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Abstract -- This paper presents the study of impacts on power
quality because of a Distributed Generation (DG). A Rayong-
based distribution feeder which is integrating with the 0.996MW
of solar Photovoltaic (PV) rooftop system is utilized as the case
study. Moreover, an additional DG is modeled and simulated to
consider power quality based on size and location of the new
DG. The DIGSILENT PowerFactory is used to model and
simulate the behavior of the DG system integrating to the
distribution system in different scenarios.

Index Terms—DG system, Power Quality, Solar Photovoltaic
(PV)

L INTRODUCTION

As the energy demand growth, the distributed generation
sources have been realizing to the utility grid. The adding of
DG on distribution feeder affects the power quality in many
directions, for example voltage fluctuation, flicker, and
harmonic injections [1]. The DG is increased especially on
grid connected systems. As mentioned, the increasing of DG
may bring some impacts on power quality of distribution
system. These impacts need to be inspected and considered if
power quality of system meet power quality standard.
Ultimately, the main point is to make sure that the further
impacts would not be worst, but be better if additional DG is
added.

In this paper, the case study of impact of the existing solar
PV rooftop (as DG unit) integrating on the utility distribution
grid is investigated. This case study is based on a distribution
feeder of the Provincial Electricity Authority (PEA), in
Rayong, Thailand. The power quality is determined based on
the measurement of existing DG. Moreover, additional DG is
modeled and simulated to consider power quality based on
size and location of the new DG.

In the DG test unit, power quality is measured at the PCC
of the DG system. Moreover, the DIgSILENT PowerFactory
program is used to simulate in order to evaluate the additional
DG system that could affect power distribution system
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The result of simulation is used to validate the system
parameters which will be utilized to determine effect of the
DG to the PEA utility grid as the DG could not produce
output power because of either system failure or weather
condition[9]-[11]. Moreover, power quality, reliability, and
stability of the system are analyzed and predicted as the solar
PV power system is increasing in the future. The limitations
of the current of PEA distribution are also determined
through the simulation.

This paper is divided into 4 parts. The solar PV generation
system is in part II. Distribution system and standard is
describes in part III. Power quality evaluation is in part IV.
Ultimately, simulation and experimental results, and
conclusion will be presented in part V to VII.

II.  SOLAR PV GENERATED POWER SYSTEM

Fig. 1 shows a basic solar PV generation system which
includes PV arrays, a DC-DC converter, inverter, LC filter
and utility grid. PV arrays produce DC power with
uncontrollable voltage level depending on the sunlight. A
DC-DC converter is used to boost up the voltage from PV
array to usable voltage level. After that, an inverter is used to
convert direct current to alternating current. Fig. 2 shows a
solar PV rooftop which has multi dc-dc converters sharing dc
link. With this structure, the system can provide better
maximum power point tracking.

DC/DC Boost Converter

Inverter Bridge

&

B LT Utility Grid

Fig.1 Solar PV generated power system

978-1-4799-8374-0/15/$31.00 © 2015 IEEE



2015-PSEC-0586 Page 2 of 9

Substation
DC-DC Utility Grid Pluak Daeng 3
400V/22kV @
DC/AC _CO_l Tr 115722 kV
i 50 MVA
| pe-pe verter o F6_F7| F8 F9 F10 _
.

Sell back Purchase l l l l
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Distance Substation Tr 0.3/22 kV
III. CASE STUDY PEA DISTRIBUTION SYSTEM AND to Solar Roof Top 9 km 1,250 kVA
STANDARD OF POWER QUALITY Solar Roof Top

996 kW,
Fig.4. Single line diagram of a grid connected solar roof top

A. PEA distribution system (Pluak Deng 3 Area)

FEEDER 9
The system used in this study is the Pluak Deng 3 = | LOADMAX  3x185sq.mm’SAC
Substation, Rayong, Thailand as shown in Fig.3. This gg‘i 12.62 MW
substation is to supply electrical power to the Hemaraj §§§ - SKM - ___ __ _ . | <- ,,$J_
Eastern Seaboard Industrial Estates. The sub- diagram of the <2 vE 1 »
system is shown in Fig 4. In this substation, the electrical v| &
voltage steps 115kV down to 22 kV with a 50 MVA é £
transformer. There are 5 feeders (F7 to F 10) from the Al B,
transformer. A solar PV rooftop distributed generation | %m; o 2
system is connected to the utility grid through feeder 9 and it e E §
is located at 9 km in length from the substation as shown in O £ E
Fig 5. The potentially maximum power is 996kWp. - Z g
=

Fig.5 Single line diagram power flow of the Pluak Daeng 3 substation

B.  Power quality standard

To be allowed to connect to PEA’s distribution
system, the solar PV rooftop system is required to meet
power quality standard as shown in Table I and Table II.
These power quality standards are from IEEE Std. 1159-1995
for (Recommended Practice for Monitoring Electric Power
Quality), EN 50160-1994 for voltage characteristics of
electricity supplied by public distribution systems, PRC —
PQG — 01/ 1998 for harmonic, and PRC — PQG — 02 / 1998

[Pk Deng3] 2 for flicker [2] -[ 8].

PLWO05= 144 MVA iy TABLE [
STANDARD OF POWER QUALITY

Voltage level 20.9-23.1kV
Frequency (Hz) 49.5-50.5 Hz
Fig.3. Map of the Plauk Deng 3 substation, in Hemaraj Eastern Seaboard Voltage unbalance <29
Industrial Estates, Rayong, Thailand Power factor (Ph) =053
Total harmonics distortion(THDy, %) <4 %
Flicker (PIt) <0.8
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TABLE II
STANDARD OF CURRENT HARMONIC ORDER FOR 22 KV SYSTEM

Order 2| 3 4 5 6 | 7 8 9 | 10

Standard 22 kV (Amp) | 11 | 7 5 9 4 6 3 2 2

Order 11112 (13|14 15|16 | 17 | 18 | 19

Standard 22 kV(Amp) | 6 2 5 2 1 1 2 1 1

IV. POWER QUALITY EVALUATION

The case study is the solar PV power generation system
with 996 kWp which is connected to the PEA distribution
system at PCC as shown in Fig 4. The single line diagram
power flow of the Pluak Daeng 3 substation is detailed in Fig
4. The power quality information is measured at the PCC and
line outgoing of the feeder 9.

The collected data is used as inputs of the DIgSILENT
PowerFactory program and Geographic Information Systems
(GIS) for simulation.

The result of simulation is used to validate the system
parameters which will be utilized to determine effect of the
PV generation system to the PEA utility grid as the PV
system could not produce output power because of either
system failure or weather condition.

Moreover, power quality, reliability, and stability of the
system are analyzed and predicted as the solar PV power
system is increasing in the future. The limitations of the
current of PEA distribution are also determined through the
simulation.

V. EXPERIMENTAL AND SIMULATION RESULTS

A.  Measurement Set Up

The power quality measurement set up is shown in Fig. 6 to
Fig.9. Fig. 6 and 7 shows the measurement set up at the Plauk
Deng 3 substation. Fig. 8 and 9 shows the set up at the PCC
where the PV rooftop is tied to the distribution feeder.

Fig.7 Power quality measurement set up at the Plauk Deng 3 substation
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19.5kV and maximum line voltage is 22.9kV for all line
voltage. Fig. 11 shows power produced from the PV system
which was measured at the PCC on August 14, 2014.
Electrical power was generated from 6.00AM to 6.00 PM.
The maximum produced power is 1.5MW and the average
power is 0.517 MW. Even though, the PV system generated
1.5MW, it can only sell IMW of generated power to the grid
and the rest 0.5SMW of generated power is injected to the grid
for free.

Moreover, it can be seen that in the afternoon the
generated power was drop very fast especially at 4:00PM as
shown in Fig.11. This scenario occurs because of shading on
PV arrays. The voltage on each phase respective to the
generated power is shown in Fig.12. and 13. Fig. 12 shows
Short-Term Severity Values (Pst) which is in standard range
(less than 1). Fig. 13 shows Long-Term Severity Values (Plt)
which is also in standard range(less than 0.8). The harmonic
distortion is shown in Fig.14 and the measured details are
shown in table V.

TABLE III
LINE VOLTAGE COMPARISON MEASURED AT PCC OF THE SOLAR PV ROOFTOP
SYSTEM

Min Max | Avg 95%

A-BVrms| 19519 | 22909 | 22120 | 22625
B-CVrms| 20696 | 22946 | 22141 | 22653
C-AVrms| 20345 | 22907 | 22139 | 22620

Fig.8 Power quality measurement set up at the PCC
(Solar PV rooftop station) 25000
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Fig.9 Power quality measurement set up at the PCC
(Solar PV rooftop station)

Fig.10 Voltage at PCC of Solar PV rooftop station

B.  Experimental Results

Fig. 10 to 14 show experimental results which were
measured at the PCC of the solar PV rooftop system. Line
voltage is measured and shown in Fig. 10. The detail of
measurement is shown in table III. From this table, it can be
seen that the average line voltage is about 22.1kV. The
minimum line voltage is on phase A-B which is about
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Fig.13 Voltage variation, Long-Term Severity Values (Plt)
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TABLE V
MEASURING RESULTS COMPARED WITH STANDARD OF HARMONIC ORDER
CURRENT
Order 2 3 4 5 6
Standard (Amp) 11 7 5 9 4
Result (Amp) 0.13 0.19 0.11 1.7 0.08
Order 7 8 9 10 11
Standard (Amp) 6 3 2 2 6
Result (Amp) 1.1 0.05 0.1 0.03 0.3
Order 12 13 14 15 16
Standard (Amp) 2 5 2 1 1
Result (Amp) 0.03 0.3 0.03 0.88 0.02
Order 17 18 19
Standard (Amp) 2 1 1
Result (Amp) 0.1 0.03 0.19

VI. SIMULATION

A.  Simulation Set Up

The simulation set up of the solar PV rooftop system is
modeled as shown in Fig.15 [2]. Simulation is conducted
through the DIgSILENT PowerFactory program. The total
distribution feeder length from the feeder 9 of the Plauk
Deang 3 to the end of the distribution feeder is 10 km. The
PCC is located at 9 km from the substation.

B.  Simulation Results

There are 6 scenarios to be studied in this paper which
are as follows:

1) PEA distribution feeder without solar PV system

2) PEA distribution feeder with 996 kWp solar PV system
at PCC

3) PEA distribution feeder with 4 MWp solar PV system
at PCC

4) PEA distribution feeder with 996 kWp solar PV system
at PCC and additional 1MW at 1km from the substation.

5) PEA distribution feeder with 996 kWp solar PV system
at PCC and additional IMW at 4km from the substation.

6) PEA distribution feeder with 996 kWp solar PV system
at PCC and additional 4AMW at 4km from the substation.

The scenariol to 3 have been simulated and already
discussed in [4]. The objective of this paper is to see the
impact of the DG on PEA distribution feeder in different
location and PV’s size.

C. Scenario 1-3, existing 996kWp solar PV generated
power system

Fig. 16 is simulation results of the PEA original system
(before connecting to a 996kWp of PV system). It can be

seen that the voltage at the end of the feeder (10 km from
substation) is 0.956 pu and the loss of transmission line is
0.73MW. In this case, the feeder is about 7.5 km distance
caring over 80 percent of the maximum current capacity.

Fig. 14 shows a simulation results as a 996 kWp of solar
PV system is connected to the PEA distribution feeder. The
voltage at the end feeder increases from 0.956 pu to 0.959 pu.
Moreover, capability of distribution feeder which is more
than 80 percent decreased from 7.5 km to 3 km of distance
from substation.

Fig. 18 shows simulation results as a 4 MWp of solar PV
system is connected to PEA distribution line. The voltage
increases from 0.956 pu to 0.968 pu. Moreover, capability of
distribution line will be less than 80 percent for entire
distribution line. Nevertheless, the customer who is located
close to the solar PV system may receive the impact of
temporary under voltage when power of PV system decrease
because either solar arrays are covered by cloud or the PV
system fails in operation. In this case, the voltage of loads
connected near the PV system will change from 0.968 pu to
0.956 pu. As a result, the customers nearby the PCC will get
affected of voltage drip.

FEEDER 9

= LOAD MAX 3x185 sq.mm’ SAC
=25 12.62 MW
- — — -
NEF
=S8 [ KM _ - - 4—2kM———>J_
<SR

w

v
é)f OV guurbs ggrxe
dpx 966 4OL
AOOH HVTOS Ad

Fig.15. Simulation set up of Solar PV rooftop system
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Fig. 16. Simulation result when without PV solar
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Fig. 17. Simulation result when connected with 0.996MW solar PV system at
9km Fig.20 Simulation results of the existing 996 kWp solar PV system connected

e & s e L L s e e e with additional 1 MW of DG at 5 km of distribution feeder

[pu]
1 —— =P ——

}DigSiIenl power factory

_“program, show value
Ilowest voltage after

| -
D i e~ e —Jconnecting solar roof

E.  Scenario 5, the existing 996 kWp solar PV system
connected with additional 1 MW of DG at Skm of distribution
Feeder

|
|
|
q
|
|
|
1
|
|

c Fig. 21 through Fig. 24 show simulation models and

simulation results in different scenarios. The comparison on
location of DG, size and losses is detailed in table VI. The
scenario 2 to 3 is the model with increasing the size of DG

0.97

0.9

&

0.00 250 500 7.50 10.00 [km] 12 o .
oy o w &8 New wooow over the existing 0.996MW DG system. Moreover, the
§3F % 3 83 €& tgEas scenario 4 to 6 is the model with integrating the extra DG (in
Sy B A Bh i T s o e the future) at different size and location. As shown on
oo o o o o o oo f= =0 = = B g . . . . . .
ML E B WY RN BNe scenario 4 and 5, the existing system integrating with

T — additional IMW of DG at 1km and 5km from the substation
Fig. 18. Simulation result when connected with 4AMW solar PV system at will introduce 0.77MW and 0.69MW losses, respectively.

okm The lowest losses occur when the existing 0.966MW is
D. Scenario 4, the existing 996 kWp solar PV system integrating with 4MW of additional DG as shown in scenario
connected with additional 1 MW of DG at 1km of distribution 6.
Feeder
In different scenarios, it can be seen that without the DG,
FEEDER 9 the transmission loss is highest at 0.84MW. With the existing
2| LOADMAX  3xI8S sq.mm’ SAC DG (996 kW), the transmission loss is 0.75MW. In the
7 §- = Mw -, o, scenario 3, the DG is assumed to be 4MW and the loss is
E g g - r s < 2 7>J_ only O.S3MW. I.n scenario 4—.6, the add.itional DG is qdded to
<5 & : il the system in different locations and sizes. In scenario 4, by
hat ;(NT |5 adding IMW of additional DG at 1km from the substation,
l -z 0.77MW of loss is created. Ultimately, the simulation was
‘ % 2 done by adding 4AMW of additional DG at 1km and 5 km,
1 § providing 0.69 and 0.51 MW losses, respectively.
1MW e
-
A mC)

Fig.19 Simulation model of the existing 996 kWp solar PV system connected
with additional 1 MW of DG at 1km of distribution Feeder
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Fig.21 Simulation model of the existing 996 kWp solar PV system connected  pjo 24 Simulation results of the existing 996 kWp solar PV system connected

with additional 1 MW of DG at 4 km of distribution feeder with additional 4 MW of DG at 5 km of distribution feeder
10— ——————————— ————— To———— Te————
[p.ul | | |
_____ Loss = 1l ____ TABLE VI
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More than 80% of capacity on 4 km of
L | g distribution feeder T Scenario | Existing Additional DG | Sum | Feeder Losses
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099 —————— ‘L *********** ———= MW MW | on over
\ designed
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0.00 250 5.00 7.50 10.00 [km] 1 N N 9 0 75 084
253 2 ® RBS S 88 BpBBEL - .
=232 F I BS 2y HNBE58 2 0.996 9 1 3 0.73
¢ 28 8 ® 88 NEy 888ES 3 4 - 9 4 0 0.59
=2 5 & && =55 5EEEY 2 099 | 1 ] p 75 077
Voltage, Magnitude 5 0.996 1 5 2 3 0.69
6 0.996 4 5 5 0 0.51

Fig. 22 Simulation results of the existing 996 kWp solar PV system
connected with additional 1 MW of DG at 5 km of distribution feeder

VII. CONCLUSION

F.  Scenario 6, the existing 996 kWp solar PV system In the PV grid - connected system, the measuring results

connected with additional 4 MW of DG at 5 km of are shown that all parameter values are within the limit of the
distribution feeder PEA’s standard. The simulation results have been shown that

the capability of distribution feeder is increased to carry load
demand. As the PV installation capacity is increased, the
voltage at PCC increases. However, the voltage variation due

The authors gratefully acknowledge the support of the
Provincial Electricity Authority (PEA), Thailand and Faculty
of Engineering, Kasetsart University, Si Racha campus on
this project.
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25 12.62 MW sensitive load in industry area. In the simulation, the
Q== — > — > I . . .
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Fig.23 Simulation model of the existing 996 kWp solar PV system connected
with additional 4 MW of DG at 5 km of distribution feeder
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