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Abstract

This study is intended to design a system connected to the
Distributed Generation (DG) sourced from solar cells, using
Matlab/Simulink. A Phasor Measurement Unit (PMU) is installed in
the DG system to monitor the phasor voltage and current.
Furthermore, the system comprises four buses with two 20 kV load
voltages, two amplifying transformers, and four transmission lines.
The DG's role is to keep the power supply to the load stable and
improve power efficiency by reducing power losses on the network.
However, in this network, the DG increases the current on each bus.
Thus, affecting voltage increase on each bus, consequently
increasing the stress experienced by both loads. The DG-connected
system simulation on PMU-3 & PMU-4 has a minute error value of
0.02% and is slightly higher than the unconnected simulation. This
comparison also shows the positive sequence values of the phasor
currents as well as phasor voltages before and after the DG
connection. The DG system connected to the PMU has monitored
voltage and current for PLN and DG systems based on the simulation
results. Therefore, installing the DG can increase the line voltage,
especially on the load.
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INTRODUCTION

bus's voltage and phasor

current to be

Distributed Generation (DG) or distributed
power generation consists of small-scale electric
power plants installed directly in a system close
to the load centre, with a low voltage level.
Meanwhile, the Phasor Measurement Unit
(PMU) is useful for obtaining time-synchronised
phasor values for improving distribution network
characteristics and developing monitoring tools
to evaluate as well as reduce the impact of
intermittent DG. However, PMU application in
the distribution system is currently largely under-
explored (especially at the implementation
stage), which is primarily due to economic
factors. Therefore, this study designed a DG-
connected system to use PMU with a solar cell
supply for monitoring the voltage and current on
each bus in the distribution system. This study
used four buses, each with PMU, enabling each

monitored.

A study by Haddad described a
classification technique for the DG system. The
proposed classification technique can detect and
classify local events, with a major impact on the
system's safety and operation. This technique is
implemented using the Artificial Neural Network
(ANN) pattern recognition feature, designed
optimally to classify parameters. A total of four
parallel ANN classifiers were used for
classification, and each artificial neural network's
output was arranged in vector form.
Furthermore, 310 samples connected to the
network were generated to test the system's
performance. The  application of this
classification to the DG system is helpful to
system operators [1].
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Meanwhile, Zakri et al. conducted fault
diagnosis in electric power transmission systems
with high sensitivity to power outages. The Phasor
Measurement Unit (PMU) is a measurement for a
large area related to the monitoring system's
condition in a large area. This measurement
system is to be carried out through monitoring,
controlling, and protecting by combining the
phasor measuring instrument's functions. In this
study, a PMU-based 9-bus system was designed
using the software. At the same time, the
simulation was run under three-phase short circuit
fault conditions and tested on the IEEE 9-bus
system with variations of 10%, 30%, 50%, 70%,
and 90% distances. Subsequently, the simulation
results were used as input for fault diagnosis to
determine the location of fault points on the IEEE
9-bus system [2].

Taufani also investigated the power flow
analysis for optimal DG locations and capacities
using the K-means clustering technique. This
technique is based on the Loss Sensitivity Factor
(LSF), and the voltage of each bus is used to find
a candidate location for DG installation. In this
study, the IEEE 33-bus and 69-bus systems
technique used was tested. According to the
simulation results and data analysis, in the IEEE
33-bus and 69-bus systems, power losses are
reducible by 87.5% to 25.3272 kW, and 69.84% to
67.4816kW, respectively. Furthermore, the
method can also determine the amount of DG with
a more optimal penetration level to reduce system
power losses. For example, the K-means
clustering method can determine the amount of
DG with a more optimal penetration level to reduce
power losses to a minimum of five DG units in the
IEEE 33-bus system [3].

Meanwhile, Revandy researched PMU
data with parameters of frequency, voltage, and
current and voltage and current phase angles [4].
The Suralaya Extra High Voltage (EHV) and
Cilegon 500kV Java-Bali TET electrical systems
were used to evaluate the power stability
conditions in two approaches: steady-state and
Thevenin Equivalent, as well as dynamic stability
with the concept of Frequency Domain Analysis
(FDA). Based on the evaluation results, the TET
Suralaya and Cilegon's stable conditions within
the range of 0.8442 - 0.9993 was concluded to be
the steady-state system. Furthermore, the
dynamic stability approach seen from the
amplitude trend at the three phasors dominant
frequency shows the Suralaya and Cilegon
systems are also dynamically stable [4].

A study by Iswadi et al. were conducted
on Prony analysis to identify small-signal
oscillation mode parameters from the actual PMU
ringdown data. The well-known two-area four-

engine power system was considered a case
study. At the same time, the PMU ringdown data
was the latest, derived from the lIrish power
system's 275kV dual circuit main interconnection
system. Thus, the Prony analysis for parameter
identification was based on the actual PMU
simulation, and the study results show the PMU's
optimal spread. In addition, various frequency
modes have been observed in the Irish power
system depending on the operating conditions.
However, this system is stable because the
oscillations have adequate system attenuation [5].

In this study, the DG system was designed
based on literature reviews from previous
research. However, the system added DG
sourced from solar cells in the existing distribution
network and was developed with the help of
Matlab/Simulink software. Zakri et al. studied the
development of PMU-based research for
monitoring voltage and current parameters for
system stability as applied to research, monitoring
fault diagnosis based on PMU on Wide Area
Systems (WAP) [2]. Meanwhile, Iswadi et al.
analysed Prony parameters for identification
based on PMU simulated using the existing
system [5]. In this study, a four-bus system has
also been built, and this comprises one DG, one
more generator, and two load types, each
connected to the PMU, to monitor the phasor
magnitude and phase angle for each.

METHOD

DG is a small-scale power plant that can
generate power between 1kW - 10MW connected
to a distribution network and connected to buses
directly supplying load centres or distribution
substations [6]. Conversely, DG is a power plant
serving customers directly or connected to a low
voltage system or a small generator with a
capacity of up to 50kW [7]. According to the IEEE
1547 standard, this is a directly connected power
plant on the customer side, with a maximum
capacity of 10MVA. Solar cells are an
environmentally friendly renewable energy source
that converts solar energy into electrical energy.
Therefore, solar cells are widely used
semiconductor-based technologies that convert
sunlight into electrical energy. The solar panel
array uses the Sun Power SPR-315E-WHT-D type
with a 100kWp capacity and a 315,072W
maximum power output. In this simulation, data
input from the solar panels uses actual data from
testing and direct observation [8].

Figure 1 is a DG system connected to a
solar cell module to convert solar energy into
electrical energy. The Maximum Power Point
Tracking (MPPT) algorithm provides the maximum
power point for the operation of the solar system,

38 A. A. Zakri et al., Distributed generation installed by the phasor measurement unit to ...



p-ISSN: 1410-2331 e-ISSN: 2460-1217

achieved using the P&O algorithm [9][10]. Also,
the dc-dc [11] converter can ensure the output
voltage is greater than the network's peak voltage.
The main elements included in a conversion
system are solar cell modules, converters, utility
grids, dc and ac loads, as well as inverters
[12][13].

Phasor Measurement Unit (PMU)

A PMU is the equipment used for monitoring
purposes, capable of real-time monitoring and
synchronisation between two PMUs while
installed in the electrical system. This installation
shows two parameters, voltage and angle on the
bus and current and angle of the transmission line
[14][15]. Figure 2 shows a schematic of the PMU
using Global Positioning System (GPS) [16][17]
satellite signals to equalise the sampling time
between PMU, thus, enabling voltage and current
phasors to be measured continuously. Other

benefits of this equipment include protection
system measurement, the combination of the local
frequency with harmonic measurement, zero
sequence current, and negative sequences, for
instance, voltage and current measurement in
general [7][18]. This research method was carried
out in stages, including designing system models
with Matlab/Simulink software, retrieving data
after system simulations, and analysing simulation
data [8]. Figure 3 shows a model built on the
Matlab/Simulink equivalent, where the system
consists of four buses, two loads at 20kV, two
power transformers, and four transmission lines.
The parameters used in designing a DG-
connected system are Matlab/Simulink. Figure 4
shows a series of boost converter topologies used
as a converter to be integrated with Maximum
Power Point Tracking (MPPT).
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Figure 1. DG solar cell equalised by Matlab/Simulink
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Figure 2. Schematic of a PMU connected to the power grid [19]
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The MPPT P&O algorithm uses voltage and
current, where the voltage and current detected is
able to increase or decrease the duty-cycle the
boost converter circuit is provided. Also, the three-
phase inverter used to supply dc voltage is
obtained from a large capacitor connected to the
input terminal to reduce the harmonic feedback

Transmission 150 kV Bus2

150 Kv Transformer

and dc input to the source and a constant,
respectively. Figure 5 is a model design of a DG-
connected system with four buses, using PMU via
Matlab/Simulink.  Subsequently, this system
simulation is run to monitor the phasor voltage and
current and collect data.
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Figure 4. Boost Converter Topology
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This formula is outlined [20],
Vs
Vv, = ——
° (1-D)

The formula to determine a step-up transformer's
output voltage based on a formula with an
unknown winding value is given [21],

(1)

== F @

Based on (2), the transformer's output voltage is
obtainable using (3),

Y _ Np @)
Vi N
RESULTS AND DISCUSSION

The DG modelling design is obtained from
solar cells connected to a four-bus system, while
the simulation data results from testing without
DG. This chapter discusses the comparative
analysis before and after connecting DG, and the
calculation of data parameters on the boost
converter to produce a duty-cycle value is
calculated [9],

D=1 320 = 0.36
B 500
The resistor value used in the simulation is
calculated as shown [22],

R = >00 = 2.38 ()
210 7
Subsequently, the minimum inductor value was
calculated [22],

_ 036+(1-036)% _ -6
Lin = @D~ (20000) 8.77 *x 10™°H
A capacitor is possibly found using the following
method [22] to reduce the voltage ripple effect
caused by switching,

_ (500) * (0.36)
~ (2.38) % (0.01) = (20000)

Figure 6 is a PMU module reading display
via Matlab/Simulink to monitor the current phasor
value for each phase. Also, the module can
display the voltage phasor value readings on each
phase based on the way of the measurement for
a large area. Based on the simulation results, an
increase occurred in the magnitude of the voltage
and current at the load. The respective voltage
and current magnitudes at the load are 15.8kV and
114.2A, respectively. After connecting with DG,
the voltage value was 16.73kV, while the
maghnitude of the current at the load was 120.1A
and 120.6A, respectively. Thus, the DG system
using PMU has improved the quality of power
generated from the 150kV and DG networks, two
power sources. Table 1 shows DG plays a role in
keeping power stable and increasing energy
efficiency by reducing power losses in DG-
connected systems.

Meanwhile, Table 2 shows the magnitude of
the voltage at the load, and the current at each
PMU's load is stable, as seen in phases A, B, and
C. Table 1 shows the simulation results without
connecting to DG, and the value of each PMU
supplied from the 150kV network. PMU-2 data is
the result of monitoring the magnitude, voltage
angle, as well as current angle. Furthermore, the
150kV transmission line is supplied to the load at
the source.

C = 0.378151F

[Magnitude A
D, " 1.681e+04
Al
Magnitude B TS . > 1.681e+04]
1.681e+04
Magnitude C g » ] Display
a8 L

—»

PMU 1

B1 Angle Al———
Wave Magnitude and Angle -32.99
Angle B L 4 153
: = a7.03
1 Angle C Display

Figure 6. PMU module via Matlab/Simulink

A. A. Zakri et al., Distributed generation installed by the phasor measurement unit to ... 41



SINERGI Vol. 26, No. 1, February 2022: 37-46

Table 1. Simulation results without DG

PMU Bus Phase Current (A) Voltage (V)
A 227,9 £114° 15.990 £-31,62°
PMU-2 2 B 227,9 £-6,03° 15.990 £-151,6°
C 227,9 £-126° 15.990 «88,38°
A 114,2 £114° 15.840 £-32,35°
PMU-3 3 B 114,2 £-6,03° 15.840 £-152,3°
C 114,2 £-126° 15.840 £87,65°
A 114,2 £114,1° 15.860 £-32,23°
PMU-4 4 B 114,2 £-5,91° 15.860 £-152°
C 114,2 £-126° 15.860 £87,77°
Table 2. Simulation results with DG
Current Voltage
PMU Bus Phase (A) )
A 53,52 £45,53° 16.090 £-32,01°
PMU-1 1 B 53,09 £-75,22° 16.110 £-152°
C 52,7 £165,6° 16.100 £87,91°
A 216,1 £113,8° 16.100 £-31,77°
PMU-2 2 B 217,2 £-6,08° 16.120 £-151,8°
C 216,5 £-126,2° 16.110 £88,17°
A 115,2 £113,8° 16.000 £-32,42°
PMU-3 3 B 115,4 £-6,08° 16.020 2£-152,4°
C 115,4 £-126,2°  16.000 287,51°
PMU-4 4 A 115,2 £113,9° 16.000 £-32,34°
B 115,3 £-6,01° 16.020 2£-152,4°
C 1154 £-126,1° 16.000 £87,59°

Meanwhile, PMU-3 and PMU-4 data
monitor the voltage and current magnitude and
angles on both loads. The voltage magnitude on
the stable load is seen in the three phases, at
15.84 kV for PMU-3, while the load voltage on
PMU-4's magnitude is seen in the three phases at
15, 86kV. Also, the load current in PMU-3 is also
stable, as seen in the three phases at 114.2A.
Figure 7 shows the current in PMU-4 is the same
as PMU-3. However, voltage and current from the
system simulation results need to be increased by
connection to DG. Also, the PMU measurement
results are in the form of current and voltage
phasor values in each phase and in the form of
current and voltage phasor values in positive
order. Positive sequence current and voltage
phasors are used for comprehensive system
monitoring, which is possible at the control centre.

The three unbalanced phasor values are
possibly broken down into a balanced three-
phasor system in a three-phase system. A positive
sequence phasor value consists of three separate
phasors of the same magnitude and a phase
difference of 120 degrees. Table 2 shows the
simulation results connected to DG obtained
PMU-1 data, the result of monitoring the voltage
and current magnitude as well as angle, for the DG
source. Similarly, PMU-2 data is the result of
monitoring these parameters on the 150kV
transmission line against the load, while PMU-3

and PMU-4 data monitor these parameters on the
load side. According to the simulation data results,
there is an increase in voltage and current at the
load. Initially, the voltages for each load were
15.84kV and 15.86kV, and the current magnitudes
of each load were 114.2A and 114.2A. However,
after connecting to DG, the voltage became 16kV,
and the load currents were 115.4A and 115.3A.
Thus, using this PMU, the DG system has
increased the power generated from the two
sources, 150kV and DG networks supplied to the
load. Furthermore, distributed generation has a
role in maintaining power stability in the load and
increasing energy efficiency by reducing power
losses in DG-connected systems.

The estimated percentage error of the PMU
output voltage is used to the ideal working
counterpart. The working voltage tolerance issued
by PLN is in the range of 5% to 10% of the 20kV
distribution network's nominal voltage. Therefore,
the PMU output voltage used by the distribution
network is 16.33kV and has been converted into
an equal value. Table 3 shows the percentage
error in the DG-connected test conditions. The
percentage of simulation error associated with DG
on PMU-3 and PMU-4 in phases A, B, and C, has
a smaller value of 0.02%. Meanwhile, without DG
contact for PMU-3 and PMU-4, the three phases
had error percentages of 0.03% and 0.02878%,
respectively.
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Table 3. The percentage results error of PMU voltage to the effective voltage

with DG without DG
Target of Output
PMU Phase effective Output Voltage
Voltage of Error (%) Error (%)
Voltage (V) PMU (V) of PMU (V)
A 16.330 16.090 0,01469 - -
PMU-1 B 16.330 16.110 0,01347 - -
C 16.330 16.100 0,01408 - -
A 16.330 16.100 0,01408 15.990 0,02082
PMU-2 B 16.330 16.120 0,01286 15.990 0,02082
C 16.330 16.110 0,01347 15.990 0,02082
A 16.330 16.000 0,02020 15.840 0,03000
PMU-3 B 16.330 16.020 0,01898 15.840 0,03000
C 16.330 16.000 0,02020 15.840 0,03000
A 16.330 16.000 0,02020 15.860 0,02878
PMU-4 B 16.330 16.020 0,01898 15.860 0,02878
C 16.330 16.000 0,02020 15.860 0,02878

Analysis of the conditions before and
connection to DG has been conducted. The
results of the data from the simulations carried out
are shown above. In addition, Figure 7 compares
the phasor voltage in the conditions before and
after the DG connection. This comparison shows
the system increased the voltage on each bus and
displays the positive sequence values of the
phasor currents and the phasor voltages before
and after DG connection.

Figure 8 compares the positive and
negative sequence values for phasor voltage to

16.150
16.100
16.050
16.000
15.950
15.900
15.850
15.800
15.750
15.700

Phasor Voltage (V)

PMU-2

M Phasor Voltage With DG (V)

distinguish between the conditions before and
after DG connection. In addition, the chart shows
voltage rises while DG is connected to this four-
bus system. For example, before connecting the
DG on the load side, the PMU-3 and PMU-4
displayed positive sequence values for the
voltages of 15.84kV and 15.86kV, respectively.
Meanwhile, after DG connection to the load side,
the PMU-3 and PMU-4 display a higher value of
16kV.

A B C A B C A B C

PMU-3 PMU-4

M Phasor Voltage Without DG (V)

Figure 7. Comparison of phasor voltages before and after DG
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Figure 8. Comparison of the phasor voltages' positive sequence before and after DG

Voltage Validation

In the modelling system built and simulated
using Matlab/Simulink, the voltage is read in the
measurement phase to neutral. The simulation
result voltage reading is validated using (1) in the
phase-to-phase voltage measurement. According
to (1), the switch in the converter is always open,
the value of D becomes zero, and the output and
input voltages are equal. However, as the duty
ratio increases, the denominator becomes smaller,
resulting in a larger output voltage. For example,
in the simulation results with 1000W/m? irradiation,
the resulting output voltage is 500.18Vdc.

. 273.5
°" (1-0.453)

The converter generates this output voltage
and is forwarded to the inverter circuit to be
converted into ac voltage. Meanwhile, the voltage
generated by the inverter is 207Vac, and this is
read as the phase-to-phase voltage. Compared
with the calculation results and simulation results
applied to (2), the results obtained are not very
different from the simulation results. This shows
the converter and controller work well in producing
the output voltage. In this case, the LC inverter
and filter convert the dc voltage to ac, and the LC
filter filters the PWM signal as well as improves the
quality of power to be supplied to the grid utility.
The equation below shows a 207Vac voltage is
needed to the step-up transformer to generate a
voltage on the network.

My _ 43
Ny

= 500Vdc

330

The following equation was obtained by
comparing the number of turns in the primary and
secondary coils.

207 4.3
V. 330
207 43
.~ 330
330 % 207
=73

V; = 15,886.0465 V = 1.58kV

The transformer's output voltage supplied is
1.6*10* Vac, and this voltage is generated in
cases where the simulation is phase-to-neutral.
Subsequently, this is converted into a phase-to-
phase voltage, as shown.

16,100 = /3
Vo_p(bus 1) = T =19,718.39Vac
16,000 = v/3
V,_p(bus 3) = —n - 19,595.92Vac
16,010 * V'3
V,_p(bus 4) = — =19,608.17Vac
CONCLUSION

Based on the DG system modelling design
and simulation results in this study, in the
distribution network before DG is installed, the
voltage supplied to the load side is 15.84kV and
15.86kV. Furthermore, the ideal working voltage
value on the distribution network is 20kV, which
has been converted to 16.33kV due to the PMU's
output voltage. Therefore, in designing a
distribution network connected to a Solar Power
Plant with a solar cell source, this system is able
to increase the voltage supplied to the load side,
up to 16kV. The value of the load side voltage
during DG connection was 16.33 kV. Thus, using
a PMU makes voltage and current data collection
and monitoring the magnitude and angle of the
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phasor on each bus much easier. The DG-
connected test has a very small error value,
especially at PMU-3 and PMU-4, with a value of
0.02%, respectively, compared to the DG-
connected test error of 0.03% and 0.02878%,
respectively. Therefore, the installation of DG in
this system was concluded to increase the
network's voltage, especially the stress on the
load side. The success parameter in this study
was bringing the stress on the load side close to
the ideal working stress target value, and this has
been successfully met.
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