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Abstract
Objective: In a grid-interactive (PV-SOFC) generation system, the inverter is the
main constituent. Further, the quality of the injected signal in utility depends
upon inverter control and synchronization. Thus, the main objective of this
paper is to control the single-phase inverter for a hybrid DC generation system
and obtain synchronization between the grid signal and hybrid renewable
energy source (RES) inverted output signal.Methods/Statistical analysis: This
paper suggests software modeling of the grid-interactive hybrid photovoltaic
array (PV) and solid oxide fuel cell (SOFC) power generation system to supply
continue load demand. The enhanced phase locked loop (EPLL), and hysteresis
band current controller (HBCC) utilize to control single-phase inverter for
hybrid generation system. The main benefit of EPLL configuration beyond
traditional PLL’s is to compose and keep up phase change zero between
input and output of voltage controlled oscillator (VCO). So, the EPLL tracks the
phase angle and amplitude of the signal. The incremental conductance based
MPPT technique is implemented in the proposed architecture to enhance the
system’s efficiency by maximizing extracted power from the PV configuration.
In addition, the synchronization between the grid signal and hybrid RES
inverted output signal is obtained with EPLL. The simulation results with
system design parameters are carried out in MATLAB 2015. Findings: The
efficacy of the proposed synchronization circuit of EPLL is confirmed through
the compensation of twice time-frequency error, which is introduced in
traditional PLL. Further, from the simulation results, it is observed that smooth
frequency is obtained with the proposed EPLL. Moreover, the performance
index parameter (%THD) of current in the presence of EPLL and HBCC is
smaller than the traditional PLL. Novelty: This paper introduces a hybrid EPLL
and HBCC approach to control the single-phase inverter for a hybrid PV-SOFC
generation system.
Keywords: Photovoltaic array (PV); incremental conductance based maximum
power point tracking (INC-MPPT); synchronization; solid oxide fuel cell (SOFC);
hysteresis band current controller; enhanced phase locked loop (EPLL); grid
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1 Introduction
The penetration of renewable energy sources (RESs) has been continuously increased in the modern power system. These
RESs are environmentally friendly but provide an unpredicted generation. Besides, various RESs are highlighted in the
literature, such as solar, wind, hydro, tidal, biomass, geothermal, and wave (1,2). Most of the researches are available on solar
power applications (3). Further, the solar panel’s efficiency has improved using the maximum power point tracking (MPPT)
approaches. In the literature, variousMPPT approaches have been introduced, such as the traditional hill-climbing, incremental
conductance (IC), fractional open-circuit voltage, and fractional shore circuit current (4,5). However, the IC algorithm gives
better performance under rapid environmental variations.Hence, in this paper, we use this IC-MPPTapproach in the generation
system to extract power from the photovoltaic array (PV).

In the literature, solid oxide fuel cell (SOFC) is interconnected in a parallel manner with the PV to ensure the continuity of
power supply and handle load demand in the absence of solar energy. SOFC is a green source of energy because it only produces
water as a byproduct. Further, SOFC has many advantages over traditional energy conversion systems, such as reliability, good
competence, modularity, and fuel adaptability (6–8). This paper is easy to use photovoltaic (PV) along with SOFC to meet erratic
loads for either grid or standalone applications.

The main limitation of the RESs is about maintaining the constant power quality and about synchronizing between the
discrete energy sources and micro-grids. In the present literature, a phase-locked loop (PLL) based synchronization method
is widely utilized (9–11). Further, the enhanced PLL (EPLL) is applied to extract fundamental frequency. An EPLL has the same
assembly as the PLL.Themain variation between PLL and EPLL is that phase change among input andVCOoutput is invariable
in PLL and maintain zero in EPLL (12). Unit vector sine- cosine creation is done using EPLL to eliminate the synchronization
delay due to PLL.

Grid synchronization and power quality control of power injected into the grid is a significant factor. So with the help of
the current control loop, an inverter designs as a high power factor and also, has no problem in grid integrated operation. The
operation of the inverter has a dependency on utilized current control methods. So, numerous linear and non-linear current
control techniques have been discussed in the literature. Linear control techniques are the proportional-integral, proportional
resonant, and repetitive controller. Besides, the non-linear current control methods such as dead beat, predictive hysteresis
band current control have been illustrated in literature (13–17). Amongst these current control methods, the hysteresis band
current controller (HBCC) is one of the best choices as a voltage source inverter control method due to simple implementation,
robustness, inbuilt limit, and good transient response (18).

Due to irregular solar nature, the SOFC will offer support to solar power production, and it is decreased the effect of
irregularities. For this purpose, the coordinated action of (PV-SOFC) can expand the reliability of the RESs to the clients (19–21).
These sources grant DC power, whichmust be inverted into AC supply for AC loads run.This conversion is completed by PWM
inverters, which are controlled by HBCC and synchronized with the grid using EPLL. Further, the hybrid generated inverted
AC output integrates with the grid.

2 Hybrid generation system architecture
Figure 1 shows the suggested system architecture, which consists of a hybrid generation system (PV-SOFC). The INC MPPT
algorithm is designed to maximize extracted power from the PV system. Further, the voltage source inverter (VSI) current is
controlled by the HBCC. Hybrid generation system after inversion by the inverter is interconnected with the grid. Inverted
output current is synchronized with the grid using EPLL. Generated reference current via EPLL and inverted output current
are compared in HBCC to generate proper gate signal for VSI inverter.
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Fig 1. Suggested system architecture

2.1 PV generation system with MPPT controller

The phovoltaic cell is illustrated in Figure 2 . Series parallel combination of the cells are developed a PV module. Besides, the
series parallel assembling of module generates the PV panel to get the desired signal level of PV voltage and current.

Fig 2. PV cell Block.

For an ideal PV array, solar cell current is defined as follows

Io = IPV, cell − Idode (1)
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I0 = IPV, cell − Irev , cen

[
exp

(
qV

αKT

)
−1

]
(2)

Where,
I0 is the cell current
IPV, cell is the light photo current
Irev, cell is the cell saturation current
K is the Boltzmann constant (1 3806503*10-23 J/K)
T is the PN junction temp.
V is the Output voltage
q is the Charge of electron
In the case of practical PV array cell current formulation is required some extra parameter consideration, so it is given as

follows

Io = IPV, cell − Idiode − ISH (3)

I = IPV, cell − Irev , cell

[
exp

(
V + IRs

ηVT

)
−1

]
− V + IRs

Rsh
(4)

Where,
RS, Rsh, and V are equivalent series and parallel resistance and the terminal voltage of PV array, respectively.
Extract maximum power from the solar panel and efficiency enhancement is a critical issue in photovoltaic cell power

generation. This involves current measurements and voltage to determine load impedance and performance that best matches
the cell’s basic impedance. Determine an argument on the I-V curve of the solar cell by maximum power point tracking system
as shown graphically in Figure 4 .

To achieve themaximumpower, the duty cycle of the switch is controlled by an INC algorithm,which is illustrated in Figure 3
,

Power equation can be written as

P =V I (5)

Chain law application for product derivative

∂P
∂V

=
[∂ (V I)]

∂V
(6)

At maximum power point,

∂P
∂V

= 0

Equations in terms of array voltage and array current V and I is given as

∂ I
∂V

=− I
V

(7)

Applied incremental conductance technique generates gating pulse for DC-DC boost converter until maximum power point
condition {(∂/∂V )+ (I/V ) = 0} is satisfied. IC algorithm is represented in Figure 3, and the power output curve is depicted
in Figure 4.
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Fig 3. Flowchart of INC algorithm

Fig 4. Graphical representation of MPPT

2.2 SOFC mathematical modeling

Thepower is produced through the process of electrochemical conversion.The electricity is obtained directly by fuel oxidization.
Solid oxide fuel cell (SOFC) MATLAB Simulink model based on Nernst equations is described in Figure 6 .

Pressure flow of hydrogen, hydrogen oxide and oxygen (P_H2, P_H2O, and P_O2) can be seen in Figure 5 .
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Fig 5. SOFC block diagram

Fig 6.Nernst equations based internal SOFC Simulink diagram
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3 Inverter current control and synchronization with grid
HBCC is used to control the VSI inverter. The synchronization with the grid is done by EPLL.

3.1 EPLL synchronization

The EPLL is a negative feedback closed-loop system, which is shown in Figure 7 . The main input signal and the output signal
of VCO is applied to the two inputs of the phase detector. The phase difference among input and VCO output can be done and
maintained zero in EPLL.

Fig 7. Building block diagram of an enhanced phase-locked loop (EPLL)

If vin(t), vout(t) are i/p and o/p voltage signal of EPLL respectively. e(t) (error) is shown mathematically as

e(t) = vin(t)− vout (t) (8)

vin(t) = vsin(ωt +φ) (9)

vout (t) = vsin(ωt +φ) (10)

The error signal is a function of amplitude, radial frequency, and phase angle (v, ω , ϕ ), respectively. It is illustrated by the
following equation.

E(v,ω,φ) = ∥vin(t)− vout (t)∥2 (11)

Three multiplications (*), one integration (�), and one subtraction (-) are needed in enhanced PLL. It is tracked phase as well
as amplitude and provides output signal fully synchronous with input. Robustness is shown concerning deviation its internal
constraints such as (K, Kpepll , Kvepll) and central frequency (VCO’s) ωre f (rad/sec).

EPLL synchronizing output sine unit vector is described as;

Us = sin(ωt) (12)
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3.2 Hysteresis band current controller (HBCC)

In the case of the hysteresis band, switching signals are generated for the inverter to control load current. Appropriate stability,
quick response, high accuracy, easy operation, inbuilt peak current limitation, and load parameter variations make hysteresis
current control one of the better voltage source inverter control methods. As shown in Figure 9 , SW1, SW2, SW3, and SW4
are the VSI switching states generated by the hysteresis comparator.

The output of the comparator is turned on when the load current rises beyond the upper band limit to change output voltage
so that the load current is decreased and kept between bands and disconnected at a lower limit, as shown in Figure 8 .

Switching frequency varies from the upper band (UB) to the lower band (LB). Other design parameters such as inverter-
network inductance and DC link voltage disturb switching frequency significantly. Inverter control is possible in the unipolar
or bipolar PWMmethod. In this method, the current error, which is the difference between reference and inverter currents, is
controlled in the hypothetical control band surrounding the reference current.

Switch on/off condition is defined as follows:

SW =

{
0 → if Iacthal (t)⟩(Iref (t)+HB)
1 → if Iactial (t)⟨(Iref (t)−HB)

}
(13)

Fig 8.The operational waveform of the hysteresis band current controller

Fig 9. Block diagram representation of the hysteresis band current controller
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4 Simulation model and result
The proposed system design is explained in Figure 10 . Simulated design parameters are listed in Table 1 . Four panels are
connected in parallel. Each panel has 38 cells with quality factor 2. Another specification is enclosed in Table 1.

Table 1. Simulation parameters
System Parameters /values

PV system specification
Short circuit current per cell( Isc)= 1.9A
Open Circuit Voltage per cell (Voc)= 1.17V
Series resistance (Rs)= 0.02ohm

SOFC specification

Absolute temperature(K)= 1273
Faraday Constant ((C/kmol))= 96.487*106

Initial Current (A)= 100
Universal gas constant J/(kmol K)= 8314
Ideal standard potential (V)= 1.18
Number of cells in series=360
Maximum, minimal and optimal fuel utilization=[0.9 0.8 0.85]
Valve molar constant for hydrogen, water and oxygen (kmol/(s atm)= [8.43e-4, 2.81e-4,
2.52e-3]
Response time for hydrogen, water and oxygen flow (s)= [26.1, 78.3, 2.91]
Electrical response time=.8
Hydrogen to oxygen Ratio=1,145
Ohmic loss per cell= 3.2813e-004

Inverter and filter parameters
Shunt filter R f=1mΩ, C f=10µF
Series inductor Ls=12mH, Rs=.001Ω
IGBT/diode 2 arm Snubber resistance =105Ω

Irradiation change from 1000W/m2 to 500W/m2, which is shown in Figure 11 . The simulated response of the PV array
before the application of the MPPT controller is analyzed. The PV array voltage is changed from 84.3V to 82.5V as shown in
Figure 12 , respectively, but PV panel output voltage after applying INCMPPT controller boosted voltage does not change with
irradiation be constant at 340 V, as shown in Figure 13 .

SOFC generated signals are illustrated in Figure 15 . SOFC pressure graph is also described in Figure 14 . The VSI inverter
output voltage is depicted in Figure 16 , which is a non-sinusoidal signal. After applying the filter, it is converted into a sine
signal with an approximate zero total harmonic distortion factor, as examined from Figure 23 .

Filtered voltage is perfectly synchronized with grid voltage, as shown in Figures 17 and 18 . EPLL tracked frequency is
illustrated in Figure 21 . It is held value 50Hz as the fundamental frequency of the grid. It shows perfect tracking of frequency
by EPLL. Phase and unit reference sin vector are tracked by EPLL are examined in Figures 20 and 19 , respectively. Precise
inverter current control by HBCC with EPLL can be seen in Figure 22 . In this inverter, the current proceeds as grid current.
We can examine % THD of inverter output current with PLL (2.51%) and EPLL (0.88%) in the harmonic spectrum graph, as
shown in Figures 24 and 25 . A comparative graph (which is shown in Figure 26 ) shows that EPLL synchronization has more
efficacy than conventional PLL.

Several authors reported 2~3% of THD with synchronization of PLL with the grid. In this paper, a novel EPLL has been
proposed. After synchronization of EPLL with grid, 0.88% of THD has been evident, which proves its feasibility with the grid
compared to traditional PLL.
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Fig 10. Simulink design of proposed architecture

Fig 11. Solar irradiations
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Fig 12. PV panel output voltage before MPPT with irradiation variation

Fig 13. Boosted PV panel waveform

Fig 14.The pressure of H2, H2O, and O2 in SOFC
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Fig 15. SOFC output voltage

Fig 16. VSI inverter output voltage waveform

Fig 17. Filtered voltage waveform
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Fig 18.Utility voltage waveform

Fig 19.Unit sin vector generated by EPLL

Fig 20. EPLL Tracked phase response
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Fig 21. EPLL Tracked frequency

Fig 22. Grid current and Inverter output current signal

Fig 23.Harmonic spectrum bar graph of the filter output voltage
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Fig 24. harmonic spectrum bar graph of inverter output current with PLL

Fig 25. harmonic spectrum bar graph of inverter output current with proposed EPLL

Fig 26. Comparative graphical representation of inverter output current %THD
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5 Conclusion
In the MATLAB 2015(a) environment, the proposed system assembly is modeled and simulated. As MPPT, the INC system
has been applied with a boost converter, and the effect on PV panel performance improvement has been shown.The hysteresis
band current controller has controlled the PWM inverter current, and the reference current is generated by synchronizing the
enhanced phase-locked loop (EPLL). The inverted output current is perfectly synchronized with the grid current, verifying
the control efficiency and synchronized scheme based on EPLL. The comparative analysis graph shows that the percent THD
performance index parameter of the inverter output current with the proposed EPLL is lower than the traditional PLL. It
has been shown by FFT spectral analysis that achieves filtered output voltage is ripple-free pure AC sine wave with zero total
harmonic distortion corresponding to the fundamental frequency.
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