Grid Tie Inverter Connected to a Three-Phase Power Grid
Using Photovoltaic

Setiyono*

Jurusan Teknik Elektro Fakultas Teknologi Industri — Universitas Gunadarma
Jakarta, Indonesia
*setiyono @staff.gunadarma.ac.id

Abstract — Indonesia is a country that is crossed by the equator and has abundant sources of solar energy, so it has great
potential for building solar power plants. So far, national power plants have been supported by coal and oil energy sources,
so this will have an impact on global warming/, increased carbon emissions in the air/, damage to nature and losses in terms
of development costs. To reduce losses in conventional power plants, an effective solution is needed/, one of which is utilizing
solar energy. This research describes a photovoltaic electricity generator connected to a stand-alone electricity network
or better known as a Grid Tie Inverter (GTI). The aim is to supply additional power to a three-phase grid system
when the load continues to increase. This GTI consists of several main parts/, namely the SunPower SPR-315E-WHT-D
200Wp PV/, Boost Converter circuit/, three-arm three-phase inverter transistor unit/, filter circuit/, and PWM signal
generator control system The method used in this research is to build a GTI simulation model for a three-wire power
system using Matlab Simulink. The simulation results show that the output voltage shape of the three-wire GTI is close
to a sinusoid with a Total Harmonic Distortion (THD) content of 2.47%/, with a power that can be added to the
electricity network of 250 W.

Keywords — Photovoltaic System; Grid Tie Inverter; Boost Converter; Three-Phase Inverter; Total Harmonic Distortion.

I. INTRODUCTION

preferred in Indonesia due to the country’s equatorial

HE development of renewable energy continues

to be pursued to enhance national energy secu-
rity. One of the pollution-free energy sources being
promoted is solar energy, which is converted into
electrical energy. The installed capacity of renewable
energy power plants has grown significantly, with so-
lar power plants (PLTS) increasing from 0.3 GW in
2022 to 5 GW in the Hymne scenario and 26 GW in the
Mars scenario by 2033 [1]. These solar power plants
are targeted to replace coal and oil-fired power
plants, which have been the primary energy sources for
conventional power generation [2].

A Grid Tie Inverter (GTI) isa power gen-
eration system connected to the main electrical grid [3].
It is primarily used to convert direct current (DC) en-
ergy from solar panels into alternating current (AC)
energy [4]. Typically, GTIs are rooftop solar power
systems installed on residential homes. This option is
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location, which provides abundant solar radiation [5].
The main components of a GTI system include:

1. DC Input: The power source generated by the
solar panel.

2. Maximum Power Point Tracking (MPPT): Opti-
mizes power output by continuously monitoring
and adjusting voltage and current levels.

3. Inverter: Converts DC voltage into AC electricity
using electronic devices and control systems.

4. Grid Synchronizer: Detects and matches phase
and frequency between the GTI and the grid.

5. Monitoring and Control System: Tracks and ad-
justs the performance of solar panels in generat-
ing electricity.

To connect a GTI to the grid, several require-
ments must be met, including voltage level, phase
count, phase sequence, and output frequency [6]. A
GTI can help reduce electricity bills when operating
during the daytime [7].

A solar panel is a device used to convert sunlight
into electrical energy. It is expected to provide optimal
power output under various conditions, whether receiv-
ing maximum or minimal solar irradiation. This opti-
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mization process is managed through Maximum Power
Point Tracking (MPPT) techniques [8, 9]. The
MPPT algorithm searches for the maximum power point
by adjusting voltage levels using a DC-DC converter
[10, 11]. However, conventional MPPT algorithms ex-
perience power oscillations during steady-state condi-
tions and potential power losses in the system. Con-
ventional maximum power point tracking (MPPT) al-
gorithms for photovoltaic systems, particularly the per-
turbation and observation (P&QO) method, often ex-
perience power oscillations during steady-state condi-
tions and potential power losses [12, 13]. These oscil-
lations can lead to inefficiencies in grid connections
and reduced output power [13, 14]. To address these is-
sues, researchers have proposed various modifications
to MPPT algorithms. These include self-adaptable step
sizes [12], median filtering algorithms [13], and hy-
brid approaches combining genetic algorithms with
P&O [15]. Other improvements focus on dynamic
boundary conditions [16], variable PWM step-sizes
[17], and irradiance change identifiers [18]. These
modified algorithms aim to reduce steady-state oscil-
lations, improve tracking efficiency, and enhance per-
formance under various atmospheric conditions, in-
cluding partial shading [15, 19]. To minimize these
losses, the Modified Incremental Conductance
Algorithm has been introduced, which reduces oscil-
lations and incorporates variable step size to accelerate
tracking of the maximum power point [20].

Moreover, the power output from solar panels is
affected by their positioning and orientation in receiv-
ing sunlight [21,22]. There are three primary configu-
rations of solar power systems:

1. On-Grid PLTS: Connected directly to the electri-
cal grid.

2. Off-Grid PLTS (Stand-Alone): Independent of
the electrical grid, typically using battery storage.

3. Hybrid PLTS: A combination of solar power with
other types of power generation [23].

Several previous studies have explored GTI ap-
plications. Reinard developed a Grid Tie Inverter
with Limiter (GTIL) to prevent excess energy
from flowing back into the grid. When solar panel
production exceeds the connected load, GTIL restricts
energy output to match the load capacity [24]. Setyo
Purnomo designed a micro-inverter that demonstrated
better performance than string inverters under vary-
ing weather conditions, showing significant differences
between the two systems [25]. Retno analyzed the
operation of PLTS On-Grid inverters, concluding
that they perform efficiently when the minimum voltage
range is maintained between 400V{800V in Indonesia’s
three-phase 220V/380V grid [26].

This study aims to develop a three-phase grid
tie inverter model using a photovoltaic system with
DC-DC converter control and a three-leg IGBT
inverter. The objective is to optimize energy con-
version efficiency and enhance system reliability under
different operational conditions.

II. RESEARCH METHODS

The method used in this research involves designing
a grid tie inverter system with photovoltaic
(PV) panels as a DC voltage source, which is electri-
cally injected into a three-phase grid. The system
design is then modeled using MATLAB Simulink sim-
ulation tools. The overall system design can be seen in
Figure 1.
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Figure 1: Design of a grid tie inverter system based
on solar power generation.

Figure 1 illustrates the workflow of the sys-
tem block as a whole. The first component is the
photovoltaic panel, which functions to convert so-
lar energy into electricity. The DC-DC converter
is responsible for increasing the DC voltage from the
PV panel. The inverter plays a crucial role in con-
verting DC voltage into three-phase AC voltage. The
filter is used to eliminate ripples or harmonics in the
three-phase output voltage of the inverter, ensuring
a smoother sinusoidal voltage waveform. Meanwhile,
the grid represents the main power generation system
from the national electric company (PLN).

The core function of this system lies in the opera-
tion of the inverter, which requires precise switching
pulses. These pulses demand mathematical analysis,
which will be discussed further in the analysis and dis-
cussion section. Once the system block is established,
the next step involves designing the electronic system
to determine the appropriate component values.

Figure 2a illustrates the electrical design of
the grid tie inverter system, whereas Figure 2b
presents the modeled GTI system using MATLAB
Simulink.
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(a) Grid Tie Inverter circuit diagram.

T

T

(b) Grid Tie Inverter model in MATLAB Simulink.

Figure 2: Grid Tie Inverter electrical design and sim-
ulation model.

i. Technical Data of Photovoltaic System

The photovoltaic system used in this study is charac-
terized by several parameters, as shown in Table 1 and
Table 2.

Table 1: Technical Data of the Photovoltaic System.

Module Data

Model Parameters

Module Type SunPower SPR-315E-WHT-D
Light generated current I, 6.1461 A
Open Circuit Voltage 64.6 V

Diode saturation current (1,)  6.5043e-12 A
Voltage at MPP 547V

Diode ideality factor 0.9507 A
Temperature coefficient of V, -0.2726 %/°C
Shunt Resistance Ry, 430.0559 Q
Cells per module 96

Series Resistance R; 0.43042 Q
Short circuit current I, 6.14 A
Current at MPP 5.76 A
Temperature coefficient of I,  0.061694%/°C
Number of series strings 5

Number of parallel strings 64

II1.

RESULTS AND DISCUSSION

i. Analysis of the DC-DC Converter Section

The photovoltaic panel used in this study is the
SunPower SPR-315E-WHT-D type, with its technical
parameters provided in Table 1. The PV module con-
sists of 5 series-connected strings and 64 parallel-
connected strings. The power-voltage (P{V) charac-
teristics of this photovoltaic module can be analyzed in
Figure 3.

From the graph in Figure 3, the maximum short-
circuit current is observed to be 6.14 A, and the max-
imum open-circuit voltage reaches 65 V. At an irradi-
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Figure 3: P-V Characteristics of the SunPower SPR-315E-
WHT-D PV Module.

ance level of 1 kW/m?, the generated power is approxi-
mately 300 W.
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Figure 4: Electrical Parameters of the PV and DC-Link Ca-
pacitor Voltage.
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Figure 4 illustrates various electrical parameters
of the PV and DC-link capacitor voltage:

1. Figure 4a shows the solar irradiance level, which
is set to 1000 W/m?.

2. Figure 4b represents the output voltage of the
photovoltaic panel, which is measured at 125 V.

3. Figure 4c displays the maximum power output
of the PV panel at a temperature of 35°C and an
irradiance of 1000 W/m?, calculated as:

P =V, x1,=125x2=250W (1)

4. Figure 4d indicates the ambient temperature,
which is set at 35°C.

5. Figure 4e shows the average current output from
the photovoltaic panel, which is approximately 2
A.

6. Figure 4f presents the voltage at the DC-link ca-
pacitor of the inverter, which reaches 700 V.
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Table 2: Technical Parameters of the Grid Tie Inverter System.

DC-DC Converter

Inverter and Grid

Inductance L 4 mH

Switch § IGBT internal resistance 0.001 Q

Diode R,, =0.001 Q, Forward voltage =0.8 V. Grid Voltage V;_1
Capacitor C; and C; 4700 uF, 350 V

Ve 700 V

Vpy 125V

Verid 400 Vi p,

Switches 71,15, 13,14, T5, Tg
Coupling Inductor

Load

IGBT internal resistance 0.001 Q
0.283 mH

400 V, 50 Hz, Y-connected
R=1Q,L=0.00lH

ii. Analysis of Boost Converter

The boost converter trigger pulse is used to activate the
IGBT switch in Figure 2a, controlling the duty cycle.

Various designs use Pulse Width Modulation (PWM)- Algorithm 1 MPPT Controller using Perturb & Ob-

based control to regulate the switch’s ON/OFF state,
integrating it with an MPPT algorithm. The MPPT al-
gorithm is essential for adjusting the PWM duty cycle
width, ensuring that the PV system operates at its max-
imum power point, even under varying light intensity
and temperature conditions.

The fundamental principle of MPPT using PWM
duty cycle control is to convert DC power from the
PV system by increasing its voltage to the boost con-
verter output voltage. The PWM trigger pulse in this
DC-DC converter is generated by adjusting the duty
cycle, which is the ratio of ON time to OFF time. Duty
cycle control directly influences the output voltage of
the boost converter, which in turn affects the power
output of the PV panel. The following is the P-code
implementation of the MPPT algorithm 1 using the
Perturb and Observe method:

DufyCycle Fuise

Figure 5: Trigger Pulse Signal for Duty Cycle Control.

Figure 5 represents the trigger pulse signal with
duty cycle control for IGBT switch activation in the
boost converter circuit. The waveform exhibits a 1V
amplitude with a switching frequency of 5 kHz.

serve Algorithm
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Input: Param, Enabled, V, I
Output: D (Duty cycle of the boost converter)
Dinit < Param(1)
Dmax < Param(2)
Dmin < Param(3)
deltaD < Param(4)
Persistent: Vold, Pold, Dold
if Vold is empty then
Vold + 0, Pold < 0,Dold < Dinit
end if

P+~ VXxI

: dV<-V - Vold

: dP <P - Pold

: if dP # 0 and Enabled # O then

if dP < O then
if AV < O then
D <~ Dold - deltaD
else
D < Dold + deltaD
end if
else
if AV < O then
D <~ Dold + deltaD
else
D <~ Dold - deltaD
end if
end if

. else

D < Dold

: end if

: if D > Dmax or D < Dmin then
32:
: end if

: Dold < D, Vold < V,Pold < P

D <— Dold
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iii. Analysis of the DC Link Capacitor

The inverter circuit in Figure 2a is equipped with a
DC link capacitor that functions to filter the DC
voltage ripple originating from the DC-DC converter.
Capacitors C; and C, are connected in series to divide
the DC source voltage, where the neutral point is where
voltage fluctuations occur. The DC voltage value, Vpc,
can be expressed using the following equation [28]:
The total capacitance of C; and C,, denoted as Cy,;, can
be determined using Equation (2). In this equation, I
represents the average current, while E corresponds to
the DC side voltage. The frequency is denoted as f, and
the voltage fluctuation is represented by V,,. Addition-
ally, V,, indicates the average voltage. These parameters
collectively define the required capacitance to ensure
stable voltage levels in the system.

IrV2

Cot = — =
2EV,

2)
In the system design, the capacitance values are

given as:

350V
350V

Ci = 4700 uF,
C> = 4700 uF.

These capacitors play a crucial role in maintain-
ing voltage stability in the inverter circuit, ensuring that
the DC link provides a steady voltage level before
conversion to AC.

iv. Inverter Analysis

The three-phase inverter is built using three legs,
each consisting of two IGBT switches, as shown in
Figure 2a. Each leg consists of a pair of switches con-
nected in series, and the three pairs of switches are
arranged in parallel. The switches located in the up-
per position are called top switches (Ts, S1,93,S5),
while the lower switches are referred to as bottom
switches (52,54, 56). The operation of the switches is
controlled using PWM pulse signals.

The inverter operates by generating three-phase
output voltages denoted as V,,, Vj,, and V,,. There
are eight possible switching states in the inverter cir-
cuit, where a logic state of 000 for the top switches
represents an OFF condition, and the bottom switches
follow the opposite logic, 111 (ON state). The inverter
converts DC voltage from the photovoltaic system into
pure AC voltage, which is then synchronized with the
electrical grid. The switching operation of the three-
phase inverter is presented in Table 3.

Table 3 presents the inverter output voltages for
various switching conditions.

Table 3: Switching States and Output Voltages of the Three-
Phase Inverter

St S35 S5 Vo Vio Veo
Ss S¢ S
0 0 O —% _% _%
0 0 1 - = Ve
Ve Ve Ve
0 1 O —V% +V% _V%
0 1 1 —= 424 4%
1 0 0 Y% Y Y
1 0 1 +% _% _1_%
I 1 0 474 474
11 1 % 4l 4l

The output voltages of a three-phase inverter can
be mathematically expressed as sinusoidal waveforms
that vary with time, as given in Equations (3), (4), and
(5) [29]. The phase voltage v, is represented as a func-
tion of the maximum voltage amplitude V,, and the
angular frequency @, as shown in Equation (3).

v = Vi sin(t)

3)

Similarly, the second-phase voltage v, exhibits
a phase shift of 2?” radians behind v,, as described in
Equation (4).
2r
vp = Vi sin(@t — ?) 4)
Likewise, the third-phase voltage v, leads v, by
ZT” radians, as given by Equation (5).
2
Ve = Vi sin(or + ?) 5)
In these equations, Vj, represents the peak am-
plitude of the voltage, while w denotes the angular
frequency. The three-phase voltages v,, vy, and v,
maintain a consistent phase shift of 120°, ensuring a
balanced three-phase system. This balanced nature is
crucial for efficient power transmission and minimizing
harmonic distortions in grid-tied inverter applications.
The voltage analysis for each phase of the inverter,
denoted as v;, can be described by the relationship be-

tween the load voltage v, and the grid voltage v, as
expressed in Equation (6).

(6)

vi=vp+vg

Considering the influence of the inductor in the
circuit, the voltage equation can be rewritten to include
the inductance L and the time derivative of the current
i, leading to Equation (7).

di

vi=L—+v,

7 (N
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By rearranging Equation (7), the grid voltage v,
can be expressed in terms of the inverter voltage v; and
the inductance effect, as shown in Equation (8).

Ve =V — L%

Here, the grid voltage v, is assumed to be equal
to the phase electromotive forces e,, ey, and e.. These
equations are essential for understanding the interaction
between the inverter output and the grid, particularly in
analyzing voltage regulation and dynamic performance
in grid-tied inverter applications.

From Equation (8), the three-phase system volt-
age in the abc reference frame can be expressed in
matrix notation, as shown in Equation (9). This rep-
resentation highlights the relationship between the in-
verter output voltages and the grid voltages in each
phase.

(8)

di,
Vea Vig — Ld_;

di,
Veb vip — L7 ©)
Vgc Vie — L%

To facilitate analysis and control, the transforma-
tion from the stationary three-phase (abc) reference
frame to the two-phase (af3) reference frame is applied
using the Clarke transformation, as defined in Equa-
tion (10). This transformation simplifies calculations
by converting the three-phase system into an equivalent
two-phase representation.

v 2|1 =L 1] [Vea
[f“]:z[o Y f] w| a0
8P 2 T2 v

By substituting Equation (9) into Equation (10),
the transformation can be rewritten as follows:

di

1 17 [Via— LG

Vea 2|1 =3 — diy
== vip — L=t (1)

["gﬁ] 3 [0 P -¥ o e

ic dt

Finally, simplifying the transformation yields
Equation (12), where the two-phase (af3) voltage com-
ponents are directly related to the inverter output volt-
ages and the inductive effects.

di
|:Vga:| _ Via _Lﬁ
= di
Vep vip —Lg>
This transformation plays a crucial role in ana-
lyzing and controlling grid-tied inverters, as it enables
efficient control of active and reactive power flow while

simplifying the implementation of advanced control
strategies in modern power systems.

(12)

'S

Figure 6: Three-phase balanced waveform and o3 voltage
waveform

v. Transformation from abc to oy and dg Frames

Figure 6 represents the transformation from the abc
coordinate system to the two-axis o3 coordinate sys-
tem (abc — of3). The three-phase sinusoidal waveform
(abc) with a peak-to-peak amplitude of 600 V exhibits
a 120° phase difference between each phase. Through
the Clarke transformation, this waveform is converted
into the af3 coordinate system, where the output volt-
age remains at 600 Vpp but now has a 90° phase shift
between the o and B components.

This phase shift condition applies to a balanced
system. However, in an unbalanced system, numerical
calculations and more complex analysis are required
to determine the exact phase angle difference between
the @ and B components. The frequency of both wave-
forms remains identical at 50 Hz.

The transformation from the a8 frame to the dg
frame is essential for analyzing and controlling grid-
tied inverters. This transformation is mathematically
expressed in Equation (13), which relates the voltage
components in the a3 reference frame to the dg refer-
ence frame through a rotational transformation matrix.

cos ot

Ved| Sin®t | Voo
Veq| | —sinot coswr| |vep
By substituting Equation (11) into Equation (13),
the voltage components in the dg frame can be rewritten

13)

as:
’ dig
[vgd] [ cos®t  sin a)t} Via — L7 (14)
= £ di
Veg —SIn®t cosor| |z — L_df

To further simplify, Equation (15) expresses the
relationship between the inverter voltages in the dg
reference frame:
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. dig

% Vi coswt sinwt| | G

Veq Vig —sinwr  cosot| | —E
Since the derivative terms in the 8 frame can be
rewritten as the time derivatives of the dg components

plus an additional rotational term, the transformation
matrix can be expressed as:

. dig . ,
sinwt | | 5 d [zd} |:—lq:|
del==1"]+0] . (16)
cos (ot] [%] dt |ig iy
Thus, the electrical dynamics of the inverter
in the dg reference frame can be expressed in Equa-

tion (17), where the grid voltage components are related
to the inverter control variables and inductive proper-

ties.
‘ d i »
il R R P
Veg Vig dr |ig iy
Rearranging Equation (17), the final expression
for the inverter control voltages in the dg frame is ob-
tained in Equation (18). This form is useful in design-

ing controllers for regulating the active and reactive
power injection into the grid.

via| _ |Ved| 4 p LYl _gp || (g
Vig Veg dr |ig iy
This transformation and analysis are fundamen-

tal in synchronizing the inverter with the grid while
ensuring efficient power flow control.

cos Wt
— sin @t

RlU=Ri-1
T

Figure 7: Relationship between V,; and V,; in GTI

Figure 7 illustrates that when V; = 0 and V,, # 0,
the GTI does not extract active power from the inverter
to supply the grid. The value V, = —600 VAR indicates

the reactive power drawn by the inverter for voltage
regulation and grid stability.
Hence, the synchronization equation can be de-

rived as:
i ia| _ l Vid —Vegd | iy (19)
dt |ig L | Vig—Vgq
mY S
o= o< o [ o= o=
=P o | <] o ]
ar rs = ozss . ol = 3 s
T ars oz 23 . == iy ol s
=T L T T T

Figure 8: Relationship between Igyg, I, and I,

vi. Angle ot or 6 Generation in PLL Synchronization

As previously stated, injecting current from the photo-
voltaic power generation system into the grid requires
that the phase and frequency be synchronized. There-
fore, the inverter’s output parameters require a Phase
Locked Loop (PLL) to generate a reference current
that controls the inverter current. This mechanism en-
sures proper reactive power delivery to the grid.

wy
Ve Y l . e
- -
Ve | T

Figure 9: Generation of angle 6

Figure 9 illustrates the PLL block for phase de-
tection and the generation of angle 8. The PLL pro-
duces a signal that is phase-shifted by 90° from the
actual voltage. There are two methods to generate a
PLL signal: open-loop control and closed-loop control.
Open-loop control has weaknesses, including suscep-
tibility to harmonic disturbances, which may result in
incorrect phase angle estimation. The second method,
closed-loop PLL, is employed to overcome these limi-
tations.

Figure 10 shows the angle 6 generation process
in the PLL, beginning with the transformation from the
abc reference frame to the aff reference frame. The
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Figure 10: Vector relationship between Vy,V, in the trans-
formation of Vy, Vg

o3 signals are then converted into the dg reference
frame, where the axes are initially misaligned with the
grid voltage. This results in nonzero values for V; and
V,. The angle @t is defined as the angle between the
voltage vector and the o¢ component.

To align V; with the d-axis while ensuring V, = 0,
a modification process is carried out, leading to a newly
computed wt. This value is then used to generate both
the active and reactive power components. The output
of the PI control is fed into an integrator to determine
6, which is essential for constructing sinusoidal and
cosinusoidal functions needed for active and reactive
power generation.

T T T T T T T

A TA AT A A

A =

m oz 1m oz o= asr = am

Figure 11: Generation of the omega-theta angle

Figure 11 presents the waveform of the theta an-
gle produced by the PLL synchronizer. This waveform
has a magnitude of 90°, which is used for generating
sinusoidal and cosinusoidal components in active and
reactive power calculations.

Figure 12 demonstrates that when V; = 0 and
V, # 0, the GTI does not supply active power from
the inverter to the grid. However, V, = —600 VAR
indicates that the inverter is supplying reactive power
for voltage regulation and grid stability.

The PI controller is utilized to regulate iy and i,
allowing the inverter reference voltage to be expressed
as:

ki -
[V?d] — [ng] n kp+ 5 )
Vig Veq kp+ ]% (iy —1q) ld

(20)

oL [‘."q]

Figure 12: Relationship between V,; and V, in GTI

The reference variables, denoted by the asterisk
(x), indicate that all computations are performed in
the dq coordinate system. Within this reference frame,
the active and reactive power of the inverter can be
mathematically expressed. The active power Py, is
determined by the relationship between the direct and
quadrature components of voltage and current, as given
in Equation (21).
3
Py = E(led +V,1,) 21)
Similarly, the reactive power Qy, is influenced by
the interaction of the voltage and current components,
as shown in Equation (22).

3
Qug = = (Vela +Valy)

5 (22)

These equations highlight the importance of
proper voltage and current control in the dq reference
frame to ensure efficient power delivery to the grid.
Maintaining an accurate estimation of Py, and Qg
is crucial for optimizing inverter operation, reducing
power losses, and enhancing overall system stability.

P [Watt]

Figure 13: Active and reactive power values of GTI

Figure 13 illustrates the amount of active and
reactive power delivered by the GTI to the grid, based
on Equations (21) and (22). This power is supplied
to the electrical network to compensate for increasing
load demands.
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The direct-axis (i;;) and quadrature-axis (i) cur-
rents play a crucial role in determining the active and
reactive power flow in the dq reference frame. These
currents are derived from the real and reactive power
equations and are formulated to optimize power deliv-
ery to the grid.

The direct-axis current component, i, is respon-
sible for regulating the active power injected into the
grid. It is given by Equation (23), where it is expressed
as a function of the direct and quadrature voltage com-
ponents along with the real and reactive power compo-

nents. 5 (PLV v
e
d q

Similarly, the quadrature-axis current component,
i:‘l, determines the reactive power contribution of the
inverter to the grid. It is formulated in Equation (24),
showing its dependence on both active and reactive
power components in relation to the direct and quadra-
ture voltages.

= ) o4
d TV

These equations are fundamental in grid-tied in-
verter control strategies, as they enable precise regula-
tion of active and reactive power exchange. By accu-
rately adjusting i; and iy, the inverter can enhance grid
stability, improve power factor correction, and optimize
energy efficiency.

vii. Analysis of Inverter Switch Trigger Pulses

The PWM triggering signal for the grid-tie inverter
plays a crucial role in controlling the power switches
during the DC-to-AC power conversion process while
maintaining synchronization with the grid. PWM reg-
ulates the pulse width to control the AC voltage and
frequency, ensuring that the inverter operates in phase
with the electrical grid.

To generate the trigger signal for the inverter
switches, a comparator-based approach is employed,
utilizing a reference signal and a carrier signal. The
reference signal (Vief = V,;5¢) is a three-phase sinusoidal
waveform with an amplitude of 0.85 Vpp at 50 Hz.
Meanwhile, the carrier signal (Varier) is a triangular
waveform with an amplitude of 1 Vpp and a frequency
of 5 kHz.

Both signals are compared using a comparator
circuit, which generates a series of pulses with ad-
justable pulse width at the output. The switching logic
follows these rules: - If the carrier signal is higher than
the reference signal, the comparator output is high. - If
the carrier signal is lower than the reference signal, the
comparator output is low.

Figure 14: Reference signal waveform V.

Figure 14 illustrates the reference voltage wave-
form, which consists of three sinusoidal signals phase-
shifted by 120°.

|

Figure 15: Triangular carrier signal

Figure 15 represents the carrier signal, which is
a triangular waveform with an amplitude of 1 Vpp and
a frequency of 5 kHz.

Figure 16 displays the generation of PWM pulses,
where (a) illustrates the comparator-based PWM pulse
generation process, and (b) shows the resulting PWM
pulses.

Figure 17 presents the Total Harmonic Distortion
(THD) index of the grid voltage, measured at 2.47%.
Since this THD level is below the 5% threshold speci-
fied by the IEEE 519 standard, it is considered accept-
able for a power system.

IV. CONCLUSION

The solar panel module generates a DC voltage of 125
V, which is increased to 700 V using a Boost con-
verter with a maximum short-circuit current of 6.14
A. These two parameters are used to calculate the
power (P) required to determine the active and reac-
tive power components. To inject active and reactive
power from the grid-tie inverter (GTI) into the grid,
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it must have the same voltage and phase difference,
requiring a phase detector using a phase-locked loop
(PLL). This is achieved through current and voltage
sensor measurements and mathematical calculations
that produce a phase angle of 90°. This phase angle
is used to determine sine and cosine functions, where
these trigonometric functions form the active and reac-
tive power components generated by the inverter. The
inverter switch requires a trigger pulse to operate and
transfer power to the grid. The switching pulse is a
PWM pulse obtained from a control process to match
the power grid requirements through PI control. The
additional power supplied by the inverter to the grid

produces a sinusoidal grid voltage waveform with a
total harmonic distortion (THD) value of 2.47%. This
THD value indicates a low harmonic content, which is
still tolerable and can be consumed by electrical system
loads.
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