduction losses are computed
using these current values. Switch voltages and corresponding currents in converter
switches S; to Sz are used to compute the conductive and switching losses. They are shown
in Figure 10b—d. The total loss is about 11.87 W, including switches, and diode loss is about
7.20 W; other loss is about 4.67 W.

5.2. ESS Least Domain

In order to balance the power requirement, solar power generation is used. Batteries
cannot be charged using solar. Figure 11 illustrates the proposed converter’s operation in
the ESS Least Domain. The solar PV panel generates 238.68 watts of electricity. 204 volts
and 1.17 amps are the voltage and current values that correspond to each other and shown
in Figure 11a,b. The 113.37 W, 96.9 V, and 1.17 A of the load power, voltage, and current
are maintained.



Energies 2023, 16, 624 15 of 21

i

Period

1T,
MY

Rms=105A

(b) (d)

Avg=1.17 A Freq=9.80kHz

Avg=-352mA Freg=rwmx

(b)

Figure 11. Experimental Wave Form of PV and Battery in ESS Least Domain.
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Figure 12a shows diode current of D; and Dy. Diode conduction losses are computed
using these current values. Switch voltages and corresponding currents in converter
switches S to Sz are used to compute the conductive and switching losses and are illustrated
in Figure 12b—d. The total loss is about 4.03 W, including switches, and diode loss is about
3.20 W; other loss is about 0.83 W.

T £ ooy

T £ 0.00Y]

Figure 12. Experimental Wave Form of Switch and Diode in ESS Least Domain.

5.3. ESS Discharging Domain

In order to balance the power requirement, in addition with solar, battery is also used.
Figure 13 illustrates a working prototype of the proposed converter in the ESS discharging
domain. An impressive 206.98 W are generated by the solar PV panel. 131 V and 0.158 A
are the corresponding voltages and currents. Figure 13a,b illustrates this. 188.72 W, 95.8 V,
and 1.97 A are the load power, voltage, and current values.

Figure 14a shows diode current of Dy and Dy. Diode conduction losses are computed
using these current values. Switch voltages and corresponding currents in converter
switches S to S3 are used to compute the conductive and switching losses. They are
shown in Figure 14b—d. The total loss is about 8.87 W, including switch, and diode loss
is about 6.53 W; other loss is about 2.45 W. The efficiency of the suggested design with
varied outputs and modes of operation is the subject of the preceding discussion. In ESS
charging mode, it has 96.5% efficiency; in ESS least mode, it has 98.3% efficiency; and in
ESS discharging mode, it has 95.76% efficiency. This experimentation is done with full load
condition. Good performance is achieved with large output power range.
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Figure 14. Experimental Wave Form of Switch and Diode in ESS Discharging Domain.
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Table 3 illustrates the power loss comparison in all of the three domains. In the ESS
charging domain, the actual power loss percentage is obtained as 7.43%, which is higher
than least, as well as discharging, domains. The ESS least domain has the least value of
power loss percentage, obtained as 3.56%. Since the entire power generation will be utilized
directly by the load and the battery, charging from the solar power is avoided in this mode.
Both the least domain mode and discharge mode loss percentage is less than 5%, and the
charging domain mode is around 3% higher than the other two modes. Table 4 indicates
the comparison of components and output ports of various TPCs. It can be justified that
the suggested TPC has a reduced number of components, thereby decreasing the switching
losses of the system.

Table 3. Power Loss Comparison in all the Domains.

Description Switching Loss Other Losses Total Power Loss Percentage

P W) W) Loss (W) (%)

ESS charging 7.20 4.67 11.87 7.43

domain

ESS least 3.20 0.83 4.03 3.56

Domain

ESS Discharging 6.53 2.45 8.87 471

domain

Table 4. Comparison of Components and Output Ports of Various TPCs.

Component Type [8] [10] [57] [58] Proposed
MOSFETs 6 3 4 4 3
Diodes 2 3 5 0 2
Capacitors 4 5 3 3 1
Inductors 2 2 1 0 2
Input Ports 2 2 2 2 2
Output Ports 2 2 2 2 2

6. Conclusions

In this research, we have proposed a new three-port bidirectional DC-DC converter,
integrated with solar PV and a battery feeding a BLDC motor. The proposed converter has
been used for simultaneous power management. Power generation sources are used to
charge battery directly, irrespective of load power. The Xilinx board’s FPGA implemen-
tation and realistic controller design boost efficiency under heavy load. The theoretical
parameters for the prototype converter have been developed in order to validate them. So,
the converter’s output efficiency as a whole gets higher. Results clearly indicate that the
converter has the capacity to maximize the power from solar PV during radiation, and
also has the capability to control the battery during irradiation to maintain the constant
value at the output. The proposed design has an efficiency of 96.5% while charging an ESS,
98.3% when discharging, and 95.76 when not charging an ESS. The proposed system can be
adopted with a hysteresis comparator approach for automotive fuel pump applications
in future.
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