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Abstract—In recent years, the use of renmewable energy
systems (RESs) has become very important due to
environmental concerns and the increased demand for energy.
Using RESs can substantially reduce harmful emissions from
polluting the environment while also offering inexhaustible
resources of primary energy. Photovoltaic (PV) system has
become the most common source type for residential
applications or grid-connected REs. This study aims to present
a power synchronization of two different power sources, namely
PV system and the utility grid. A developed maximum power
point tracking (MPPT) algorithm is proposed to drive the
switching element of the DC-DC boost converter to accomplish
fast maximum power point and maintain the voltage constant
irrespective of solar radiation variation—the proper speed
control to extract maximum power [1]. The proposed system
provides an efficient way for power synchronization to take
place. The study focuses on performance evaluation and control
technique of the integration of PV system into the utility grid by
means of interchangeable frequencies and voltages of the PV
system with the grid, to synchronize an alternating current
output of the systems injection into the grid by using the phase-
locked loop synchronization technique (PLL) as the proposed
method described and simulated by the MATLAB/Simulink.

Keywords—PV system, phase-locked loop synchronization
technique, DC-DC Boost Converter, DC-AC inverter, LCL filter.

I. INTRODUCTION

Energy is at the core of human civilization. Achievements
made by humanity using energy have been exceptional, to say
the least. Society has harnessed the power of two primary
energy sources, namely, renewable energies and non-
renewable energies, respectively. Non-renewable energy is
derived from earthly resources such as fossil fuels. This poses
a significant disadvantage because of the scarcity humans face
today for harnessing fossil fuels due to their limited supply. In
South Africa alone, 92% of its non-renewable energy sources
are derived from fossil fuels such as coal, gas, and oil [1], [2].
These emit harmful greenhouse gases such as carbon dioxide
into the atmosphere, leading to a rise in climate change.

Renewable energy sources — on the other hand — play a
massive role in this constrained non-renewable energy source
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world. These take the forms of wind power (onshore and
offshore), solar power from the sun, hydropower, and biomass
energy from dead plants and animals. Although some argue
that renewable energy sources often mislead governments, the
pros outweigh the cons [3]. Renewable energy sources can
produce an unlimited supply of power over the long term, but
they are limited by the hardware available. As such, academics
and industry professionals have switched focus to combining
two or more renewable energy hardware to produce a more
efficient, self-sustaining solution.

One such renewable energy case is the photovoltaic (PV)
cell which harnesses the power of the ultra-violet rays from
the sun and converts it to human-usable power. Unfortunately,
PV cells have seen tremendous uphill growth in adopting its
methodology. Older PV cell models need to be isolated and
connected to the grid, but with recent advancements in
technology, the new PV cells no longer need isolation, but
they can be integrated into the grid utilizing electric generation
injecting (EGI). EGI is injecting energy generated by
renewable sources into the primary electricity grid.

One way in which EGI can be achieved is by utilizing a
grid-connected energy system (GCES) via renewable sources.
GCESs allow for powering of space using naturally occurring
phenomena such as the sun, wind, and hydrolysis. The extra
energy produced by the GCES is passed back into the grid,
which helps keep the power on while the natural sources are
not available. This provides an advantage because it
eliminates the expense of large energy storage systems such
as generators.

In this article, the authors look at how a distributed
generation using PV cells can affect the operation of a national
electricity grid whose design was built for a centralized
generation. This is highly beneficial to countries like South
Africa, which have electricity grids with a similar design.

II. NETWORK DESIGN SYSTEM MODEL

This section introduced the methodology and procedures
used for the synchronized system and provided justifications
for selecting each component. Fig. 1 illustrates the PV block
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diagram connected to an entire grid. In figure 1, the PV array
is connected to the DC-DC converter, which converts the
energy from the PV array to a smooth boosted DC voltage.
The output of the DC-DC converter is then fed into an inverter
(DC-AC converter) that converts the smoothened DC voltage
into an AC voltage that can be used. This is then fed directly
into the grid.
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Fig. 1. A full grid connected PV Block Diagram.

A. The PV Sizing Specification

This study collects environmental data such as temperature
and solar radiation to forecast the PV system performance.
The location that the data was collected from is known for the
abundance of solar radiation. In Figure 2 a monthly average
of radiation and temperature for the year 2020, the average
temperature was 21.2°C and a radiation average of 1834.4
kWh.m? [4], [5].

Temperature @ Irradiation

Fig. 2. The histogram of the monthly average of radiation and
temperature.

From Fig. 2, the PV system components consider the
following parameters: i) average solar energy intensity on
horizontal surfaces, radiation in South Africa is ranging from
4.5 to 6.6 kWh/m? per day, which corresponds to average
peak sunshine hours PSH = 8h/day [4] and ii) the daily
average energy consumption of a residential house or one
public or private utility; such an amount of energy represents
in average the consumption of a considerable percentage of
residential houses and small private or public foundations in
the selected site [6] . Hence, the PV array peak power (PPV)
is obtained from (1) as:

_ Eq
PSH*NcR"M iy

(M

Ppy

In (1), E4 is the daily energy consumption of the residential
house in kWh/ day, PSH is the peak sunshine hours measured
in hours/ day, 1y is the charge regulator efficiency and 1;;,,,
is the inverter efficiency. The characteristics of PV solar
module that was selected for the study is shown in Table 1.

In the literature, different sizes of the PV modules produce
different amounts of power. In order to determine the size of
the PV module, the total peak wattage produced is needed.
The system can be designed with the PV modules in series or
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parallel. Hence, to calculate the number of PV panels needed,
we perform the following mathematical operations:

The energy required to cover the PV array is determined
as:

— Pload
Prequired . . (2)
Ninverter

In (2), Prequirea 1s the required energy needed to cover the
PV array, Py 44 is the total load of the house or building in
watt-hours (Wh) and 7j,perter 15 the efficiency of the
inverter. The second step is to determine the modules’ energy
output per day:

Prodaute = Bnax X tpeaks (3)

where Pp,,quie 1S the PV modules’ energy output per day and
tpeak is the average daily peak sunshine hours. The third step
is determining the number of modules needed for the power
that is injected into the grid:

Parra
_array (4)

Npv = .
p Pmodule

In (4), Npy, is the number of PV modules needed, Fyyrqy is
the output of the PV array in Wh and P44, 1s the output of
one PV module in Wh. Finally, step four requires the
determination of the number of strings connected in parallel:

Npv

©)

Nparallel = S
series

In (5), Nparaier is the number of PV strings that are
required to be connected in parallel and n,, is the total
number of PV modules needed.

Table I: Sinetech AEG AS-PS07 Module Specifications

Parameter Value
Cells Polycrystalline solar cell
No. of cells and connections 60 (6X10)
Module dimension 1640 mm x 992 mm x 40
mm
Maximum power, Puqx 213.15W
Rated voltage at Py, V' 20V
Current at Pyax, Inp 7.35A
Open-circuit voltage, V. 36.3A
Short circuit current, /s 7.84A
Temperature coefficient -0.36 %/°C
Operating temperature -40°C to 85°C

B. Design of the DC-DC Boost Converter

The equivalent circuit of a DC-DC boost converter fed by
PV generation panels is depicted in Fig. 3. The boost
converter is employed because the output voltage of the PV
cell is low. Hence, the voltage is ramped up from a low
voltage to an output voltage value of between 350Vpc to
600Vpc.
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To calculate the inductor and capacitor values for the
application. A boost converter was designed for continuous-
current operation and have an inductor value greater than the
minimum inductance (L;,;;,). The minimum inductance for
continuous current in the boost converter is given as:

2
Liin = %’ (6)
where, D is the duty ratio, f;,, is the switching frequency, R
is the resistor of the boost converter and V, is the output
voltage. The inductance L can be expressed in terms of a

desired variation in the inductor current 4i; as [7]:
_ VsDT _ VsD

Aip, - AiLfsw’

(7

where, A; is current ripple, V; is the input voltage. The peak-
to-peak voltage ripple (AV,) can be evaluated from the
capacitor current. The variation in capacitor voltage can be
determined as:

AV _ D
Vo RCfsw.

®)

Therefore, the capacitance can be expressed in terms of
voltage ripples as:

D
€= Ravomor ©)

The flowchart of the developed a maximum power point
tracking (MPPT) algorithm is shown in Fig. 4. The proposed
control algorithm ensures proper speed control to extract
maximum power. The PVs operating voltage is perturbed by
a small increase of dV, resulting in a change dP. If dP is
positive, the operating voltage's perturbation is kept in a
similar direction as the small increase. In contrast, if dP is
negative, the operating point shifts away from the maximum
power point, and the operating voltage must shift in the
opposite direction of the small increase.

The algorithm considers the voltage measurements V (k)
and the current measurements /[k] at a predetermined time
interval, referred to as the MPPT period. This time span
governs how often the algorithm decides to vary the system
operating point. Subsequently, the algorithm assesses the
power P[k], the variation in power AP, and voltage AV. The
AP and AV values are determined by using the measurements
at the present instant IV (k) and I (k) as well as the previous
measurements V(k — 1) and I(k — 1). Then, the algorithm
uses basic logic to decide what to do. The AP and AV values
are each compared against zero to determine if they have
risen or dropped [8]-[10].
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Reading V(k), I(k)
Power P(k) = V(k)*1(k)

av = V() - V(k-1)
dP =P(k) - P(k-1)

| Decrease Frgr | | Increase Frer H Decrease qu['| | Increase Frer |
MPPT Return

Fig. 4. Flowchart of MPPT algorithm for PVs with a boost
converter.

C. Grid-Connected Inverter Design

A current control of grid-connected inverter together with
the PWM scheme is used to ensure that the inductance current
tracks the sinusoidal reference current closely [11]-[13]. For
the design of this inverter, the authors had selected the
switching frequency as f;,» = 10 KHz. Hence, the resonance
frequency can be calculated such that:

fres =22, (10)

10

In (10), f;, is the switching frequency and f,.s is the
resonance frequency respectively. In Fig. 5, the current
control method of the inverter together with the PWM
scheme is illustrated for the three-phase full bridge inverter.

The switch is turned on or off depending on the modulation
scheme used to obtain the sinusoidal output[8], [14].

e o [ ] |
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Fig. 5. The current control method of two-level inverter with PWM
switching

D. LCL Filter Design

LCL filter are designed and placed between the inverter
and the grid to attenuate or filter the switching frequency
harmonics produced by the inverter [14], [15]. The formula
used to calculate LCL filter at the inverter side is given as:
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Lj=——2¢ (11)

- 16*fsw*AlL—max’

where, Vpc is the DC link voltage, Al; 4, 1S the current
ripple specified and f;,, is the switching frequency and
Al _nax 18 the 10% current ripple specified by:

P2
Vo’

Al _pax = 0.01 % (12)
where V}, is the line to line RMS voltage (inverter output) and
P, is the rated active power. Secondly, the gird side
inductance Ly can be calculated as:

Ly=r1xL; (13)

Finally, the design of the filter capacity (C;) proceeds from
the fact that the maximal power factor variation acceptable
by the grid is 5%. The filter capacity can therefore be
calculated as multiplication of system base capacitance Cj,:

C; = 0.05 % Cp, (14)

where C;, = The value of the damping resistor Ry

V2s2msf’
can be calculated as:

1

Rsa = (15)

3Wres*Cf.

III. CONTROL SYSTEM FOR THE GRID CONNECTION

There are many challenges that are experienced when
integrating solar systems with the main grid directly. For this
reason, a special control circuit is needed for synchronization.
When interfacing the solar system with the main grid,
synchronization will only occur and be maintained when the
grid parameters (voltage, current, phase and frequency) match
those of the inverter. In the literature, there are many different
methods that can be employed to solve the synchronization.
Choosing the best method is directly dependent on the
characteristics of the source. For this paper, the authors use the
method of phase locked loop (PLL) due to have two different
source energies respectively.

The PLL system uses a feedback loop with Pl-tracking for
the phase angle. The input is the three phases of the grid
voltage and the output of the PLL is the phase angle of one of
the three phases [9], [16]. The PLL used to generate the signal
and that signal used as reference for implementation
controller of grid conned inverter. And when we send the
reactive power to the grid we used PLL to generator a signal
that is 90° out of phase with the actually voltage. The PLL
structure is classified into three types: i) stationary reference
frame based PLL, ii) zero crossing detection based PLL and
iii) synchronously rotating reference based PLL [17]. The
basic idea of the SRF PLL is a feedback system with PI
regulation tracing the phase angle. the voltage signals V, ; Vp
and V, are transferred from three phases to a stationary
system of two phases V;, and V. The grid voltage is given as:
V,; Vg and V.
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In order to track the phase angle of the three phase signals,
V., V, and, V. must be transferred from three phases to a
stationary of two phases V, and Vj, the grid voltage are given

as:

V, = Vm(sin8), (16)
Vy = Vm(sin(8 — =), (17)
V. = Vm(sin(8 +), (18)

In (16)-(18), 6 is the phase angle calculated as 8 = 2xf.
The af transformation matrix is given as:

o
Taﬁ = - el V3 |- (19)
3 lo - =
The matrix multiplication Vo = T @BV, yields:
V V. (sin 8)
Bl _|Vm
/4 |Vm (cosO)| (20)

A. Synchronous Rotating or Transform Vy , Vg to Vg , V4

The phase angle of I, is tracked by the synchronization of
the voltage space vector along the Q-axis or D-axis in the SRF
[18], [19]. Fig. 6 illustrates the unsynchronized voltage space
vector with the Q-axis and D-axis respectively.

< A
(=

. a

Qaxis g

Vgrid(Va) B axis
x1

Valpha=

Fig. 6. The phase diagram of abc-frame to af-frame and af3-
frame to dqg-frame not synchronous

The voltage space vector is to be synchronized with the g-
axis the transformation matrix is:
sin8*
cos8*

cos 6*

Tqd = [0, , 21

where 6” is the estimated phase angle output of the PLL
system. Carrying out the transformation Vgd =T, V. and
using the trigonometric addition formulas yields:

Va| _ |~V sin(®6 —6")
Vgl = ‘ Vi (cos@ —8%) | (22)

The gain of the PI regulator is designed so that V; follows
the reference value V; "= 0, which is shown in Fig. 7. If V; =0
then the space voltage vector is synchronized along D axis and
estimated frequency w is locked on the systems frequency w.
In Fig. 7, the voltage space vector is synchronized with D-axis.
The active component is aligned in phase with a and the
reactive component is aligned in phase with £.
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Fig. 7. The phase diagram of Vgria synchronous with D axis or Q
axis.

To achieve a satisfactory performance and small steady
state errors in magnitude and phase, the compensator design
is not easy task by use method show in Fig. 8:
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Fig. 8. The basic traction for the SRF PLL.

B. Implementation of Transfer Function

The transfer function (TF) for the plant is just a lag and an
integrating element. For the plant in Fig. 8 is just a lag and
integrating element [1], [19]:

Gy = (55) * - (23)

For the simulation, Ts is period for the sampling the open-
loop TF for the system in Fig. 9 described as:

Gor = (kp==2) () * (5. (24)

To go from the open-loop system to the closed-loop system
the relation between the transfer functions as follows:

1+ST

Gol
1+ Gop

o= (25)

The most straightforward method to use for solving
integration is found in [1], [20]. In reality, grid connected PV
system voltage input signal for PLL system are sampled. The

system has been designed to be capable to handle these signals.

The integration element in the plant as follow:

=O=-lioT=ew. (26)

G(S) E(s) s

Using Euler forward by taking the mathematical expression
Z-transform gives:
z-1
S=— 27)
Using (27) the PI-regulator in the z-domain is determid as
follows:

Ts
14sT _ z=1+—

—< 28)

The transfer function (TF) for the PLL system in equetion
(28) can be rewritten as follows:

Ts
1+4sT 1+7 vm
o= (k022 + () () = kp S = ks
(;+as)
52(s+%)' (29)

In (29), Ts is the sampling period in second, Kp is the
regulator gain, 15 is the lag term of the system, is the

integratting element which the depicts voltage Controlled
oscillator, V,, is the amplitude voltage level in volts, G; is the
open loop transfer funtion and G, is the transfer of the of the
full system [21].

IV. RESULTS AND DISCUSSIONS

The PLL control method been used to synchronize the PV
system with the grid, when the PV system was injected into
grid using the proposed PLL synchronization technique, the
frequency matched with each other, phase difference
becomes zero, the resultant voltage raised to the desired range
[22].

The step taken in order to achieve the synchronization
process can be defined as matching the frequency, phase
angle, sequence and voltage of the grid with the PV system,
if the two supplies are not matching that mean are
unsynchronized then injection of PV system into grid will
never be done, therefore the synchronization is needed for the
penetration of PV into grid to take place. In this research the
PLL control method been used to synchronize the PV system
with the grid, when the PV system was injected into grid
using the proposed synchronization technique, the frequency
matched with each other, phase difference becomes zero, the
resultant voltage raised to the desired range.

The PLL has been designed and tested. At connection point
of grid voltage are 400V and frequency 50Hz, the phase angle
was tracked fast and accurate, and PV system has been
designed to feed the grid with 100kw/h and the voltage MPPT
it between 270V to 300V. Grid connected PV system
connected with PLL in MATLAB/Simulink platform is
depicted in Figure 9. The specification and parameters of the
PV panels are tabulated in Table II. The DC-DC boost
converter has been designed and calculated with specification
shown in tables III. Table IV presents the calculated inverter
and LCL filter parameters.

Fig. 9. Grid connected PV system connected with PLL in
Simulink.

The size of the system depends on the load that it supplying,
the Table II below shows the specifications parameters values
of the PV systems, the number of the Panels connecting in
parallel and series, the power output or generated by the PV
and the voltage supplied.
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Table II: The PV sizing specification.

Parameter Value
Output Power, P 100kW
Open circuit voltage, V. 363V
MPPT Voltage, Vuppr 270-300 V
Total of panels, n,, 470
Series modules, 1spjes 10
Parallel strings, ny4rqier 47

The output voltage of solar array is varying due to the
irradiance change, DC to DC boost converter was been
designed to Stabilized by set up the Voltage from Solar array
to be boost and fix at output of the DC to DC boost convertor
where used an inductor as an energy Storage component to
upkeep the output with supplementary energy in adding to the
DC input source and This effects the output voltage to boost,
the design specification are shown in Table III below.

Table III: Boost Converter Specification.

Parameter Value
Rated Power, P 100kw
Switching, fow 5Khz
Input voltage, Vi, 250-300V

I ripple 5%
V ripple 1%
Output voltage, Vou 600V
Inductor, L 1.458mH
Capacitor, C 3227.7TuF

Three-phase full bridge inverter, has been designed as a
current control method of inverter with PWM switching, the
command of the switch depends on the modulation schemes
to obtain the sinusoidal output. The LCL filter are designer
and place between the inverter and the load so that it can
reduce the Harmonics in the system, specification of the
inverter and LCL are shown in Table IV below.

Table IV: Inverter and LCL Filter Specification.

Parameter Value

Switching frequency, fi. 10KHz
Capacitor, C 100uF
Inductor, L; = L, 500uH
Resistance, R ImQ

Grid voltage, Vg 400V rms

Grid frequency, f 50Hz

Rated power, P 100kw

The first test was done when current inject into grid at the
standard testing condition (STC) with constant irradiances of
1000 w/m? and temperature of 25°C. Figures 23, 24 and 25
show the balance grid system that been injecting with a PV
current, but before the synchronized take place there is 40ms
delay time. The PLL was run on step size is set to the sample
period 1/2000 = 0.5ms.

Fig. 10 represents the average relative times take for PV
system to synchronized with the grid, observed various
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simulations test cases using MATLAB/Simulink where the
temperature and irradiances changed. For each simulation test
average response time that take for the synchronization to be
done. The results presenting in form of prediction graph where
X-axis represents the times and Y-axis represents the voltages.
Fig. 11 shows the output voltages of grid and PV system, by
checking the X-axis and Y-axis when the two waves matched,
and the simulation was run on 25°C and irradiances at 1000
w/m2.
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Fig. 10. Vgid synchronized with current inverter.

The Fig. 11 below shows that boost converter only takes
0.04s to adjust the output voltage to be stable, the X-axis
represents the times, and the Y-axis represents the voltages
and test was run at 25°C and irradiances at 1000 w/m2. It can
be observed that the DC-link value to the inverter has been
achieved from the PV panels through the boost converter at
the STC values.

wolf ] e
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Fig. 11. V4, waveform.

Fig. 12 below shows the active and relative power graphs
when the irradiance and temperature at STC with irradiance
of 1000 w/m2, and tempter of 25°C. From Fig. 12(a) the
active power took 0.04s to be stable or synchronized and Fig.
12(b) shows the reactive power, where took almost 0.04s to
be synchronized as well.

(a) Active power

. h .(b) Reactive po.\.zver

Fig. 12. Active and reactive power waveform.

The second test was done when current inject into grid
when the irradiances changes. It was found that when the
irradiances increase the PV current increase and when
irradiances decrease, PV current decrease as seen in Figures
13, 14 and 15. Fig. 13 shows the voltage and current of the
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grid with different irradiances, the test was run from
1000W/m2, 700W/m2, and 500W/m2, and the temperature
was at 25°C. It has been noticed that the PV output voltage is
decreased when irradiances is decreased and vice versa.

T x,'\,/u\\ iy
i U WA

V(a) Grid Voltage

g IR
M

A

i il V”"
A; ku‘ " W J" ‘u

AR me‘ A

(b) PV output Voltage
Fig. 13. Voltage and current waveforms with different irradiances.

Fig. 14 below every time the irradiation applied changed
by increased or decrease, the Vdc voltage also apply a
changed by increased or decreased in a short time. The
irradiances start from 1000W/m2, 700W/m2, and 500W/m2,
temperature of 25°C. The dynamic response of the system
was found very fast when the radiations were changed.

o ars 02 03

Fig. 14. DC Voltage waveform with different irradiances applied.

Fig. 15 shows the active and reactive power when the
irradiances change by increased or decreased, the active and
reactive power also increased or decreased for a short period
of time. The test run from 1000W/m2, 700W/m2, and
500W/m2, temperature of 25°C see figure 28. Once again, the
proposed control system shows a fast dynamic response to
follow the changes of the radiations.

aos o1 a.18 [T, CET] 03 [E

Fig. 15. Active and reactive power wave with different irradiance
applied.
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V. CONCLUSION

This paper presents a model of a grid-connected
photovoltaic system for synchronization studies. The PV
panel and the DC-DC boost converter, an inverter system, and
an LCL filter were done. The simulation model included the
simple design of the MPPT algorithm for a boost converter fed
by the PV system, and PLL for grid synchronization
implementation was based on MATLAB/Simulink. First of
all, a developed MPPT algorithm has been proposed. The
proposed technique drives the switching element of the DC-
DC boost converter by modifying the converter's duty ratio
and continuously tracking the maximum power point
irrespective of solar radiation variation. Secondly, a PLL
technique for grid synchronization implementation simulation
scenarios was presented to properly understand grid-
connected PV systems and the importance of using the PLL
synchronization technique. The simulation shows the delay
times of 40ms before the penetration of the photovoltaic
current into the grid. To solve this problem, we will have to
use the P&O method because the method asks how to
calculate the gain; the greater the gain, the delay time also
becomes small. The proposed control system shows a speedy
dynamic response to follow the changes of the radiations. In
general, the PLL works very well, the PI regulation works
very well, and it is exact and follows the grid phase under
balance grid conditions.
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