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Abstract

The main objective of this paper is to propose the significant usage of photovoltaic modules in household applications. This paper describes
a compact but fully functional design by integrating basic converters to form a simplified single inductor converter structure while keeping
minimum number of switches. The resultant converter is fully reconfigurable that all possible power flow combinations among the sources
and load are achieved through different switching patterns. Single inductor converter module is used to simplify the structure while reducing
the number of switches. This is fully configurable enabling all possible power flow combinations. The experimental behavior of this module
from morning till evening is observed and the wave pattern of the subjective proposed results are recorded and verified.
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1. Introduction

At first multiport converters are classified as isolated and non-iso-
lated converters [1]. The comparison between isolated, partly iso-
lated and non-isolated is given in [2]. Recently Non-isolated three
port converters are widely used in many renewable energy applica-
tions which are used to integrate energy storage and load owing to
the fact of requirement of low voltage regulation ratio [3]. Non-iso-
lated converters are used for multiple input and multiple output con-
figurations and is cheaper and very compact in size compared to
isolated converters because of its reduced size. Three port convert-
ers have the benefit of single stage power conversion between two
ports. The TPCs designed for power consuming loads are reviewed
in [1]. The control strategies are derived from [4]- [5]. [13] proposes
the idea of three-port converter for energy storage in four modes of
operation according to the availability of solar energy.MPPT algo-
rithm is proposed in this paper. MPPT algorithm isused for maxi-
mum power generation in PV panel and to utilize availability solar
radiation effectively. Hardware implementation of DC-DC con-
verter for MPPT in PV applications is given in [6]. In addition to
this Zero voltage and soft switching [7] for non-isolated bidirec-
tional converter is preferred for battery to interface with AC grid
with reduced number of switches and high voltage gain.

The following features have been preferred for NTPC to maintain a
single stage power conversion and for interfacing with a bidirec-
tional load.

1) With the use of single inductor, power density is improved
while the cost and size are reduced.

2) It controls and integrates the current reversible load.

3) With the use of Zero Voltage Switching, soft switching is
possible there by switching loss is reduced while efficiency
increases.

4) Itis reconfigured into following mode for possible combina-
tions among three ports. The possible combinations are

a) DISO (Dual-input single-output)

b) SIDO (Single-input dual output)

c) SISO (Single-input single-output)
The conventional method [11] of usage of regenerative braking in
the load such as DC motor or a DC bus is employed to the AC grid
control. But these methods include number of switches which in-
crease the complexity of the circuit. Hence, a more effective and a
fully functional design is proposed introducing a new concept of
non-isolated three-port converter with zero voltage switching meth-
ods for current chopping. Also proposed paper describes about the
usage of solar and AC grid at the same time. The Non-Isolated Tri
port converter topology is used hence Bi-directional flow is possi-
ble. Zero voltage and soft switching is used to increase efficiency.
Here six modes of conversion are possible and according to voltage
difference the converter automatically select the mode and Single
inverter is used to boost the voltage. Hence it has advantages such
as usage of Hybrid energy, the stable system in all the operating
conditions, low inductive loss, etc.

2. Circuit configuration

The proposed converter is shown in Figl. This converter incorpo-
rates a three-port converter (TPC). PV panel, battery and inverter-
rectifier converter forms the three ends of the TPC. The PV panel
becomes the input to the converter which is a unidirectional. The
other two are bi-directional in which reversible power flow is pos-
sible. The three ports have the voltage sources as Vpv, Vb, and Vop
respectively. The three-port converter is made to operate at a volt-
age setting of Vev<Vs<Vor for better optimization of photovoltaic
energy. Hence an integrated buck-boost converter is designed. In
order to achieve the efficient operation of the converter, zero volt-
age switching is applied using the capacitors Ca, Cs, Csacross the
switches. The inductor L is the storage element for the input which
either steps up or down its voltage for the desired output. The power
switches like MOSFET’s are used for switching purpose through Si,
Sz, and Ss. In order to operate the inductor to store the energy switch
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S1is employed. Si, Sz, S3 and Saswitches used to realize the MPPT
technique. Switch Ss, Se, S7 and Ssare used for inversion and recti-
fication process which are controlled separately and depends on
State of Charge of battery and PV voltage. The switch Sz is used for
controlling the current to load and S3 is used to discharge the energy
from the battery. An additional switch S4 is added for achieving the
bidirectional power flow. Diode D1, D2 and Dsis used to restrict the
current from flowing back in that branch from load. The diodesD2
and Ds also act as the output rectifiers for the boost converter of
inverter-rectifier and battery. The capacitors Ci, C2, Cz are used as
filters for the PV cell, battery and inverter respectively.

3. Circuit operation

As the two bidirectional ports in NITPC provide power flow in dif-
ferent combinations, it enables the system to operate in 6 different
modes. Mode 1 to 4 are considered as a grid connected mode as the
DC bus is a current reversible load and the remaining two modes
are considered as islanded mode. Any fault occurrence in the distri-
bution system can lead the DC bus as off grid which is called as
islanded mode. Zero voltage switching is added for the improve-
ment of efficiency and power factor by eliminating the incomplete
case of soft switching and non-zero losses. Fig 2 represents modes
of operation using conventional method [11]. Conventional method
[11] uses regenerative breaking to charge the battery and it purpose
is to ensure continuous power to the battery whereas proposed sys-
tem is to ensure continuous power to the load by charging the bat-
tery and it acts as a bi-directional. Fig.1 represents the proposed
converter topology which includes Zero Voltage Soft Switching in
switches Si, Sz, Szthrough capacitors Cs, Cs, Ce. Inversion — Recti-
fication process is used for effective use.

Mode 1: PV to battery and Load

This mode is operated when the PV power is greater than the re-
quired power of the load. Hence it works as a SIDO boost converter.
In this mode, the PV power equals the sum of the battery and the
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DC bus. When S turns on, L1 stores the energy.S2; D2 and D3 pro-
vide two current paths when Sy is turned off. The amount of charg-
ing current is limited when the battery has full State of Charge.
Mode2: PVto Load

In this mode the PV supplies its energy to load only using PI con-
troller in order to minimize the error over time. The converter op-
erates as a SISO boost converter. S1 and D2 work in a complemen-
tary manner, and Sz is used to implement the MPPT. To reduce
switching loss, Sz is turned on for the whole operation mode. Ds
will not conduct since the diode Dy is reverse biased.

Mode 3: PV and battery to Load

This mode works when the PV power is insufficient to meet the
load demand and also the DC bus is off grid. Hence both PV and
the battery power are supplied to DC bus. This mode has DISO con-
verter structure. There are two switching techniques which depend
on the availability of the PV power. In this mode, S1 is turned on to
allow the MPPT function of PV and L1 is charged. When S: turns
off, L1 gets discharged together with battery and PV.

Mode 4: Battery to Load

This mode operates when PV is unable to supply the power to the
load. This mode is operated as a SISO boost converter. Hence the
battery has to supply the sufficient power to the load by turning on
the switch Si which stores the energy in Li. When Sz turns off, L1
releases the energy to the load through Do.

Mode 5:AC Source to Battery

When there is no PV power, this mode provides some energy for
backup. Hence the charging of the battery is done by the DC bus.
An extra switch Ss4 and diode Ds are added. By turning ON the
switch Ss, DC bus delivers the power to the battery. Switch Si is
turned ON to store energy in L1 and Siis then turned off to deliver
the power to the battery through the diode Ds.

Mode 6: PV to Battery

In this mode, the converter works as a SISO boost converter. When
there is no load requirement, then the power is delivered to charge
the battery. When Si turns on, L1 is charged and when S is turned
off L1 releases the energy to battery through Ds.
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Fig. 2: Modes of Operation [11].
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3.1. Inversion- rectification process

The AC load and AC grid are connected to the inverter-rectifier
converter through the breaker. When there is no supply from the
source and the state of charge is below a certain limit, the converter
act as rectifier. AC grid gets connected to the rectifier and act as
input. Switch Ssand Sz turns on and turns off accordingly charging
the battery either when source voltage or state of charge of the bat-
tery reaches the specified limit.

The converter neither act as inverter nor rectifier when the battery
is charged by the PV panel. The load gets connected to the converter
and it act as inverter in all other four modes.

3.2. MPPT algorithm

The V-l characteristics of PV module is non-linear. Maximum
power point of the curve changes depending upon temperature, ir-
radiation level and load electric characteristics. It is tracked contin-
uously using various MPPT techniques to obtain maximum output

power from the photovoltaic array. Various techniques are analyzed
in [8]. In [9] the photovoltaic array is modeled using P&O MPPT
algorithm due to its simple operation and high efficiency. Perturb
and observe method perturb the control variable and compare with
the instantaneous output power of PV.[14] The next perturbation
direction is determined by the comparison result together with PV
voltage condition. The limitations of applying fixed step size in per-
forming MPPT is overcame by using variable step size which im-
proves the speed and accurate location of MPP [10].
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Fig. 3: Three Port Converter with Controller Modeled Using MPPT Algorithm.

The step size of P&O based MPPT algorithm is suitably varied in
the P&O algorithm of [12]. When the system operates away from
MPP, the perturbation step size is increased. If the system operating
point fluctuates near the MPP, the perturbation step size is de-
creased which changes the reference voltage hence reducing the
fluctuation by a great extent. In this paper a developed P&O algo-
rithm is considered by adapting the step size of P&O based MPPT.
Thus, the tracking speed problem and oscillation near MPP are ef-
ficiently limited.

3.3. Pl Controller

MPPT algorithm is used in PV panel for maximum power genera-
tion by utilizing the maximum solar radiation. The pulses are given
from P1 controller using PWM technique. This is because controller
attempts to minimize the error over time by adjustment of a control
variable, such as the position of a control valve, a damper, or the
power supplied to a heating element.

The final form of the PID algorithm is:

u(t) = MV(t) = Kpe(t) + [ K;e(T)dT

Where
e  Kp: Proportional gain, a tuning parameter
e Ki: Integral gain, a tuning parameter
e e:Error
e t: Time or instantaneous time (the present).
4. Design of simulation circuit

The pulses are given from PI controller using PWM technique. This
is because controller attempts to minimize the error over time by

adjustment of a control variable, such as the position of a control
valve, a damper, or the power supplied to a heating element. MPPT
algorithm is used in PV panel for maximum power generation by
utilizing the maximum amount of solar radiation.

According to the voltage generated by PV panel the simulation is
designed in the following modes.

Mode 1: PV to Battery and Load

This mode enables the flow of voltage from photovoltaic panel to
the battery and the load. If the voltage on the panel exceeds 20 V
then the power flows from the panel to the battery for storage and
will be supplied to the load.

Mode 2: PV to Load

This mode operates from the voltage range of 18-20 V. If the avail-
able voltage is in the specified range the power flows from the PV
panel to the load alone

Mode 3: PV and Battery to Load

This mode of operation is enabled from a voltage range of 2 -17 V.
The power flow is from the PV panel and the battery. The

load is supplied from both the sources.

Mode 4: Battery to Load

If the PV panel voltage is less than 2 V. Then power is supplied to
the load from the battery alone.

Mode 5:AC Source to Battery

If the PV panel voltage is less than 2V and the battery charge is less
than 10 % of the nominal value, then the AC power supplies the
battery.

Mode 6: PV to Battery

If the load is disconnected from the source, then the power flows
only from the PV panel to the battery.
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Fig. 4: Simulation Circuit Diagram.

The control algorithm first senses the voltage and current of the three
ports, and then checks the availability of PV and loads ON, OFF condi-
tions, then switch ON the suitable switches for the required mode of op-
eration.

4.1. Variations of power flow

The Solar power can’t be available all time in a day. According to
the availability of solar radiation in a day, there are three working
scenarios. Fig. 8 describes the V-1 curve for the same. The three
scenarios are given as

1)
2)

3)

During maximum solar radiation, the voltage is generated is
maximum and the power is given to both battery and load.
During cloudy conditions, the solar radiation is not efficient.
Voltage is given to load from both PV panel and battery
This scenario is of two cases. They are

During night time battery supplies power to load.

e When the battery state of charge is less than 10% AC source
supplies power to battery and battery supplies power to load.
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Fig. 5: Solar VI Curve in Varying Sunlight.

5. Experimental verification

The main aim is to verify the flexibility of power flow among the
three-port converter connected to AC load and AC grid. Repeating
sequence generator in series with a 5.5Q resistor to implement a PV
panel of 17V. For simplicity a sequence of 19, 24,15,1 is used, two
batteries (DiaMec DM12V-7.2A) tanks are used to the storage ele-
ment (36V) is obtained by using two battery (DiaMec DM12V-7.2A)
tanks. Battery capacity is evaluated using its voltage, as voltage and
State of Charge of battery are closely related. Capacitor C1, C2 and
C3 are made 100uF and capacitor C4, C5 and C6 are made 1nF.The
inductor L1 is made170uH. The switching frequency of MOSFETs
(IRF540N) is kept at 20 kHz.
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Fig. 6: Voltages of PV Panel, Battery and Load at Load off Condition.
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Fig. 7: Current through PV Panel, Battery and Load at Load off Condition.
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Fig. 10: Voltages of PV Panel, Battery and Load at Load on Condition.

At load off condition, no current flows through the load, the voltage
across the load raises to maximum voltage from zero volt. The sup-
ply from PV panel is used to charge battery, and the Battery State
of Charge increases. The topology operates in mode 4. Switch Sz is
kept ON as long as the PV is capable of supplying energy. Ca is
used for ZVS of S1. Fig 8 Shows the power flow operation when the
load is ON. The supply voltage is 19V, hence the topology operates
in mode 1 supplying the load. After 2 seconds the supply voltage
increases to 24V, the excess voltage gets charges battery which can
be used as back up. Now the PV is capable of running the load and
charging the battery simultaneously. The topology operates in mode
2. Again, the supply voltage and decreases to 15V. As the supply
voltage wont, be efficient for running the load, the remaining
needed power is supplied from battery, thus the converter operates
in mode 5. At 6™ second, its becomes cloudy and hence there is no
supply from PV panel. Now the converter operates in mode 6, and
the battery act as back up for running the load. During these modes
the inverter-rectifier converter act as inverter, and changes the DC
power to suitable required AC power. When there is no load, the
supply from PV charges the battery.

6. Conclusion

Thus, an effective power flow can be attained by using a single in-
ductor integrated in three port converters between the source, bat-
tery and load. By neglecting the transformers and full-bridge con-
verter, the system becomes compact and Switching losses are be
minimized by implementing Zero voltage crossing technique. The
efficiency is further increased by controlling through variable step
size P&O algorithm. The experimental verifications also show the
efficient optimization of photovoltaic energy in all six modes and
all the modes becomes easily reconfigurable when using single in-
ductor.
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