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e e, Power Quality Investigation of Grid Connected Wind
A\ .
$ 5 % Turbines
}"’r% Trinh Trong Chuong
a,9

Abstract— With the continued expansion of the scale of wind power generation, the power quality problems due to grid
connected wind farms are concerned widely. The voltage fluctuation and flicker and harmonics are main aspects of
power quality problems. The fluctuation of wind farm output and grid voltage due to the random fluctuation of wind
speed and inherent characteristics of Wind Turbines (WTs) may cause flicker severity. It is significant to investigate the
impact of power quality on load and operation of power system. In this paper, the WTs instantaneously generated
power and voltage at the point of common connection (PCC) with grid are simulated by considering all the
aerodynamical and mechanical effects, which could affect them. The inherent effect of the wind speed on the entire
blade swept area is simulated in the model of the wind speed. The generated power is obtained by the smulation of the
wind speed time series into a WTs model. The flickermeter model which expresses voltage fluctuations is simulated
according to the IEC standard 61000-4-15. The wind speed, WTs and flickermeter models are simulated in
Matlab/Smulink software. Both of grid and site parameters, which affect voltage fluctuation, are investigated. These
parameters have a wide influence on voltage fluctuation and flicker emission levels.

Keywords— Wind power generation, power network, power qualy.

Voltage fluctuation is a serious issue particulddy
1. INTRODUCTION direct connected WTs because these turbines produce

. . . , . power dependent on the variations of the wind seed
Wind turbine generators are increasingly becommgim—eCt it without conditioning into the grid. Vole

among the prominent components of power SyStemSfluctuation disturbs the sensitive electric andcttaic

Due to the sto<_:hastic nature of vyind, eIectricaWp[_) . equipment. This may lead to a great reduction énlifie

delivered by this type of generation possessesaimi gyan of most equipment [3]. The lighting flickevéé is

Iﬁ:turr?j.aliurré:*?(;go{eer’mmglssa:‘zrli‘?gr?:b::elzﬁglra;ﬂa?tW generally used to measure voltage fluctuation. Aeca
g ’ studying the voltage level profile when the powgstem

colnvent|0nal %eneratlop. .I.Th's IS raising _é:]ertam is integrated with wind generation is given [4]. €Th
reluctance on the part of utility companies to ehjfat  ,n,ence of WTs on consumer voltage quality isdid

source of power with unknowr] behavipr a“‘?' to evalua [5]. A frequency domain approach to WTs for flicker
the gccompanled power quality con_S|derat|o.ns. D_“e t analysis is presented [6]. The need to accuraielylate
the importance of WT power quality considerations, ye s and investigate their interaction with gl is
standar.d. IEC 61400-21 [_1] prowdes. procedures forbecoming so important, since the penetration ofdwin
determining the powerqu_allty _charactensncs of VT certain areas reaches significant levels. A sugdest
The sources of fluctuations in the generated p@&er  nqqjinear  simulation depending on the collected

d_ue to sto_chastic aspects that determine Win(_j _sa_éed measured data is presented [7]. This simulationl@ysp
different times and heights, and to deterministic 0 {he neyral network technique to predict the WT atitp
periodic effects_. The largest periodic effe_ct knoamthe power. The modeling of WTs for power system stuities
tower shadow is at the frequency at which rotod@ka presented [8]. The aerodynamic loads of the WTs are
pass by the tower. In the common three bladed ‘hm?’i represented and simulated in frequency domain A9].
aX'S.WTS’ this frequency is known as a 39 (p_ IS thecomprehensive model of mechanical part consista of
rotating frequency of the blade) frequency whicthi®e | \her of jJumped inertias, elastically coupled &xfe
times the rotational frequency [2]. The reactivevd  iher is presented [10], [L1]. The problem in thisdel
consumpti.on of the WT asynchronous generator dependinat it needs more manufacturer's design data about
on the active generated power. The drawn reaCwep  yipine elements which is not available in mostesas

increases with the Increase of the generated aotmer. Soft tools and techniques used for modeling andgdes
Therefore, the reactive power consumption of the gimulation of WTs are reviewed [12]. A simple apgeb
generator fluctuates as the wind speed fluctullge.to 1, 5qgregated wind farm equivalent for the analysis
the fluctuations in the active and reactive powée power system operation is presented [11]
voltage at PCC fluctuates. This paper presents the comprehensive time-domain
modeling of wind speed, WT and flickermeter and
investigates the influence different factors ontagé
Trinh Trong Chuong (corresponding author) is withc@ity of fluctuation caused by WTs. The wind speed, WT and
Electrical Engineering, Hanoi University of IndystCau Dien Road, flickermeter models are implemented in  Matlab/

Minh Khai Village, Tu Liem District, Hanoi, ViethamE-mail: Simulink. The wind speed produced from wind speed
chuonghtd@gmail.com ’
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model is applied to the aerodynamic model to ekiitae

and so on. The wind speed variation is stochastic,

aerodynamic torque. This torque is fed to the drive depending on meteorological condition. In geneita

train/generator models to simulate the electricavegr
from WT.

2. MECHANISM ANALYSIS

The impact of grid-connected wind farm on power
quality depends on the following factors: WT typénd
farm layout, short circuit capacity of power netlwand
power line parameters.

2.1 Schematic diagram of WT integrating into power
network

In order to explain the mechanism of voltage flatiton
and flicker due to WT, fig 1 shows the schematic
diagram of WT integrating into power network, where

E represents the voltage phasor of WT terminal,

U represents grid voltage phasd®, and X represent
resistance and reactance of power line, respegtiaed

I represents the current.

Fig. 1. Schematic diagram of WT integrating into pwer
network.

It is assumed that the active and reactive outputep
are P andQ, respectively. So the following equation can

be concluded.

_PR+QX . PX-QR
E E

U=E 1)

Therefore, it can be seen that the grid voltagd wil
fluctuate when the output power of WT is fluctugtin
resulting in flicker. The mechanical power of WTndae
represented by equation (2).

P=— AC, (A H)AV® @

here,P is power (W), o is air density(kg/ff), A is swept

area(m), v is wind speed(m/s)Cp is power coefficient,
and A s tip speed ratio:

3)

here, & is angular velocity of blade rotor (rad/s), aRd
is radius of blade rotor (m).

It can be seen from equation (2) that there areesom
factors causing output power of WT, such as airsiten
angular velocity of blade, pitch angle and wind espe

not the main reason causing flicker because the
frequency of wind speed variation is quite low. The
variations of angular velocity of blade and pitatigke
depend on WT type and control system. The variatfon
output power of WT can be decreased by the advanced
control system.

2.2 Voltage fluctuation and flicker

During the WT continuous operation, the mechanical
torque of WT is unstable due to wind shear, tower
shadow effect and yawing uncertainty. The meclanic
torque fluctuation will cause output power flucioat
Generally, the frequency of output power fluctuatie
same as frequency of blade rotor passing the tokar.
WTs with three-blades, the frequencies of voltage
fluctuations are 3p and times of 3p. As the fregqyen
band of 3p is often in the range of 1~3Hz, thek#ic
severity produced by the periodic voltage fluctoiasi at
these frequencies may be large part of the flicker
severity.

The grid-connected WT not only cause voltage
fluctuation and flicker during the continuous opena
but also switching operation. The typical switching
operation includes start-up and shutdown of WT and
switching between generators (applicable only tosWT
with more than one generator or a generator with
multiple windings). These output power fluctuatidune
to switching operation will cause voltage fluctoatiand
flicker at the load node.

In this section we analyse the voltage variations
produced when a source of variable power is coedect
to a weak network. We assume a simplified model
representing the source of power (WT) and the grid
impedance. The aim is to find an expression whigbgy
the voltage at the generator terminal as a funatifotne
power generated and the impedance of the grid 2ig.

f\
[

(| £
E U I T |
oie—m [ |
‘. || I - | Ay U [
Fig. 2. Generator-grid model and phasor diagram.
From phasor diagram:
UZ=U?+E®-2EU cosf =1?(R*+ X?) 4)
If 12E2=P?+Q? we have:
2 + 2
%(RZ +X?)=U?+E2-2U.Ecod (5
From the phasor diagram:
E =U cos@ + Rl cosg — Xl sing (6)
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After some manipulation:

E*-|2(PR-QX)+U?|E? +
+(P?+Q?)(R*+X?)=0

(7)

2.3 Harmonics

Harmonic distortion is another power quality prable

due to wind power generation. For any type of WTs,
harmonic current caused by generator can be ignored
The power electronic converter is real source of

Solving Equation above, the voltage E can beharmonic current. The constant speed WT will not

expressed as:

E= \/C1+\/C12 —C,

with:

(8)

UZ

== +(PR-QX)i ¢, = (P*+Q")(R* + X7)

G

If we set Z equal to 0.05 p.u., and a constantagelt
U= 1 p.u., the short circuit ratio is 1/Z = 20 8«1 p.u.
The power factor has been chosen equal to 0.973Fig
shows the relation between E and the output povitker w
the ratio X/R as a parameter for two different shor
circuit ratio SCR=20. The figures below show how th
voltage varies with respect to the active powewfknd
the network characteristics [1].

=0

I
1,03 | ____AR=infinity
1,02 L .
1,01 L e

i 0,2 o,

0,98

o Fig
3. Voltage E as a function of active power, X/R.

The WT induction generator injects fluctuated aetiv
power into the grid and correspondingly it draws
fluctuated reactive power from the grid. If the igdibn
of the active power injected to the grid A4 and the
corresponding variation of the reactive power albsdr
from the grid isAQ, then voltage fluctuation, at PCC,
AE/E, is given in (9). The nominal voltage is 1 piis
can be rewritten as follows:

AE

£ TAPR-0QX =ASZcos6+¢) ©)

where:
R resistance of the grid impedance (pu);
X reactance of the grid impedance (pu);
A4S apparent power variation,
AS = (P +AQ% ) (pu);
Z  grid impedance amplitude (pu);
6 grid impeadance angle; afds tan'(AQ/AP).

produce harmonic current during the continuous
operation, because there is not power electronic
converter involved in WT. It will produce a little
harmonic current when starting up, because softestis
in operation. But the start-up time is very shdhe
harmonic current due to start-up can be ignored.
However, a WT with power electronic converter will
produce harmonic current, because the converter is
always working during the continuous operationtia
normal operation, harmonics caused by WT depends on
structure design of converter and filters instaliedhe
WT, and also network short circuit capacity. Beeathe
switching frequency of converter is not fixed, WTthw
force commutated converter will produce harmonic
current as well as inter-harmonic current. The PWM
switching converter and appropriate filters canimine
the harmonic distortion.

3. SIMULATION RESULTS

The studied model represents an equivalent of a
distribution segment in LySon, VietNam. The model
represents a 540kW wind power station consisting 3
turbines with Fixed Speed Induction Generator
connected to the grid. Extend one of the 22kV litees
the WTs. The turbines are stall regulated typesh i
rating of 180 kW each. The diesel generator power
station has, at present, a very limited capacit@siikw
connected WTs.

The applicability of results from the simulation
modelling depends how accurate and comprehensgéve th
input data are that are used to build the modetaDa
collection was mostly carried out by the Instituié
Energy, Vietnam.The main data groups for the model
are:

« Power system circuit diagram

« Diesel generator specifications

« System controllers / operation procedures

« Power system transformers; Cables / overhead lin
 Loads and load profiles

« Other equipment e.g. storage, dump loads, etc.

« Wind resource

The data can be found in [11].

3.1 Samples of Results of Wind Speed and WT
Modeling

Using the parameters of the WT generator which are
given in the appendix, the wind speed and WT models
have been implemented under Matlab/Simulink. The WT
ratings are taken as base quantities. The grid faubl

and X/R ratio are assumed 50 pu and 10 respectively
The no-load reactive power demand of the induction
generator under study is compensated by capdudioks



T. T. Chuong et al. / GMSARN International Journal 3 (2009) 1 - 6

installed at PCC. Figure 4 presents a sample ettal - . . . .
model outputs; equivalent wind speed, active/rgacti | | i | i i i
power and voltage at PCC.

The wind speed variation, assuming turbulence
intensity of 10%, and v = 12 m/sec., is shown ig.Fi
4(a). The corresponding aerodynamic power and
electrical output power are shown in Fig. 4(b). Ndit
variations in the aerodynamic power are transmitted
the electrical power. It means that the soft sbaiipling
and the inertia of WT rotor and generator rotor $a8as
damp and smooth the variations of the aerodynamic
power. Figure 4(c) shows the variation of the abedr | | ; | ; ; ;
reactive power from grid. It is clear that the agi o : : , : , , ,
fluctuation, in Fig. 4(d), is very small due theghifault 0 F Generated active power, kW
level of the grid.

N i_HBH -

Absorbed reactive power, kWVAR

Fig. 5. The absorbed reactive power versus the injeed
active power for the induction generator under stug.

14 T T T T T T T T

mww ” 18 . . |
] B thets=45 deg

7 ; ; : ; | ) | ! | @ theta=70 de

130 132 134 136 138 140 142 144 4B 148 180 1y 4 H

T T
— Aerodynarmic
----- Electrical i

2 T
!

Wind speed

10581 R

1t 4

Power, pu

UR=a3 3 B

Short-term flicker index, Pst
o
w

5

6:2_ 085 i

% 08F b

2 ® [ ]

g 0751 b

f B T ¥R ¥ B ¥V R PR PR T nrr ® e @ ; "= - " 1

Time in seconds 085 . . . \ .
Fig. 4. Samples of the discussed modeling outpu) wind v " A e o o o &
speed in m/sec. (b)- aerodynamic and electrical quit
power in pu (c)-absorbed reactive power in pu. (d)voltage Fig. 6. Variation of Py with the grid fault level.
fluctuation at PCC (AE/E, %).
T
. u

Figure 5 traces the variation of the absorbed emct o2y " l
power with the injected active power for the inttgd b "
wind energy system and the induction generator unde 3z e " |
study. The drawn reactive power increases with the 2 0l = |
increase of the generated active power. This calais £ "
known as P-Q characteristic of the induction getoera < s} " _

The grid parameters affecting the WT flicker enussi g .
are the fault level, and X/R ratio of the gird irdpece. S 078t . 1

)

Fault Level ozl L Lo
Figure 6 shows the variation of the short-termkéic -
index with different grid fault levels. This simtilan test w0 a2 w w = w m @ @
is carried out with two cases of grid impedanceles)g Grid imedance angle, arctan(*/R), deg.

45 and 76. The mean wind speed at hub level is _ - : .
. . A Fig. 7. Variat f P with th d d le.
manitained at 12m/s and site turbulence is 10%. 9 anafion of Fa Wi © grid impedance angle

X/R Ratio of grid impedance

The X/R ratio of the gird impedance is studiedémis 3.2 Influences of Grid Parameters on Flicker Caused
of the impedance angl®, = tan'(X/R). Figure 7 shows by WTs
f[he variation of the short-term fI_icker_ ind_ex withe From Fig. 7 it can be seen that the flicker de@sasith
impedance angle. The fault level is maintained®pd.  the increase of until the minimum point, then traps is
The mean yvmdospeed at hub level is 12 m/sec. @@d S o\ ersed and flicker increases with increased.ofrhe
turbulence is 10%. minimum point of voltage fluctuation is occurred evi®

+ ¢ = 90. The anglap can be obtained according to the
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incremental variationAQ/AP, of P-Q characteristic of 09 —— ‘ -
the induction generator (Fig. 5). The P-Q charéstier l
of the generator determines < relation. L]

075+ B

Short-term flicker index, Pst

phi, deg.

10 15 20
Mean wind speed in misec
R Fig. 9. Variation of Py with mean wind speed for 48 and
| | i i i 70
0z 03 0.4 0s 0B 07 0a 09
Generated active power in pu.

0.8

Fig. 8. Variation of the anglegwith generated active power
for the induction generator under study.

=
.
T

=
m

=
i

Then the mean generated power (operating point)
determines the value ¢fand consequent§ = 90 - g at
the point of minimum flicker emission. Figure 8 8®
the variation of angle with the active generated power.
The mean active generated power is estimated
accordance to the WT power curve at mean wind speed
In this case, it is approximately 0.6 pu. as shawRig.
4(b). Theng = 8.6 which givesd = 81.6 at minimum
flicker emission. The minimum point of flicker ersien 0 T

o
=

Aerodynamic power in pu
=
b

=
[N

. 4 & g 10 1I2 1I4 1;5 1I8 2ID 2I2 2I4
cannot be zero because the power swings up and dow Wind speed in misec.

the mean value.

. . Fig. 10. WT power curve.
3.3 Effectsof Site Parameters on WT Flicker

Emission
Mean Wind Speed

The flicker severity is calculated for the samee sit
turbulence (J=10%) and different mean wind speed. The
fault level of the grid is 10 pu. The;Ralues versus the
mean wind speed are estimated for two grid impeglanc
angles, 4%and 76.

The Py variation with the mean wind speed is
illustrated in Fig. 9. It can be explained by thd \dower L 0.BB5
curve, shown in Fig.10. From Fig. 9, it can coneldd
that the output power and its fluctuations in e wind 085
region are low and therefore the induced voltage
fluctuation is small. As the wind speed increasesnf n.saY m ™ = = = =
cut in speed to 13 m/sec., the output power fluina Turbulence intensity (%)
and R; increase, approximately in linear relation witke th
mean wind speed. However, in the stall region (grea
than 13 m/sec.), the rate of change of the aeradina
power curve is reduced, resulting in a correspandin
reduction in the output electrical power variakiliThen
P values vary in small range with the increase & th In this case, the mean wind speed at hub level is
wind speed as shown in Fig. 9. maintained at 12 m/sec., the fault level is 10 pond the

grid impedance angle is 45Figure 11 shows the
variation of Py with the turbulence intensity. The

0.885

[=]

= o

=1 ]

m s
T T

Short-term flicker index, Pst
=
=S
]

Fig. 11. Variation of P, with wind speed turbulence.

Turbulence Intensity
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increase in the wind speed turbulence increases the
power variability then the flicker emission increaswith

level for under voltage protectionJournal of
Science and Technology, No 63/2008, Vietnam.

the increase of the turbulence intensity. [12]1EC 61000-4-15. 1997. Electromagnetic

4. CONCLUSION

The comprehensive wind speed and WT models can be
applied for voltage fluctuation and power qualitydies.
The flicker level caused by voltage fluctuation is

compatibility (EMC)-Part 4: Testing and
measurements techniques -Section 15: Flickermeter,
Functional and design specifications; 1st edition.

APPENDIX

evaluated by the flickermeter, described in IEC@%*@-  The WT Data, Drive Train Data and Generator Daga ar
15. From simulation results, voltage fluctuation® a stated as follows:

- Rated power 180 kW;

widely affected by the grid strength and X/R raifagrid
internal impedance. The flicker emission is deczdas
with higher fault levels. The risk of voltage fluetion
increases in the resistive grids. The WT operagiamt
and the Q-P characteristic of the generator deterritie
point of minimum flicker emission. The trend ofclier
variation with the mean wind speed depends mainly o
the WT power curve. The power variability and
consequently flicker emission increases with tuehak
increase. A wide look on the results indicates tjad
parameters have more effect on flicker emission it
parameters.
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Hub height 30 m;
Rotor diameter 23.2 m;
Number of blades three;

Rotor speed 42 r/min;

- Blade profile NACA-63 200;

Gearbox ratio 23.75.

- Turbine inertia 102.8 kg.fn

Generator inertia 4.5 kg7m
Stiffness of the shaft 2700 N.m/rad;

- Nominal voltage 400 V;

Number of pole-pairs three;
Stator resistance 0.0092 Ohm;

- Rotor resistance (referred to the stator) 0.0064n;

Stator leakage inductance 0.186 mH,;

- Rotor leakage inductance (referred to the stator)

0.427 mH;
Magnetizing inductance 6.7 mH.
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Optimal Placement of PMU and RTU by Hybrid Genetic

.5 % Algorithm and Simulated Annealing for Multiarea Power
3 LQ - System State Estimatio
g2 Thawatch Kerdchuen and Weerakorn Ongsakul

Abstract— This paper proposes a hybrid genetic algorithm and simulated annealing (HGS) for solving optimal
placement of PMU and RTU for multiarea power system state estimation. Each power system control area includes one
PMU and several RTUs. Voltage magnitude, voltage angle, and real and reactive current are measured by PMU while
the injection and flow of real and reactive power are measured and monitored through RTU. The power injection and
flow measurement pairs are placed to observe the raw data of boundary bus and tie line for data exchange in wide-area
state estimator. The critical measurement identification is used to consider the critical measurement free in each area.
To reduce the number of measurements and RTUs, a PMU is placed at the bus with the highest number of connected
branches. The power injection and flow measurement pairs and RTUs are optimally placed to minimize the installation
cost of RTUs and power injection and flow measurement pairs. The results of 10-bus single area, |IEEE 14 with 2 areas
and 118-bus with 9 areas systems are the optimal measurement placement with critical measurement free. Comparison
with simulated annealing (SA) is also made.

Keywords— Hybrid genetic algorithm and simulated annealing,Power system state estimation and Measurement pkment.

1. INTRODUCTION

Power injection and power flow measurement as well as
RTU are commonly used in nowadays power system.
Conventional power system state estimation uses the
online power measurement pairs via RTU for providing
the system data to state estimator at control centre. When
the system becomes large or connected grids, multiarea
power system state estimation should be used to estimate
the wide-areas system states. PMU should be introduced
into power system for increasing the accuracy of
estimated system states. Thus, optimal PMU and RTU
placement needs to consider for each area observability
with low cost, also entire system states can be estimated
by central state estimator.

Multiarea system state estimation by mixed
measurements is introduced by many researchers [1-3].
Two levels state estimation are effectively used since the
boundary measured data are exchanged [1]. First level,
conventional state estimation is introduced to all areas.
The voltage phase angle of each area and raw data of
boundary buses are sent to the central control centre,
then the second level state estimation is implemented for
wide-area state estimation. This estimation makes the
unbiased estimate for the entire system state [1, 2]. In
contrast, the power system is decomposed and then the
PMUs are installed to make the area observable [4].
Then, the entire system states of all areas are estimated
by the centrally control centre. However, in [4], the tie
line data are not observed and also bad data is not
mention. More benefit of PMU in power system is

Thawatch Kerdchuen (corresponding author) is with Rgjamangala
University of Technology Isan, Nakhonratchasima, Thailand. E-mail:
thawatch.ke@gmail.com.

Weerakorn Ongsakul is with the Energy Field of Study, Asian
Institute of Technology, Thailand.

voltage stability analysis [5]. The PMU isinstalled at the
bus of each area with largest displacement of the voltage
[5]. Similarly, PMU is adso ingtalled for a rea-time
voltage monitoring [6]. Many evolution algorithms are
implemented to solve the measurement placement [7-8].
These algorithms are easily implemented and yield the
good answers.

In this paper, the optimal placement of a single PMU
and RTUs for each power system area by developed
hybrid genetic algorithm and simulated annealing (HGS)
is proposed. Each tie lineis considered belonging to both
this area and neighboring area to ensure that bad data can
be identified in the central state estimator. The critical
measurement [9] free of each area is considered for bad
data detection. A PMU is installed at the bus with the
highest incident lines. Number of severa RTUs with
power injection and flow measurement pairs is
minimized by a HGS [7]. The advantage of HGS is the
diversity of solution population can give the new search
direction. Also, stochastic simulated annealing (SA) [8]
isintroduced to solve for the result comparison.

2. FUNDAMENTAL OF MEASUREMENT
PLACEMENT FOR MULTIAREA STATE
ESTIMATION

Area of power system might depend on topography.
State estimator of each area estimates the local system
states and other applications that gain by local estimated
states may be introduced to that area. The central control
centre collects the dack bus data of all areas, raw data at
boundary buses and tie line, and then the wide-area
system states are estimated.

For each area with PMU, the voltage magnitude and
angle and real and reactive of current flow in the incident
branches are measured, thus the linear model
measurement Jacobian can be written as follows[10].
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If we consider the bus with PMU as a slack bus, the
column of & will be deleted. Thus, if the conventional

measurement  pairs, power flow and injection
measurement pairs, that connect via RTU, the entire
linear model measurement Jacobian or measurement
matrix H of each areais asfollows

|:H PMU i|
H = (1)

HRTU

The PJ observability analysis can be introduced. The
measurement system is observable if rank(H) =n-1,

where n is number of area system buses. Bad data in
measurement of each area can be detected if the
measurement system is without critical measurement.
Critical measurement (cm) can be easily identified by
residual analysis[11].

Area of power system for multi-area state estimation
can be separated by using the tie line including. This
including of tie line makes observable tie line since the
measurement will be placed. Also, the areas are
overlapping. The typical figure of this separated area is
shown as follows

ALei 1
Area2 Overlapping Areas
@) (b)

Fig. 1. Typical area separation (a) two areas syste
(b) area separation for measurement placement

Since the PMU can directly measure the phasor of
system bus voltage, only one PMU per one area is
sufficient for state estimation in the control center.

3. HGS IMPLEMENTATION FOR OPTIMAL
PLACEMENT OF PMU AND RTU

A PMU is considered to place at the bus with maximum
branch incident number. Then, HGS [7] is used to
minimize the measurement pairs of power injection and
flow and RTUs cost. Cost function uses only the
conventional measurement cost, since the necessary
PMU needs only one per one area. Thus, the remaining
RTUs and measurement pairs cost can be formulated as
follows

_ R m
Min  Cost(2) = > (CR + X CMj) )]
i=1 j=1

subjects to the observability constraints

zero_ pivot =1 3
or
rank(H) = N -1 4)

where Ry is the number of RTUs, my is the number of
measurement pairs (PQ) connected to i RTU, CR is the
cost of RTU, CM is the cost of measurement pair. The
matrix H in (4) is related with the terms of current flow
measurement of PMU and power measurement pair
installations. Constraint (3) is used when the triangular
factorization or numericd method is wused for
observability analysis. In (3), zero pivot encounters
during the factorization. Constraint (4) is used when the
PJ observability concept used.

The solution cost evaluation is following to (2) with
the penalties. Pendlties include the observability and
critical measurement. However, the minimum penalty
part is observability result.

Min  Cost(z) = Ry [CR+m; [CM + Penalties (5)

Penalties = Penaltyl+ Penalty2
Penaltyl =[N —1-rank(H)] (N N,)? (6)
Penalty2 = (No. of cm)(N[N,)

where N, is the line numbers, m; is the total number of

measurement pairs, the measurement pair cost CM is4.5
unit of currency and the RTU cost CR is 100 unit of
currency [1, 2]. The first penalty is appeared if system is
unobservable. The penalty? is occurred if the system is
with critical measurement.

In fitness evaluation of HGS [7], the measurement
matrixH is formed for al chromosomes and all
generations. The network observability is checked by the
PO observahility analysis in al chromosomes. The
measurement pair and RTU costs will converge to the
minimum cost. The fitness function of HGS is according
to the cost in (5) as follows.

fit=— L ()
1+ Cost(2)

The fitness function of HGS is maximized of the
inverse of measurement pair and RTU costs and penalty
values. The cost plus one protects the divide by zero.

The process of optimal placements of PMU and RTU
is start at the system area separation. This separation
might be depended on the topography. However, in this
paper the system areas are separated asin [1, 3]. Thetie
line is belonging to both areas. The overal process of
optimal placement is as follows.

Step1l: The system is decomposed into each area.
System tie line is defined as the radial line of
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both areas that tie line incident. If the external
bus has more than one line incident to same
area, only one line is considered for area
decomposition.

Step 2: Each area, the system bus with the first largest
number of system line incident is selected for
PMU placement. This system bus is chosen as
the dlack bus of area.

Step 3: HGS is introduced for optimal conventional
measurement pair and RTU placement of each
area.

Here, the current injection measurement [4] is also
placed at PMU bus. This current injection measurement
handles the critical measurement of current flow
measurement in the incident branches, since any single
measurement of a PMU can be lost while the branches
are observable. This current injection measurement
placement condition reduces the critical measurement
identifying process of aPMU part.

For described HGS process, the process steps of HGS
are explained as follows.

Sep 1:
Sep 2:

Read the system topology of each area.

Specify the population size (NP), maximum
generation limit (maxgen) and crossover and
mutation probabilities.

Sep3:  The NP chromosome population are randomly
initialized.

Evaluate the fitness (fit) of each initial
chromosome using Eq. (7) and find the current

best fitness ( bestfit ) and current best

chromosome ( Bchrom) and set the best old
fitness (Bold) = bestfit .

Sep 4

Sep5:  Set generation counter (gen) = 0 and same

result counter (S) = 0.
Sep 6: If gen<maxgen and S< 200, set
chromosome counter (k) = 1. Otherwise, go to
Step 7.
Sep 6.1: Set theinitial current chromosome
(chrom®™**) by randomly selecting it from the
previous generation.

Sep 6.2: If K< NP,
calculate Afit = fit(chrom®") - fit(chrom®}),
set T, = NP. Otherwise, go to Step 6.3.

Sep 6.2.1: If Afit =0,
set chrom®*™ = chrom® and go
to Step 6.2.3.

Sep 6.2.2: If exp(Afit/T,) >random(0,1) ,
set chrom®*™* = chrom®,
whereT, =T, /k . Otherwise,

en+1

set chrom®** = chrom?

Sep 6.2.3: k=k+1, returnto Step 6.2.

Sep 6.3:  Set the chromosome replacement
counter (k, =1).

Sep6.4: Ifk <[0.2NP |, randomly
generaterp 0{1,..., NP} . Otherwise, go to Step
6.5.
Step 6.4.1: Setchrom™™* = Bchrom.
Sep 6.4.2: k =k, +1, return to Step 6.4.

Sep 6.5: Perform the crossover.

Sep 6.6: Perform the mutation.

Sep 6.7: Evaluate the fit of each offspring and find
thebestfit and Bchrom.

Sep 6.8: If bestfit =Bold, S=S+1. Otherwise,

S=0.
Sep 6.9: Set Bold = bestfit .
Step 6.10: Set gen = gen+1, return to Step 6.

Sep7: TheBchrom isthefinal solution.

4. NUMERICAL AND PLACEMENT RESULTS

The results of optimal placement of PMU and RTU for
multi-areas power system state estimation can be handled
the bad data detection in any single measurement, since
the measurement system is critical measurement free.
These numerical results are show as follows.

Table 1. Numerical results of optimal placements d?MU
and RTUs

No of No. of

RTUs | conventional Cost
<em |Area PMU bus M easurement
Sy Location Pair
HGS|SA| HGS | SA | HGS | SA
10-bus | O 2 313 7 7 |331.5|3315
|EEE 1 4 11| 3 3 |1135|1135
14-bus | 2 313 7 |3315|3315
1 12 515 10 10 | 545 | 545
2 17 8 | 8 20 20 | 890 | 890
3 37 515 16 16 | 572 | 572
4 32 6 | 7| 20 17 | 690 |776.5
|IEEE
118-bus 5 75 515 15 15 |567.5|567.5
6 49 7 17| 20 20 | 790 | 790
7 100 4 | 4 10 10 | 445 | 445
8 80 515 18 18 | 581 | 581
9 59 6 | 6 17 17 |676.5|676.5
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In Table 1, each area with tie line is observable with
critical measurement free. Since HGS vyields the lower
cost than SA that shows in the area 4 of IEEE 118-bus,
the computing time does not required to concern. Typical
placements are shown as follows.

Fig. 1. Typical PMU and RTUs placement for 10-bus
system with 1 area

Fig. 2. Typical PMUs and RTUs placement for IEEE 14-
bus system with 2 areas.

5. CONCLUSION

Optimal placement of PMU and RTUs is required for
multiareas power system state estimation. PMU is placed
at the first bus with the maximum number of line
incidents. HGS is used to optimize the conventional
measurement and RTU placement for area observable
with critical measurement free. At the PMU buses, the
injection current measurement should be placed to
handle the flow current measurement loss of PMU. The
measurement placement results are reasonable, since the
total number of power flow measurement pair and
current measurement are equal to at least as the number
of area system buses.
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Review of Existing

Energy Framework for Vietham

Tien Minh Do, Deepak Sharma and Ngoc Hung Nguyen

Abstract— Since introducing a market-orientation to the eamyoin 1986, Vietnam has made considerable socio-
economic progress. For example, over the period6i2®)7, the GDP of Vietham has grown at approxitgaieper
cent per year which is the highest growth ratetia ASEAN region. In this growth, the country’s gyesector has
played a vital role. This role is likely to deeparthe years to come as Vietnam strives to achésee higher economic
progress. Such deepening in the role of energg,ghper argues, will heighten concerns about tloeisty of energy
supply, increased CO2 emissions and pollution atmrosocial and political challenges. In order tddiess these
challenges, Vietnam has over the last decadeatniti several energy policies underpinned by appad@iegislation —
called, ‘institutional framework’, in the contexf this paper. A deeper review of this frameworkgasgs that it is
typified by a lack of cohesiveness of policy dimcttand purpose, fragmented institutional structurand
responsibilities, and weak public constituency omi®nmental issues. The existing framework isdfaee unlikely to
be able to provide a satisfactory redress to thallehges noted above. This paper provides someestiggs to reduce
the weaknesses of the existing framework. Theded&icarticulating the significance of the link bwten energy,
economy and environment; developing coherencesdtitutional purpose and design, and raising puldizareness

through better communication and education.

Keywords— Energy policy, energy demand and policy framework.

1. INTRODUCTION

Vietnam - a developing country - began a transitiom
a centrally planned to a market economy in 1986s Th
process accelerated in 1989, with the devaluatfoien

(1993, amended 2000), Environmental Protection Law
(2005), Mineral Law (1996, supplemented and amended
2005), Electricity Law (2005), and National Polion
Energy Conservation and Efficiency (2006). In addit
several institutions, for example, Electricity R&dary
Authority of Vietnam (ERAV) and National

Vietnamese currency (VND) and the decontrol of most gy .-onment Agency (NEA) have been established to

prices. In 1993, Vietnam obtained access to coimess
international finance and the US embargo was lifted

1994. Vietnam became a member of the ASEAN, APEC.

and WTO in the years 1995, 1998 and 2007,
respectively. All these developments provided shirau
to the economy, which has responded with a grovith o
more than 7% pa over the past fifteen years — itjieckt
growth rate in the ASEAN region [1]. It is expectiat
these growth trends will continue in the yearsdme. In
this growth, the country’s energy sector, whichoals
provides approximately one fourth of the natiomsefgn
earnings [2], will play a vital role. This role Whowever

implement these policies.

These energy and environmental legislation and
institutions constitute — in the context of thippa-— the
institutional framework for energy sector. This
framework provides the ambit within which the
country’s energy sector will evolve. This paper &g
that this framework — notwithstanding the policy
development of the last few years is still not adzq for
addressing the challenges faced by the energyrsesto
noted above. There is therefore a need to exarhiae t
efficiency of this framework so that its weaknessesld

be overcome. This paper attempts to do that. Tipema

be negotiated in the backdrop of several challengesi,ts with a description of the challenges facgdhe

including: (i) ensuring security of energy supplyr f
socio-economic development, (ii) protecting theurait

environment from possible damage caused by energy.,ironmental framework Finally

activities, and (iii) addressing social and poditicssues,
for example, equity, justice and transparency.

In order to address these challenges, Viethamadvas,
the last decade, initiated several policies, uridegt by
appropriate legislation, for example, Petroleum Law
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Viethamese energy sector. It is followed by an
examination of limitations of the existing energgda
some suggestiare

made for improving the framework.

2. CHALLENGES FACED BY VIETNAMESE
ENERGY SECTOR

In fuelling Vietnam’s development, the country'seegy
sector is likely to face the twin challenges of wegy
security of energy supply while protecting
environment. The key factors that are likely totcionite
to worsening the security of energy supply inclu@:
foreseeable energy import dependency in a situaifon
increasing energy demand and limited indigenous

the

13
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supply; (ii) continuing low energy efficiency, daogainly driving activity and vehicle population. The residal

to poor infrastructure, provision and operation and sector is characterized by increase in commercietgsy
management practices; and (iii) a shortage of funds demand due to improvement of access to modern gnerg
developing energy infrastructure. And the environtak  and people’s income [4] (see figure 2).
concerns are likely due to the significant conttitms

that rapidly evolving energy sector is expectedniake o

in term of increased pollution, CO2 emissions and 120

deforestation. Further discussion of these issues i 100

presented in the remainder of this section. 80
60

MTOE

2.1 Security of energy supply 0
. 20
Foreseeable energy import dependency ol
. . 1990 2000 2010 2020
There is a general consensus among the Vietnames
policy makers and planners that the indigenousggner Bindustry Sector B Transport SectoD Residential
resources of Vietnam are unlikely to be able to tmiee OCommercial _ Agricuture 8 Non-Energy Usp

increasing energy demand of the nation. For example )
over the period 1990 and 2006, the commercial final Source: IEA, (2007) [3] and JICA, (2008) [4]

energy demand increased from 4217 to 28049 KTOE — Fig.2. Final energy demand by sector

an annual growth rate of 12.5% [3]. The correspogdi

annual growth rates of GDP and population over this In terms of fuel types, coal and oil accounted tfox
period were 7.5% and 1.6%, respectively [1]. Ineortb largest shares of commercial primary energy ressjrc
sustain an GDP annual growth of 8.4% over the perio collectively accounting for 75% of the total, foled by
2005-2025, it is estimated that the final and prima hydro and gas with a share of 25%. The shares af co
energy supply must grow by 8.8% and 9.5% per annumgas and petroleum have tended to increase while the
reaching 123,000 KTOE and 170,000 KTOE, share of hydro has decreased over the period 1880 a
respectively in the year 2025 — about six times as2025. In the year 2006, the shares of coal, o#, gad

compared to their 2006 levels (see figure 1). hydro in total primary energy supply were 31.5,543.

17.8 and 7.2%, respectively. Between 1990 and ,2006

250+ gas grew at the fastest annual rate (of 70%) driven
largely by the start-up of natural gas supply frbiam

207 Con Son Basin to Phy My electricity complex in 2002

1501 During the same period, oil products grew at theosd
fastest rate of 10.5% due to the growth in transpion

1001 and industry. Hydro and coal grew at 10 and 9%

51 respectively as a result of high demand for eleityri
generation [3].

[ e e e e L e e e e e e e e e e AL s s s s s s s s ey

1990 1995 2000 2005 2010 2015 2020 2025 Table 1: Primary energy demand

—+— Final energy demand (MTOE) —s— GDP (bilion USD at $2000 pricg) MTOE

—&— Primary energy demand (MTOE)e— Population (Milion people) 2005 2010 2015 2020 2025

Source: IEA, (2007) [1], IEA, (2007) [3] and JICR008) [4]

Coal 8.79 | 1298 23.92 36.27 73.19
Fig.1. Energy demand, GDP and population ol 1201 | 17.29] 26.8d 4070 59.47
The industry, transport and residential sectors Gas 5.60 8.94 11.65 20.67 26.51

collectively accounted for 90% of total final engrg

consumption in the year 2006. Among three biggest HYdro 140 2.98 4.5( 541 548

energy consumers, the energy consumption shares ofynyclear 0 0 0 088 2.11
these sectors are 42.8, 30.9 and 16.2%, respsciBiel
The inter-sectoral trends in energy consumption are Renewable 0.0§ 0.19  0.40 057 0.70

expected to undergo significant changes in the ragmi E. import 001 0.41 0.69 213 214
years. For example, the industry sector is expetted
have the highest growth rate in final energy Bio-mass | 14.69 14.18 1348 1243 10.60
consumption. It is estimated to account for ne&iy6% I

of total final energy consumption by 2025. Thiglige to Total 2786 4233 6799 106.65 169.60
the government’s policy emphasis on industrialggatio Source: JICA, 2008) [4]
promote economic development. At the same time, the '

shares of the transport and residential sectoexpected
to account for 19.8 and 16.2%, respectively. Mdshe
increased energy demand in transport will be attaible
to the road sub-sector as a result of increaserircapita

In the future, Table 1 shows that fossil fuels will
continue to dominate the future primary energy mix,
accounting for approximately 90% of total commdrcia
primary energy demand. Excluding large-scale hydro,

14
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other types of new and renewable energy sources, su
as mini-hydro, wind and solar, will continue to be
promoted, raising their share to 3.5% by 2025. Bl
power — expected to be introduced by the year 20”0
estimated to account for 1% of total energy demlayd
2025. The share of biomass in total primary reouésts

is expected to decrease sharply, from 46.3% in 2@06
6% in 2025 [4] (see figure 3).

200

150

MTOE

100

50

[
1990

T T

1
1995 2000 2005 2010 2015 2020 2025

@ Coal
B Nuclear
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Fig.3. Primary energy demand by fuel type

On the supply side, Vietham is endowed with several
energy resources including coal, oil, natural dasiro
and renewable and it has generally been an eneity-s
sufficient economy. The growth rate of domesticrgpe
production for the period 1990-2006 was 14.5%, mgki
the energy-economy elasticity equal to 2.0. Ovés th
period, indigenous oil and gas production grew hat t
highest rate (16% per year), followed by coal (¥4 3er
year). In 2006, total domestic energy productions wa
47699 KTOE of which the shares of coal, oil, gad an
hydro were 44.5%, 38%, 13.2% and 4.3%, respectively
At the same time, the total domestic primary energy
supply (net of domestic imports and exports) inR@&s
28049 KTOE [3]. However, as the future energy desnan

escalates in order to sustain the country’s socio-

economic development, there are concerns abouggner
security. These concerns get further heightenedné
takes note of the fact that Vietham currently daes
have any meaningful stockpiling policies. This abul
clearly raise energy supply reliability issuesha future.

Table 2. Energy reserve and potential exploitation

Energy Proven reserve Potential of
source exploitation per
annum
Coal 6.00 60 — 80
(Bill. tons) (Mill. tons)
oil 615 — 957 25-30
(Mill. tons) (Mill. tons)
Gas 600 15-30
(Bill. cubic m3) | (Bill. cubic m3)
Hydro 20 (GW) 80 (Bill. Kwh)

Source: Ministry of Industry, (2006) [5], JICA, 200B!] and
Institute of Energy (IE), Vietham (2008) [6].

Table 1 shows the precariousness of the future
resource situation in Vietnam. For example, witle th
estimated exploitable capacity of 25 millions toofs
crude oil and 15 hillions cubic meters of naturas gper
annum, reserve of oil and gas will not be enough fo
extraction in 30 years. Further, despite abundarfce
hydro potential, this energy resource will solebpdnd
on the amount of rain-fall that is increasingly rzgi
affected by global warming. In addition, some nevd a
renewable energy sources such as wind and solar are
unlikely to reach commercial exploitability in the
foreseeable future. In the area of electricity picitbn,
the situation is quite serious. Due to a thin gysteserve
and seasonal dependency, the electricity systerhédws
experiencing power shortages recently. Power cuts,
especially in the dry season have become commamplac
In the case of petroleum products, Vietham — despit
being a net exporter — still has to import its enti
requirements of refined petroleum products to ntket
domestic demand because the first refinery with a
capacity of 6.5 million tons per year is plannedé&put
in operation in 2009; and the second refinery wvidttal
annual capacity of 10 million tons is scheduled for
commissioning in 2015. Besides, the lack of stoakgpi
also makes the Vietnam'’s energy supply system yighl
vulnerable to change in the world’s energy market,
especially when there is an oil supply disruptiare do
geopolitical conflicts [7].
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Fig 4. Primary energy supply and demand balance

As can be seen in figure 4, with rapidly increasing
energy demand and limited indigenous supply Vietnam
is expected to become a net energy importer withén
next decade. It is projected to import 48.6% oftdtkal
commercial primary energy needs by the years 2025.
Among fuels import at the same time, coal, oil gjad
are expected to account for 18.8%, 23.4% and 5.1%,
respectively. Besides, electricity import also ciinttes
to 1.3% of total commercial primary energy requiesn
[4]. This will lead to a substantial change in the
Vietham'’s energy structure. Appropriate energy qe$
are therefore needed to achieve a balance in theeo
of energy supply and to avoid energy supply disompt
caused by geopolitical disputes. For example, aloitly
diversity of energy import sources, new and rendgvab
energy, such as nuclear, solar and wind would piésy
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in ensuring security of energy supply for Vietnamthe the highest level in the ASEAN region. For the ANEA
future. economies, the average investment requirements as a
percentage of GDP range between 1.2 and 1.5 pér cen
[9]. Clearly, the mobilization of sufficient fundfor
Low energy efficiency (at demand and supply sides)  developing the energy sector is expected to reraain
major energy challenge facing Vietnam. The major major challenge for a poor, developing country like
sources of such inefficiency include: old technadsg Vietnam where money is always hungry for many other
and poor energy management practices, from comversi critical programs, such as poverty reduction, etiona

to processing and end-use levels. Indeed, only newand primary health care services in the remotesardae
large-scale combined-cycle natural gas-based powesituation is even getting worse if one takes ndte¢he
plants incorporate world-class technology and mtevi negative impacts of the current world economiciriat
high fuel efficiency. Most existing coal and oitdd present, Vietnam is a net energy exporter. Thermeze
plants have low fuel efficiency as their facilitiesd are likely to reduce because of lower energy prices
technology are relatively old. In 2005, energy lass resulting from decreasing world energy demand. This
power generation amounted to 9.5 % of total primarylikely to cause difficulties not only for the stdiadget as
energy consumption [3]. In 2008, transmission andrevenue from energy exports form a large sharehef t
distribution loss accounted for 9.35% of total &leity nation’s foreign earnings but also for the energgtar
output [8]. The same explanation could be appledHe development because of the weakening financialstat
demand side. Old technologies such as importechgeco of the energy businesses. Further, the world ecanom
hand vehicles and domestically-made electricalcrisis is expected to reduce the flow of foreign
appliances are responsible for high fuel and et@gtr  investment to Vietham’s economy in general. Finally
consumption. Indeed, both primary and final energylow efficiency of investment in the energy sector,
intensities of Vietnam are conspicuously higher asespecially the power industry due to unreasonatusse
compared with almost all ASEAN and OECD countries. subsidized electricity tariffs, is also responsifie poor

For example, in 2005, the country’s primary energy mobilization of capital flow of this sector. It is
intensity was 0.23 KgOE/USD while ASEAN and interestingly indicated by the fact that while the
OECD averages were 0.2 and 0.18 KgOE/USD, Electricity of Vietham (EVN) — the state entity wisin
respectively. Similarly, on the demand side, tmalf = charged of developing power system — does not have
energy intensities were 0.2 KJOE/USD, 0.16 KgOE andenough funds for the system capacity expansiorstillit
0.12KgOE for Vietnam, ASEAN and OECD countries, invests in highly profitable sectors, such as stoekket
respectively [1]. and telecommunication. [8]

Low energy efficiency

Funding constraints 2.2 Environment

A very large sum of money is needed for developing Vietnam is currently one of the lowest per capitztters
Vietnam’s energy infrastructure including system of carbon emissions. In 2005, the country’'s CO2
expansion and efficiency improvement. Total investin ~ emissions per capita were 0.97 tons - 23% of thddwo
requirements for this purpose over the period 22025 average. At the same time, however, CO2 emissiens p
are projected to be of the order of USD 136-17Rokbil unit of GDP are very high - about 2 times the world
The majority of these investments will be requifed average [10]. This suggests that energy is notgbein

the electricity sector alone. Oil and gas investsevill effectively used for economic activities in Vietnam
be next, accounting for 15% of total capital invesit Consequently, the natural environment suffers. Heurt
requirements (see figure 4). the CO2 emissions are expected to grow rapidly as

Vietham industrialises and the economy utilises anor

o carbon intensive fuels, substituting traditional nno
Series], Oil & Ga . . . .
international trade, o _ : commercial fuels including biomass. On average, the
Sefet, Ol Gas 0,0% St o | ey Seneraton & CO2 emissions are projected to increase at an aratea
i 2, 2% B Coal production & of 8.5% and could reach 400 million tons by 202&e(s
I figure 5) [4]. Major sources for such emissions are
il & Gas production & : A
Series1, Coal processing energy, industry and transport sectors, accountimg
tran‘;fj::;fn”é?,% Series1. Blectic D Cil& Gas intemational trad more than 85% of total CO2 emissions. In _addition,
generation &83 B 0il & Gas domestic pipeinds energy extraction and transportation, such as mighg

t , 83, . . . . .

o in the North and oil exploitation in the South, ttihave
not been well planned and are likely to contribtde
adverse environmental outcomes. For example, tijie hi

Source: APECRC, (2006) [9] density of the open-pit coal mining activities inughg
Fig.5. Investment requirements for energy sector Nl_nh province has caused considerable soil erosion
infrastructure development. this region. As a result, the Ha long Bay nearby —

World's natural heritage site — is affected by dast
As a percentage of GDP, Vietnam’'s cumulative waste water pollution.
investment requirements for the energy sector il
between 4.2 and 5.3 per cent over the period 20232
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accorded preferential treatment under this law &nd
exemptions are given for imported machine and
equipment. With promulgation of the Mineral Law in
1996, the Amended Petroleum Law in 2000, and the
Electricity Law in 2005, the legislative environnieor
businesses in the energy sector has been set upa and
legal framework for formulating policies and regidas,
such as policy on upstream oil and gas to enhaneye
T security, has been created. The Viethamese govetnme
2015 2020 2025 also promotes development of new and renewableygner
Time (Year) in order to diversify energy sources, improve asdes
| = Energym Industry 0 Transportd] Residentiall Commerciall Agriculture modern energy in off-grid areas, and to reduce thega
environmental impacts of energy activities through
Source: |IEA, (2007) [11] and JICA, (2008) [4] Renewable Energy Action Plan. In addition, Vietriara
Fig.6. CO2 emissions by sector. participant in international and regional copp@iati
ventures, such as the Great Mekong Sub-region dnd o
and gas exploration in Mongolia, Indonesia, Malaysi
3. EXISTING ENERGY POLICY SETTINGS IN Iraq,._AIgeria, R_ussia, Peru, Venezuela and Cuba to
VIETNAM stabilise energy import [11].
Notwithstanding these initiatives, the objective of
This section reviews the eXiSting energy pOlICﬁlBgS ensuring energy Suppiy Security set by the govemrm
of Vietnam, especially the extent to which suchiges  ynlikely to be easily achieved — this paper consefithis
are likely to be able to address the energy chadlen s due to the weaknesses of the existing policies o
discussed in the preViOUS section of the paper. energy market, energy pricing and energy efficiemj_y
present, the national government is responsible for
ensuring the security of energy supply and reguiati
With a poor energy infrastructure and limited eyerg most energy prices. The lack of a united domestiz gy
resources, Vietnam is expected to move from beingta market and rational energy pricing mechanism has
energy exporter to a net energy importer withintee&t  prevented players, including private investors enge
decade. In order to redress this issue, the Vietsam the energy market. Hence, the role of private seicto
government has taken a suite of policy measuresnergy security of Vietnam is limited. Consider tase
including: of power generation as an example. In this seprices
for power supply rise and fall in accordance with
a) strengthening domestic energy supply capacity,interplay of market forces, but the end-user priaes
through legislative reforms, and expanding the fixed by the government. The utilities in the migldire,
energy infrastructure to reduce dependence ontherefore, in position to be either squeezed into
imported energy that is prone to volatility, bankruptcy or gain undue profits. In the long-term,
especially petroleum. therefore, the security of energy supply should et
b) applying preferential policies for financing and seen as a national responsibility but a common one
widening international cooperation in order to shared among government, energy firms and wherever
strengthen exploration and development of applicable, individual consumers through a market
indigenous resources thereby firming-up reservesmechanism. The security of energy supply could be
and increasing exploitability of oil, gas, coal and ensured through a united domestic energy marketevhe
new and renewable energy; the government establishes the objectives and heet t
rules that enable firms, both state-owned and twiva
ones to achieve those objectives. One may argueatha
market-based energy system could reduce the sgofirit
energy supply and impose new risks, such as those
X , . X associated with reserve capacity or consistency wit
cooperation and diversifying energy import onvironmental or economic objectives. In fact, the
sources; and market could enhance the security of energy supgly
e) developing clean fuels, especially nuclear andincreasing the number of market participants and
renewable energy [5]. improving the flexibility of energy system because
market makes the costs of security of energy supply
These policies are supported by an institutional more transparent, which in turn can lead to a &ina
framework that includes elaborate laws and ingtibgt where consumers are prepared to pay a premium for
For example, The Common Investment Law and Theincreased security of supply or to accept a rediees
United Enterprises Law, that became effective frbm of security in exchange for lower prices. Moreovibeg
July 2006, encourages foreign and domesticmain effect of the market-based energy systemasith
organisations and individuals to invest in power can shift the prime responsibility for achievingeth
production through Build-Operate-Transfer (BOT) security of supply from government towards market
arrangements; and projects in remote areas have beearticipants. This could reduce the financial puess on
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3.1 Energy security policies

c) supporting Vietnam’s national oil company to
invest in the exploration and development of oil
and gas resources overseas;

d) intensifying regional and international energy
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the government, for mobilising investment capitaf f
energy infrastructure development. In addition,
competitive market could lead to an effective adkian

a

to 8 per cent, of the total energy consumed natid@w
for the periods 2006-2010 and 2011-2015, respdygtive
Some key initiatives to achieve this include:

of resources, both demand and supply sides andehenc

improvement of energy efficiency [12].
3.2 Energy market reform policies

In fact, the energy market in Vietnam has been
developed since the country started the marketitmie
economy in 1986. The purpose of developing a united
energy market, both domestically and internatignasl
to promote investment and secure financial rescuime

sustainable development of the energy system. The

energy market development in Vietham is a process t
move from the system of direct market control \ha t
state firms to the system in which the energy spppd

demand is decided by the market under the rules to

ensure fair and efficient competition. In this pges,

Vietham has achieved some important results. For

examples: (i) In the down-stream markets for cadll,

and gas the prices of these fuels are set at the f)

international prices; (ii) Private investors are@maged

to participate in energy activities, such as power
generation and petroleum products trade; AndAligng
with the Electricity Law, Vietham has set up a noegp
that includes three phases for power market devaop
[13]. According to this roadmap, the first phase o
competitive power generation market is scheduled to
start in 2009 and complete in 2014. It is followmdthe
second phase that is competitive market in bulk ggow
from 2014 to 2022. Finally, the third phase thatais
competitive retail power market will take placerfrahe
year 2022. However, there are still some obstaides
realization of the efficient energy market in Vietn.
First, the prices of coal and natural gas thatlacally
produced are substantially lower than internatigmades
while prices of the imported petroleum products are
the international levels. Further, the electri¢ayiffs are
still regulated by the Central government with sochn

a) developing a legal framework for economical and
efficient use of energy in industrial production, i
management of construction projects, and in
energy-using equipment;

b) raising people’s awareness about the economical
and efficient use of energy through public
propagation and education programs;

c) conducting a pilot campaign on “Building a
model of economical use of energy in every
household”

d) developing standards and using energy-saving
product labels on selected appliances;

e) providing technical assistance for local
manufacturers that comply with energy

consumption standards;

building management models on economical and
efficient use of energy for enterprises;

assisting enterprises in upgrading, improving and
optimising their production chains for the
economical and efficient use of energy; and

capacity building and deployment of activities
that enhance the economical and efficient use of
energy in  construction, designing and
management of buildings [5].

)

Despite these initiatives of the Viethamese
government, the results in terms of energy efficyen
improvement are rather modest. This, this papenesg
is due to the following inadequacies of the exgptin
policy settings. Firstly, the policy emphasises the
promotion of effective management measures and
advanced technologies, in both supply and demates si
but sufficient time is not given for the uptake tbese

cross subsidies. Such distorted energy price systentechnologies. For example, typical useful life tinfethe

would, in turn cause distortion to the energy marke
system and energy structure. In addition, unfair
competition resulted from dominance of the state
enterprises with advantage of controlling the éxgst

energy technologies, particularly the electricity
generation plants, is 30-40 years, but the Vietrsmme
program on energy efficiency aims to achieve savinfy
5 to 8% within 5 years (from 2011 to 2015). To mibét

energy businesses and having market penetrate@rget, almost all old coal-fired plantS must bered. It

information. Therefore, along with the deregulation
process of energy market, some measures, such a
monopoly prevention, equitization and privatizatiare
needed for developing an efficient energy markgt [4

3.3 Energy efficiency policies

Among the ASEAN fraternity, Vietham is one of the
lowest per capita energy consuming countries, ansl i
one of the highest energy-intensity countries. This
suggests that energy efficiency in Vietnam at tinalf
user and conversion sectors is low. Such ineffyen
continues to cause considerable, adverse econamdic a
environmental impacts. This recognition has promhpte
the Vietnamese policy makers to develop a national
program aimed at enhancing an effective use ofggner

is clearly impracticable, especially where huge
gvestment is needed every year in the power sewtor
order to meet the increasing electricity demande Th
current government program is clearly too ambitidas
fact it was formulated without due considerationtiod
country’'s economic conditions and the long-term
perspective required when analysing the energy
infrastructure and policy issues. Secondly, it islely
known that there is a link between policies on gper
efficiency and other policies such as energy pgicnd
environmental protection. At present subsidies are
uniformly distributed among various income groups,
instead of focusing on improving the affordabilibf
energy for the disadvantaged groups. There isetbia,

no incentive for the rich to save energy. Besidhs,

This program envisages a saving of 3 to 5 per eemt,5
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energy prices they have to pay. Next, the lacloo@i§ on These initiatives, laudable though they are, havios
managing the energy consumption growth, for example hat limited impact on controlling environmental
cooling and airconditioning could constraint the degradation. It also appears that this policy fraord is
effectiveness of the program. unlikely to be able to withstand the environmental
consequences of rapidly increasing energy consompti
for achieving economic prosperity in the futurentgoof
Because energy has until now been seen as a strategthe major reasons behind the inability of the éxgst
good, the pricing of most fuels has been regulatedenvironmental policies are discussed as followsstlyj
directly through the Prime Minister's Office. Tl8tate  the existing environmental policies appear to hbsen
Pricing Committee (SPC - recently renamed Priceformulated in isolation, without carefully analygitheir
Control Department under the Ministry of Finance$tf =~ wider impacts on the economy and society. In other
evaluates the energy prices proposed by variougggne words, they do not reflect the close relationsHiatt
enterprises and then submits them to the Primeexists between economy and the environment, thus
Minister’'s Office for approval. Prices of most eger limiting their ability to appropriately articulateind
fuels are cross-subsidised. This sends a wrongalsign  redress the issues that emerge at the interfatbest
the users; and the lower the energy prices resuolts three segments of the economy. The following
higher energy consumption, leading to reduced &gcur discussion provides support for this argument:

of energy supply, decreased energy efficiency and

3.4 Energy pricing policies

damage to the environment. In addition, industties e) While the National Environmental Action Plan

pay for subsidies become less competitive in theketa (NEAP) emphasises the importance of CO2-
due to increase in their production costs resulfiogn mitigating options such as energy efficiency and
high-priced energy inputs. Furthermore, the prices penetration of low carbon technologies

regulated by the government do not reflect producti (renewable, nuclear and natural gas), there is
costs and the supply-demand relationship in theggne however no consideration in the plan of other
market, especially the long run marginal costs (LM economic instruments, for example carbon taxes
get distorted. As a result, the utilities are pthée a or tradable permits to reduce demand for energy.
difficult financial position and it, in turn, prexes the These policy instruments are currently viewed
mobilisation of adequate investment capital for the world-over to be quite effective in containing the

energy sector. Thus, there is an imminent need for growth of CO2 emissions, on the grounds that
Vietnam to develop a rational energy pricing medsran they provide incentives to the firms to operate at
that would encourage energy security and energy economic optimum levels while ensuring superior
efficiency, through a transition from centrally environmental outcomes. The experience with the
administered philosophy to a system of transparentl cap-and trade scheme for trading carbon
regulated rules for the market players [7]. emissions in Europe and sulphur-dioxide in

America is often cited to support this argument.

3.5 Environmental policies One might argue that such market-based

In 1991, Vietnam approved a detailed environmental instrument are not appropriate for Vietham at this
plan called the National Plan for Environment and stage of development, as is perhaps tacitly
Sustainable Development (Ministry of Science and recognised by the non-inclusion of developing
Technology 2006). The plan provides a comprehensive countries in the list of those required to limit £0
framework for establishing the strategies, policies emissions in Kyoto Protocol [15]. The high cost
institutions, laws, regulations and programs neetted associated with the setting up of a system to
address environmental issues. The governing law on implement these instruments is obviously a factor
environmental protection came into force in 199RisT behind such viewpoint. = However, the
policy and legislation aim to develop the energgtae environmental impacts of energy activities are
while promoting a clean environment.  Specific rapidly becoming obvious and Vietnamese policy
objectives of the program are to: makers will need to examine these instruments —

as implicit in the Bali Agreement [16].
a) determine long term objectives for energy and the f) The Environmental Law of Vietnam is founded

environment in line with regional environmental on the Polluter Pays Principle (PPP) as defined
standards; and adopted by the Organisation of Economic
b) establish financial rules on energy and the Cooperation and Development (OECD) in 1972.
environment to ensure that the costs of all factors This principle requires that polluters to take @ti
relating to the protection of the environment are to protect the environment and to support all
taken into account; related costs. It also places the environmental

authorities in the positions of enforcer and
controller, not as executor. For the energy sector,
if the carbon tax is applied in the future, this
principle would stimulate a change in the structure
of generation and drive the costs of electricity
upwards. The economy would consequently face

c) implement efficient technologies to reduce
pollution in energy exploration, transportation,
processing and use; and

d) implement safety measures and avoid pollution of
air and water during the operation of gas pipelines
and transportation and use of crude oil [14].
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difficulty to make rapid adjustments, especially in
an inflationary economic environment. In
contrast, the Shared Responsibility Principle
(SRP), based on direct and indirect energy
consumption, has some advantages compared to
the PPP. Over the long-term, adopting this
principle would lead to a more sustainable energy
system, by gradually moving away from fossil
fuel-based technology to cleaner technology. It
would also even-handedly distribute the economic
burden and encourage both energy producers and
consumers to improve energy efficiency.
However, in the short and medium terms, this
principle has a relatively smaller impact on
carbon-dioxide reduction. A careful analysis of
these options is however needed before the
country decides on its environmental strategies.

Most environmental standards in Vietham are set
based on ISO 14000, without consideration of
their wide impacts. For example, recently the
Environmental Protection Department has
proposed to apply the EURO-2 standards for
vehicle exhaust emissions [17]. However, if this
proposal was approved, about 50% of total
number of vehicles in Vietnam would have been
prohibited from operations. This would obviously
have caused the collapse of the transportation
system and hence serious set back for the
economy. The economic and environmental
benefits of such strict standards fall far short of )
the costs and that would make these standards
seldom enforceable.

Recently, the Vietnamese Government has used
energy pricing policy, especially electricity price

to regulate electricity demand by applying

accumulated prices for different levels of

electricity consumed, and to improve access to
modern energy of the poor through cross-

subsidies. This would lead to a distortion of

supply-demand relation and cause other economic
and environmental consequences. For example,
due to cheap energy prices, some high energy
intensive sectors like the steel and iron industry
would not invest in improving their technologies

to reduce energy consumption. As a result, energy
demand would increase, leading to adverse
environmental outcomes.

Secondly, poor management practices in Vietham also
limit the effectiveness of the country’s environrtan
policies. Some factors contributing to such limdat
include:

)

20

Wide dispersion of environmental responsibilities
and poor inter-sectoral and

Finally, poor
inter-agency €nvironmental issues have also contributed to ar poo

Environmental Agency takes the lead on
environmental management and implementation
issues. In the MPI, the Department of Science,

Technology and Environment  oversees
environmental issues within the context of
national development plans and budgeting

exercises. The provincial offices of the
department are responsible for planning. The links
between MONRE and MPI, and with other
ministries  involved in  formulating and
implementing environmental polices, is weak, and
somewhat undefined. For example, the Ministry
of Industry and Trade (MOIT) has first-line policy
and supervisory responsibilities for the energy
sector but it does not participate in making any
laws, regulations or standards related to
environmental protection in the energy sector. In
addition, there are some jurisdictional overlaps
between various environmental agencies. This
often results in conflicts, for example, the
National Environmental Agency is responsible for
monitoring air, water and soil quality but the
General Department of Meteorology is also
responsible for monitoring air and water. The
Ministry of Agriculture and Rural Development
has a mandate to manage water and soil resources
and the Ministry of Health has a mandate to
oversee sanitary and environmental health issues.
This overlap makes governance ineffective.

Bureaucratic management mechanism. The
environment management practices in Vietham
are guided largely through “Command-and-
control’ mechanisms instead of market-based or
volunteer ones. The government makes the rules
for the firms to follow. This practice has some
limitations. First, as discussed above, the
“Command-and-control” mechanism that is based
on fines and punishment does not provide the
firms with incentives for investment to reduce
negative impacts on environment. Second, due to
historical reasons, most assets in Vietnam are stil
state-owned. This type of ownership does have
some advantages in relation to implementing
environmental policies because the government is
the sole decision makers and there is no need to
develop any bargains as is the case with private
ownership. However, the absence of the private
ownership of assets, together with poor
transparency of the administrative system in
Viethnam, creates a fertile land for corruption and
as a result, the objective of environmental
protection is difficult to achieve.

communication and education on

cooperation and coordination. Currently, two public awareness and hence emergence of any peessur

ministries in Vietham are responsible

for constituency on these issues. For example pollution

environmental management, namely, the Ministry control is generally viewed by the public, incluglin
of Natural Resources and Environment (MONRE) mdu_stry, to b(_a a non-productive enterprise, viewed
and the Ministry of Planning and Investment particularly against a backdrop where the perforceasf

(MPI). Within the MONRE, the National

the local government officials is judged almostirehy



T. M. Do, D. Sharma and N. H. Nguyen / GMSARN tagonal Journal 3 (2009) 13 - 22

by how much they are able to increase the region’s[5] Ministry of Industry and Trade, Vietham. 2006.

economic growth. Hence, environmental pollutions an Vietnam Energy Overview and National energy

polluters are not of immediate interest to suclicifs. policy. Draft Report

This also leads to poor cooperation between the  http://www.moi.gov.vn/LDocument/

environmental monitoring agencies and the polluters [6] Institute of Energy (IE), Vietham. 2008. Strategic
Plan for New and Renewable Energy Development

4, CONCLUSIONS AND RECOMMENDATIONS up to 2015 with vision to 202%inal Report, Hanoi

. .. [7] Institute of Energy, Vietnam. 2005. Energy Pricing
The population growth and the governments and Its Implication for Energy Efficiency and

deterr?f;natlon :odmam(;aln hlgllh _ratest oglec?nomlm;\gh_ i EnvironmentStudy Reportpp 35-32, Hanoi.
over the mnext decades will inevilaply transiateoin [8] Vietnam Electricity (EVN). 2008. EVN should not

incregse_d energy demand. Given the modest avétiabil invest outside power industry to meet national
of indigenous energy resources, poor energy electricity demand

infrastructure, and the vu_InerabiIity of global BB of http://vietnamnet.vn/kinhte/2009/02/831891/
energy supply, the security of energy supply isliiko e[9] APECRC. 2006. APEC Energy Demand and Supply
be an issue of utmost importance for the Vietnames Outlook 2006

policy makers. Ot_her consequences of rapidly_ i@'@ http://www.ieej.or.jp/aperc/2006pdf/Outlook2006//E
energy demand include increased CO2 emissions and R Viet Nam.pdf
R_Viet_Nam.pd

{:)/(_Jlltqun.. Thﬁ eX|tst|pg dertl)ergyl p?(l'q]i frarl]me_worrtl; in [10] IEA. 2007. CO2 Indicators Vol 2007 Release 01
Ietham 1S characterised Dy a 1ack of CONEsIVErEss http://masetto.sourceoecd.org.ezproxy.lib.uts.edu.a

policy direction, fragmented institutional struaarand vI=3364074/cl=19/nw=1/rpsv/ij/oecdstats/16834291
responsibilities, and weak public constituency on N335n1/S3/p1
VS3oNL/So/p

thV|r(;nment?L Ilsstue% Tgle teX|st|ngd frame;{vu?rk IS [11] PetroVietnam. 2006. International Cooperation in
erelore unmikely fo be ab'e fo provide a salfiar oil exploration and exploitation

redrgss to the issues_ noted above. This paper has http://www.petrovietham.com.vn/Modules/PVWebB
provided some suggestions about how the weakne$ses rowser.asp

the_ exis'.[ing fram.eW‘?T" could be red_uced. Thesaitied [12] Center for European Policy Study. 2004. Market-
articulating the significance of the link betweamery, based Options for Security of Energy Supply.

economy and environment; d_eveloping cpherence _in http://www.euractiv.com/en/energy/market-based-
|nst|tut|onalthpurpohsg t::md deS|gn,_ atf‘d raljlng p:utpll options-security-energy-supply/article-128460
awareness through better communication and educatio [13] World Bank, 2006. Vietham'’s electric poer sector:
The proposals made by this paper, however, are stil Meeting the challenge of rapid growginal report,
limited to what should be done to improve the pp 31, Hanoi

weaknesses of the current policies. Some questimh [14] Ministry of Science and Technology. 2006.
as how the energy policies should be formulated tand Environment Management in Vietnam

what extent the improving actions should be takaveh http://www.most.gov.vn/apec/ENVIRO-VN-9.htm
not been answered. To answer these questions, a
comprehensive framework for energy policy analysis [15] UNFCCC. 2000. The Kyoto Protocol.

needed. In this framework, not only impacts of the  np:/unfecc.int/kyoto_protocol/items/2830.php
energy options within energy sector are examined bu

also the economy-wide impacts of those options arel16] UNFCCC. 2007. Agreement Reached on the Bali

investigated. These are outside the scope of g Roadmap. http://unfcccbali.org/unfcce/news-
and will be done in the future studies. unfccc/news-unfccc/agreement-reached-on-the-bali-
roadmap.html
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e e, Program Development Using Dissolved Gas Analysis Med
V" . - -
$ 5 % for an Analysis of Power Transformer Oil Testing Results
}"’r% Thanapong Suwanasri and Cattareeya Suwanasti
a,9

Abstract— This paper presents a program development for aalyars of power transformer oil testing results.eTh
Dissolved Gas Analysis (DGA) method is applieds Thethod is generally used to determine transforoogdition
and failure causes by analyzing quantities of costible gases in oil. The DGA method consists cfetwell known
methods as the key gases method, the total comleugtses method, and the ratios method. In additioe failure
pattern and reliability of transformer componeni® analyzed by applying statistic methods as Weittigtribution
and Normal distribution methods. Different casegoiver transformers were examined in this papetdkyng the
historical data of power transformers into consialéon. Finally, the failure rate and reliability gfower transformer
components are determined. This program developmatdsigned to be a tool for systematic databaseagement
and failure analysis program on web-applicationdetermine the criticality of power transformer campnts. The
strategy and process for preventive maintenancebeauilt up from causes of failure to improve potk@nsformer as
well as system reliabilities.

Keywords— Asset management, condition monitoring, dissolveglas analysis, failure statistics, power transfornre preventive
maintenance.

evaluation. Thus, this following method is setup fifst,
1. INTRODUCTION the DGA method is selected to evaluate the transfor
condition because this method can performed without
service interruption and indicated nearly actualditon
of transformer because of the up to date resule Th
scattering failure events are systematically reedrand
its database is subsequently setup. Then, therdailu
analysis is statistically performed to determine teak
component of transformer. Moreover, the expected
lifetime of transformer components is determined by
using Weibull and Normal distributions for sparertpa

Power transformer is one of the important equipnient
an electrical power system. Its functions are &msfer

an electrical power and change voltage levelsastiigh
cost and high weight equipment, which is usuallgdus
for 20-25 years depending on its life time desidh [
Practically after a new power transformer is opstah

an electrical power system, it has been slowly aldeq.
Abnormal conditions such as overload, lightningkss,
over voltage, harmonics and short circuit eventpaich
significantly to aging of a power transformer uffiillure
occurred. The failures are dangerous for operating
personal from firing explosion and others, whenesev
fault is taken place. In addition, there are enwvinent
impacts as oil leakage and supply interruption umdag_ 2> WORKING PROCEDURE

area. Those affects on both economics and statufity

country. Thus, it is extremely necessary that thevgy The working procedure for this paper is as follows.
transformer should be provided an appropriateFirstly, the scattering technical data from presiou
maintenance to maintain availability and relialilin maintenance and historical testing record are péthi
operation [2], [3]. Preventive maintenance on powerand used for database setup and systematic record.
transformer has been performed following the tianél
method using pre-determined time  schedule.
Transformer testing and maintenance are regularly

I

. X I
performed with good knowledge and experiences. ~ QL.

However, testing results are scattered and not @/) I
< 5

I

I

I

I

I

prevent the repeated failure. Next, the web aptilinas
applied to grant the remote access of maintenafficero
to central data.

systematically recorded. This leads to very higst @nd
long time in service for maintenance because of
insufficient and inappropriate data used for cdodit Viebrage

Apache
Serer
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management. The known causes of failure are used to
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Secondly, webpage is designed for practical andoverheated cellulose with carbon monoxide (CO) as a
convenient usage. It is performed using web apfica  key gas.
and relational database. In Fig. 1, the web apjica .
design, PHP language, apace server and PhpMyAdmirTOtal Combustible Gases Method
program is developed for database management. The total combustible gases method provides thghrou
Thirdly, power transformer models are selecteditier  estimation of power transformer degradation and
study based on the available technical data fromabnormal condition by analyzing the amount of gasse
maintenance, historical testing record and numifer o from oil testing. For example, if hydrogen in saewbil
power transformer in service. is in between 0-500ppm, it indicates satisfactory
Fourthly, the scattering existing data according to operation; however, if hydrogen is more than 1000pp
region, location, manufacturer and rating and et a it indicates corona occurred in power transformer.
classified. The failure data are divided into magoxd  Similarly, when ethylene in oil shows the value in
minor failures by their definitions before recorglimto between 0-20ppm, it is in satisfactory operation;
the database. however, when ethylene is more than 150ppm, this
Next, the technical data, which is performed by the means severe overheating happened in the transforme
analysis of the existing maintenance data for failu Other key gases as acetylene and carbon monoxide,
statistic and historical testing data for condition when they are found more than 70ppm and 1,000ppm,
evaluation, are analyzed. In data analysis, theep¢age the transformer faces arcing and severe overheating
of component failure is calculated and condition problems, respectively.
evaluation is performed by using the Dissolved Gas .
Analysis (DGA) method [4]-[6]. By this mean, the The Ratio Method
failure pattern and deterioration trend can be of#ge  The ratio method is separated into two differetibsafor
and protected. The DGA historical testing resulit lve transformer oil testing results analysis, which are
interpreted by key gas method [7] and verified bfalt  Dornenburg ratio method and Rogers ratio method [7]
combustible gas [7], the amount of key gas [7], [8]. The Ddrnenburg ratio and Rogers ratio methads
Dornenburg and Roger ratio methods [8]. Additiottal used in the analysis. The Dérnenburg ratio indiate
this step, Weibull and Normal distribution statsti three of the four ratios of CHH,, CH,/ C,CH,,
methods are applied to find the failure rate anstem C,H,/CH, and GHg¢/C,H,. Therefore, the results will fit
reliability caused by each component. Compared tointo three analysis categories of thermal decontiposi
expert system, this program is less complex anisiei  corona with low intensity partial discharge, andirag
for a rough analysis to predict possible problem of with high intensity partial discharge. The Rogetias
transformer. However this program should be indicate the two of the three ratios of,Hz/C,H,,
subsequently improved by adapting the analysis thigh  C,H,/H,, C,;H4/C,He. The result will fit into four analysis
expert system. categories as low energy density arcing with plartia
Finally, the maintenance activities can be optignall discharge problem, arcing with high energy density
specified from component criticalities, failure sas. discharge, low temperature thermal, and high
Therefore, the aging pattern and trend of the poweremperature thermal.
transformer deterioration can be determined. Tliseltre _ - .
is used to determine the suitable maintenanceigesy -2 Fallure Statistic Analysis
according to component failure, component condition Generally, the failure data of power transformes baen
and demand. Moreover, the failure rate of powerpresented as event reports. It was usually recolyed
transformer can be reduced by implementing thepreventive maintenance officer of the utilitiesnsisting
preventive measure according to the known causes opf date, time, location, transformer rating, impoxte

failure. failure details and repair/replacement measures Th
details of failure are classified into two categsrias
3. BASIC THEORY major/minor failure in order to divide the groupfaflure

data. The major failure is defined as an unplanned
service interruption of equipment caused by a tzatne
The historical testing record has been analyzeddiryg or more fundamental functions with or without syppl
the DGA. This method is generally used to determineinterruption. This results in a sudden change istesy
transformer condition by analyzing quantities of operating conditions and requires non-scheduledirep
combustible gases in oil. The DGA method consi$ts o action [9]. The minor failure is defined as a détector
three well known methods as key gases method, totalamage on equipment, which does not lead to acservi
combustible gases method, and ratios method. interruption of equipment. It is not either immediz
required a repair action or even could be repaigd
Key Gases Method scheduled maintenance measure [9].
The key gas method can basically classify the foto In the analysis, life time is defined as the tirhatt
cases abnormal key gas conditions; firstly arcimgpii product operated successfully or the time that pcod
with acetylene (gH,) as a key gas, secondly corona in operated before it failed, measured in hrs, miles e
oil with hydrogen (H) as a key gas; thirdly overheated Before life data analysis, failure modes and lif@tsu
oil with ethylene (GH,;) as a key gas, and lastly such as hrs, miles, cycles etc. must be clearlgitpe

3.1 Condition Evaluation by the DGA Technique
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using a stochastic processes. Similarly, religbilit fM _(BYt-r)"
engineering was applied to avoid catastrophic @vent A(t) = =(J( ] @
(loss of life or property). In this paper, Weibull RO\ 7

distribution and normal distribution methods arelagul.
3.2.1 Weibull Distribution [10] 3.2.2 Normal Distribution

Weibull distribution is one of the most commonlyeds ~Maximum Likelihood Estimation (MLE)

distributions in reliability engineering. Procedsiréor Two quantities have been specified for the normal

Weibull distribution are data acquisition, rankidgta, distribution, which are mean valug)(and standard
plotting data on Weibull probability plot and inpeeting ’

i ; ; deviation 6).
the result. It provides reasonably accurate faiduralysis
and failure forecasts with extremely small samges * Mean valuef)
provides a simple and useful graphical plot. The
horizontal scale is the age or time to failure Yrtical .
scale is a cumulative percentage failed or cunudati iz_l:ti 5
distribution function (CDF), which is proportion e¢h H= _N ®)

units that will fail up to age (t) in percent. Thigeibull
parameters comprise of:

Beta parameter @) is the shape parameter or the
slope of Weibull plot. It indicates class of fadumode. . 5
The betaff) less than 1 indicates decreasing failure rate o = /Z:l(ti ) (6)
that is called run-in or burn-in failure period. &'bheta N-1
(B) is equal 1, which indicates constant failure .rateis

period is called design life or random failure péri The o .
beta §) more than 1 indicates an increasing failure rate, Normal Statistical Properties

» Standard deviatiors]

which is called wear out period. + Probability distribution function (PDF)
Eta parameter () is Weibull characteristic life. It is
measure of the scale or spread in the distribudfatata. 1 7;(:,1)2
The eta1) parameter is equal to the time at 63.2 percent f(t)= e?oe (7)
of the unit has failed. In the other words, the (@fais ov2n
equal to the time at 36.8 percent surviving units o
reliability is equal 0.316. » Cumulative distribution function (CDF)

Gamma parameter ) is the location parameter
utilized when the data do not fall on a straigheli but Y -E[t;”jz
fall on either a concave up or down curve. It isaltion F(t) =I re ae ®)
of the origin of a distribution (time shift) andgwided an oov2m
estimation of the earliest time-to-failure. Perloetween
0 andy is failure free time. * Reliability (R(t))

Weibull Statistical Properties R(t) =1- F (1) 9)

» Probability distribution function (PDF)
» Failure rate X(t))

Bl [ty B
t— [ty
f(t)=[ﬁj(y] 7 tsy ® =10 10)
nx 1 R(t)
» Cumulative distribution function (CDF) 4 RESULTS
_(t;y]ﬁ 4.1 Condition Evaluation by DGA Technique Results
Fi)y=1-e"” @ The condition evaluation of power transformer was
o studied by considering the scattering historicatadaf
» Reliability (R(t)) power transformers but only one example unit of @ow
transformer was presented in this work. The oititgs

_(t;y]"” record is analyzed.

—1_ - n

RO =1-F@=e 3) The Sample Transformer

« Failure rate A(t)) A transformer is of rated 115/22kV, 25MVA. The

transformer oil was sampled in July 28, 1982 arstet:
in July 28, 1982. The DGA testing results are shamvn
Table 1. The data is analyzed from the methods in
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Section 3.1. Each combustible gas indicates the cause and sewéri
the problem.
Table 1. DGA Testing Result in July 28, 1982 of a Red
115/22kV, 25MVA Transformer

£ 500 =0
2 400 o H2
Gas CO Hp CHy CoHg CoHyg CoHy 2 300 ug];;6
o
'E 200 8 C2H4
VALUE | 273 | 403 0 113 109 212 S 100 = C2m2

0

LI SR L I
<& f&q \\\.9 o8 8
ORI\

© N L S © O
$ & & LS

N\
NEIFRONIRA NI SN
R ‘15'& %\\ "{)\ (\\\ f{.‘}\ ’:\\ \\\ D/M/Y

* Key Gas Method

From the data, it is analyzed and plotted as in Big
Acetylene (GH,) is key gas with large amount of
hydrogen and acetylene, which indicates the problem

involving the arcing in oil. * Ratios Method

The Dérnenburg ratio and Rogers ratio method aeel us

Fig.4. Relationship between Key Combustible Gasemnd
Age.

in the analysis. The calculation of gas ratios ablé 2
40 36.3 and Table 3 are compared with the reference talle f
35 result interpretation. Dérnenburg ratio method dadies
2 30f three of the four ratios, CfH,, CH,/CH, and
T o5 246 C,Hg¢/C,H,, which fit in the category of corona (low
E 20 3 19.1 intensity PD). Rogers Ratio Method indicates twdaf
g § three ratios, ChH, and GH4/C,Hg, which fit in the
s °F 102 og category of low-energy density arcing-PD.
10 F
i Table 2. Dérnenburg Ratio Result
co H2  CH4 C2H8 C2H4 C2H2 DOERNENBURG RATIO METHOD APPLIED TO
Gas HISTORICAL CASES
Fig.2. Percentage of Combustible Key Gases for Arg in R1 R2 R3 R4
Oil Problem.

CH4/H C,H./C,H C,H./CH C,Hg/C,H
+ Total Combustible Gases Method (CH/M,) | (CHACHS) | (CHACH) | (CoHo/CH)

0 1.94 0 0.53

The total combustible gases method provides thghrou
estimation of power transformer degradation. Fig. 3
shows the amount of total combustible gases, which
reaches 1199 ppm in July 28, 1982.

This indicates the significant decomposition and th
increasing trend should be carefully observed.hi t
amount of combustible gases remains constant, the
decomposition process is stopped due to the salfAge
effect. If the amount increases, then the unittwam the
danger zone.

Table 3. Rogers Ratio Result

ROGERS RATIO METHOD APPLIED TO
HISTORICAL CASES

R1(CH/H,) R2(GHA/CHy) | R5(GH4/CoHe)

0 1.94 0.96
2 1400 1109 _ 3 o
o 1200 ] TE_CG_I ] These analytical results are partly verified, wiiteis
g %00 S possible to untank the transformer for internapation.
T 600 = The accuracy of this analysis is now examining it
2 40 320 30 99 = ossible cases.
S oopf163 23 22 129 117 168 m m m P
S Tol ML BN e e (BB I 4.2 Failure Statistic Analysis Results
P & HF S P S
\\.\\ u\"i\ G\"\\ cé\\\ e \@\ «\\\'* S \\\\" ,\@\" O Year The applied power transformers consist of two sampl
LN S models of 107 units of rated 115/22kV and 44 units

Fig.3. Relationship Between the Total Combustible &ses Rated 230/115/22kV are studied. The failure stasist
and Age. consists of 157 failure events for 115/22kV and 63

failure events for 230/115/22kV power transformer
From the DGA historical testing results each y¢lae,  respectively. The data are compared with the failur
trend of generating combustible gases is presente). statistics according to Cigré [11].
4. The increasing trend of combustible gases velat
service year of power transformer can be determined
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Failure Statistics According to Cigré

According to [11], the group of power transformer
components can be divided into, on/off-load taprcies,
leakage concerning tank and insulating fluid, boghi
winding, core, and others such as temperature @mbl
The failure of power transformer as reported in][ikl
presented in Fig. 5.

Core
3%

4 Tap-changer

41%

‘Windings
19%

Bushing

12% Leakage
o

13%

Fig. 5. Failure Statistics of Power Transformer Como-
nents Reported by Cigré [11].

Bushing
39.5%

Leakage
4.5% £

Windings
0.6%

Other
28.0%

Tap-changer
27.4%

Fig. 6. Failure Statistics of Power Transformer Como-
nents for 115/22kV Power Transformer.

Leakage
7.9%

Bushing
31.7%

‘Windings
1.6%

Other

41.3% Tap-changer

17.5%

Fig. 7. Failure Statistics of Power Transformer Como-
nents for 230/115/22kV Power Transformer.
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Fig. 8. Percentage of Component Failures and Their

Associated Causes for 115/22kV Power Transformer.
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Fig. 9. Percentage of Component Failures and Their

Associated Causes for 230/115/22kV Power Transformer

Failure Statistics of Adopted Power Transformers

By dividing the failure data in the similar categar as
above, the failure statistics of adopted powersf@amer
models can be presented in Fig. 6 and Fig. 7. @iharé
results show the similar contribution of component
failure. The critical components of both power
transformer types with the highest failures arehing
and tap changer respectively.

Critical Components and Failure Causes

The percentage of component failures and their
associated causes are shown in Fig. 8 for 115/22kV
power transformer. From the total 158 minor faitud

107 transformer units, the components with high
percentage of failure are bushing 39.13% and OLTC
26.71%. The major causes of failure are leakage for
bushing, and defect and leakage for tap changgr. i
shows the percentage of component failures and thei
associated causes of 230/115/22kV power transformer
From the total 68 minor failures of 44 transformeits,

the components with high percentage of failure are
bushing 29.58% and OLTC 19.72%. The major causes of
failure are leakage for bushing, and defect for tap
changer.

Life Time Estimation of Power Transformer Composent

For life estimation, three models of power transfers
are performed as follows; 115/222kV with 25MVA and
50MVA as well as 230kV/115kV 200MVA, based on the
available technical data, historical testing recamtd
numbers in service of 53, 49 and 28 units, respelgti
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The failure components, causes and results of Weibu
parameters’ calculation are presented in the Tdble
From data, the failure analysis is further caladat

However, because of limitation of paper, only aktan
for 115/22kV, 25MVA transformer is shown as an
exemplar. The probability density function, religkj
and failure rate for tank leakage are presentdeign10
to Fig. 12, respectively.

In Fig. 10, the PDF curve shows the probability
density failure of tanks, which mostly fail in trege
about 20 years. This because of all existing dataage
is in average of 20 years. Fig. 11 and Fig.12 shuat
the failure rate of the tank keeps increasing wWithage;
by contrast the reliability of the tank keeps radgc As
a result, the component needs to be often focuseah vt
is operated for such a period in order to avoid sewere
fault.

Table 4. Life Time Estimation by Weibull Distribution

Weibull parameters

Component Failure causes Rating MTEF

8 m

Load Tap Changer 115/22kY, 2ZMVA 292 14.83 13.23

damage

Load Tap Changer leakage T15/22KW, 25V A 17.61

Bushing lealeage 1157221V, 25MVA 2 21.91

Tank leakage 115/22kY, 2ZMVA 22.02 19.66

Taak leakage 1157226V, S5CMVA 16.11 14.51

Taak leakage 1157226V, 2000V A 2265 2016

Bushing leakage 230/115kY, 200MVA 18.82 17.06

Probability Density Function

0.06
0.05
0.04

£ 0.03
0.02 1
0.01

20 30 40

Time(t)

50

Fig. 10. Probability Density Function for Tank Leakage of
115/22kV, 25MVA Power Transformer.

Failure Rate
5.000E-01
4.000E-01
E 3.000E-01
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E
1.000E-01
0.000E+00 T T T T
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Time(®)
Fig. 11. Failure Rate for Tank Leakage of 115/22kV,

25MVA Power Transformer.
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Reliability
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0.4000 1
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0.0000

20 30 40

Tiime(t)
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Fig. 12. Reliability for Tank Leakage of 115/22kV25MVA
Power Transformer.

Because, the calculation result, such as percerdbge
component failure, its associated causes, estimated
component lifetime, MTBF, failure rate, reliabilitgf
components, are based on statistical method, ttadlee
result could be obtained from the reasonable nurober
event records and trustable data. Thus, after mhtai
more and more such a good input data, the resaoitlégh
be more reliable.

5. CONCLUSION

The scattering historical data of power transfosneas
managed in a systematic database and analyzedruy us
developed program in the designed web-applicaiitwe.
different cases of power transformers were examined
The oil testing analysis was performed by applyting
dissolved gas analysis in order to evaluate power
transformer conditions such as normal or abnormal
operating conditions. By the way, the statistic et as
the Weibull distribution and normal distribution ree
applied to historical failure record in order totaib the
failure rate and reliability of the transformer qooments.
Because this program development offers data pgolin
remote access by web application with user friendly
interface, simple to use and allowing for further
development, it is very useful for maintenance
management. From the determination of the critical
power transformer components and its associatesesau
the strategy and process for preventive maintenaane
be effectively set up. The critical components d¢an
carefully maintained. The known causes of failuas ¢
help to avoid repeated failure and improve the
transformer and system reliability. The proceduré¢his
work can be further adapted to the other equipnment
power system.
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& 3 Stochastic Voltage Sag Prediction in Distribution $stem
LQ % by Monte Carlo Simulation and PSCAD/EMTDC
O}"fr%m T. Meananeatra and S. Sirisumrannukul

Abstract— Voltage sag is defined as a temporary rms reduction in voltage typically lasting from a half cycle to several
seconds. Voltage sag may produce unfavorable consequence in production processes if the process-control equipment
trips. Therefore, analysis of voltage sags at a location of interest provides useful information for assessing the
compatibility between equipment and the electrical supply. Asthe primary cause of voltage sag is due to faults that may
occur anywhere in distribution systems, a Monte Carlo simulation method is proposed as the main tool for voltage sag
prediction in this paper. The Monte Carlo simulation method is employed to capture stochastic behavior of fault
consisting of fault location, initial time of fault, fault duration and fault type. PSCAD/EMTDC, which is a software
package developed to simulate electric-magnetic transient phenomena, calculates voltage sag magnitude and duration.
Power flow solution is obtained from the software PSSE and used by the E-TRAN program to directly initialize the
circuit in PSCAD/EMTDC. A distribution system of Metropolitan Electricity Authority (MEA) is tested in a case study.
With the proposed methodology, the expected value of voltage sag magnitude and their probability distribution can be
obtained. Thisinformation is useful for the utility and customers for voltage sag prevention.

Keywords— Monte Carlo simulation, PSCAD/EMTDC, sag duration,sag magnitude, voltage sag.

that can provide information for the utility to idify the
1. INTRODUCTION weak points or locations and to assist the utility’
customers to select appropriate equipment spetdita
to assure the optimum operation of their production
facilities [3].

A variety of power quality problems exists in diistition
systems but voltage sag is probably the most premin

one due fo the facf[ that temporary faults are roften A Monte Carlo simulation is proposed for voltagg sa
seen. Voltage sag is a temporary root mean squas® ( pregiction in which time domain analysis is carrieat
drop in voltage magnitude ranging from 0.1 per amitl | i the PSCAD/EMTDC software package interfaced
0.9 per unit of the nominal voltage and sag durai® \yith pSS/E and MATLAB programs. The advantage of
one half cycle to one minufe]. . L the proposed method is that the stochastic nafueitis
The problem of voltage sags is gaining importance ,," e statically captured with minor mathematical

because the%/ affect d'ndl_JSt”al and large %omcrgsrc'alcalculation involved. With our method, prefault tagje,
customers whose production processes can be disfupt "\ ariety of fault types, sag magnitude, and sagtin

asa rgsult of tripping of their sensitivity equipnt SUCh o5 1o taken into account. The developed toolstede
as adjustable speed drive, computers and computer,

) with a distribution system of Metropolitan Elecityc
controlled equipmentThe consequence of voltage sags Authority (MEA).
may produce high economic loss of productivity.
The primary cause of yoltage sag is due to fahihs t 2 STOCHASTIC VOLTAGE SAG PREDICTION
may occur anywhere in a system and cannot be
eliminated completely. There are a number of factor There are basically two major methods for voltagag
associated with voltage sag such as location, theassessment: analytical and simulation methods.yfrell
characteristics  of  utility's  distribution  system methods, such as fault position [4], represensistem by
(underground, overhead, lengths of the distributionanalytical model and evaluate system indices using
feeder circuits, and number of feeders), numberass mathematical solutions. The Monte Carlo simulation
adjacent to the power lines, and several otheofadg]. method, on the other hand, estimates the systeoesby
This paper presents a methodology for predictingsimulating the actual process and random behavitineo
voltage sags characteristics caused by faults in @ystem [5]. The analytical method is superior ® Ktonte
distribution system. Predicting voltage sag requadool  Carlo simulation method in computation time becaiirse
Monte Carlo simulation method is normally
computationally expensive to arrive at results wiifficient

: o confidence. However, for systems with complex djieya
T. Meananeatra (corresponding author) is with Be@are and Y P

Power Quality Department, Metropolitan Electriciythority 132/18, conditions or those in which parameters cannotpgoly
Soi Charansanitwong 20, Charansanitwong Rd., Bareha Mmodeled, Monte Carlo methods are preferable.

Bangkoknoi, Bangkok, 10700, Thailand. Phone: +68&2B8297; E- Monte Carlo simulation mimics system behaviors and
mail: tanit. m@mea.or.th estimates system parameters by simulating the lactua

S. Sirisumrannukul is with the Department of Eleeatr It d | h . d ithi
Engineering, Faculty of Engineering, King Mongkutmiversity of process. It does not solve the equations descridieg

Technology North Bangkok, 1518, Pibulsongkram RElagngsue, model; instead the stochastic behavior of the maslel
Bangkok, 10800, Thailand. Emagipss@kmutnb.ac.th
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simulated and observed for several iterations T8je
simulation process is repeated until the solutzms/erge.
The convergence can be confirmed when no significan
variation in the solution is observed or the pre#jesl
number of iterations has been reached. Monte Carl
simulation generally requires considerable compnat
time in order to obtain sufficient confidence ir tlesults
[7]. Alternatively, for the sake of computation time
reduction without losing confidence in the accuratihe
results, a number of techniques based on varianc
reduction were developed and often employed, sisch
importance sampling, stratification, control vasgtand
antithetic variates.

Every time the system is run, several quantitiess ar
randomly generated to represent fault charactesisti
whose probability distributions are normally predeél
based on statistical behavior of fault. Two facttrat
describe voltage sag characteristic are sag matgéand
sag duration. Figure 1 shows a sag produced byghesi
line to ground fault at phase C in the test systetailed
in Section 5. With this waveform, the sag occurplatse
C, while the voltages at phases A and B remain

unchanged. The sag magnitude is 0.193 pu. with a

duration of 71.2 milliseconds.

0.8

Voltage (pu.)

0.4

02r

1 L L L L
0.25 0.26 0.27 0.28 0.29

Time (3)

0 L L L L
0.2 021 0.22 0.23 0.24 0.3

Fig.1. Voltage Sag Waveform.

In the process of Monte Carlo simulation, four
parameters need to be randomly generated as follows

a) Fault locations can be modeled by the method df fau
position [8]. The main concept behind this methad i
that a fault can be originated from every single
position on a distribution line (sending and recejv

end buses are considered as points on the line).

However, taking into consideration of all the psint
on the line, although possible, is time-consuming.
Thus, a distribution line with equally divided
intervals, say four segments as shown in Fig. 2ilavo
be reasonably approximated. This approximation

introduces three dummy buses between bus 1 and bughere z

2. Therefore, there are five possible locationsszg
to faults.

The parameters associated with a probability
distribution of fault position can be determinedrfr past
experience. However, without historical data, asitgn
function for fault location can be based on thefam
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density function. A fault location is mathematically
expressed by (1).

Bus 1
Line 1

Bus 1

Dummy 1

L
3%

Dummy 2

L
5%

Dummy 3

5%

Fig.2. Method of Fault Position.

i =1 if 0<U, <1
=2 ifl<u,<2
n n
1)
FL, =
i=n-1 |f;2<Ulsn—_1
n n
i=n, if n-l, U, <1
where i = bus index
n = total bus number
U = uniform random number under [0,1]

1

b) The initial time of a fault is represented by adam
number that is uniformly distributed within 1 cycle
(50 Hz or 20 milliseconds).

FI =U,, if 0<U, <0.02 (2)
where  Fl = initial time of the fault
u, = uniform random number unc
[0,0.02]

c) The fault duration of voltage sag is assumed to be
normally distributed with a mean and a standard
deviation. For a given uniform random number
under [0, 1], it can be converted to a normally
distributed random number by an approximate
inverse transform method [7].

z, if05<U;<1.0

X =10, ifU,=05 (3)
-z, if0<U,; <05

FD =(X x0)+u 4)

random variable calculated using the
equations given in the appendix

U; = uniform random number under [0,1]
X = normally distributed random variants
7 = mean of fault duration

o = standard deviation of fault duration
FD = faultduration
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d) Fault types are classified as three-phase faulthlgo
line-to-ground fault, line-to-line fault and single
line-ground fault. A probability distribution of dit

can construct a circuit, run a simulation, analyhe
results, and manage data in graphical environment.
Although PSCAD/EMTDC offers a convenient way

type can be modeled by a discrete distribution for voltage sag simulation, it still needs an ifaee with

derived in (5).

j=1 ifU,<R,
FT = j=2 ifR, <U, S(PLLL +PLLG)
! J = 3’ If (PLLL + I:)LLG) <U4 < (PLLL + I:)LLG + I:)LL)
j=4 if (PLLL +R6 +PLL)<U4 <1
(5)
where | = fault index
FT]. = fault type
u, = uniform random number under [0, 1]
P = probability of occurrence of a three-
LLL
phase fault
Pl = probability of occurrence of
double line-to-ground fault
P, = probability of occurrence of a line-
to-line fault
P, = probability of occurrence of a line-

to-ground fault

In practice, the values of the four probabilities de
determined from statistical collected data.

After bus voltages have been calculated, the eggdect
bus voltage magnitude is given by the following
equation:

_ 1 N
V==Y, ()
N
where \/ = expected value of sag magnitude
' busj
V, = sag magnitude of iteratiok
N = number of samples

The unbiased sample standard deviation for bus

voltage magnitude is calculated from:

o = b V)

where g, =sample standard deviation

Note that according to IEEE Std 493-1997 [g],in

(6) is considered from the lowest of three phadtages
for each sag event.

(7)

3. DEVELOPED SIMULATION TOOL

Power System Computer Aided Design (PSCAD)/
Electromagnetic Transients including DC (EMTDC) [9]

is a fast, accurate, and user-friendly power systemgiep 2:

simulation software. The software is suitable fionet
domain simulation, particularly in transient pesodt
contains extensive libraries of power and contystem
models organized in forms of circuit schematic. gewu

external subroutines that is able to perform speasks.
The proposed simulation tool links the multiple run
option in PSCAD/EMTDC with PSS/E for calculating
power flow solutions and with a module developed on
MATLAB for data recording and post processing of
output results. Figure 3 shows a flowchart of psgmb
stochastic simulation tool for voltage sag predictiThe
duration of each run performed by PSCAD/EMTDC is
0.5 second with a time step of 0.1 milliseconds.

Solve Power Flow
by PSS/E
Convert Case File
by E-TRAN

Build Modules interfaced
with
External Link

—_——_————_— e — — — =

— ‘MATLAB

Stochastic Prediction
of Voltage Sags

Voltage
Monitoring

PSCAD/EMTDC

Internal Capabilities for
Development of Custom — Made
Module

Main Core Simulation

Capability

Multiple Run
Finished

YES

Print
Results

Fig.3. Developed Simulation Tool for

Prediction.

Voltage Sag

4. METHODOLOGY FOR VOLTAGE SAG

ASSESSMENT

The proposed methodology consists of following step

Step 1: Input data of loads, branches, buses, net
equivalent of supply point and maxim
number of iterations.

Perform power flow by a subroutine in
PSS/E program to obtain pfault bus voltage
(including those at dummy buse The PSS/
program gives a case file that contains all
input data and the power flow solution.
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Step 3:  Convert the case file by theTRAN program
which directly initializes the circuit i
PSCAD/EMTDC.

Interface PSCAD/EMTDC with MATLABYb
a custommade module for a Monte Ca
simulation and for data recording.

Generate random numbers by a subrountil
MATLAB to represent fault characterist
(fault location, initial time of fault, far
duration, fault type). These random nmiel
will be used in PSCAD.

Perform  an  electromagnetic  trans

simulation by PSCAD/EMTDC to obtain
magnitude and sag duration of all the b
until the maximum iteration has been reac
These two parameters as well as the

charactestics will be passed to MATLAB fi
recording.

Manipulate the recorded data to obtain
expected voltage sag magnitude and its de
function of each bus.

Step 4:

Step 5:

Step 6:

<

Step 7:

5. CASE STUDY: BANG-PU INDUSTRIAL
ESTATE

Description of test system

The 115/24kV Praekasa (PR) distribution substatibn
MEA is selected for demonstrating a practical caady.
The substation is located in the Bang—Pu Industrial
Estate of Samutprakan provinaed supplies 3 power
transformers, serving 33 load points with a toeindnd

of 28.5 MW. There are 4 outgoing 24 kV feeders from
power transformer No.3, namely PR432 with 2.46
circuit-km, PR434 with 39.4 circuit-km, PR435 with
8.90 circuit-km, and PR433 with 1.45 circuit-km.i§h
system is of interest because it has experiencedrder

of sags that caused interruption to customers’ yrtion

processes. The single line diagram of the system is

shown in Figure 4. As described in Section 2 fog th
modeling for fault position, this system has 129ndwy
buses in total for the Monte Carlo simulation. Thean
and standard deviation for fault duration are Gs6éond
and 0.01second [11], [12]. The values used in fipié
simulation are®, =080, P,, =017, P, =002,

P, =001 and [11]. Itis assumed that fault resistance
is neglected.

Simulation Results

The test system is simulated by a multiple run @0 5
iterations. The frequency distribution with 10 bioé
fault location and initial time of fault is shown Figures

5 and 6. It is seen that both figures follow the
prespecified uniform distribution. As shown in Rigw/,
the distribution of fault duration has a mean vabfe

0.0610 second and a standard deviation of 0.010§,

second. These values follow the predefined stedilsti
property of fault duration. As expected from Fig@e
the probability of simulated fault type has a good
agreement with the given assumption of fault typet is
Ps =0.744, P, = 020, P, =0.038, P,, =0.018.

34

THEVENIN Equivalent Prackasa
Substation Transformer No.3

? R
@ A~ A~ A~ A~
'}@ r:l@ m®—/ 1@ @1
1L0AD2 LOAD 3 LOADS © LOAD 22
® ® @37 g ® Sl ®
LOAD 25 LOAD S o LOAD 11 1 ® ®
® 1) o @\ LOAD 21 LOAD 20
LOAD 27 LEZ]) 26 ‘r@_ LOAD 12
1®
LOAD 4
o5 © @ 0
10AD7 - LOADS rosp I,OYD 24 LOAD23
®
_GB_
@ ® ®

LOAD17 LOAD 16 LOAD 18

Fig.4. 115/24kV Praekasa Distribution System.
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Fig. 5. Density Functions of Fault Location.

Figure 9 shows the density functions of 4 selected
buses of interest: bus 9, bus 8, bus 21 and bu# 89.
obviously seen from the figure that bus 9 has ibbdst
average bus voltage while that of bus 21 is lowEkis
is not surprising because bus 9 is close to thstatibn,
while bus 21 is at the end of feeder PR434, whécthé
longest feeder. Downstream customers, of courad, tte
suffer more from voltage sags than those upstrddra.
reason is that a downstream fault may not creaaga
seen by upstream customers but downstream customers
will certainly be affected by an upstream fault.

Figure 10 illustrates a convergence report of the b
oltages. It is observed that the simulation cogeer
after 300 iterations. The cumulative voltage sagsidg
function of bus 9 is depicted in Figure 11, indicgtfor
example that if a device can ride-through shoratan
sag, say above 70% of the nominal voltage withih O.
second, there is a 80% chance that the devicebsill
tripped.
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The developed program takes 36 hours on PC Pentiurr
M 1.6 GHz with 1GB of RAM. The major contribution
to the computation time is the number of nodes (or

buses) and sampling period (solution time stephdei 100

considered. To be specific, the more nodes (buses) 0

smaller sampling periods, the more computation .time

Our problem has in total 129 nodes with a sampling

period of 0.0001 sec. It was recommended in [18] ¢h :

time step size be equal to or greater than 10@09Q1 .

sec). The computation time is greatly reduced ifdwean 5 %

analysis only at a bus of interest. As an illugbrat it g

takes only 1.5 hours if only bus 21 is selectecbim 50

calculation. Alternatively, if a sampling period is 20

changed from 0.0001 sec to 0.0004 sec with the same 20~ e gph < 100%
129 nodes, the computation time is only about @&r$, 0

scarifying very small amount of accuracy. Figure 12 <o

emphasizes our confirmation. Nonetheless, computati qualﬁoggso_mz ek o
time does not matter as voltage sag assessmeaot fern Mg, te0sss  v<aon )

real-time application but rather for planning objee. . o .
Fig.11. Voltage Sag Distribution Function at Bus 9.
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Fig.12. Convergence of Expected Voltage Sag Magnitudes
at 4 Buses with sampling period of 0.0004 sec.

of view, voltage sags can be mitigated by fault
prevention activities and modification of fault ateng
practices, while from the customers’ point of view,
installing mitigating equipment such as uninteritipt
power supply and voltage source converter couldabe
good option for improving the immunity of sensitive
equipment.
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APPENDIX

nqaenerating Normally Distributed Random Variates
A normally distributed random variate can be getagla

ITIC curve is also presented which provides a usefu the normal culmulatime probability distribution fition

indicator for voltage sag problems. From the wtiibint
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F(x). The inverse function oF(x) has the following
approximate expression [7]:

where

t=4-2InQ

c, = 2.515517
c, = 0.802853
¢, =0.010328

2 )
7=t Z:i:ocit|

_1+ Z:iszlditi

d, =1.432788
d, = 0.189269
d, =0.001308

(A1)

(A2)

The implications ofz andQ are shown in Figure Al,

where f(z) is the standard normal probability density

(A2)

function.
1 %
flz)=———¢e
(2) =
~N
o

0 z

Fig.Al. Area Under Normal Density Function Q(z)

Table Al. Load Data of 33-Bus Distribution System

Bus P QL Bus Q.
No (MW) |(MVAR) No. (MVAR)
3 1.785 0.988 15 0.818
4 2.783 1.540 16 0.963
5 2.168 1.200 18 0.232
6 1.050 0.581 20 0.295
7 1.628 0.901 21 0.581
8 1.313 0.726 22 0.363
10 0.656 0.363 25 0.581
12 0.822 0.455 26 0.871
13 0.559 0.309 29 0.726
14 1.890 1.046 30 1.418
31 0.525 0.291 33 0.291
32 0.473 0.261
Table A2. Equivalent Source Impedance
Impedance (pu.)
Source R, X1, Xq
PR. Substation
Transformer | 0.13114 | 0.42173 0.37962

No.3

Table A3. Branch Data of 33-Bus Distribution System

To Ri. Xi2 Ro Xo |Length
Bus| (pu) | (pu) (pu.) | (pu) |(km)
1 2 0.0233| 0.0349 0.172f 0.17p41.00
1 4 0.0116| 0.0174 0.0860 0.08[r30.50
1 9 0.0105| 0.0157 0.0778 0.08[r30.45
1 22| 0.0022| 0.0033 0.016p 0.08[730.10
2 3 0.0042| 0.0062 0.025L 0.03420.12
2 31| 0.0017| 0.0025 0.010L 0.01370.05
4 0.0069| 0.0102 0.0419 0.05[00.20
5 0.1042| 0.1537 0.628L 0.85473.00
6 0.0556| 0.0819 0.3350 0.45681.60
6 0.1250| 0.0369 0.0445 0.07803.60
9 10| 0.0764| 0.0225 0.0272 0.04462.20
9 13| 0.1181| 0.0348 0.042p 0.06893.40
11| 0.0972| 0.0287 0.0346 0.05682.80
12| 0.1677| 0.0492 0.0598 0.09734.80
14| 0.0694| 0.0204 0.0247  0.04052.00
15| 0.0972| 0.0287 0.0346 0.05682.80
16 | 0.1250| 0.0369 0.0445 0.07]303.60
17 | 0.1250| 0.0369 0.0445 0.07]303.60
18| 0.1250| 0.0369 0.0445 0.07]303.60
19| 0.1736| 0.051% 0.0618  0.10145.00
20| 0.0972| 0.0287 0.0346 0.05682.80
21| 0.0972| 0.0287 0.0346 0.05682.80
23| 0.0049| 0.0014 0.0017 0.00280.14
24| 0.0035/ 0.001d 0.001p  0.00200.10
27| 0.0174| 0.0051 0.006p  0.01010.50
25| 0.0097| 0.0029 0.003p 0.00570.28
26| 0.0090| 0.0027 0.003p  0.00530.26
28| 0.0028| 0.0009 0.001p  0.00160.08
29| 0.0174| 0.0051 0.006p  0.01010.50
30| 0.0174| 0.0051 0.006p  0.01010.50
32| 0.0035/ 0.001d 0.001p  0.00200.10
33| 0.0035/ 0.001d 0.001p  0.00200.10
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gttt Lightning Performance Improvement of 115 kV and 24V
& 5 < Circuits by External Ground in MEA's Distribution S ystem
}"’r% A. Phayomhom and S. Sirisumrannukul
a,9

Abstract— This paper presents the guidelines for preparing a paper for GMSARN International Journal. This
document can be used as a template if you are using Microsoft Word 6.0 or later. The abstract should contain not more
than 200 words. It should outlining the aims, scope and conclusions of the paper. Do not cite references in the abstract.
Do not delete the space before Introduction. It sets the footnote.

Keywords— About four key words or phrases in alphabetical ader, separated by commas.

An external ground is attached along the concrete p
1. INTRODUCTION connected between the OHGW and a ground rod. It can

. - _ . . help reduce the resistance of the ground rod aed th
Metropolitan Electricity Authority (MEA) is respoiide surge impedance of the pole. This method gives a

for power distribution covering an area of 3,192&®% o4 ction in voltage across the insulator unitsves as
kilometers in Bangkok, Nonthaburi, and Samutprakarny .« fiashover rate (BFOR). The benefit of an exter
provinces of Thailand. MEA serves approxw,nately0/37 ground depends on pole span, line configurationgesu
of the whole country power demand. MEA’s networks impedance of the pole, and resistance of the groauhd

consist of transmissions, subtransmissions, an n this paper, the Alternative Transient Program-

distribution systems. The voltage level in transiois Electromagnetic Transient Program (ATP-EMTP) is

systems is 230 kV, in subtransmission systems 69 kVamnioved to model and analvze a lightning perforzean
and 115 kV, and in distribution systems 12 kV add 2 ploy Y g ap

improvement of 115 kV and 24 kV circuits by extdrna

kv. ) ) ) grounds. The performances are considered in tefms o

Dge to the right of way and obstru_ctlon In some top pole voltage, critical current and BFOR. Sintiola
service areas, a 24 kV circuit have to be installeder a o5 its with and without external grounds for disfet
115 kv circuit on the same concrete pole. In this a4 e of lightning front time and impulse resisirof
configuration, the 24 kV and 115 kV circuits shane ground rod are presented
same lightning protection that uses a ground wire '
embedded in the pole to provide a grounding path
between an overhead ground wire (OHGW) on the fop o 2. DATA OF SYSTEM STUDIED
the poleand a ground rod located in earth under the pole.Detail of 115 kV and 24 kV circuits

The number of thunderstorm days in Bangkok
averaged over the period from 1993 to 1997, is &&d
[1]. Direct or indirect lightning stokes on OHGWsuid
lead to power interruption as a result of insulatio _ . . :
flashover caused by the high energy of the strokes. reinforced concrete polés 20 m high. The 115 kv

X . . circuit consists of 2400 mnf all-aluminium conductor
When a lightning stroke hits at the OHGW of a 11_5 (AAC) per phase, while the double circuit of the 124

kV subtransmission system, an overvoltage is'. . :
induced on both the phase conductors of the 11 gcircuit consists of 2185 mnf spaced arial cable (ASC)

KV and 24 KV systems. This overvoltage can damageP®’ Phase. A438.32 mm OHGW is directly connected
insulators by back flashover if the voltage acrtss  (© @ ground wire embedded in the concrete pole. The
insulators exceeds the critical flashover voltage@) of ~ 9round wire is connected to a 3-m-long ground ratth w
the insulators. This problem can be solved by te¢hod & diameter of 15.875 mm [2].

of external ground. Insulator

' The configuration and grounding system of a 115 kV
subtransmission system with underbuilt 24 kV
distribution feeders in MEA is shown in Figure lheT

A suspension porcelain insulator type 52-3 (seer€i@)

A. Phayomhom (corresponding author) is with th@@enent of and a pin post porcelaln Insu'f’a‘tor type 56/57-2¢ (Se
Electrical Engineering, Faculty of Engineering, #&irMongkut's Figure 3) are commonly seen in MEA’s system. The
University of Technology North Bangkok, Thailanddawith Power suspension insulator is complied with Thai Indastri
(SVSte;“ Planning Depagmerl“v Metropolitan kElleWiC"]‘;[‘;I‘hlo”%’ Standard: TIS.354-1985 and the pin post insulatith w
MEA), 1192 Rama IV Rd., Klong Toey, Bangkok, 101Thailand. s
Phone: +66.2.348 5421 Fax. +66.2-348.513%; E-nip@men.orth  115-1251-1994 standard. In a 115 kV subtransmission
or att_powermea@yahoo.com system, a Stl’ll’lg of 7 suspension insulator unies ar

S. Sirisumrannukul is with the Department of Elieatr installed to support a phase conductor, while & 24
Engineering, Faculty of Engineering, King Mongkutiiversity of kV circuit, the pin post insulators support the ma
Technology North Bangkok 1518, Pibulsongkram Rdangsue, conductor. The critical-impulse flashover valuedhase
Bangkok, 10800, Thailand. : p

two insulators are listed in Table 1 [2].
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Network.

Table 1. Critical Flashover Voltage of Insulators [3, [4]

Critical Flashover Voltage

Insulator type — -
Positive (kV) Negative (kV)

52-3 (7unit) 695 670
56/57-2 (Lunit) 180 205
e d
Frt - <A —  Socket Cap
o .
g}ﬁer Key —— ‘A‘!T‘T \
(C:%)ment e :. i | - " Zinc Sleeve
e = 1 //:,,
@ A

Porgelain Shell ™.

Ball Pin

Fig.2. Typical Suspension Insulator Type 52-3.
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Fig.3. Typical Pin Post Insulator Type 52/57-2.

3. INSTALLATION OF EXTERNAL GROUND

The interruption data in the 115 kV circuits in thear
2006 collected by the Power System Control Departme
of MEA reveal that lightning strokes resulted in 2
sustained interruptions (interruption duration i®ager
than or equal to one minute) and 9 momentary
interruptions (interruption duration is less thamihute).
The total length of the 115 kV circuits in MEA’'sstgm
is 480.30 circuit-kilometers. With these data, BfeOR,
calculated from the number of interruptions andttial
length, is 2.29 flashes/100 km/year.

In this paper, the method of external ground isliadp
to the MEA network in order to reduce the back
flashover rate (BFOR) value. The method of external
ground is implemented by attaching a38.32 mm of
zinc-coated steel wire along the concrete pole ecteal
between an overhead ground wire (OHGW) and an
existing ground rod. The typical detail of extergedund
installation and its schematic diagram are providted
Figures 4 and 5.

4. ATP-EMTP MODEL

The proposed ATP-EMTP model used to analyze
lightning performance is shown in Figure 6. The kK15
and 24 kV circuits are represented by AC threephas
voltage sources. The OHGW, subtransmission, and
distribution lines are modeled by line constantsaile
parameters/cable constants of J.Marti's line mod@ibk
ATP-EMTP model is proposed in Figure 6 and needs
following parameters:

- Frequency for line modeling

- Lightning current model (Block A)

- Surge impedance of concrete pole (Block B)

- Impulse impedance of the ground rod (Block C)
- Surge impedance of external ground (Block D)
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where f = frequency for line modeling (Hz)

/r’/ |“ne = line segment of length (m)
T—INTERNAL
GROUND WIRE 1ISkV Transmission and Distribution Lines
EXTERNAL — = 85/16"
GROUND WIRE Ty N\ Lec Lec Lec
#5/16" Nl 1B =1 il 1
= I 1 [ | [ 1 =
PRI\ YA 1=
& Overhead
= 2 e Growmd 2
= 7} B3 a4 Wire
- B S -
/ ~ Surge Impedance K 5 E3 4> L External
— U of Pole i i 5&3.'.'.'.3
Bl Bl A Lightning 45 ] -
! B: 4 Impulse Current i L.1.iD
INTERNAL “ h
. GROUND WIRE
% $5/16"
EXTERNAL i
GROUND WIRE N L L
?»5/16" Impulse Impedance
of Ground Rod
EXTERNAL INTERNAL Fig.6. Diagram of ATP-EMTP Model.
GROUND WIRE nglugﬂn WIRE
#5/16"

A Lightning current source model

Lightning is represented by the slope ramp modeivsh
in Figure 7. Three important parameters that idgtiie
characteristic of lightning current waveforms arealp

current I, front timet;, and tail time,. The peak

Fig.4. External Ground Installation.
current is the maximum value of current found ie th
waveform. The front time is a time interval where th

, OHGW current increases from zero to its peak. The baiétis
/ —H— —— / the sum of the front time and the time that therenir
ﬂ_ n r H falls to 50% of its peak value.

Internal Ground Wire

©

External Ground Wire

Curfant (kA)
N

I_ - »
t(us
ﬁ Ground Rod (l—l )

o Fig. 7. Lightning Current Waveform.

Fig.5. Schematic Diagram of External Ground Installéion
Surge impedance of pole
Frequency for line modeling Surge impedance of pol&4{ ) is the impedance of the

Line parameters (resistance, inductance, and dapae)  grounding path. Its value depends on the heighhef
are represented by a frequency dependent modéieof t pole and the size of the ground wiréy can be
transient phenomenon of lightning [5]. This freqoen

varies with the length of line segment. The freqyeis expressed as [6]:

calculated by H
r
Z7 = 60In(—j + 9({—) -60 2
o 3x 10° W r H
a
line
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where Z; = surge impedance pol&)
H = pole height (m)
y = radius of ground wire (m)

I mpulse impedance of the ground rod

An equivalent circuit of the ground rod is showrFigure
8. The resistance, inductance, and capacitancenef t

under transient phenomenon are calculated by8¥], [

Rj =aRg ®)
8l
Ry =——|In—-1 4)
27t d
L :z(ln%X1O’7j 5)
g | o
C= # x10 (6)
where R; = impulse resistance of ground roQ f
a = impulse coefficient
Ry = resistance of ground rod at power
frequency(Q)
p = soild resistivity @ -m)
| = total length of ground rod (m)
d = diameter of ground rod (m)
L = inductance of ground rod (H)
C = capacitance of ground rod (F)

relative permittivity of solid

A
(—
-

\

—
\

v

—
\

5

A
| — | — | —

Table 2. Parameters in ATP-EMTP Modeling

Detail Values Model
1. Lightning current
- Amplitude (kA) 34.4 Ramp
- Front time/tail time (us) 0.25/100,
[10],[11] 10/350
2. OHGW
- Diameter (mm) 7.94
- DC resistanceQ) 3.60
3. Phase conductor of 115 kV
- Diameter (mm) 25.65  J.Marti
- DC resistanceQ) 0.0778
4. Phase conductor of 24 kV
- Diameter (mm) 15.35
- DC resistanceQ) 0.164
5. Pole
- Height (m) 20
- Span (m) 80
- Surge impedance}) 451.4
- Wave velocity (m/us) [12] 123
6. External ground
- Diameter (mm) Distributed
- Length (m) 20 Parameter
- Surge impedance]) 411.27
- Wave velocity (m/ps) [12] 300
7. Ground rod
- Diameter (mm) 16
- Length (m) 3
- Impulse resistance) 5-100

Zg = 60In(§j K In(1+ (%D %)

k = 0.096xr, +1395 (8)

where Zg surge impedance external grouf )

Fig.8. Equivalent Circuit for Ground Rod under Impulse h = conductor height (mm)
Condition. I = conductor radius (mm)
€ = base of natural logarithm

Surge impedance of external ground k = constant

S . r. = radius of pole (mm
A good approximation for the surge impedance of an ¢ p (mm) . .
external ground is given in (7) [9], whose paramsetire D = separate distance between-sklll of reinforced
based orthose of the MEA standard as presented in Table concrete pole and grounding conductor
2. (mm)
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5. LIGHTNING PERFORMANCE INDICES for different impulse resistances. The reason & the
top pole voltage cannot be attenuated by the tefliec
wave generated by the impulse resistance of thengro
rod. But this is not the case for the 10/350 usef@wn
(Table 4) because its font time is 40 times lonian
that of the other and for the 24 kV circuit becatise
reflected wave travels shorter to the bonding point

An external ground helps reduce the top pole veltag
particularly for the 0.25/100 ps waveform since the
reflected wave can travel through the groundinghpat
faster and therefore reducing the top pole voltage.
However, for the 10/350 ps waveform if the impulse
resistance is greater than 8D for 115 kV and 10Q for
24 kV, the top pole voltage will stay constant omgqio

Three lightning performance indices are considefgd:
top pole voltage, 2) critical current and 3) BFORe
top pole voltage in a 115 kV circuit is a voltage-t
ground of the OHGW. For the underbuilt 24 kV cit¢ui
the top pole voltage is a voltage-to-ground of the
bonding point connected to the grounding systerthef
115 kV. The critical current is defined as lighmistroke
current when injected into the conductor causing
flashover. When the critical current is known, BEOR
expressed in flashovers per length of line per,yesm be
calculated by: [1], [13], [14].

BFOR =P(I) xN, 9) reduction in the reflected coefficient magnitude.
P() = . (10) Table 3. Top Pole Voltage for 0.25/ 10(s Waveform (kV)
L+ (Ij R 115 kV 24 kv
A (Q) External ground External ground
without with without with
N, = 9(23"'0'6 +b] (11) 5 | 567860 336820 401030 2,844.40
10 10 | 5,678.60| 3,385.40 4,042.20 2,872.50
125 25 | 5,678.60f 3,430.20 4,138.70 2,945.90
Ng = 00133 (12) 50 | 5,678.60| 3,488.50 4,256.80 3,099.20
where 75 | 5,678.60f 3,532.60 4,339.80 3,340.10
BFOR - back flashover ratéflashes/100 kmiyr) 100 | 5,678.60| 3,566.80 4,421.90 3,531.70
P() = probability distribution of stroke currer

peak magnitude Table 4. Top Pole Voltage for 10/ 350 us Waveform (RV
first stroke peak current magnitude (kA) R 115 kV 24 KV

A = median of stroke peak current (Q') I q I q
magnitude (kA) External groun External groun
B = constant (2.6 for Thailand without with without with
power system) [1] 5 | 250.63 | 161.24| 167.70 | 140.97
N = number of lightning strikes 10 | 27601 | 22518 21439 | 21439
N (ﬂaShZS]flloi ;m/yr) — 25 | 363.75| 359.94| 33555 | 335.55
hg = groundfas ) ens'ti’](,a; (es) ) 50 | 457.33 | 457.33| 447.42 | 447.42
= average conductor height (m
b _ separation distance of overhead ground & 204.67 504.67 499.70 499.70
~ wire (m) 100 528.07 528.07 525.58 525.58
Ty = number of thunderstorms (days/yr)

Table 5 shows that with an external ground, théesys

is able to withstand more critical current, for exde
6. CASESTUDY under the 0.25/ 100 ps waveform, as much as 569%6- 7
The system in Figure 1 is simulated by the ATP-EMTP for 115 kV and 20% - 40% for 24 kV. But under the
program. The lightning performance of this systesm i 10/350 us waveform in Table 6, the increase of critical
analyzed by two lightning current waveforms, 0.28/1  current becomes less obvious when the impulse
us and 10/350 ps, with and without an external mgiou resistance is increased for the same reason used to
for different impulse resistances of the ground. rode explain the top pole voltage of Table 4.
test results are derived from a lightning current The mathematical relation between critical curremd
magnitude of 34.4 kA, which is the median of stroke BFOR, as expressed in (9) and (10), indicates that
peak current magnitude over the period from 1993 tojncreasing the critical current decreas¥$) and hence

1997 in Thailand [1]. Simulation results are sholWn  g-SR |t is shown from Tables 7 and 8 that BEORS

Tables 3-8.
. der the 0.25/100 fi for both 115 kV 24d
The numerical results under the 0.25/100 ps wawefor E\r} iirrcu?ts are slig‘fllzywi\i/f?e(r)gr:l opr\n Oexternal anod

in Tables 3 reveal that without an external groimthe does not much affect BEOR in the 115 kV and 24 kV
115 kV circuit, the top pole voltage remains unaeth
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circuits. With the 10/350 ps waveform, the maximum subtransmission lines can be calculated as 508038.

reductions of BFOR in both circuits are only acleig\by

the 5Q impulse resistance.

Table 5. Critical Current for 0.25/ 100 ps Waveform(kA)

115 kv 24 kv
Ri External ground External ground
(@) without with without With
5 4.60 7.80 2.00 2.80
10 4.60 7.60 1.98 2.70
25 4.60 7.60 1.95 2.70
50 4.60 7.40 1.85 2.50
75 4.60 7.30 1.83 2.30
100 4.60 7.20 1.80 2.15

Table 6. Critical Current for 10/350 ps Waveform (kA

Baht. It was reported in [16] that the interruptost per
event in MEA’s service area was 147,500 Baht/euent
the year 2000. The total investment cost and the
interruption cost are respectively equivalent to
712,037.08 Baht/100 km and 258,016 Baht/event with
discount rate of 7.24%. The total outage cost can b
estimated by the product of 258,016 Baht/event and
BFOR. The total investment cost and total outaggt co
are then used in the calculation of NPV with thensa
discount rate (7.24 %) over a period of 25 yeatse T
NPV in case of with and without external ground are
shown in Tables 10 and 11. Note that the cash fliows
the investment cost are considered as positive.tatad
NPV for each lightning waveform is the summation of
NVP from 115 kV and 24 kV circuits whereas the ftota
expected NPV is calculated by assuming that both
waveforms are equally likely to occur (i.e., 50%be).
The lower expected value in case of the system with
external ground indicates the economic merit to
implement this proposed technique to MEA’system.

115 kv 24 kV
R. Table 8. BFOR for 10/350 pus Waveform (flashes/100 Kyr)
: External ground External ground
(@) without with without with R 115kv 24 kv
5 103.30 170.00 54.00 60.00 (Q External ground External ground
10 | 100.00 | 120.00| 40.00 40.00 without |  with without |  with
25 | 74.00 75.00 24.50 24.50 S 2.64 0.79 10.74 8.47
50 | 60.00 60.00 18.00 18.00 10 2.85 1.85 17.85 17.85
75 | 55.00 55.00 15.00 15.00 25 .63 5.47 30.73 30.73
100 | 53.00 53.00 14.00 14.00 50 8.74 8.74 36.63 36.63
75 10.37 10.37 38.98 38.98
Table 7. BFOR for 0.25/100 ps Waveform (flashes/100 100 11.12 11.12 39.69 39.69
km/yr)
115 kV 24 KV Table 9. Breakdown of Investment Cost (Baht/pole)
Ri External ground External ground Item Investment Cost (Baht/pole)
(@) without with without with Material 425.65
5 43.59 42.83 43.80 43.80 Labor 54.25
10 43.59 42.90 43.80 43.80 Work Control 16.28
25 43.59 42.90 43.80 43.80 Transportation 21.28
50 43.59 42.96 43.82 43.82 Operation 25.87
75 43.59 42.99 43.83 43.83 Miscellaneous 25.87
100 43.59 43.02 43.84 43.84 Total 569.20

As seen in Tables 7 and 8, the (b of impulse
resistanceR) is optimal for the installation of external
ground. Thereby, the economic analysis of external
ground is performed only in this value Bf. The net
present value (NPV), which is defined as the total
present value (PV) of a time series of cash flob,[is
applied to demonstrate the economic merit.

The breakdown of investment cost for the instailati
of external ground depicted in Figure 4 is listadlable
9. From this table, the total investment cost 60 km
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Table 10. Net Present Value with External Ground (Nflion

Baht/100 km)
o Waveform
Description
0.25/100 (us) 10/350 (us)

NPV of 115 kV Circuit 126.29 3.28
NPV of 24 kV Circuit 129.85 3.28
Total Circuit 256.14 6.56

Total expected NPV 131.35
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Table 11. Net Present Value without External GroundMillion

(6]

Baht/100 km)
o Waveform
Description
0.25/100 (us) 10/350 (us)

NPV of 115 KV Circuit |  128.28 | 7.77 [7]

NPV of 24 kV Circuit 128.90 7.77

Total Circuit 257.18 15.54
Total expected NPV 136.36 (8]

From the economic and reliability advantages of
external ground installation, this proposed techeigan
be served as a guideline to develop the performafce
MEA’s distribution system because this proposed
technique can increase the reliability of systerd &n
able to reduce the electricity failure due to back
flashover.

9]

7. CONCLUSION

This paper has presented the lightning performanc
improvement of 115 and 24 kV circuits installed the
same pole by an external ground in MEA'’s distribnti
network. The lightning performance is evaluated by
0.25/100 ps and 10/350 us lightning current wawesor
and different impulse resistances. The test result
obtained from the ATP-EMTP indicate that top pole
voltage, critical current, and BFOR can be improved
when an external ground is installed. The advastade
external ground depend on lightning current wavafor
and impulse resistance of ground rod. In additibe test
results also reveal that low impulse impedanceaitaisle

for external ground.
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