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ABSTRACT

The quality of electric power system has a great concern and also it has been a
constant topic of study. A transient originated from capacitor bank switching are
main reason which affects the power quality. The analysis, simulation and optimal
use of capacitor banks under harmonic conditions are required in a power network to
optimally locate and sizing of a capacitor bank. If the capacitor banks are not
properly selected and placed in the power system they could amplify and propagate
harmonics, deteriorate the power quality to unacceptable levels and the transients
produce under different conditions will be negatively affected to the switchgears in
the substation.

The breaker switched capacitor (BSC) banks are commonly used for power factor
correction, reactive power requirement and voltage support by many utilities in the
world. Ceylon electricity board (CEB) has also installed total of 370 Mvar capacitor
banks island-wide in transmission grid substations (GSS) in 33 kV level.

The motivation for the study is the failure of 100 Mvar BSC banks installed at the
Pannipifi\m (5SS after nutting in to onerations. After this incident the Thu|hiriya GSS

and Athurugits 399: BSC -banks-were switched (off sincg they also came under
same projeg@ith same equipment.. In this sfudy.the Thulhiriy: was selected as
the case St@£I0 analyze the switching trarisients’of the 3371 3C banks to the
system. -

Data for the selected substation were recorded and analyzed and the selected
substation was modeled using PSCAD simulation program to analyze the transients
and harmonics. The objective of the study is to investigate the particular BSC bank is
safe for operations without under utilizing by comparing the obtained simulated
results with the standards and specifications, observe the switching transients and
harmonics, introduce a safe region for closing of the BSC banks, introduce a proper
sequence for closing of the BSC banks and introduce time delays for back to back
switching of the BSC banks with minimum effect to the quality of the waveform.

The results obtained for the particular substation are expected to be extrapolated to a
general concept to suit the whole substations in the CEB network.
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1 Introduction
1.1 Back Ground
Most of the apparatus used in the power system requires active power as well as
certain amount of reactive power (VAR loads). Magnetic fields of
motors/transformers maintained by reactive current, reactors, florescent lamps, and
all inductive circuits requires certain amount of reactive power. The series
inductance of transmission lines consumes reactive power. Compensation devices are
used for offset reactive loads, they should be capable of generating reactive power. In
power systems, the following devices are used to supply reactive power.

» Capacitors

» Synchronous condensers

+ Conventional generators

» Static VAR compensators
From the above devices, power capacitors are the most commonly used device in the

power network since they are comparatively economical and easy to install. Since the

reactive Cupi proportior ble . N capacity and
increases ; { '-és, m, losses, -it 4s, important-to” make, .the di ce between the
comper -ng device and.thejapparatys tQ S possible. Also
shunt caj _ on network and

improve the system performance.

Shunt capacitors can be introduced in end customer premises, distribution network as
well as transmission grid substations. For end customer, shunt capacitors are used as
power factor correction device which helps to reduce demand and to avoid penalties
from the utility. For distribution network and transmission network, they are used to
reduce line losses and hence increase the line capacities and improve the bus voltage.
If shunt capacitor banks are not properly selected and placed in the power system,
they could amplify and propagate the harmonics, deteriorate the power quality to
unacceptable level and the transients produced under different conditions will be
negatively affected to switchgears in a Grid Substation (GSS) [4]. Therefore analysis,
simulation and optimal use of capacitor banks under harmonic conditions are

required in a power network to optimally locate and sizing of a capacitor bank.



A huge amount of money is invested in the power sector for constructing Grid
Substations [4]. The invested amount for the power capacitor bank is a high portion
of the total amount invested for a GSS. Therefore placing and sizing of a capacitor
bank is vital in a grid substation to have reliable, efficient operation and optimal
utilization of capacitor banks. Wrongly located and sized capacitor banks will
negatively affect to major switchgears in a GSS.

1.2 Motivation of the study and Objectives

Main objective of this study is to analyze the effect of switching of the BSC banks to
the power quality and also to identify solutions for existing power quality issues with
capacitor bank energizing.

100Mvar installed at Pannipitya substation in Sri Lanka which is owned by Ceylon
Electricity Board (CEB) was failed after putting into commercial operation. Because
of that the 10 Mvar capacitor bank installed at Thulhiriya substation and 20 Mvar
capacitor bank installed at Athurugiriya substation were switched off and kept de
energized even without any failure since all the three capacitor banks came to Sri
Lankan : [ results in under
utilizati %tqu ble resources With' an' existirigr requirement 5 scenario made
the motivation i

1.3 Scope of

The study is mainly based on a selected Grid Substation in Sri Lanka’s power
network which is the Thulhiriya Grid Substation (GSS) as a case study. The study
includes following steps.

e Analyze the present need of capacitor banks for the selected substation by
collecting data through data logger and the log sheet data available at the
substation

e Collecting the major equipment data in the substation and model the selected
substation using the PSCAD simulation software

e Run the modeled simulation for transients and harmonics in various scenarios
and loadings

e Analyze the obtained results for the selected substation and identify solutions

for the existing power quality issues with the capacitor banks



2  Capacitor banks in power systems

2.1 Active, reactive, apparent power and power triangle

Electrical systems are made up of three basic types of loads namely resistive,
inductive and capacitive. The industrial loads of the electrical system are highly
inductive, which means that they require an electromagnetic field to operate.
Magnetic fields of motors and transformers are maintained by reactive current.
Reactors, florescent lamps, and all inductive circuits require certain amount of
reactive power. Not only those loads the series inductance of transmission lines
consumes reactive power. For inductive loads to operate requires real and reactive
power to provide the electromagnetic field.

Three types of power are available at the power systems namely active, reactive and
apparent power [6].

Active power (KW) is Working Power (also called Actual Power Real Power) which
is the power that actually powers the equipment and performs useful work.

Reactive Power (KVAR) is the power that magnetic equipment (transformer, motor
and relay) needs to produce the magnetizing flux.

Apparent P@V?r (KVA) is the “vectorial summation” of KVAR and KW.

The povver;txi,a‘x_ngle shown inithe-figure 1.1 illustrates the relationship between three

quantities [6].

KVA
KVAR

KW
Figure 2.1: The power triangle
2.2 Power factor correction
Power factor is the ratio of active power and reactive power.
P.F.= KW
KVA



Power factor is related to power flow in electrical systems and measures how
effectively an electric power system is being used. In order to efficiently use a power
system we want power factor to be closer to 1.0 as possible, which implies that the
flow of reactive power should be as kept to a minimum. Maintaining a high power
factor is a key to obtaining the best possible economic advantage for both utilities
and industrial end users [6].

Operating a power system at low power factor is a concern for both the electrical
utility and the industry. The major cause of a poor power factor in a system is due to
motors, which are inductive loads. Reduced system voltage often result when an
electrical utility distribution system operates at a lower power factor. Low voltage
results in dimming of lights and sluggish motor operation. In addition it increases the
current flow in systems, which may damage or reduce the life of the equipment. It is
in the best interest of both the electrical utility and industrial customers to maintain a
high power factor. Operating the power system at a high power factor allows the
system to maximize the capacity of the system by maximizing the delivery of the real

power. ! / operating at an
accepta %@m’[ ctor
By improvigg i factqr following advant ! | [6].

o Istri penalty charges

by reducing the peak KW billing demand. Inductive loads, which require
reactive power, caused low power factor. This increase in required reactive
power causes an increase in required apparent power, which is what the
utility is supplying. So a facility’s low power factor causes the utility to have
to increase its generation and transmission capacity in order to handle this
extra demand. By raising the power factor, the usage of KVAR is less. This
results in less KW, which equates to a savings from the utility.

e Utilities usually charge customers an additional fee when their power factor is
less than certain power factor value. Thus the additional fee can be avoided
by increasing the power factor.

e By adding capacitors to the system, the power factor is improved and the KW

capacity of the system is increased. Low power factor causes power system



losses in the distribution system. By improving the power factor, these losses
can be reduced. With lower system losses, additional loads can be added to
the system.

The efficiency of the power system is increased because real power flow is
maximized and reactive power flow is minimized.

Uncorrected power factor causes power system losses in the distribution
system. As power losses increase, system may experience voltage drops.
Excessive voltage drops can cause overheating and premature failure of
motors and other inductive equipment. So, by raising the power factor, the
voltage drops along the feeder cables can be minimized and avoid related
problems. Motors will run cooler and be more efficient, with a slight increase

in capacity and starting torque.

Sources of Reactive Power (inductive loads) such as transformers, induction motors,

induction generators, high intensity discharge (HID) lighting decrease power factor.

Similar
Synchrt
comper
the con

since th

ly, consumers of Reactive Power such as Capacitors, Synchronous generators,

reactive power

jimgevices, And it IS Vel n_important to make the distance between
SSabNg device and.the apparatL hort as possible

ion capacity and

increases the system losses. And also the use of compensation devices will help to

reduce the losses in the transmission network and improve the system performance.

The above said consumers of reactive power can be therefore used as compensation

devices

and increase power factor. Following are the ways for increase power factor
Power capacitors are the most common device used as compensation devices.
Installing capacitors decreases the magnitude of reactive power, thus
increasing the power factor. Reactive power, caused by inductive loads,
always acts at a 90-degree angle to active power [6].

Capacitors store reactive power and release energy opposing the reactive
energy caused by the inductor. The presence of both a capacitor and inductor

in the same circuit results in the continuous alternating transfer of energy



between the two. Thus, when the circuit is balanced, all the energy released

by the inductor is absorbed by the capacitor.

Capacitance
(KVAR)
A
Working
Power ———»
(KW)
¥
Reactance
(KVAR)

Figure 2.2: Relationship of Capacitance, Reactance and working power

e Low power factor is caused by induction motors as well as running induction
motors lightly loaded. Thus operation of idling or lightly loaded motors
should he minimized.

¢ Avojding opératiarcof Bquipmeritatoveits rated Voltage

o Repfmng standard ‘motors 'as-theybarn ~ott With’ 'energy-efficient motors.
Even-with energy’ efficient motors, power factor is significantly affected by
variations in load. A motor must be operated near its rated load in order to

obtain the benefits.

2.3 Capacitor size and location

Shunt capacitors can be introduced to distribution network or to transmission grid
substations as compensation devices. The capacitors should be optimally located to
minimize the losses along the distribution feeders and also to maintain the voltage
profile within acceptable limit. The amounts of benefit that can be obtained by
placing the capacitors depend mainly on how the capacitors are placed on the power
system. If shunt capacitor banks are not properly selected and placed in the power
system they could amplify and propagate the harmonics, deteriorate the power
quality to unacceptable level and the transients produced under different conditions
will be negatively affected to switchgears in a Grid Substation [4]. Thus analysis,



simulation and optimal use of capacitor banks under harmonic conditions are

required in a power network to optimally locate and sizing of a capacitor bank.

2.4 Application standards
2.4.1 IEC60871-1: 1997 [7]
Under the routine test capacitor should withstand ac test voltage of 2.15 times
rated r.m.s. voltage
Long duration power frequency voltages are,
100% of r.m.s. voltage for continuous operation at power frequency
110% of r.m.s. voltage for 12hr in every 24hr
115% of r.m.s. voltage for 30 min in every 24hr
120% of r.m.s. voltage for 5 min

130% of r.m.s. voltage for 1 min

2.4.2 IEEE 18-2002 [8]
Capac_itors shall be capable of continuous operation provided that none of the

follg#ing limitations are’exceetied.

1109/_5:& the rated r.m,s. voltage 36.30 kV
120% of rated peak voltage 56.00 kV
135% of nominal r.m.s current based on rated kvar and rated voltage,
For 5Mvar banks 118.09 A
For 20Mvar banks 472.38 A

Capacitors shall be capable of withstanding switching transients having crest
voltage upto two times
Reactive power manufacturing tolerance of up to 115% of rated reactive

power.

2.5 The capacitor unit

Capacitor Banks consist of individual capacitor units where such a unit is a
combination of shunt or series set of capacitor elements. Depending on the bank size,
those units are again connected in series or parallel to give the required size. In

medium and high voltage levels, sizing of the capacitors in parallel combinations in



banks generally has to consider the discharge energy through a shorted parallel
capacitor in the same group. Earlier generation capacitor units were manufactured
using very refined kraft paper with a PCB (Poly Chlorinated Biphenyl) impregnate.
The kraft paper had many non-uniformities or flaws. Several layers of paper were
used between the foil layers to avoid weak spots in the design. With this design, the
stress levels were low but the dielectric losses were higher than that of today’s
capacitor can designs. High dielectric losses resulted in high hot spot temperatures.
High temperatures accelerate deterioration of the capacitor dielectric strength.
Failure of the dielectric material resulted in continued arcing, charring, and gas
generation that swelled the capacitor cans and eventually ruptured the cases.

Today’s capacitor units are built with polypropylene film (instead of kraft paper) and
dielectric fluids with electrical characteristics superior to those of PCB. The
polypropylene film is very thin, pure, and uniform, with exceptionally few design
flaws. This latest design only requires two to three layers of film. While this
increases the stress levels, it reduces the dielectric losses which results in low hot

spot tet t its do not age
quickly ev,gi%“n g orcase rupture is now Very rafe. 'Because fifm layers are thin and
of high ta%lﬁy failures do not.¢ ' | cl Instead, the foil
welds togethe are built with

dielectric polypropylene film, aluminum foil and impregnate. Thin layers of
dielectric film are wound between the aluminum foils, which act as the electrode.

Capacitor unit made up of individual capacitor elements, arranged in parallel which
is called a group of elements. Several groups of elements are connected in series to
make the capacitor unit. All these arrangements are enclosed in a steel case. The
internal discharge device is to reduce the residual voltage of the unit to less than 50
V within specified time duration. Two bushings are connected to the unit to take the

output. Following figure shows capacitor unit with a cross section.



incer~al Discrarge

Figure 2.3: The capacitor unit and cross section [5]

2.6 Fuse technologies
Capacitor ugits are ayailable with fpsing technology:ta protect the unit. Three types

of units ar

ilable Jas titerial Y fusedwhene thedndividual element is protected,
externally“‘l-"’{ "%’wwhere the' unit.as1aiwholesis protected and fuseless units.

The current limiting fuses are used in internally Tused capacitors. One fuse is
connected in series with each element within the capacitor unit. They are designed
and coordinated to isolate internal faults at the element level and allow continued
operation of the remaining elements of that capacitor unit. This results in a very
small part of the capacitor being disconnected, with the capacitor unit and the bank
remaining in service. The fundamental concept is that by dividing a large system into
small, individually protected elements, overall reliability is greatly enhanced.
Advantages include higher reliability, less space, lower installation and maintenance
costs and fewer live parts.

In the externally fused concept each unit has its own fuse for disconnecting a failed
capacitor unit from the bank. Once a capacitor unit is removed, an overvoltage on the
remaining parallel capacitors results. This overvoltage must either be limited to a

maximum value of 110% voltage or the bank must be tripped offline. Although the
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external fuses provide a visual indication of a failure, banks tend to occupy more
substation space, are more expensive, have many live parts subject to possible
damage by animals and have higher installation and maintenance costs.

In the fuseless design, the capacitor units are connected in series between phase and
neutral to form a bank. When one capacitor element fails, the failed element will be
welded and the remaining elements will be in service. The voltage across the failed
element will be then shared by the other elements series within the same group [9].

é % % n Discharge resistor

—_ - L = i * FUS&
= - 11l
= = e == I
= = = = I
= . - I
T
Internally fusead Externally fused Fuseless

Figure 2.4: Fuse technologies
2.7 Different types of capacitor banks
Two types J,Qﬁ‘papacitor banksare) available inithe prasentipower networks namely

j,\};gfihed capacitor banks - Fxed- capacitor danks-are those that always

connected to the power ‘system vid a disconnecting device. The purpose of the
disconnecting device is to disconnect the capacitor bank for maintenance. The fixed
capacitors must be carefully designed and caution must be taken to ensure that the
power factor should not go leading during light load conditions.

Switched capacitor banks are those that connected to the power system via a
disconnecting device and a circuit breaker. Thus the switched capacitor banks are
connected to the system if the requirement arises. Therefore they are not connected
to the system all the time. These capacitor banks are referred as breaker switched
capacitor (BSC) banks. These types of capacitor banks are connected to the system
with if particular criteria reach a preset level. An automatic switch control is
available to check the criteria with preset level. The following criteria can be
checked to switch the capacitor banks.

o Power factor correction

o Reactive power requirement

10



o Voltage control

o Time control

2.8 Capacitor bank configurations
Present power system is having following capacitor bank configurations [5].
o Multiple units Grounded single Wye connected banks
This configuration composed of series and parallel connected capacitor units per
phase as shown in the figure 2.5 and also low impedance path to ground is
available at the star point which would provide protection for lightning surges and

also provides low impedence path for high frequencies thus acting as a filter.

I

p Riglre’ 215 1 Multiplelyrits Gvoandedi singlel\Wye
o Multiple uﬁ;%ln series phase'to grotntt-dotible Wye
If the capécf}iifolr bank 1s too large the bank is two why sections as in the figure 2.6.
This is also having a low impedance path to ground is available at the star point
which would provide protection for lightning surges and also provides low

impedance path for high frequencies thus acting as a filter.

Figure 2.6: Multiple units in series phase to ground double Wye

o Multiple units ungrounded single Wye
This configuration is as similar to the multiple units Grounded single Wye connected

banks without a low impedance path to ground as in the figure 2.7. Since the ground

11



connection is not available this configuration does not permit zero sequence currents,
third harmonic currents and during a system ground fault a large capacitor discharge

current can be occurred.

I
L1

Figure 2.7: Multiple units ungrounded single Wye
o Multiple units ungrounded double wye
This configuration is same as the multiple units ungrounded single wye but with
double wye sections as in the figure 2.8. The characteristics of this configuration are

same as multiple units ungrounded single configuration.

2.9 Capacitor bank installation

2.9.1 Metal Enclosed types - these types of capacitors are specially design for
indoor installation. These capacitors are factory assembled and tested hence easy
installation (Figure 2.9).

2.9.2 Pad mounted - Pad mounted capacitor banks are also enclosed in a metal
enclosure and therefore fence is not needed. They are installed in places where public
can easily reach. These are also factory assembled and tested hence easy installation.
These types of capacitor banks are high cost and available up to certain voltage
levels (Figure 2.10).

2.9.3 Stacked rack mounted - Stacked rack mounted capacitor banks are used in
utility substations. All the equipment is in open space and therefore easily

expandable and replaceable (Figure 2.11).

12



2.9.4 Pole mounted - The pole mounted capacitor banks are mainly used in
distribution networks. These banks are available as smaller banks and in small
voltage levels. The space requirement is very low in these types of banks (Figure
2.12).

Figure 2.11: Stacked rack mounted

13
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Figure 2.12: Pole mounted
2.10 Controlling philosophy

The switching of capacitor banks to the power system is done by considering one
parameter or several parameters. The parameter for the same is decided by
considering the local requirement of the utility. The parameters used for the
switching are Voltage, var, power factor, time etc. Considering above parameters for
switching the capacitor banks, there are two concepts of control philosophies.

1. Singje variahle switching: consigders only one-measuring parameter.

2. M riable ang,-Baoleanyswitching i thisi gasemaultiple parameters are
measx_’féd and thevdedsiontfaics\witching is done depending on the optimal
situation considering all parameters.

Voltage — this is used to regulate the voltage profiles on the bus on which the
capacitors are connected to.

var — this adds a fixed amount of leading var to the system regardless of other
conditions, and loss reduction depends only on reactive current. If the var
requirement in the system reaches more than the capacitor bank capacity the
capacitor bank will be automatically switched.

Power factor —capacitor banks are connected to the system based on the power
factor. A preset value is defined in the controller and if the power factor of the
system is less than the preset value then the capacitor banks are switched to the
system. More banks are switched to the system until the power factor is corrected to
the preset value.

14



Time — the capacitor banks can be switched to the system based on timing. So that
one can define time periods to switch the capacitor banks and disconnect the
capacitor banks based on the load characteristics. Thus this does not need any current
or voltage transformer input.

2.11 Problems with the capacitor banks

Despite the significant benefits that can be realized using capacitors for power factor
correction, there are a number of power quality related concerns that should be
considered before capacitors are installed. A well designed capacitor bank
application should not have an adverse effect on end user equipment or on power
quality. One of the more common power quality problems for consumers are
transient voltages in the system that result from capacitor bank switching and, to a
lesser extent, harmonic distortion once the capacitor is energized. The energizing
transient, a power quality issue, is important because it is one of the most frequent
system switching operations. These switching transients have the ability to adversely
affect industrial customer’s power electronic and non-linear loads.

212 C

Device: age&@u or transient ever voltage control attempt to minimize the transient
over voliage or nt. Some of t hni | f itched capacitor
banks are pr nductors, MOV

arresters, series inrush-current-limiting reactors, dividing the capacitor bank into
smaller size banks, avoiding the application of capacitors at multi-voltage levels to
eliminate the possibilities of secondary resonance and to time the switching device to
close at the best possible time which is the voltage across the switch is zero.

2.13 CEB capacitor bank specification

All the capacitor banks are breaker switched capacitor banks which are shunt
connected to the power system. The configuration is ungrounded double star
connection. The capacitor banks are typically 5 Mvar providing 5 Mvar steps.

When installing capacitor banks the banks are connected to the 33kV bus sections
symmetrically. This means in substations capacitor banks are installed to each and
every bus section with same capacity. Selection of the location and the capacity of
the capacitor banks are done by V, MW, and Mvar profile.

All most all the capacitor banks are equipped with bank feeder and a filter feeder.
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However there are banks without those reactors as well. The banks with detuning
reactor are called as the filter banks because they are meant for eliminating the
switching inrush, reduce resonance effects and to filter several harmonics in the
system loads. The other banks are sometimes having inrush limiting reactors and
sometimes there are no such reactors [10].

2.14 CEB capacitor bank network

For power factor correction and to cater the Mvar requirement breaker switched
capacitor (BSC) banks are installed at Grid Substations at CEB power network. The
existing installed BSC banks at substations and their capacity is shown in the table
2.1. All the banks are connected as ungrounded double star connection and all the
capacitor banks in CEB network are connected to the 33kV load bus in the relevant
grid substation and there are no capacitor banks at the transmission level. The reason
for this is due to lower costs at low voltage levels than at higher voltage levels.

Table 2.1: Capacitor banks in Sri Lankan network

No | Location Capacity (Mvar)
= Universibrof Moratowa ! SeiLanka——
e labaral

5 Kiribathkumbura 20

6 Kurunagala 10

7 Matugama 20

8 Panadura 20

9 Puttalama 20

10 | Pannipitiya 100

11 | Athurugiriya 20

12 | Thulhiriya 10

13 | Ampara 30

14 | Pallekele 20

Total 370
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3  Power quality issues

3.1 Power quality problems

A well designed capacitor bank should not have an adverse effect on switchgears,
end user equipment or on power quality. The quality of electric power has been a
constant topic of study, mainly because poor power quality can lead to economic
losses, especially in industrial processes, due to loss of production. Due to increasing
installations of power electronics based equipment, the power system disturbances
has become a common phenomenon. Power system disturbances are shown in the
figure 3.1 [11].

o TYPE & TYPE I8
SURGE OR l
OVERVOLTAGE

EMIOR (OSCILLATORY|
R¥Y TRANSIENT

nunuﬁ.ﬂnnnlwn 10041 m

UUUUU lIJU\ UUTUU

-—

POWER
FAILURE

——— .l - A s

6:’3 Blouig3id: Typesaf fowsf cistrbancas

3.1.1 A swilching transient: A transient is an imimediale arop in system voltage,
followed by a fast recovery (overshoot) and finally and oscillating transient voltage
on the 50Hz waveform. The energizing transient is very important because it is one
of the most frequent operations. Transient over voltage can happen due to lightning
strikes, short circuits, equipment failures and capacitor switching etc. however the
transient occur can be propagate in either directions of distribution feeder or

transferred through capacitive/inductor couplings to the other voltage levels [11].
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Figure 3.2: Switching Transient

3.1.2 Harmonics: Waveforms except the power frequency waveform are referred to
as harmonics. Harmonic distortion of the voltage and current in an industrial facility
is caused by the operation of nonlinear loads and devices on the power system.
Harmonic distortion can be transferred to the utility power system where its
disturbance of the sinusoidal waveform is commonly referred to as noise. Power
electronics is the major source of harmonic distortion. However, apart from power
electronic %e\glces there are ather, sources, of_harmonic. distortion such as arcing
devices and eqmpment with,saturable ferromagnetic cores. These loads draw non-
sinusoidal currents, which in turn react with system impedance and produce voltage
distortion. Application of capacitor banks can create series or parallel resonance,
which magnifies the problem of harmonic distortion. If the resonant frequency is
near one of the harmonic currents produced by the non-linear loads, a high-voltage
distortion can take place. Overheating of power equipments & cables is another

serious issue with the presence of the harmonics [11].

3.2 Different abnormal conditions in the power system
Power quality issues can be occurred with introduction with power equipment to the
system and also with natural faults. Those abnormal conditions can be listed as
follows [5],

» Normal switching of capacitor banks

» Fast switching of capacitor banks

» Switching of 33kV loads to the system

18



Disconnection of loaded distribution feeder from the system
Failure of capacitor units

Unbalance faults in the system

Balance faults in the system

Lightning strokes

Earth Faults
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4 The case study

4.1 Failure of capacitor banks at Pannipitiya substation

During year 2000 it was identified that the low power factor of the Colombo power
system as a serious problem to keep the operating voltage of the 132 kV in national
grid. Not only in Colombo but also studies reveals that to boost the voltage and the
power factor capacitor banks should be installed at Pannipitiya, Athurugiriya and
Thulhiriya Substation. So as a result of that, under the transmission and Substation
development project - 2, 100 Mvar capacitor bank was installed at Panninpitiya GSS,
20 Mvar capacitor bank was installed at Athurugiriya and 10 Mvar capacitor bank
was installed at Thulhiriya GSS. However the 33 kV 100 Mvar shunt breaker
switched capacitor bank installed at Pannipitya substation was failed after putting
into commercial operation. With that the capacitor banks installed at Athurugiriya
and Thulhiriya substations were also switched off since they were also installed from
the same project with same equipment [12]. However the studies revealed that the
cause for the Pannipitiya capacitor bank failure is due to manual switching of entire
100 Mvar wi ni , atir oltage I hin short period
of time ,;m

The m fa;or £ this, Study--is the 1sv nks due to the
Pannipitiy \ \ bstation and the

capacitor bank are selected.

4.2 Thulhiriya substation details

Thulhiriya Substation is a 132/ 33 kV switching station which is fed by two number
of 132 kV incomers from Polpitiya/ Athurugiriya 132 kV line. The substation is
equipped with three numbers of 31.5 MVA transformers and 10 number of 33 kV
feeder bays. Two number of capacitor banks are available each of size 5 Mvar bank
feeder and filter feeder. 132 kV side of the substation is AIS (Air Insulated
Switchgear) while 33 kV side of the substation is a GIS (Gas Insulated Switchgear).
The major equipment available at the substation with their make is listed in the table
4.1 and the single line diagram is shown in Appendix 01.
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Table 4.1: Major equipment available at Thulhiriya Substation

Equipment Manufacture
Transformer (132/ 33 kV) Alsthom
Circuit Breaker (132 kV) Areva
Isolator (132 kV) Alsthom
Surge Arrestor (132 kV) Alsthom

GIS (33 kV) Alsthom
Capacitor Bank (33 kV) Cooper power system
Reactor Trench
Capacitor switching circuit breaker Joslyn
Capacitor bank Controller Novar
Capacitor bank protection relay Trench

132 kV protection relays ABB

Technical specifications of 132 kV circuit breakers, 132/ 33 kV transformers, 132 kV

conductor data sheet, manual of capacitor circuit breaker,and installation of capacitor
bank at ThL@‘F’giya GSS.are collected (Appeading 2, 3, 4,.2:a0d.6 respectively) and are

used to Obtf:ﬁ;rf}jf_required gatal doring thecmaddeling of the substation.

4.3 Capacitor controller at Thulhiriya substation

The Novar 300 controller is the controller available at Thulhiriya substation for the

switching of capacitor banks. The technical specification of the controller is attached

as Appendix 7. The controller has following features

» Continuously measuring the system's kvar component and then switching the

optimum quantity of capacitor compensation in, or out, to achieve the desired

power factor
* Auto/Manual controller

* Can be varied

— the time interval of steps

— sequence of stages
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— The limits which determines the number of steps taken in the

sequence selected

Figure 4.1: Novar 300 Controller
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Figure 4.2: Novar 300 block Diagram

4.4 Data collection

Measurement data were collected for the selected substation to sense the actual need

of capacitor banks, to obtain the loading pattern of the GSS and to obtain the

available harmonics in the power system.

Following two methods were used to collect the substation measurement data

* Log sheets

» Power quality analyzer
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4.4.1 Log sheets

Log sheet was obtained from the substation for an average day (17" September 2013)
where the loading was average and all the bays and equipment are energized. The 33
KV bus section was opened on the particular day to find out the actual Mvar
requirement of both the bus sections. Mvar variation of bus section 1 & 2 and the
power factor variation of bus section 1 & 2 are plotted and shown in the figure 4.4,
4.5, 4.6 & 4.7 respectively.
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Figure 4.4: Mvar Requirment in Bus Section 02

Obtained results from the log sheets reveals that both the bus sections maximum

Mvar requirement is more than 5 Mvar around 15 hrs.
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Figure 4.6: Power Factor variation in Bus Section 02

Obtained results from the log sheets shows that power factor of bus section one
varies from 0.9 to 0.97 and power factor of bus section 2 varies from 0.89 to 0.97.
However the log sheet data may not be accurate since they are taken by Control room

operators from analogue meters.
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4.4.2 Power Quality Analyzer (PQA)

Without rely much on the log sheets available at the substation the power quality
analyzer (Figure 4.7) is put up for three days. Power quality analyzer (LEM QWAVE
PREMIUM) is an online data logger which can be fed three phase inputs and

available with four current and voltage channels for inputs.

preest T

PQA s coh-ﬁgEfed to the 33 kV side of the bus section one to obtain the measurement
for three days from 17" October 2013 to 19" October 2013. 33kV voltage,
transformer 33 kV load, active power, reactive power, power factor, harmonics in the
current waveform and harmonics in the voltage waveform are measured.

Figure 4.8 shows the obtained rms voltage of the 33 kV bus section one. The figure
shows the line to earth voltage measurement. Figure 4.9 shows the current
measurement in the transformer one 33kV side. Figure 4.10 shows the active power
variation of the bus section one. The graph is plotted for all the three phases active
power requirement and the total active power requirement. It shows regular daily
pattern with two peaks. One peak can be observed around 6 hr which is in the
morning peak and the other peak can be observer around 18 hr which is in the night

peak.
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4.5 Power factor variation

The figure 4.11 shows the pattern of the power factor in the substation load. It shows
a regular daily pattern with one peak at around 6hr in the morning during morning
peak and the other peak around 18 hr during the night peak time.

High peak of the power factor means an improvement of the power factor during
these two time periods. At these time periods from the figure 4.9 it can be clearly
observed that the load is increased. This is mainly because the lighting loads at the
morning and night peak of the system. Since the load increases during these two
periods the voltage drop can be seen. This is clearly seen by the voltage wave from
shown in the figure 4.8.

Further from the graph it is clearly seen that the power factor varies from 0.90 to
0.98. The best possible way to a power system to operate is to have a unity power
factor. By having capacitor banks the power factor can be improved. Therefore the
available resources at Thulhiriya substation is not utilized due to technical problem

even the requirement is available.
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Figure 4.11: Power Factor Variation
4.6 Mvar requirement
The figure 4.12 shows the reactive power requirement of the bus section one. This is
also showing a regular daily pattern and the reactive power requirement become high

during the day time. This is because the substation is located in a highly
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industrialized area. Even the reactive power requirement is more 5 Mvar during day
time. So this shows the requirement of capacitor banks. Even this bus section is
having a 5 Mvar capacitor bank, since it is switched off due to a technical reason the
requirement of the reactive power is not catered. The table 4.2 shows the un served
reactive power which are more than 5 Mvar during the measured three days when the
peak occurs. If the capacitor bank which is available for this bus section switched on
during these periods the requirement of Mvar could be reduced.
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Figure 4.12: Reactive Power Requirement

Table 4.2: Unserved peak reactive power more than 5 Mvar in bus section 01

Day Time Total Mvar
2013-10-18 9.35 5.15
2013-10-18 11.55 5.20
2013-10-18 15.45 531
2013-10-19 9.45 5.01
2013-10-19 11.15 5.40
2013-10-19 12.25 5.25
2013-10-19 16.05 5.31
2013-10-20 11.15 5.47
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4.7 Harmonics in the system

Harmonics available in the bus section one of the substation is also recorded.
Harmonics in the current waveform and the harmonics in the voltage wave forms are
shown in the figure 4.13 and figure 4.14 respectively. From both the figures it is
clearly seen that in both the current and the voltage wave forms fifth and seventh
harmonics are more dominant. The obtained harmonics are fed to the PSCAD model

during the simulation as a percentage of fundamental frequency.
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Figure 4.14: Harmonics in Voltage waveform
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4.8 Capacitor switching pattern in an average day

Figure 4.15 shows a capacitor switching pattern of the Grid substation by only
considering the reactive power requirement. During the day up to 6hr no capacitor
bank is needed. But during the day time at least one bank is needed to cater the

reactive power requirement of the system.
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Figure 4.15: Switching pattern for Capacitor Banks at Thulhiriya GSS

4.9 CBT'@Measurements

The circuit‘l"ﬁ'r‘éaker avaitablediniMhulkinya substation for the purpose of switching
the capacitor bark is Joslyn circuit breaker which is having a vacuuim circuit breaker.
It is rated to operate in between 15 kV to 69 kV with continuous current capabilities
from 300 A.

However when switching the capacitor banks the position of closing of the circuit
breaker in a power cycle is very vital to determine. In such case the circuit breaker
operating time, circuit breaker delay time and the circuit breaker arcing time is
crucial to determine. So in order to determine the above the CBT 400 equipment is
used for the Joslyn breakers of both the banks. The closing time, opening time and
the close open time is recorded for both the circuit breakers. The obtained results are
shown in the figure 4.16, 4.17, 4.18, 4.19, 4.20 and 4.21. From the graphs obtained it
is clearly stated that the closing time of the breaker is in the range of 40 to 45 ms.

The opening time of the circuit breaker is in the range of 35 to 40 ms.
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Figure 4.16: Capacitor Breaker of bank one closing

Figure 4.17: Capacitor Breaker of bank one opening
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Figure 4.19: Capacitor Breaker of bank two closing
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Figure 4.20: Capacitor Breaker of bank two opening

Figure 4.21: Capacitor Breaker of bank two close open



5 Methodology

5.1 EMTP/ PSCAD modeling and simulation tool

EMTP software’s are used by the power utilities to model, analyze and to find
solutions for power system transient problems such as lightning effects, GIS
switching effects, transient condition analysis, capacitor switching transient analysis,
harmonic analysis, power quality issues, power electronics etc. PSCAD is one of the
well known EMTP software developed by Manitoba HVDC research centre in
Canada, where the concept was brought in 1988 and began its long evolutions a tool
to generate data files for EMTDC simulation program. PSCAD was first introduced
as a commercial product as Version 2 targeted for UNIX platforms in 1994 and now
available for windows platforms with user friendly interface and highly sophisticated
tools and well developed simulation engine being fully mature for many years.
PSCAD is a Graphical User Interphase (GUI) software and facilitates the users to
create models or circuits, simulate them and to analyze the results in a completely

integrated graphical environment. Input output models such as meters, controllers,

plotters g ‘ : t ( mulation or run
the sim .1@0’:3 erefore onlinecontrolling-and monitorin be done from
PSCAD. '

PSCAL mall elements to

more complex models. Even though the models are available in the library the user
can define his own models. Therefore the software is capable of developing models
which are not available in the library.

The figure 5.1 shows the graphical user interphase window of the PSCAD software.
The GUI can be divided in to four basic working areas namely workspace window,
output window, design editor and the rest of the area consists of tool bars, menus and
palettes. The workspace window is the central project database for PSCAD which
gives an overview of currently loaded projects, master library, data files, signals etc.
further it provides the facility to organize them within the workspace window by
drag and drop feature. The output window section provides an easily accessible
interface for viewing feedback and troubleshooting of the simulation. All the errors

and warning messages either given by a component, PSCAD or EMTDC can be
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viewed from the output window section and also provides the facility to locate the
errors by double clicking on the error message. The design editor is the place where
most of the project design work is performed. The design editor is used mostly for
the graphical construction of circuits and also includes an embedded component

definition editor.
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ﬂliigure 5.1: Typical working window of PSCAD software

The PSCAD is used as the EMTP software in this study for modeling the Thulhiriya
substation and analyses of capacitor switching transient. Most of the equipment is
modeled by using the standard library models available in the PSCAD itself. Two of
the other software which can be used is PSS/E and MATLAB Simulink. But PSS/E
is a software for steady state analysis which can be used for load flow analysis and
hence not suitable for transient analysis. Since PSCAD library has already developed
models for almost all the power equipment it is preferred over MATLAB Simulink to
avoid more coding in developing equipment.

5.2 Grid model

Main substation equipment such as power transformers, grounding transformers,
circuit breakers, loading, capacitor banks etc are used in the model and they are
available in the master library in PSCAD.
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Figure 5.3: Configuration of 132 kV incomers
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132/ 33 kV Transformers

The transformers are modeled as two winding transformers where the real
transformer is approximated to the simplest form. The simple two winding
transformer model available at the master library is used for the model. The

parameters used for the transformers are shown in the figure 5.4.

r[:cfmr—3p2w] 3 Phase 2 Winding Transformer @1 [xfmr-3p2w] 3 Phase 2 Winding Transformer @
|Cunﬂguratiun j hd

Transformer Hame W Winding 1 Line to Line voltage (RMS) 132.0 [kV]
3 Phase Transformer MVA ’W Winding 2 Line to Line voltage (RMS) 33.0 [kV]
Base operation frequency ’W
Winding #1 Type m
Winding #2 Type m
Delta Lags or Leads m
Positive sequence leakage reactance W
Ideal Transformer Model Mo - |
No load losses ’W
Copper losses W
Tap changer on winding ’m
Graphics Dizplav IS T -

-

1 Fd Wy { ‘ﬂ
Cancel | He | :a':elJ Help...

Figure 5.4: Configuration of 132/ 33 kV transformer

5.3 Capacitor bank model

The total available capacity of the capacitor banks at Thulhiriya substation is two
Each
capacitor bank is having 12 numbers of 14uF capacitor units. All the capacitor units

numbers of 5 Mvar capacitor banks adding 10 Mvar to the 33 kV bus.

are connected as ungrounded double star. Each limb is having two capacitor units.
The capacitor bank one is connected to the 33 kV bus section one via a 12mH inrush
limiting reactor where as the capacitor bank two is connected to the 33 kV bus
section two via a 36 mH detuning reactor. Figure 5.5 and 5.6 are showing capacitor

bank 01 and 02 respectively.
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Figure 5.6: Capacitor Bank 02

The operation sequence of a capacitor bank is simulated from the time delay blocks

shown in figure 5.6. The capacitor bank switching can be done at any point of a

power cycle by delaying the time in the third block.

S osat || open | P watfor | |9 Close
Sequence BRKCAP2 25 [ms] BRKCAF2

Figure 5.7: Time Delay Blocks for switching

5.4 Control panel

The circuit breaker control panel is shown in the figure 5.8. Each and every control

panel is linked with every circuit breaker for operations.
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Main... — Main... — Main. .. — Main... — Main... — Main... —
BRETFLY1 BRKTF1 BRETFLYA BRKTF2 BRKTF2 BRKTFLY2

OFF ON OFF ON OFF  ON OFF ON OFF ON OFF ON

NN N N NN

1 0 0 0 0 0
) .d,t‘a.ﬁ‘r’!ﬂ_}f .dh.FJ??TF*I .dh.bﬁng:.d]:g;J??TFz .dh.FJ?TFE- .dh.uﬁ:wz
Man.. = Man. | Man. | wen. -] Man. | wman. -

BREBC BRIPP2 brkkFP1 BRIBC22 BRKCAP1 BRHCAFZ
OFF ON OFF ON oFF  ON OFF ON OoFF ON OFF ON

AR U U U SRR
.d]);ﬁ'ﬁac: .(H;;.hﬁﬂpz .(ﬂ:‘zr'ﬁm .(E)ZIEEE:EE..(E)ZEAP1.C1DLIEEAPE

Figure 5.8: Control Panel of Circuit Breakers

5.5 Harmonlc madel
Harmonig added {0 the 33 Ry, bus as current sources durlng the simulation.

Magnltudé'ﬁit%e harmonlcs Aligy dec1ded and added as per the actual measurements
obtained from the power quality analyzer. This is done to achieve actual scenario
during the simulation. The figure 5.9 shows the method of adding harmonics to the

system.

BMHE —
a¥He —
g —

Figure 5.9: Addition of Harmonics
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5.6 Fast Fourier transform

The figure 5.1 shows an online Fast Fourier Transform (FFT) module, which can
determine the harmonic magnitude of whatever the input signal as a function of time.
The output of the FFT which is magnitudes of the harmonics are then fed to a
harmonic distortion calculator to find out the total harmonic distortion (THD) of the
33 kV Dbus. Then the output of the harmonic distortion calculator is sent to a
polymeter to show the individual harmonic magnitudes and the THD. By using a

data merge the individual harmonic levels and the THD can be shown in control

panels.
[Mag, =
FFET (1% Mag Harrrmnnin::-rmEII TH
Distortion
T [Fh N 1
la_BB (158) Indlwdualﬂ%_l
F=500[H7] &
T ]
0 "54, e | SRl {“i :I
! gii% M 1 oy : 4z i 0.4

R R (R R RIR] (R (R

Figure 5.10: Online Fast Fourier Transformer

5.7 Model validation

First of all the simulation is run against a known set of data which are obtained from
the PQ analyzer output (figure 4.8, 4.10 and 4.12). For easiness the measurement are
compared with the actual measurements for two hour intervals in an average day
(18™ October 2013). Since the PQ analyzer data is obtained for bus section one the
measurements are also obtained for bus section one. The exact loading is done for
the 33 kV bus section one at the particular time and the 33 kV bus section one
voltage is measured from the simulation. The simulation is done without connecting

the capacitor banks as in the actual scenario. The measured data and the simulated
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data are tabulated in table 5.1. The results obtained from the simulation shows that

the model gives approximately same results as in actual PQ analyzer measurement.

Obtained PQ analyzer 33 kV bus section one voltage is showing the line to earth rms

voltage and hence the simulated voltage is also measured as line to earth voltage. The

obtained waveforms from the simulation are attached as Appendix 8.

Table 5.1: Comparison between measured and simulated data

Time Measured data Simulated data

MW (33 | Mvar kV (33kV)L- | V (33kV) [V  (33kV)

kV) (33kV) E rms L-E peak | L-E rms
02.00 59 2.1 19.05 26.17 18.51
04.00 7.3 1.4 19.00 26.24 18.56
06.00 13.0 2.3 18.90 26.12 18.47
08.00 9.3 2.7 19.20 26.11 18.46
10.00 11.6 5.0 19.03 25.91 18.32
12.00 12.4 5.2 19.01 25.89 18.31
14.00 .1 12.0 | 19.03 25.90 18.32
16.00 {:31_25 5.3 19.85 25.88 18.30
1800 5120 7 19.10 26.01 18.39
20.00 16.8 3.5 19.08 25.99 18.38
22.00 9.2 2.6 19.20 26.12 18.47
24.00 6.2 2.3 18.95 26.16 18.50

5.8 Measured parameter from the simulation

For the analysis following parameters were measured,

Measured Voltages
o 33kV Bus Bar voltage
o Capacitor feeder voltage

Measured Currents

o 33 kV feeder current

o Capacitor feeder current
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5.9 Step by step simulation
The study has been done step by step in the following order.
o Switching of Capacitor bank 1
o Switching of Capacitor bank 2
o Switching of Bank 1 & 2 for different load configuration
o Back to Back switching
= (Sequence Capacitor Bank 1, Capacitor bank 2)
o Back to Back switching
= (Sequence Capacitor Bank 2, Capacitor bank 1)
o Fast switching
= (Sequence Capacitor Bank 1, Capacitor bank 2)
o Fast switching
= (Sequence Capacitor Bank 2, Capacitor bank 1)
o Harmonic Analysis
o Energizing Capacitor Bank 1

o Energizing capacitor bank 2

gessnergizing both the banks
= (Sequence Capacitor Bank 1, Capacitor bank 2)
= (Sequence Capacitor Bank 2, Capacitor bank 1)
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6  Results and analysis

6.1 Separate witching of capacitor banks

As the first step to the simulation the separate capacitor switching is done with the
modeled substation to find out the transient behavior and their magnitudes at the time
of energizing the capacitor banks. There by first the energizing of capacitor bank one
is analyzed and then energizing of capacitor bank two is analyzed. First the wave

forms are recorded for average loading of the substation as in figure 6.1.

P -
[fixed_load] Fixed Load [
| -
Rated Real Power per phase 10 [MWY]
Rated Reactive Power(+inductive) per phase 5 [MWAR]
Rated Load Voltage (rms L-G) 33 [KV]
Vol Index for Power (dP/dV) 2
Vol Index for Q (dCudV) 2
Freq Index for Power (dP/dF) 0
Freq Index for Q (dQu/dF) 0
Fundamental Frequency Ceamzm
:"“-l" Ay 013 1ls 19l -
- L ] [pAce Help

Figure 6.1: Average loading configuration

And then it is done for several loading conditions as obtained from the measurement
data of the substation. For the maximum loading the simulation is run for each and
every millisecond between a power cycle to have more sensitive measurements.

6.1.1 Capacitor bank No 01

For the switching of capacitor bank one with 12 mH reactor, waveforms are
obtained. Figure 6.2 and Figure 6.3 shows how the system behaves after energizing
the capacitor bank one at zero crossing and the voltage peak which is the worst case

scenario.
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Figure 6.2: Energizing of capacitor bank  Figure 6.3: Energizing of capacitor bank

one at zero crossing one at voltage peak

The simul } run for each'and every mllllsecond bfla power cycle to find out a

(C

(Appendix 9). Voltage of the 33 kV bus and the current is obtained from the graphs

tolerable Tfor thie” SW|tch|ng of “the: capacitor bark With minimum  transients
and tabulated as a percentage of the steady state value (table 6.1).

With the results obtained it can be clearly stated that any transient under 130 % of
the steady state magnitude is not showing much of an impact to the power quality.
Thus by analyzing the voltage waveforms obtained, + or — 2 ms around zero crossing
can be given as a tolerable limit and safe region for the operation of the capacitor
bank.
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Table 6.1: Voltage and current transient percentage for different switching time of
bank one

Time (ms) Voltage (%) Current (%)
0 100 100
1 102 104
2 109 112
3 137 115
4 148 146
5 151 154
6 136 150
7 108 135
8 103 108
9 101 103

10 100 100

6.1.2 Capacitor bank No 02

For the switeliing ofi capacitor bank lohe with 36mHYeadtervikaveforms are obtained.
Figure 64%}d figure-®.608H6WS Thow Sthe systerm! beRaves after energizing the
capacitor &Rk one At*2&to crossing“and the voltage peak which is the worst case
scenario.

The simulation is run for each and every millisecond of a power cycle to find out a
tolerable limit for the switching of the capacitor bank with minimum transients
(Appendix 10). Voltage of the 33 kV bus and the current is obtained from the graphs
and tabulated as a percentage of the steady state value.
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With the results obtained it can be clearly stated that any transient under 130 % of
the steady state magnitude is not showing much of an impact to the power quality.
Thus by analyzing the voltage waveforms obtained, + or — 2 ms around zero crossing
can be given as a tolerable limit and safe region for the operation of the capacitor
bank.

6.1.3 Switching with different 33kV loading

To have more sensitive results with capacitor switching the simulation is done for
several 33 kV loading values and analyze the transients in each cases. Ten numbers
of load values (table 6.3) which are randomly selected from power quality analyzer
measurements are fed to the model.

Table 6.3: Randomly selected real loads for sensitivity analysis

Time (hr) Mw Mvar
00.30 20.4 7.3
04.00 21.7 75
06, | 9.8
- o@TQL 3 '4 32.5 15.9
'1‘2550' 38.3 19.4
B 19.3
17.00 38.2 18.6
19.30 58.0 15.8
21.30 43.4 12.7
23.00 27.2 9.7

Table 6.4 and table 6.5 show the transient percentage when switching of capacitor
bank one and two for the randomly selected loads respectively. For this only the
closing at peak of the waveform is considered as this is the worst case scenario and
the highest transient occurs at the closing at the peak of the waveform. Almost
similar readings are obtained from all the various loading values. Obtained
waveforms are attached as Appendix 11 and Appendix 12 for the switching of

capacitor bank one and two respectively. The table 6.4 and table 6.5 shows the
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percentage of the transient from the steady state value for different loading of the 33

kV bus for the switching of capacitor bank one and two respectively.

Table 6.4: Voltage and current transient percentage for different switching time of

bank one for randomly selected loads

Time (hr) Voltage (%) Current (%)
00.30 133 130
04.00 136 147
06.00 111 110
09.00 119 109
12.00 112 112
15.00 112 112
17.00 112 112
19.30 108 105
21.30 111 114
23,00 123 119

Table 6.5: ,S/;Q'_I_tage and-currentiiransientpercentage for different switching time of

bank two for randomly selected loads

Time (hr) Voltage (%) Current (%)
00.30 134 128
04.00 130 137
06.00 119 120
09.00 115 122
12.00 114 116
15.00 114 116
17.00 114 116
19.30 111 111
21.30 113 121
23.00 122 125
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6.2 Back to back switching

Then the simulation is run for back to back switching of capacitor banks to identify
the system behavior when a capacitor bank is energized while the other bank in
service.

6.2.1 Sequence Capacitor bank 01, 02

First the simulation is run to energize capacitor bank one and then the bank two is
energized. This is done for closing at waveform zero crossing (figure 6.6) and at
peak value (figure 6.7). la_capl and la_cap are the currents in the capacitor feeder 1

and 2 respectively.
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Figure 6.6: Back to back switching sequence of capacitor bank one to two at zero

crossing
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Figure 6.7: Back to back switching sequence of capacitor bank one to two at voltage
peak

6.2.2 Sequence Capacitor bank 02, 01

Then the simulation is run to energize capacitor bank two and then the bank one is
energized. This is also done for closing at waveform zero crossing (Figure 6.8) and at
peak value (figure 6.9). la_capl and la_cap are the currents in the capacitor feeder 1

and 2 respectively.
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Figure 6.9: Back to back switching sequence of capacitor bank two to one at voltage
peak

As per the waveforms obtained, switching of the Capacitor bank 1 produces higher

transients than switching of Capacitor bank 2. If the banks are switched in zero

crossing then the switching sequence is immaterial by only considering transient (not

consider harmonics). In the case of back to back switching, switching of capacitor

bank 2 and then capacitor bank one gives less effect to the waveform.
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6.3 Fast switching

In the previous sub topic the back to back switching of the capacitor banks were
considered. The back to back switching can be done in such a way that the banks are
switched in very short period of time. During the fast capacitor switching transients
can occur on top of the other and create greater transients. This will cause stresses to
GSS equipment and result insulation failures and reduction of life time of the
equipment. Therefore the switching of the second capacitor bank should be delayed
in such a manner to avoid over lapping of the transients. Anyway this type of time
delays should be introduced to both the manual and auto operation of the capacitor
banks. In auto operation a certain time delay should be added to the settings of the
controller of the capacitor banks.

6.3.1 Sequence Capacitor bank 01, 02

First the simulation is run for the sequence of capacitor bank one and then capacitor
bank two energizing for an average loading of 33 kV. The delay is increased in 1 ms
time intervals and obtained the wave forms (Appendix 13). Figure 6.10, figure 6.11

and fig _ pectively. From
the figL Jﬁf&{;g i be cleatly'seen that the trahsient ovér tapping produces higher
transients thag v ansients are [ lapping (Fi 12). In this case
capacitor b nk i transient over
lapping.

250 2l ]
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B Ia_cand
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Q50 (k-] 0250 QU0 QU3s0 Q400 0450

Figure 6.10: Fast switching sequence of bank one to two at 3ms delay
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Figure 6.11: Fast switching sequence of bank one to two at 10ms delay
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Figure 6.12: Fast switching sequence of bank one to two at 17ms delay

6.3.2 Sequence Capacitor bank 02, 01

Then the simulation is run for the sequence of capacitor bank two and then capacitor
bank one energizing for an average loading of 33 kV. The delay is increased in 1 ms
time intervals and obtained the wave forms (Appendix 14). Figure 6.13, figure 6.14
and figure 6.15 shows the delay time of 12 ms, 28 ms and 38 ms respectively. From

the figure 6.13 it can be clearly seen that the transient over lapping produces higher
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transients than when the transients are not over lapping (Figure 6.15). In this case

capacitor bank two should be at least delayed by 28 ms to avoid transient over

lapping.
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Figure 6.14: Fast switching sequence of bank two to one at 38ms delay
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Figure 6.15: Fast switching sequence of bank two to one at 12ms delay

6.3.3 Fast Switching with different 33kV/ loading

Fast switchilgg of capagitor banks are [alsersimulatedder rangamly selected loads of a

particular. ¢ @ obtaiged frormCthelpowar qudlity saedsurements (table 6.3) to have

sensitivity“*ana"ftysis. The ‘obtained 'waveforms from the simulation are attached as
Appendix 15. The summary of the resuits obtained is shown in the table 6.6.

By considering all the possible loading, if the switching sequence is capacitor bank
one to two the minimum of 14 ms time delay should be introduced and if the
switching sequence is capacitor bank two to one the minimum of 30 ms time delay

should be introduced for the fast back to back switching of capacitor the banks.

54



Table 6.6: Minimum fast switching time delays to avoid transient

Hour Switching Sequence
Capacitor Bank 1,2 (ms) | Capacitor Bank 2,1 (ms)

00.30 13 30
04.00 11 29
06.00 13 30
09.00 10 28
12.00 11 29
15.00 11 29
17.00 12 28
19.30 08 27
21.30 11 28
23.00 14 30

6.4 Harmonics present in the system

During the pawer guality analyzer megsurement the-harmonics present in the 33 kV

system is a@}bbserved and. recorged. -Fherefare harmonics,are added to the system

as in the tabl_e67 winghrare ltherexagt-measurements of the actual scenario obtained

from the PQ analyzer. Magnitudes of the harmonics are shown as a percentage of the

fundamental frequency.

The power system after adding the harmonics to the system is shown is the figure

6.16 by a polymeter and the individual panels. Individual harmonic magnitudes can

be seen from both the figures. The total harmonic distortion of the system is 2.27

without adding the capacitor banks.
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Table 6.7: Measured harmonics in the system

Harmonic order % from the fundamental Frequency
1 100
2 25
3 20
4 15
5 200
6 10
7 100
8 10
9 09
10 08
11 30
12 07
13 25
14 07
Mein 4 ) "l act A7 Mace
FunD_mac  abede ) nied- b CILALIC LG
’<“'. i WV, ITNCAC ]
\ ¢ < \
5 ~ o ~ )
1 | 0248086 | 0198034 | 0148523 | 1.97818
Main -1 Main .. =| Man.. -| Man. -| wMan. -|
SIXTH_MAG | SEVE_MAG | EIGTH_MAG | NINTH_MAG | TENTH_MAG
( 5 R 4 < 4 < 4 i 4 THO_I | Man.. -
) \53 \:Ao ‘53 \e.o ‘5 0 = P ™o
0.098701 | 0985358 | 00982824 | 00880363 | 0.0781578 ("'.\
Main..-| Main..-| Main. -| Man..-| Main.. - K 8
ELEVENTH_..| TWEL_MAG | THRTEENT.. FOURTEEH_.. FIFTEENTH_ - |
‘ 227951
allallslalla
0 50 50 50 50 5 —— . B =

0291645 | 00677167 | 0239877 | 0.0664574 | 0.0657661

{1 1.0

Figure 6.16: Harmonic present in the system without capacitor banks
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6.5 Harmonics and Total Harmonic Distortion

6.5.1 After energizing capacitor bank 01

Harmonics and the total harmonic distortion are obtained from the simulation after
energizing of the capacitor bank one. Figure 6.17 shows individual harmonic

magnitudes present in the system with the capacitor bank energizing.

Main..-| Man..-| Man.. - Main.. -] Man.. -

FUND_MAG | SEC_MAG | THRD_MAG | FOUR_MAG | FIFTH_MAG

g . e, -, .
AN LN OO T
0 50 50 50 50 5

1 0246341 | 0196471 | 0.1464% | 1.86779
Main .. -1 Man .. - Main ... - | Main | Man .. - |
SIXTH_MAG | SEVE_MAG | EIGTH_MAG | NINTH_MAG | TENTH_MAG
P < — —— P ot
N A \<’\ '(’\ N o3 o
0 50 50 50 50 5 20 B ' THD
0.0914514 | 0975026 | 0.094307 | 0.0831842 | 0.0791507 ;‘i""\
|

Main.. —| Main.. -| Man..-| Main.. -| Main. ]| 0 10
ELEVENTH_ TWEL_MAG | THIRTEENT.. FOURTEEH_... FIFTEENTH_ — ot

<""\ C\ <\"\ N
0 50 50 50K 50\ 5 B

218013

00 | =l b ]

0.296152 0.068932 0.244882 0.0680294 0.0675421 {1 1.0

Figure 6.17: Harmonics in the system after switching capacitor bank one

The indivjdéssharmonic 'magnitudes are ndt havingany roticéable difference and as
in the systeffEahere no capacitor banks are energized, here also the 5™ and the 7"

harmonic rﬁ'é_g'hitudes are more dominant in the system. The total harmonic distortion
is also 2.18.

6.5.2 After energizing capacitor bank 02

Harmonics and the total harmonic distortion are then obtained from the simulation
after energizing of the capacitor bank two. Figure 6.18 shows individual harmonic
magnitudes present in the system with the capacitor bank two energizing.

The 5™ harmonic magnitude is almost half the previous values and the 7™ harmonic
magnitude is almost one fourth of the previous values. The other harmonic
magnitudes are not having any noticeable difference. Only the 5" harmonic is the
dominant harmonic in the system when the capacitor bank two is energized. The total
harmonic distortion is also 1.05 which is almost half the previous values obtained.
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Main.. =| Main. =| Man_ -| Man. -| Man._ |

FUND_MAG | SEC MAG | THRO MAG | FOUR_MAG | FIFTH_MAG |

AN A,

1 | 0207758 | 0183995 | 0.193102 | 0931836 |

Main.. - | Man. —| Man. —| Man.. | Man. -|

SIXTH_MAG | SEVE_MAG | EIGTH_MAG | NINTH_MAG | TENTH_MAG |

. X o ek =]
UC\!-UC‘SDC\NﬂC‘GUC\E - T . Hm

0.0547633 | 0272372 | 0.0397608 | 0.0403454 | 0.038255 |

Man..-| Man..-| Man..-| Man..-| Mam.. -

ELEVENTH_..| TWEL_MAG | THIRTEENT... |FOURTEEH_ .| FFTEENTH_ ..

S

0148699 | 0.0354751 | 0128274 | 00380535 | 0.0381794

I TR
an i.i -i='=r=-=-== |

[ 1.0

Figure 6.18: Harmonics in the system after switching capacitor bank two

6.5.3 After energizing both capacitor banks
Harmonics and the total harmonic distortion are then obtained from the simulation
after energizing of the capacitor bank one and two. Figure 6.19 shows individual

harmonic magnitudes and the table 6.8 shows the comparison between all the

Main ... = Main ... = Main

FUND_MAG | SEC_MAG | THRD_MAG | FOUR_MAG | FIFTH_MAG

AL AN NL '\I‘S'\

] =l ] &0 50 50 ]
1 | 0207524 | 0491565 | 0.152621 | 1.85197

Main_. - | Main. —| Men. —| Mam.. -| Main. -]
SIXTH_MAG | SEVE_MAG | EIGTH_MAG | NINTH_MAG | TENTH_MAG

S e o — o

00276184 | 0.0942023 | 0141149 | 0195075 | 0.0732685 | LY

Main..=| Man.. -| Man..-| Main.. | Man. -] o m-

ELEVENTH_..| TWEL_MAG | THRTEENT.. [FOURTEEH_.[FFTEENTH_..| g (- F bbb

NN O
i il il i ‘T P oo MR Rl

0233401 0.0512035 0177253 l 0.0484266 | 0.04T4727 [ 1.0

Figure 6.19: Harmonics in the system after switching both the capacitor banks
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Table 6.8: Comparison of harmonic magnitudes with different capacitor energizing

Harmonic Steady State | Energizing Energizing Energizing
Order Cap Bank one | Cap Bank two | Both Cap
Banks
01 100 100 100 100
02 25 24.5 20.7 20.7
03 20 19.6 18.4 191
04 15 14.6 19.3 15.3
05 200 186 93.2 185
06 10 9.1 5.4 2.8
07 100 97.5 27.2 94
08 10 9.4 3.9 14.1
09 9 8.8 4 195
10 8 7.9 3.8 7.3
11 30 29.6 14.8 23.3
12 o 7 6.9 3.5 5.1
13 ét% 29 24.4 12.8 17.7
14 7 6:8 3.6 4.8
THD 2.27 2.18 1.05 1.92

The 5™ harmonic is more dominant as show in the figures after energizing both the
capacitor banks and it is very much closer to the condition where no capacitor banks
are switched to the system. The other dominant harmonic which is the 7™ harmonic
is almost eliminated when both the banks are switched on. The other harmonics are

very much similar to the previous values. The total harmonic distortion is also 1.92.
6.6 Summery of analysis and results (for the model)

With the simulation results obtained from the study following conclusions can be

done for the Thulhiriya substation.
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By considering the transient percentage from the steady state value, + or — 2
ms to the zero crossing point can be selected as the safe region for the
switching of the capacitor bank

— From the results obtained 130% of the steady state value is not

showing much of an impact to the power quality

Transients are within the acceptable limits as per IEEE Std 1036-2010.
Typical levels of the voltage magnitude range from 1.2 to 1.8 per unit (peak
phase-to-ground voltage) for substations
As per the waveforms obtained switching of the Capacitor bank one produces
higher transients than switching of Capacitor bank two
In the case of back to back switching, switching of capacitor bank two and
then capacitor bank one gives less effect to the waveform
If the banks are switched in zero crossing then the switching sequence is
immaterial.
“NOVAR?” controller at Thulhiriya GSS has no zero crossing detector. Has to

r power quality

f capacitor bank
one and capacitor bank two
— 40ms should be delayed in the switching sequence of capacitor bank
two and capacitor bank one
— This delay should be followed for manual operations and also for
delay settings in auto mode
Since the “NOVAR” controller only corrects the power factor to a desired
value, even if the Mvar requirement arises the capacitor banks will not be
switched to the system. There for to maximize the utilization of the available
capacitor bank it is suggested to have a module which takes the decision by
combining the power factor and Mvar requirement of the system
Energizing of capacitor bank one will not have much of an impact to the

original harmonic level and THD in the system
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Energizing of Capacitor Bank two will drastically reduced the THD of the
system and the more dominant harmonic level of 7" Harmonic

After energizing both the banks the THD value will reduce and the 7%
harmonic is almost eliminated

Availability of capacitor banks will not have any effect to the 5™ harmonic
present in the system

The THD level of the Thulhirya GSS is within the acceptable limits even
without the capacitor banks (As per IEC 61000-3-6 the THD value should be
less than 6.5).

By adding the capacitor banks the THD level can be further reduced.
Addition of capacitor banks to the Thulhiriya 33kV bus does not provide any
adverse effect to the existing system & well within acceptable limits as per
the simulation

By considering the switching transients & the THD the best sequence of
energizing of capacitor banks would be capacitor bank two and then capacitor
bank one

Cong«sgeung the “obtathed resultS it "1$ 'recommended to switch on the

Capa0|tor banks at Thulhiriya GS$
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7

Conclusions and recommendations
Zero crossing point is the exact position for the breaker to be closed for the
capacitor bank
Even though the initial cost is high Embed a zero crossing detector module in
every GSS capacitor controller to have good power quality during capacitor
switching
The fast switching should be avoided as much as possible
If in case fast switching is done in auto mode a time delay should be
introduced by studying the transients for the particular case
If manual operation is doing a delay time should be introduced to the back to
back switching by studying the transients
When purchasing & specifying capacitor bank and harmonic filters
» Consider the cost associated with nearby electrical equipment miss
operation or damage should be evaluated against the cost of additional
modules/ equipment to avoid/ reduce transients
‘ idering only the
,:N'-L actor.correction. Inqrder to .utihize the availabl icitor banks it is
"IZZJ" ider combination of RE lent & voltage
| _ ‘ecommended to
energized a detuning capacitor bank (bank feeder) first with the concern of
transients and THD
First energize the tuned capacitor bank (filter feeder) followed by the non-

tuned capacitor (bank feeder) bank

Figure 6.20 shows the suggested method of actual implementation to the capacitor

bank operation to minimize the transient effect to the system. A programmable logic

controller should be embed to the remote terminal unit (RTU) for decision making.

When the RTU decide the need of the capacitor banks to the system by considering

power factor correction, Mvar requirement or voltage requirement, the PLC unit is

activated for zero crossing detection by monitoring the 33 kV voltage. When the zero

crossing is detected the PLC unit initiate an open/ close signal and send the
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command to the circuit breaker to switch the capacitor bank on/ off via RTU. Then
again the PLC unit measures the voltage in order to sense the transient voltage during
the operation. If the detected transient is not within the predefined acceptable limit
the timing of the initiation of the close/ open command should be delayed
accordingly until the measured transients comes within the acceptable limit.
However the initial breaker open/ close time delay should be introduced to the PLC
unit by considering the circuit breaker closing and arcing time delay obtained from
the circuit breaker tester (CBT 400 in the case study). This methodelogy can be

explained from the flow chart as shown in the figure 6.21.

Transmission

J, line
Transformer
"’ﬁ :: 'l_.' b~,"7
€}
‘ B \.:Hk l CLIF re Pote a
l Current *uflaltage
Signal signal

PLC unit for voltage
zero crossing detection

Circuit Breaker

Figure 6.20: Implementation of RTU and PLC
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Open or Close signal

Monitor the Voltage

Check for Voltage
Zero

Send Open/ Close signal

[ CB Open/ Close ]

. L !

Measure Voltage Magnitude

Aaggp o1l
3 »,_}' ‘lk

' . N
‘AN If acceptable limit

Yes (Transient)

i

Adjust the timing of
Open/Close command

Figure 6.21: Flow chart
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Appendix 01: Single line diagram of Thulhiriya substation
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Appendix 2 : Technical Specification of 132 kV Areva Circuit Breaker

2

21

Technical Description

Technical Data: Circuit Breaker
Type (see nameplate)

Rated voltage
Rated normal current
Rated frequency

Rated power-frequency withstand voltage
50 Hz, 1 min

- Toground

- Across open switching device

Rated lightning impulse withstand voltage
— To ground

— Across open switching device

Rated switching impulse withstand voltage
(Un > 245 kV)

— To ground
— Across open switching device
Rated short-circuit breaking current

— R.m.s. value of the a.c. component of

- ntage Of d ¢ compoient
enmg e
-gfearfactor

Rated transient recc

tage

— Peak value

— Rate of rise

Short-line fault

— Surge impedance

— Peak factor

Rated short-circuit making current
Rated out-of-phase breaking current

Rated duration of short circuit
Rated operating sequence

Rated line-charging breaking current
Rated cable-charging breaking current

SFg weight per breaker

kV

Hz

kV

kV

kV

kV

kV

kV

kA

k

015

kW
kVips

]

kg

GL311-
F1/4031/VR

123
3150
50/60

230
230

550
550

Mot applicable
Mot applicable

GL312-
F1/4031/VR

145
3150
50/60

275
275

650
650

Not applicable
Not applicable

40 40

36

5 35

5 15

211 249

20 20

450 450

16 16

104 104

10 10

3 3
0-0.35-CO-3min-C0O

or CO-16s5-CO

35 50

140 160

12 12



2.2

Technical Data: Spring Operating Mechanism

Type (see nameplate)

Motor for charging the closing spring:
Rated voltage (preferred values)

— Direct voltage

— Alternating voltage

Allowable rated voltage deviation
Power consumption

Closing spring charging time

Shunt releases, closing and opening:

Rated supply voltage
(preferred values only with direct voltage)

Allowable rated supply voltage deviation
—  Shunt closing release

—  Shunt opening release

Power consumption of releases

— 5Shunt closing release

—  Shunt opening release

Minimum pulse duration

Auxiliary circuits:

Rated continuous load current

AL contact tripping capability

1230 WV altgEreiiisiotade

gonstant of L/R = 20 ms

nsation Heating:
(alternating vaoltage)
Power consumption

") Specify when ordering.

**)} The exact value is shown on the motor nameplate.

DV girgckyoliags i @ihinductive cirodit with-a

FK 3-.

60/110/125/220/250 *)
120/230 *)

85to 110 % Un

<750 **)

<15

60/110/125/220/250 *)

8510 110 % Un
70 to 110 % Un

340
340
10

10

10

2

120 or 230 %)
80

71



Appendix 3 : Technical Specification of Alsthom power transformer

Fhb.Mr
ALSTOM 2. Technical Data 316272
ELEKTRIK END.AS, Sheer 173
2.01 Rated power :
231 31,5 (ONAN { ONAF)
2.0z Power definifion :
Design and power definition in line with IEC 76
2.03 Voltage and currents :
HV LY
Pos . Currents Currants
Voltages (A} Valtage &)
(v} v}
ORAM  ONAF OHAN  GMAF
1 145 200 81,5 1253
a 127 G600 41 | 1425 | 33000 | 4024 | 551.1
u { L
205 nce Yo at 7
Pos. | Base (kva) Windings | '"“""h';;: volage
|
7 31 500 HV LV | 10,3
2.06 No - load losses -
15 200 W (1,00 = Unj
2.07 Load losses at 75°C ;
Pos. Base (kVA] | Windings Load losses
7 31 500 HV LY 128 000
B L R T e e T e e T =t
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Fla.Nre
ALSTEOM 2. Technical Data 116272
ELEKTHIK END.AS. Sheet 243
2.08 laval :
Rated short Rated lightning
. duration power Impulae
o m;;':;hm frequency Withstand
Windings Um withstand voltage voltage
. AC L
effecti T .
: :::}“ el [effective valus) ipeak value)
{kV) (k¥)
| hv _.1-15_ ) 230 550
HY-N - 95 250
Ly a5 Ta 170
2.09 Frequency ;
S0 Hz.

MR
BEOIR LA v Stz s@UaEi1830GR
Aeimest angs + 105 e 15%:
fer of steps ¥Ry
i thrgygirvedrni 0] by
.11 Motor deive unit:
ED 100 5
212 Cooling methed ;
DMAM | ONAF
2,13 Temperature rise limits ;
Max ambiant temparaturs 40 *C
Top il o G0 K.
¥iinding o 65 K.
214 Setting of monitoring devices:
Far off temperaiure CT 031
1.Gr Fan Stop P60 °C
2.Gr Fan Stap | i
4 il e e dewamrmt 4w g e L) |- ghuies b W s o e B PRS  BB Sy B ® [T T [ s 4 b
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ALSTOM

ELEXTRIK ENDLA.5

2. Techmical Data

Fh.Mr

316272
Sheer 33

Alamm
Tripping

Winding femperafure CT 033

1.Gr Fan Stard
2.Gr Fan Stan
Alzrm

Tripping
Winding temperafyre CT 034

1.G3r Fan Start
261 Fan Start
Alarm

Tripping

2.15 Current transformer :

216 Waights (kg):

Tatal weight.

Transport weightiwitfwout oil)
Total waight of oll

Weight of active part

i
CBE0 TG
= B
S04 0

o R

o
1 e

i [ER TN
i3
STa0l 2 A

50 500 kg.
S 000 ky.
14 600 kg
231 500 kg

74



132 kV Conductor data sheet
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Appendix 5 : Manual of Joslyn Circuit Breaker

pakg i FlHohsge Conpaorein s
OSI YN SN Bt 11810 S
Clrasland, {6 48108
Telgphagn 3185 371.E620
Fau {3184 3 1-3010

Model VBM Fault Intérfﬂpter

Instructions

I =0310
Rivismd Septembes. 1985

Supersaded May, 1997

ONE POLE
T4 5 B0A YERM

LM
3450 004 VEM

THAEE PHASE

T S g B
Ty i L—ul A By
Ejuwa; Sk
o Bt

*ﬁlﬂll

j
5
=@

w :[E]
THEREE PHARE
Vel BA, VEM

0R
15k D04, VEM

1. 'WACULN KMOHULE
e BODULE Pl AESEMELY
e na sl o R AR
i, POSIT SONGATOR
“ORTRDL AAsLE DONNECTOR
i ATATHEN DAG SOVER
SAE D H A SN HOLEING
B MECHANIEM DDVER
9. LINE TD GROUND INSULATOR

INGOTE THAT 18y B3| TEHES
tia'Y ALBD BE SLFPLIED
TATH INSULATORE WITHUT
CAOROLLITHONS|

OME FOILE
MLERY 008 Wi B e AN
Figurs | Moo W8 Fadr Indsymupiers
Contents Servicing Procedures
1. Resnowval and Aeplacsemand af
GEH&FE' Hoausng Gower and Braather Bag
1. Desariplion 2. Aemaval and Aeplacement of a
2 Barvicing Moduls Assembly
5. Aonewal Pars 1. Synichrgnization af Aeplacemant
. Maduls faaarmbaly
Installation 4. Tha Salenold Opsralar
i, Imspaotion and Linsrabing a. Salencid Assambly Aoplacoment
2. Mounting B Wiring Hammess and Auziliary
1. Controd Wiring Swilch Assambly Baplacemenl
4. High Velags Connectians = Auxilinry Swaich Adjustiment
: &, Swrlches Rated 1,000 Ampaores
Testing Vacuum Contacts ar Highar
1. High Potential 6. Tha Molor Qiparator

2 Contagi Aealstance
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. GEMNERAL
I,  DESCRIPTION (Figures 1, 2. & 33

The ¥EM Vecoum Iniermupect is mansfected in voltaps
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ioisiure wraling.  The modele howsings are cycloslephetic of
EPE nzbker honded te s fiherglis vabe, Ume or w0 Medduies
wre mounped on sach insolapor and d 1o il ¥
wm by & high serengih pull red

The eompledely oeslid eperating mechansim housing sup-
pois N io-grousd msulitors snd the madwles. An B e
bag m dhe housing peevenis “heathingAn'" contaminants oF
maisiure and conteing m dediccant paskaps 1o maintain dry alr

Al electrical cemtrol sonnectings oo the mechaniss
minde hrowgh a single envimnmestal continl cahle cessecor.

An “0pen-Chsed” position indscalos is direstly coupled 1o
jhe mechesms, A separaie opessting <rank emable ssanml
eperation of the awilch, The entire ssasbly cn withesand
gevppal 'y withoal damige. Dopendisg upon rateg there miy
hie mme &= more wechengzni fof @ dhree phese swiceh.

3. SERVICING

Sorvizing of VEM switohes i easily scosmphshed by celer
ring 1o the approprsie section of thess insirustisns. The fail
lawing baale sew segiieed

o 0o 1,000" dial Indicstos, gaduated in 0017,
b. Contigsily lnmps s eequiced.

¢ @-1%0 inch-pound peaque wrench,

d. acket ar wrench set,

8, C-Clamp,

. 30k AC High Pordcailia] Test Set

1. REPLACHEMENT PARTS

Repluzement parts see stocked in Clereland, Ohio.  Fam.
ik complece mmmeplste dare and dhe Hi-Voloage Corpariion
G, @, Mumber, applying io the oeignal percheas, aloag with
descripisas of che part and guassicy reguined.

I, IMSTALLATION
i [MEPECTION AND UNCRATING

Carefully wspeat the oqudpreent on aroval snd nepan any
damage be the gearier, file s clalm, and sonlast Fosiys for re-
placeneni pacts and g2rvice,

Renseve crating surroasding the VEM swilch. [k not un-
bolt dhe switch frem the woodem baee. PERFORM HIGH
FOTENTIAL AND CONTACT RESISTAMNCE TEST DE-
SCRIBED 1M SECTEON I, FRIOR TO FUTTING EgUIP
MENT INTO S3ERVICE.

2 HOUNTING

Atdaeh an ereciing sing to esch mochanism s shows in
Figuee 4. Make corism the BT s wabiliaed. Remove the thee
wuis holding VAM b the wooden base. Heba the switch to i
masamding with the marml sparalisg hindle fazing the desirsd
direction. Fasten the VBM 1o iis mewnting with bees 58"
batis and remeve Db epeeting dimg, THE STRUCTURED AND
VEM MECHANISM HOUSING MUST Bl SOLIDLY
GROUNTIEL.

1,  CONTROL WIRING

Coneral power @insl mesl fhe noysiemenis of the driwing
supplied Witk the weiesh.

All eantrel eonneetkms ars madie Dhreagh elther of the feb-
kowing, depesdling on i swilch,

5. Enviponmental cableé ifd eonmpezier, The cable may be

dgriened in dessed leagth. Comnsctse io B poninel m-

[
EelLEETHIE
Fia

o VTR

— POHLE AR
AL L A TR

[N [ )
o LeET M Fidkis

LT
Iy

Cuerarriie Cylinger

© . acium Btmesphees
18 " Torr

Fingd Cantaol

Maving GomEact
mr Gendaniing
Balicws Shigd

Comper Delans

Figore 2. Cutawary drawing of tingie veowsm madul on
15V i o ground irgulator.

Fipore 5, Cutaway photogresh of vasuum conteot. Moy
irg contact separates QA0 Trom Hasd contect, Copp
halloes promoves vaouum inemupting dishectric
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CALT

Tem e e B
e wr Pk
Tt g L

BT rpr—————
[Eyrrars ey

Tymcal
Erecing
Sling

Figure &

cloiare st be in gecordance with e sppeoved wirlng
disgram

b, A MEMA 12 jome the baex insunded on the housing wived
te the mechanism theongh comdust,

4, HIGH VOLTAGE CONNECTIONS

The tezminal pals see alamisam alloy with standanl NEMA
|wolal: diflling.  The eloctncal ceaséctiog i che tsrminal
pad musl be tresfad wigh Alocea Mo, 1 joint composmd o
equivakent. Wire hisshing throwgh the compound will Eipeove
[ ]

LLLF TESTING AND EVALUATION OF
VACUUM COMTACTS

Two desls sy be perlonned b evalusie Che vedmnm oom-
wmees.  They should be perfennal across asch modol svps-
rabely, Fipene § indicates conmectlon point for ssyle anl

douhle vacwem module sssamhblies

POTENTIAL

pacunm rehA L b gl At ordekflors ¥ bt

II ETh g4 wlagen helos 30KV RME Only A
high B L .n; FOOEEREH | OC e SEea
: jlln RS Aorom cach individial obr for 1%

b iy gsprngiy T il maniedde geaapfon ot
app AT AR Y

prmg the gk podesdis
y '] B

lesting, sEll-exingnishing, mo
oniy @ low msressconds may
oceur. Thess *barnackes™ paw not sipnflicest bot can reslt n
false mdication of vacwem low, & the vesi sst utllizes o bigh
speed aveslosd relay or begaker

During notmal speration wih the ewitch in seevice, loss of
wvaeunm or & defegtive wadich module may be indloaied by ox-
pamsive padin noise with the switch open o obsarvagion of dif-
fereil suiface cemperstures of modules un ghe dae s@itch.
S Jodyn Exgineering Memo T.D. TERSIE

! CONTACT RESISTANCE

Witk the switch closnd., the reseancs g2ross sach module
grould ke s thes 200 micro-obms On ewitehes with med-
ules cesmeered im paraliel for higher curfest operadlon, remove
he comneciimg bua 1o perfogn this teet, I highes rsdstance
vadwes are meeannred contace the Joslyn H-Voloige Corporabion.

IV, SERVICING PROCEDURES

1 EEMOVAL AND REPLACEMENT OF THE
HOUEING COVER AND BREATHEE BAL

Reinove sepews thei hold dhe meckaniiosm cover o D
gaibch base, Care must b= taken L5 keep the pasket and malmy
murfaces free of beod mitks, soraiokes, scacn, sl Porkign fa:
terial. The walve stam predrodieg oo the botem of the
mechanism housing should be kepr seabed, It o= intended only
for lesl teding during manufacoame, The sxpansion chamber
we bucaiher bag ls hold by one boli accessable Teoiii inskie the
mechanism eover. B may he rameved o repleced by opsning
the clogsare plates or the separais beewther hag cover added oo
wwbiches anpplisd bepmning 19EL.

Belowe eeplicing ihe cover, gless and dry the gaskel add
miating surfpces. Apply slicone gresse {Dew Corming DEC 1L
or equiralent] to mating seefaces sd posithon gesked, & new
ar pevitilized destosane packsge should he placed in the opess-
o caviiy sectkem of the cover. Becure the bwelve cover saews
dargued La 50 inch-paunds,

k. REMOVAL AND REFLACEMENT OF A
MODULE ASSEMBLY

A, REMOVAL

One or twe modulis ae wounied on rch insslicon depend-
ieg nn wwitch eating.  Medubs paiz should noe ke
gﬂ.mu in ihe Field e ipr.:-] fools ara reguired loe is

and adjmtmeal. I one module of 2 modiule pair ssssm-
h.l:r is delective, the ompleie module pain esembly mus b
repliced.

Ta semove & modols asembly, disconnact all powes from
the VB and remove dhe meckanbes cover. Disconneet pull
yoid Brom tho switch meckaniss by removing iwo boliz and
wanher plefes (aee Fagure 6, liem 7). Bomove Teur balk al dop
A hiertares prd B meedele sopmblly comiplece with loweer
nd poll rod from the invelabes. Insulasers may
o regmovsd By fekiag ool [eur cap serews holding them s
e y

DEr &l pad

E
=
=

THREE PHASE
12k BA YEM
ONE POLL
ARV I03A VRM
Figurar 5,
[COvas TN Podnrs for

High Poreans' and Renstavos Tasting
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B. REFLACEMENT

i. PREFARATION OF THE REFLACEMENT
WODULE ABSEMBLY

Ramave the bolis empararily holding the lower wrsisal
plute to single el modules, WITH THE BOLTS RE-
MOVED, EXTREME CARE MUST BE USED NOT TO PLT
ANY FORCE WHATSORVER ON THE LOOSE TEERMINAL
FAD SIMNCE THIS FORCE WOMILD BE DIRECTLY TRAMNS-
MITTED T THE DELICATE RELLOWSE OF THE VACULIM
MODULES. ANY TWISTING COULD RESULT IN IME-
DIATE LOSS OF VACUUM. The dowhle medels wsembly
corsets of fwo modules s serles, an wppser lerming plate and
a lowar iersiimal, It should mat he disasemblad. The single
mediale gad moduls pir asemblics sse miounted In the same
mannee, Am sbemasae cevis Bk may be balled in e mech-
snbrm end of replacement pull rede 10 fo, femove (e ghme-
rm clevia link wned disoard i 10 MOT sifempd to roplace the
Hak already im the mechinism.

&M single replacemont modules are supplied with a oyporals
vgspewenn” il red. It is insialed by slowly screwing oato
ghve bodt in hase of the modele, Seop as threed borioss b s
woad pibling any strem or sirsin on the vacuum gontact, Nask
the red off & meximrem of ese furm as required (o male with
ithe clevls link on mech s,

Earlier modules whilizad sither & permanantly attached pall
sod of & “serew-rm” design. To replace o “screw-in™ pall rod,
sl the 1" nylon bushisg sepplied over (he Bl end of e red
and dlowly serew mio the thecsded module base, Sinp
tazead botioms and hack rod oui approximadely thees Cull
tama 88 requiced Toe progesr orlentagion willh mechanlsm.

Dewbie nodule seembles of e present disign ulikize a
pull vod whizh i Eslted 19 o desw bor in e bowes moduls,
Al meccssary hapdwese fs sy odied with seplacemant douhle
gaodule pssenblies, The Teemer deskgn utilkced o “screw:on™
|JII. rod Eyatem.

All module sisemblies are interchompeble and may be used
om the smme mechanism, regardles of Dype c-rlpull rad, howr
e ponir

ewver uging = prement pmd e deaign doul
smembly on the mme mechinism requirse PTTaS & et L
LiDTiE. If dhis gLy B Is reguired, condicl Uie Joglyn M
Volisge BquipmeiaDivision [11V¢ 11 O IV
SR VI YOIsILY Ul
BUMPING) QTR TING ANY PULL ROD WHEN, AT

TACHED 70k
INTERRLUTFTER

2 MOUNTING THE REPLACEMEN
MOMFULE ASSEMBLY

Apply silicsne gresse (Dow Cornifg O 11 or eguivadint]
i all mating saelaces. Cock 5 should ke replaced. Rub-
ber guskenn may be remoed.  [osert pell rod (hrongh inselater
with module derminals = peoper postien. Fasten the replece-
ment modile 1o insulater with ghe W i, vk, sidl Wagkers
[rumi (8 gaigimal module, Tighven ihe boles evealy.

In monnling insulators and vecaum swiich modules, partic
ulsr attenibos shonld bo pasd 10 (opqee valued ¥ i Reabi hewd
or oot bears oa poroslss it should ke torgeed o 35 ck-
paunds, stherwse tongae o 50 inch-poands.

Wil switeh mechamiiss elosed, atach pull rod b the stoel
dleviz link of the mechanism with bronze bolis, outs, lockwadi-
v, wnd tninles siesl washer pletes placed ouedde the pull rod
sl phiees, o nod lighlen s bz Lacliinie sdpestment.

4

FUL ¥ I'.,I\ﬂ]@h.ﬁ,'_—" T’]ﬁk‘- M (’\[i.l O Sa e sobet iy ik
T

N TR T hemeEm

5 SYNCHROMIZATION OF REPLACEMENT
MODULE ASSEMBLY {Figeare &)

Operation of & replucesiont module assembly s be gm-
chreaised willi other module ssemblies on the mechaniss.
Slodule palr sssemblios are ivachrenized using (he lower cou-
twate saly. Synchrnization refers o the didfferenoe in over-
teave] ol esdales (or lower oonissts of module pair sssemblics)
o the same opersding mechanism.  Alhough he actusl ower
fravel meavmrement will be depesdeni upon the amblen
lemparatun:, synehronizetion b pod alfrcted by the ambiant
LEMpErame,

& Phace the eontlnnliy lamps scmes all modules conneched
e linedo-ground inselaicrs on the meckanism. DEF NOT AT-
TEMPT T0 SYNCHROMIZE & LOWER MODULE WITH AN
UFFER MOIULE ON A MODULE FAIR ASSEMBLY

b Atisch o dial indicstor (1) b the sssehiinism o measun
vartical movemesd of the switch sctupting bar, Joslyn resom-
mieads (he disl gusge indicwior be pexitioned agminsl e kol
hesd as by the areows in Figuee 8. 10 s ghown out of
porition fo emable gh apliisg of oiher componenis,

e CLOSED POSITION INITIAL REFEREMNUCE

el switch im closed pesition. The close siop (1} should be
poaadjonid 80 chit togghe Baes (1) are shout one degeee ol
wettical Doward opes poeiion of the awilch (s Figase 7 or
11 for solenobd or malss opeatons respecivelyd, 1 oadjusi-
meng Wi neceskary, looesn the clomping Bolts, reposilion, wd
repoagque o 120 inch-pownde, Adjat dial ndiogton v wees,

d. FULL TRAVEL

Fir awitch in open position.  Dhial indicalos should resd
305" 20,008, I oul of dolesanos, st open siop (4
Reteque bolis to 120 in

& OVERTRAVEL

With swiich in desed posicion, owly meve fhe @echinlsm
soward the spen posivlen with a %" wrench on & ioggle link
(3). (serve the dial peage resding ot wihich the cestinuiny
lighiie} nin the sther saduls(s) goes oot This movesent ne-

sured & e “OVERTEAYEL AL aimbient tempessiures be-
tween O amd SO°F. dhie lights should pe cad of 0,040 X oos”
Sytreydly | i @ gt [ S baftseen (he close stop (1) and
el T8 ‘Tho bt itte bShasAnd hr & reading midpoded be-

jwapy ogigde ppadings of the vo sllter waodule gememblian, o
b ekt ek kil ten module ssewmblies o
spacer shonld be nseried an il apposite
that swwn in Figan 6. Tesgue the conseeting bolos
tlie peplecemend sxwembly pall (o 1o T8 inol-pommsde

f. SYMCHRONIZATION

Remove (he spacer and close (Be mecheam. Slowly opes
i mechamism snd ohseree the continuity lamps, Moge the
disl resdings sl which the replicement eid slfacesl nodules
apem. The kast lamp must go sal within 8,005 mechanism
travedl pfier the Bt lamp. ' synchronitation is mail achisved,
lousen poll fed vkaying the “sec”’ posilses in approgeise dis
pection mrill sl dnpe or lower contacts spen withm 0,005
o mechanism eravel

& Afier module peir sssemiblies heve been synchraniced
mng the kewer contacts saly, the synchronization Between
upper asd bowes contacts shoald ke seeifisd. The symohrool-
estion of uppes and lewer cuitacds & relaved io amsbdent e
perature, Al lemperatones between S0°F, and G0°F. the dial
g meiare & Saximem of L8107 travel of the st
unding has berwesn the opening of each lower contset mad s
porresponding apper conlact.
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o makel L an
HHalTein] R

Fiqure & Spncfironization of Seplcement Moyl Austably

4 THE SCHLEMDID OPFERATOR

In the single solenold opersior, ten ssdennids, oo far opes-
ing emed one For closing are weed #0 meve & toggle linkage over
oenter moleasing slored spring Energy (o open ind close the
vacuum conlacie  Thes operation i wegeentilly describad in
Fijpuire 7.

Bome selenoid opiral iise @ fombl 1 i assemhbly
which utilizes fwn sedannids anch for cloge sid open opericion
The aperatben and iml of the doulil lennid oper-

ator i= simvitter £o that Seseribed for the single mlrscd operas-
dre,  The wwdich wmav ba poerwied manoslly w8 swikeh

1 1

T [ ndchiied ; el |

ith ( Ty K Jiryrha yin i, Ay T
wo il T Te i

i N sostig: eyenig e TR Ble aiEri gl
al P Pt et e s e L e T S HE SRR B O RS
T pier, plag el hookds

n RV WAl il Bdd [phskd

Dpea splicing connectors on the four bleck solencid wires
Ledve Wick wires gs kong as possible, Remove (9o bolis (F)
and the mlemoid assembly i redeased. As the sssembly i re-
moredl, e aybon sciusting pins (G) will fall out,

e or bodh mlesedds ot be replaced by removing and re-
placing (8¢ sppeopriate bolts holding the ascmlbly pegecher.
All bexdiz should be torqued e 70 inch-pounds

Te remount the selenok] assembly, treed syvben serwaling
pivek anid position the psembly, Torgue (wo mounting boelis
{F) to 200 inch-poundi. Connect the Tour Hack alenaid cuil
leads 1o cnrresposdmy witss lsilg pew inmlvled comprésgion

mplacen.

T insure speratisg components fronlos of move
meiil neccissry 02 nchieve proger operstion speed, wae o
leeles goige fo check thal ewd play o cach setmating
pin shomld by Between 070 & B0 Mammlly

change switch posities io check oiher pins. Bnd play s pd-
justed by pdding e removing flad washes shima (H) ssedir
nylon spacor gleeres,

b WIRING HARNERS ANTF AUKILIARY SWITCH
ASSEMALY REFLACEMENT (Figure o)

The auxilary wwidch (&) and cable connectos {®) are iesg
ral paris of the wizing haroeii aisembly. The entine asembly
muil b removed @5 @ wakl, Opsn eplicing cossecdiors on the
[oais Black sedenoid wiee Romeve the suxilisey seBeli Brack
e {10} From the mipport har (1L Resove four soews {120
which hold ghe eaviondiental copire] cable connecioe and

ol housieg.

wn suripces of casting whize
will amoiung & dlsone grease
11 ar cad ] b gagker 130 of pew oom

Uiy 5 A LA | B
¥
Ferpd] ihaf sl Ay

nbvhv, [T i | Byl o oy Blv, remount mnd adjusi ihe wem-
li [}

ARY BW TISTMENT (Figure &)

n i wilboi, weE @ C-olamp o eid

e Gpceallggy (LUK SO0 R LOYEr, 2O ijhe crank cannol miove
from the closed positon. Ablach diad indicaes (1} and set at
mare.  With s wrench on loggle hiak (3 move the mechanizmm
powand 1kt open postion. The auxilsry switch (A) shookd
ozl @l of before (A7 vertical mevemend is indicaied
Slovwly redurn mechanism be closed posities.  The suxiliary
swiioh should sperate hefore 15 swezhinism has reiurmed io
wiibdn 029" of ke fully closed position. 1f sdmscment ia mod
coprecl, felease bolis (14) and repusition brackel in apprepdi
ate direeibon. Bedighten the bolts and rechieck speritha. He
peed undil gnwibary swibeh operaiions oour within the allow-
whllz range. Tighten bolis o T0 mch-posnds. [T propos sdjust-
wiew! Laidof b= achileved, poplacs wiring boreco ord anxiliaey
walich a8 direcied per mstniciiong.

£, SWITCHES RATED 1,000 AMFERLS
AND HPGHER

These gwiiokss pitlize modules conmeeled in parallel For
snme rabmgs murre e See mechandan per pole is used, Thay
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are mmstalled per insiroctioss in Seetiom 11 snd connecied pee
Hi-Valiige Corporstion driwlngs and cestrol schemadic Tee
the partiular swdloh.

All servicisg and testing bs perfosmed on separags mechan.
fme by renFing tha conmecting bus pnd referrig Lo e ape
progriste ssabiom of these instructions,

&, THE MOTOR CFERATOR

& merivs molos drives & cam which beads a spring assmbly.
Whan the springs are folly loaded, the cam relesies & linkige
cluiisg the vecwsm switch using omehalf Ehe eneefy m tha
sgring sk, A low emergy wnlenoid releises che memain-
ing enecgy in ihe spring smembly theough the sams Exliage io
opin dhe iterrupter.  Operstion B sequentially descsibed n
Figures 8 theongh 11, The dzsign inharsnily peevents closing
the awileh, unless mificenl energy o trip & stored In the
sprimg mssembly,

Tie VAM maior speraios is designed o aperste at 24V DC,
SAVDEC, 125WDE, or L20VAL depending upon applizatien.

The awilch may be nperated mamsally usisy o switch hook.
A opersting erank @ logaied om e switch bonsimg, The
crmk anda are notched o reczive the swiich heoll. Ta dese
The Faull lniemuptar, plase o switoh beok §n the wolch abo
the wopds “Push o Clos snd pump. Afver spprosimalely
2% sirokes, thee swingh willl close. A unigque rolsry ciich ol
Jows sieokes of any bengls to tobate the cim. A single swifi
pusk fn the nobeh wbive the wanli “Fush i Cipen™ will g
vl awitch. ¥acsam cemiac! cperaling spesd i mdependent aof
speed of masaal sclialis.

The mador opersinr conssts of @ mechanical enevgy sormc
assembly gnd o costrel ssembly, The cantrol pembly s b

n

)

51

—

ol silicone gresse o gaskel of new connector,  Install
wew hieness (G) wnd rewse

Aunxiliiry Swicehiss) (D) [Vigeze 3);
Replace by remnving |eids pnd 1we meuniing smews,
Replioe auxiliery pwitch nse skl and scoelig rocd, With
sieclignksm B opes position sel cearance berwsen auxil-
fary wwiich messting Leickel and acraating has ot 125"
ta 1317, {Baie ksetion of the mausting bolts.

Wilh mechanism i slossd postion, use @ C<hmp o
bkt cperaling crank to s enver, s Bl crank can-
ned mose Treas che closed position, arieeh dial imdicaver
{1} amd set do seen, Wieh & wrench oa tagale Tk (¥}
move the mechawbo fowesd e open posiiea. The
wuxilissy swiloh coniscis shonld change siste 51 or afper
DE0" weriboal mevemient b indicated, Slowly cefum
mechanism En clossd posickom, The perikary switch oo
tacti ilsould chasge state helor: the mechanisn has ne-
rummed o witkin 040" of the Tully cleaed position,
Amndtry swiich shomld have o OB min. ovsnirevel,
(Rel, Figure 1.

If adjustmnt B nol eorrecr, pelessc halis (185 asd e
pasition beackers In sppropsiate direczion. Rerighten
baliz g recheck opeeation.

Repeai watil auxilisry swiizh opessthmns oecurs within
1he allowslde range. Tighien bedis so 20 inch-pounds,

©

114}
—_—

[T MR

caied In Ve baer of the VBN ewigell. Connections be extemal
chpalry s mide throsgh a conciol oable with eaviremmantal
eonrecling.

GEE Gt (CNELES (¢
x of auxiliary ssischiesh (DR
sheryqyienmecd il
gonnecine gl pudl witing harnad R ow BT S M
hoasing. To Insipll wicing harress (1], cleas surlaces nf
EEting whers sonneciol moaiis. Ay dsmall emount

(s "\ ]
s
. 1

crmd by iy @ e gl
- 0 TR BaR B ey pa A R CAn
i L] g o wimr s b orss, 1 eapyie, 1l 940wl ipdn scous
Thpain B, ior remorsat.

]
e FCPE g ik
bty L= ]

i

i |
. o 1, Bwwisd hoopie. B ey ssanbly cor
- = iy wEl p— i i pase’
m—r—— g ¥ — o s hoids apen TR sgaine Sumer.
i &, Contrel cireuil @fdngasa cloe sl
I =if. Betsatisg pIn rbeder EEAIREl yORR

DESCAIFTHIN OF DPERATION

dackywes wAnl 1oggte link in oeer R lEc.

1. Speirg smanbly pells tope link @nd
rardachim

TOSGLE LINK -

ACTUATING BAR -
powed O s E.

i T m aciuatisg b
CONTROL YOKE = Retaes arowss C.

sEanting arm 8 oasa [
wntil dieas trap and Gume et
s marearsil of scuasng i

gaull Pocn arrel o0k i T COMa.
4. hen opan sclanasd H arsrgices, the
cantrel yoe by ramosd cou s sk e
wnlil tha foge lisk @ oier ceabe e
oulled dogkwim iy e ipiieg Mmambly.
Thia reteera tha echusting Sar ia 1k

Eignal sdn, apsning [he wasuem
Blpei N BT conEmilL
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FEROVE COTTER PN AHD WABHER FROM 7IN,
I’IHHZI:E SHUNG FAOM ACTUATIR RAR,
AOTH EHO%

Warli! P Aorumeer

M

Figurn 2

e CLUT Pl WITH AW BLADE, USE SLPFDAT

BaA 43 GUIDE
REMOVE Pk PADM ACTUATOR BARE.

B
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Installation of capacitor bank at Thulhiriya GSS

Appendix 6 :
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Appendix 7 : Technical Specification of Novar 300 Controller
2. TECHNICAL SPECIFICATION

2.1 RATINGS, OPERATING RANGES & FEATURES

Voltage Rating (Vn) 110V, 120V, 415V, 480 V.
Others available in range 63.5V to 500 V max.

Current Rating (In) 1 Aor5A. Others available in the range 0.5 A to 5 A max.
Input Connections 1A, VBC, or IB, VCA or IC, VAB

IR, VYB, or IY,VBR or IB, VRY,
IR, VST, or IS, VTR or IT, VRS.

Line Current Transformers Class 1, 5 VA

Operating Ranges

Voltage 85 ... 110 % Vn

Current 0..120 % In

Frequency 50/60 Hz

Humidity 0...93 % +2 % -3 % Relative (non-condensing)
Temperature Range Storage: -40...80° C

Operating: -10... 55° C

Settings c/k 0.03...1.00
cos.phi0r80. .1 00 0 95 leading

145 1 Whoke Y0(secatids

2 o cantinig

Isolation The controllers will withstand:
2 kY rms, 50/60 Hz for 1 minute between:
- all terminals to case
- current terminals to all others
- voltage terminals to all others
- output contact pairs (Volt Free versions)

Impulse Voltage Test The controller will withstand:
5kV 1.2/50 us, 0.5J, to BS923 and IEC 255-22-1 between:
- all terminals and case
- current input terminals
- voltage input terminals
- output contacts (open)
- any pair of independent circuits

QOutput and Alarm contact Make 1250 VA, 500V a_c. resistive
rating Camy5Aac

Break 5 A a.c.

Type: one normally open

85



2.1 RATINGS, OPERATING RANGES & FEATURES (cont.)

No-volt release

Burdens

Net weight

Terminals

Switching style

Intelligent switching

Limit selection

S

Safety lockout

All output contacts are disabled within 15 ms. After the
supply voltage is restored, normal operation is resumed,
and the outputs are energised in sequence after the
appropriate safety lockout time has elapsed.

Current circuit 0.2 VA at In
WValtage circuit: 9 VA (6 stages energised)
15 VA (12 stages energised)

All models: 1.5 kg

Barrier type: M3.5
Plug-in wire size: 1.2.5 mm? (18...14 AWG)

Rotational or linear (see Figure 3). Selected at time of
order. Rotational switching evens the contactor wear (for
the largest step size only) and generally reduces the
system response time. It is implemented for all sequences
on NOWVAR 300, if requested.

If twice the minimum capacitor size (or more) is required,
then the NOVAR will switch in a double step. This applies
for all sequences. For sequence 00 (1:1:1:1), the second
capacitor will be connected after an additional delay of two
seconds.

Up to 42 plus_alarm output, - The maximum possible for any
conflguratiom’ is ‘'detefmined” by the fAumber of relays fitted
A fhecsele BauencE tiiothe ted value is too
high, the upt will automatically override it to the highest

alfowabte-valie.

-

The time required to safely discharge a capacitor can be
set to any of 8 different values. The NOVAR will not allow
any capacitor to be re-energised until this time has
elapsed.

Providing that the safety lockout time has passed, the
capacitor can be called after one fifth of the programmed
time. It is not possible to overnde this lockout time.
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2.1 RATINGS, OPERATING RANGES & FEATURES (cont.)

Exit from manual

Alarm output

Self Test

The AUTO/MAN button allows the user to switch between
automatic and manual operating mode as required.

To safeguard against leaving a system indefinitely in
manual mode, an automatic exit has been included. This
will return the operating mode from manual to automatic
five minutes plus the selected safety lockout time after the
last manual mode operation. Relevant manual mode
operations are pressing the lower button and operation of
an output relay.

Models without the automatic exit from manual are
available.

Signals failure to meet target cos @
See also Self Test

At reset and every ten minutes in operation, the NOVAR
executes an intemal hardware check for comrect
functioning. During this process, the model number will be
displayed.

If the unit fails this self test, the IND and CAP LEDs are
toggled and the alarm relay (if fitted) is also “flashed * in
time with this.

To 5V

Logic
Reset Circuits Relay |l Relays |
oy

Bl S

Current — —
> Al enla -
input { Scalng }—» MICRO-CONTROLLER - opey Display
Clk and .
1.
e =
Select

NOVAR 300 Block diagram
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Appendix 8 :  Waveforms obtained for model validation

Simulated 33 kV bus voltage waveform for two our intervals on 18" October 2013
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Simulated waveforms for capacitor bank one closing

Appendix 9 :

Zero Crossing+1ms
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Zero Crossing+5ms

Zero Crossing+4ms
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Zero Crossing+9ms

Zero Crossing+8ms
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Simulated waveforms for capacitor bank two closing

Appendix 10 :

Zero Crossing+1ms
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Appendix 11: Switching of capacitor bank one for randomly selected loads at

voltage peak
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Appendix 12: Switching of capacitor bank two for randomly selected loads at

voltage peak
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Appendix 13: Fast switching of capacitor banks sequence of bank one to two

with 1 ms delay time increasing
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Appendix 14: Fast switching of capacitor banks sequence of bank two to one
with 1 ms delay time increasing

20 ms delay 21 ms delay
00 el 00 ezl
. 1 SN NN . RN NN NN
::_H oy s
- | | - L\” |
. 100 . 100 ‘
\ LAAAAARAAAAY . LAAALAARAAAALY
100 lim 100
il , i ,
22 ms delay 23 ms delay
g 500 e
- .0 ',w\/\/\/\vf\u AL
= i University-of Moratuwa, Sri Lanka:
— Electronitc Theses & Dissertations
I &= www.hbmrtaclk
. AP N A VAR o N A AA DDA ALA N
(EH IR VIRV LV AR VAR VERVER VAR VIRV I TRV AR, WOV AV
100 I -100 )
il v il '
24 ms delay 25 ms delay
= [ /\V/’\ Vf\vf’\ ;"\V/\ f’\v/\ = b K\V/\ \/AU f\v/\ /\v
100 | ~100 I
1o o ’ LB
. b N A A A AN A AN . LA A ALA DS DA N AN
W AR VIR VERVER VAR VALY AV AR VONW W WO
100 1 =0 U
il ¥ il "

103




26 ms delay 27 ms delay

P g eaEzl
- | -
100 } e |
S WA AN AW WA A AN ., AV WA AW
- = [
s e
- ll - LA
m | - |
- 1,1%_ AALAAAAALS | - . 1I|\w AN
100 ] -1 ]
i v 7t v
28 ms delay 29 ms delay
2o R i =S
. AN . m.mv/\f\ VAW WA
- University of Moratuwa, SrijLanka:
o= ' s/ & ' s,
] o I W\/"{ H\U '\Vﬂvﬂ \,"f(\\,f'[\\_,f

104



Appendix 15: Fast switching for selected loading

Fast switching for several 33 kV loading (00.30 hr)

Switching sequence bank one to two

Switching sequence two to one
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Fast switching for several 33 kV loading (04.00 hr)

Switching sequence bank one to two Switching sequence two to one
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Fast switching for several 33 kV loading (06.00 hr)

Switching sequence bank one to two Switching sequence two to one
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Fast switching for several 33 kV loading (09.00 hr)

Switching sequence bank one to two

Switching sequence two to one

3 ms delay 3 ms delay
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Fast switching for several 33 kV loading (12.00 hr)

Switching sequence bank one to two

Switching sequence two to one

3 ms delay 3 ms delay
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Fast switching for several 33 kV loading (15.00 hr)

Switching sequence bank one to two

Switching sequence two to one

3 ms delay 3 ms delay
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Fast switching for several 33 kV loading (17.00 hr)

Switching sequence bank one to two

Switching sequence two to one

3 ms delay 3 ms delay
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Fast switching for several 33 kV loading (19.30 hr)

Switching sequence bank one to two Switching sequence two to one
3 ms delay 3 ms delay
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Fast switching for several 33 kV loading (21.30 hr)

Switching sequence bank one to two Switching sequence two to one
3 ms delay 3 ms delay
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Fast switching for several 33 kV loading (23.00 hr)

Switching sequence bank one to two

Switching sequence two to one

3 ms delay 3 ms delay
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