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Abstract 
In this paper, a three-phase inverter with renewable source input is integrated 
into a grid in synchronization for power sharing by load. In previous topologies, 
the DC source connected inverter is not synchronized to the grid which caus-
es harmonics and voltage distortions damaging the load and the source. In 
order to ensure power sharing by the load from the inverter and the grid, the 
inverter needs to be operated in synchronization to the grid with the same 
voltage magnitude, frequency and phase as that of the grid voltage. In this 
paper, the complete power from the load is shared by the three-phase grid 
and the three-phase inverter module reducing the consumption from the 
conventional grid. This is achieved using the PLL for the reference angular 
frequency generation with feedback from grid voltage and is connected to the 
sinusoidal PWM generator. The PLL is used to generate unit vector template 
reference signals for the signal generator operating the six-switch inverter. 
The inverter and grid are interconnected through LC filter for the reduction 
of harmonics. The power sharing, voltage, and current graphs with THD 
analysis are analyzed with the help of the MATLAB software.  
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1. Introduction 

In recent years, there is huge development of renewable energy power genera-
tion to reduce global warming due to generations of environmentally hazardous 
gases from the conventional way of generation. The conventional way of gene-
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rating power is by thermal power plants (which include coal plants, nuclear 
power plants etc.), or utilizing diesel generators which cause smoke and fumes 
resulting in increasing the earth’s temperature. This continuation of generating 
power using these resources may lead to further destruction of the environment 
and make it uninhabitable for humans. To ensure avoiding such catastrophe, the 
conventional way of generating power needs to be replaced with renewable power 
generation. Renewable sources like solar irradiation, wind, tidal waves, biogas, 
and chemical fusion [1] [2] [3] [4] can be used which do not generate fumes or 
gases during generation. The replacement of conventional sources with these 
units decreases the pollution in the environment and is less hazardous for hu-
mans to survive. 

The PVA (Photo Voltaic Array) is used for power generation from solar ir-
radiation, turbines are used for power generation from wind [3] [4] and tidal 
waves, biogas can be used for thermal power generation with steam generation, 
fuel cells are the sources which use chemical fusion reaction for generating pow-
er [2]. As a comparison of all these sources, solar power generation using PV 
panels is easier, cheaper, and lower maintenance. The power generated from this 
source is DC which needs to be converted to AC in order to operate the loads. 
The conversion can be single-phase or three-phase AC. Other sources like wind 
farms, tidal power plants, and biogas plants generate power directly as AC which 
can be connected directly to load without any conversion. Operating these sources 
in a standalone condition [5] [6] [7] is much easier compared to interconnection 
with the grid for a parallel power sharing condition [4]. For a parallel operation 
with the grid, the conversion from DC to AC needs to be synchronized to the 
grid voltage magnitude, frequency, and phase. For testing the power injection 
from a DC source (PVA) to the grid in synchronization [8] [9], a simple three-phase 
test system is considered with a three-phase inverter connected to the grid as 
given below. 

Figure 1 shows test system block diagram, the DC source (PVA) is connected 
to a DC-DC booster converter for increasing the voltage magnitude to the maxi-
mum value of the grid AC voltage because the voltage of the DC source will be of 
a lower magnitude. The boosted voltage form the DC-DC booster circuit is con-
verted to three-phase PWM AC using three-phase inverter controlled by sinusoidal 
PWM technique [10] [11] [12]. To reduce harmonics in the PWM AC and make 
it sinusoidal AC for interconnection to the grid a LC filter is used. 

The reference signals generated to operate the inverter are given as: 
 

 
Figure 1. Considered test system block diagram. 
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Here Vm is the modulation index of the reference signal which can also be 
denoted as amplitude of the signal, w is the angular frequency given as 2πf (f is 
the fundamental frequency of the grid), 2pi/3 is the voltage phase difference of 
120 degrees. 

The Vm and wt variables are generated by the feedback PLL control with input 
from grid voltage. This paper includes the operation of the DC-DC booster con-
verter with the voltage-oriented feedback controller in section II, followed by 
control of three-phase inverter with PLL in section III. Section IV includes si-
mulation results followed by conclusion and references in section V. 

2. DC-DC Booster Converter Design 

A DC-DC booster converter is utilized in applications which need higher voltage 
amplitude than the generated DC voltage amplitude. This converter is majorly 
integrated into renewable power generation units like PVAs, batteries, super 
capacitors, fuel cells, low voltage wind farms, etc. The voltage is increased to 
higher value to match with the required load voltage or grid voltage magnitude 
for a power injection in a normal operation condition. The DC-DC booster 
converter [13] [14] used in the test system can be seen below with the DC source 
input representing the PVA source. 

Figure 2 has a single inductor (to store energy for boosting purpose) and a sin-
gle capacitor for the reduction of ripples in the output voltage. Two power elec-
tronic devices, a diode to avoid reverse flow of current back to the source and a 
controllable MOSFET or IGBT switch (SW) [15] [16] used for controlling energy 
stored in the inductor. The only controllable device in the whole circuit is this 
switch which is controlled by a voltage-oriented feedback controller. The con-
troller takes feedback from the output of the converter generating the duty ratio 
for the switch using a PI controller. The below Figure 3 is the control structure of 
the voltage-oriented feedback control system of the DC-DC booster converter. 

 

 
Figure 2. DC-DC booster converter circuit. 

https://doi.org/10.4236/jpee.2020.83006


Z. Alqarni, J. A. Asumadu 
 

 
DOI: 10.4236/jpee.2020.83006 91 Journal of Power and Energy Engineering 
 

 
Figure 3. Voltage-oriented feedback controller for DC-DC booster converter. 

 
The measured voltage (Vdc) is compared to the reference required voltage 

(Vdc ref) generating an error fed to a PI (proportional and integral gain) con-
troller. Certain values of Kp (proportional gain) and Ki (Integral gain) are gen-
erated by the trial and error method of the duty ratio [17] [18] for the switch and 
are compared to the high frequency triangular or saw tooth waveform for pulse 
generation. The pulse generated is fed to the switch controlling the output vol-
tage of the DC-DC booster converter. The passive element (L and C) values of 
the converter are given as: 

Minimum inductor size: 

( )in out in

L s out

V V V
L

I f V⋅∆ ⋅

−
>

⋅
                       (2) 

Here LI∆  is considered a ripple in the inductor current with a 10% ripple in 
the output current allowed is shown as: 

0.1 out
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V
I I

V
∆ = ×                       (3) 

Here, Vin is the input voltage, Vout is the output voltage, fs is the switching fre-
quency. The input voltage is considered as 400 V, Vout as 800 V, fs as 5000 Hz 
and maximum output current Ioutmax to be 20 A. The inductor value is calculated 
as: 

1 mHL =                            (4) 

The capacitor value is calculated as: 

outmax

s out

I D
C

f V
⋅

⋅ ∆
=                          (5) 

The output voltage ripple is given as: 

1 2
outmax L

out
I IV ESR

D
∆ ∆ = + − 

                   (6) 

Here, ESR is the series resistance of the capacitor, with the duty ratio consi-
dered as: 

0.5 ESR as 0.05 ohms. 
The output capacitor value is calculated as: 
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952 uF 1000 uFC ≅= .                      (7) 

3. Three-Phase Inverter Design 

The three-phase inverter comprises of six power electronic switches connected 
in a three-leg format. The power electronic switches used are IGBTs controlled 
by PWM signals [7] generated from the sinusoidal PWM technique. The refer-
ence sinusoidal signals for the PWM are generated by the PLL with feedback 
from the grid voltage [19] [20] [21]. The three-unit vector templates generated 
from the PLL are compared to a high frequency triangular waveform generating 
pulses for the IGBTs of the inverter [8] [9]. 

PLL Design 

The phase-locked loop is a phase detection module used for measuring the grid 
voltage frequency and phase using the Park’s transformation d-q reference frame 
locking the phase of the grid [10]. Orthogonally separated d-q reference frame 
signals are generated with a three-phase grid voltage input. During the grid vol-
tage measurement, the signals contain small harmonics and disturbances which 
may distort the output. The signals are passed through low pass filters to reduce 
the disturbances and harmonics for a clear and smooth signal generation. The 
PLL is modelled using three units [22] [23] 1) phase detection unit 1) loop filter 
3) voltage-controlled oscillator. The phase detection unit is Park’s transforma-
tion for the generation of the d-q reference frame for the given three-phase grid 
voltage input signals. The loop filter represents a PI controller with certain val-
ues of Kp and Ki used for reduction of disturbances in the d-q reference frame 
signals. The below Figure 4 is an internal block diagram of PLL with the Vabc 
input from the grid [13] [24]. 

The phase detector uses Clark’s and Park’s as shown in Figure 5 and Figure 6 
respectively. Transformations for generation of the α-β reference frame ortho-
gonal signals. By applying Clark transformation, we get the equation [22]: 
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Figure 4. PLL internal modelling. 

https://doi.org/10.4236/jpee.2020.83006


Z. Alqarni, J. A. Asumadu 
 

 
DOI: 10.4236/jpee.2020.83006 93 Journal of Power and Energy Engineering 
 

 
Figure 5. The Clark transformation. 

 

 
Figure 6. The Park transformation. 
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By applying Park transformation, we get the equation [22]: 
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The Vα  and Vβ  are the Clark’s transformation rotating reference frame signals. 
After Park’s transformation [22] from both the d-q frame orthogonal compo-
nents only the q-axis component is considered and applied to a loop filter with a 
PI controller. The PI controller now generates the angular frequency ω  added 
to the reference fundamental angular frequency refω  given as: 
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2ref nfω = × ×π                        (10) 

Here, nf  is the fundamental frequency of the grid voltage taken as 50 Hz. 
The final angular frequency is fed to the integrator generating tω  reference for 
the generation of the reference unit vector templates given as: 
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Here “m” is the modulation index [24] [25] which changes the three-phase 
output voltage amplitude of the inverter. 2π/3 is a 120 degrees phase shift be-
tween each phase in radians. The above generated unit vector templates are 
compared to high frequency triangular waveform generating pulses for the six 
switches in the inverter. To reduce the harmonics generated by the inverter, a 
three-phase LC filter is used. The LC filter design [8] is given below: 

2
 

2 2 3
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Here dcV  is the input voltage to the inverter, swf  is switching frequency of 
the inverter, sI∆  is the considered ripple in the inductor current which is taken 
as 10%. With the values given, the value of fL  is calculated as 2 mH. With the 
given filter inductance value, the filter capacitance is given as: 

2

1
4f

r f

C
f L

=
⋅ ⋅

                       (13) 

Here rf  is the resonance frequency considered between: 

10 0.5out r swf f f⋅ < < ⋅                      (14) 

Therefore, the resonance frequency can be considered between 500 Hz to 5000 
Hz. 

If a value of 501 Hz is taken the capacitance value is calculated as: 

500fC = .                          (15) 

4. Simulation Results 

The test system considered in section I is modelled in the Simulink environment 
of the MATLAB software shown below. 

The above Figure 7 is the complete modelling of the proposed test system 
with the DC source connected to grid through the booster converter and three- 
phase inverter with LC filter. All measurements are observed with power graphs 
and voltage graphs generated at each module as shown in Figure 8. 

The simulation is run for 5 seconds and all the voltages, currents, and power 
of the modules are observed using graphical representation with respect to time. 

The reference voltage is considered at 800 V, compared to measured output 
voltage in Figure 9 of the converter generating duty ratio for the switch gene-
rating the nearest value of 780 V. 
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Figure 7. Simulation model of the test system. 
 

 
Figure 8. Simulation model of PLL (phase-locked loop). 

 

 
Figure 9. DC-DC booster output voltage. 
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The above signals in Figure 10 are generated from the reference signal gener-
ated from the PLL. 

The above Figure 11 and Figure 12 are the inverter voltages of three-phase 
and inverter voltages and currents respectively. 

In the above graphs of Figure 13, the active power demand of the load is set at 
 

 
Figure 10. Reference unit vector templates for PWM pulse generation. 

 

 
Figure 11. Three-phase PWM AC voltages. 
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Figure 12. Three-phase voltages and current of inverter after LC filter. 

 

 
Figure 13. Active and reactive powers of load, inverter, and grid. 
 

50 kW and the reactive power demand is set at 20 kVAR. The inverter shares P 
of 18 kW and grid shares 32 kW, whereas the inverter generates a more reactive 
power of 33 kVAR. The excess Q is injected into grid after compensating 20 
kVAR of the load, hence reactive power of the grid is negative 13 kVAR repre- 
senting the grid. The below bar graph in Figure 14 is the inverter voltage THD 
analyzed using FFT analysis tool available in MATLAB’s Power GUI block which 
also calculates the voltage magnitude. 
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5. Experimental Verification 

The above simulation model is verified with the experimental setup of 240 W 
power at the low-voltage grid connection of 24 Vrms. The battery pack used is a 
lithium ion battery with 12 V 20 Ahr capacity. The battery is connected to a 
DC-DC booster converter to increase the voltage to peak value of 35V. The 
pulses for the booster converter and inverter are generated by the D-Space sys-
tem with the feedback from the grid voltage. The below Figure 15 is the proto-
type experimental setup of the proposed system. 

The voltages and current of the grid and inverter are shown below. 
As observed in Figure 16, the voltage of the grid and the inverter are syn- 

 

 
Figure 14. Inverter voltage THD. 

 

 
Figure 15. Prototype experimental setup. 

 

 
Figure 16. Vg (grid voltage); Vo (inverter voltage); Io (inverter current). 
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chronized and power is shared by battery with the load parallel to the grid. 

6. Conclusion 

This paper presents the above modeling of the analysis of the test system of a DC 
source connected three-phase inverter interconnected to a grid through an LC 
filter. It can be proved that with grid synchronization using the PLL, the har-
monics in the voltage can be maintained to a minimal value of 2.33%. The power 
demanded by the load can be shared by both the sources in parallel without any 
disturbances in the grid voltage and currents. The maximum value of the sin-
gle-phase voltage is noted at 361 V which is 255 Vrms (allowable voltage 230% ± 
10%). The simulation is verified by a prototype experimental setup with the 
capacity of 240 W shared with the load connected parallel to the grid. The vol-
tage and current graphs verify the synchronization of the battery connected to 
the grid through the inverter. 
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