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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 

Pannipitiya GSS after putting in to operations. After this incident the Thulhiriya GSS 

and Athurugitriya GSS BSC banks were switched off since they also came under 

same project with same equipment. In this study the Thulhiriya GSS was selected as 

the case study to analyze the switching transients of the 33 kV BSC 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 power occupies a proportion of available transmission capacity and 

increases the system losses, it is important to make the distance between the 

compensating device and the apparatus to be compensated as short as possible. Also 

shunt capacitor banks help to reduce the losses in the transmission 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.  
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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 network under same project with same equipment. This results in under 

utilization of available resources with an existing requirement. This scenario made 

the motivation for this study. 

1.3    Scope of work 

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. 

 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 

 Collecting the major equipment data in the substation and model the selected 

substation using the PSCAD simulation software 

 Run the modeled simulation for transients and harmonics in various scenarios 

and loadings 

 Analyze the obtained results for the selected substation and identify solutions 

for the existing power quality issues with the capacitor banks  
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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 Power (KVA) is the “vectorial summation” of KVAR and KW. 

The power triangle shown in the figure 1.1 illustrates the relationship between three 

quantities [6]. 

 

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 
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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. Commercial and industrial customers avoid utility charges by operating at an 

acceptable power factor. 

By improving the power factor following advantages can be achieved [6]. 

 Industrial and commercial customers can avoid power factor 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. 

 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. 

 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 
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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. 

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

Synchronous motors increase power factor. These are called reactive power 

compensation devices. And it is very much important to make the distance between 

the compensating device and the apparatus to be compensated as short as possible 

since the reactive power occupies a proportion of available transmission 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 
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between the two. Thus, when the circuit is balanced, all the energy released 

by the inductor is absorbed by the capacitor.  

 

 

Figure 2.2: Relationship of Capacitance, Reactance and working power 

 

 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 be minimized. 

 Avoiding operation of equipment above its rated voltage.  

 Replacing standard motors as they burn out 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, 
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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] 

Capacitors shall be capable of continuous operation provided that none of the 

following limitations are exceeded. 

110% of 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 
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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 temperatures. As a result of these changes, today’s capacitor units do not age 

quickly. Swelling or case rupture is now very rare. Because film layers are thin and 

of high quality, element failures do not cause arcing and charring. Instead, the foil 

welds together. Capacitor units for power system applications 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. 
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Figure 2.3: The capacitor unit and cross section [5] 

 

2.6    Fuse technologies 

Capacitor units are available with fusing technology to protect the unit. Three types 

of units are available as internally fused where the individual element is protected, 

externally fused where the unit as a whole is protected and fuseless units.  

The current limiting fuses are used in internally fused 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].  

 

Figure 2.4: Fuse technologies 

2.7    Different types of capacitor banks 

Two types of capacitor banks are available in the present power networks namely 

fixed and switched capacitor banks. Fixed capacitor banks are those that always 

connected to the power system via 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 
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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. 

. 

Figure 2.5: Multiple units Grounded single Wye  

o Multiple units in series phase to ground double Wye  

If the capacitor bank is 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 
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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.  

 

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. 

 

Figure 2.8: Multiple units ungrounded double wye 

 

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). 
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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 2.9: Metal Enclosed types 

 

Figure 2.10: Pad mounted 

 

Figure 2.11: Stacked rack mounted 
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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. Single variable switching: considers only one measuring parameter.  

2. Multi variable and Boolean switching: In this case multiple parameters are 

measured and the decision for switching 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. 
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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. 

2.12   Capacitor bank switching equipment  

Devices available for transient over voltage control attempt to minimize the transient 

over voltage or over current. Some of the techniques used for switched capacitor 

banks are pre-insertion resistors, pre-insertion inductors, fixed inductors, 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)  

1 Galle (SVC)  20 

2 Anuradhapura  20 

3 Habarana  10 

4 Kotugoda  50 

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]. 

 

Figure 3.1: Types of power disturbances 

 

3.1.1 A switching transient: A transient is an immediate drop 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 devices there are other sources of harmonic distortion such as arcing 

devices and equipment 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 
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• 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 within 3 min and thus creating excessive voltage rise within short period 

of time. 

The motivation for this study is the switched off capacitor banks due to the 

Pannipitiya capacitor banks failure. So as a case study Thulhiriya substation 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 Thulhiriya GSS are collected (Appendix 2, 3, 4, 5 and 6 respectively) and are 

used to obtain required data during the modeling 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 

 

 

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
th

 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. 

 

Figure 4.3: Mvar Requirment in Bus Section 01 

 

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 4.5: Power Factor variation in Bus Section 01 

 

 

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.  

   

Figure 4.7: Set up of Power Quality Analyzer 

 

PQA is connected to the 33 kV side of the bus section one to obtain the measurement 

for three days from 17
th

 October 2013 to 19
th

 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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Figure 4.8: Voltage waveform 

 Figure 4.9: Current Waveform 

 Figure 4.10: Active power measurement 
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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. 

 

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. 

 

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 5.31 

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. 

Figure 4.13: Harmonics in Current waveform 

 

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. 

 

Figure 4.15: Switching pattern for Capacitor Banks at Thulhiriya GSS 

 

4.9    CBT 400 Measurements 

The circuit breaker available in Thulhiriya substation for the purpose of switching 

the capacitor bank is Joslyn circuit breaker which is having a vacuum 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 

 

Figure 4.18: Capacitor Breaker of bank one close opening 

 

Figure 4.19: Capacitor Breaker of bank two closing 

 

Figure 4.20: Capacitor Breaker of bank two opening 

 

Figure 4.21: Capacitor Breaker of bank two close open 
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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 and graphs are available which can be control during the simulation or run 

the simulation. Therefore online controlling and monitoring can be done from 

PSCAD. 

PSCAD comes with a library of programmed models ranging from small 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. 

 

Figure 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 5.2: Grid Model 

132 kV incomers 

132 kV incomers are modeled as three phase voltage sources. The conductor used for 

Thulhiriya 132 kV incomers is Lynx. The DC resistance of the Lynx conductor is 

0.1576 Ω/ km (Appendix 03). The total length of the transmission line is 52 km. 

therefore the resistance of the transmission line is calculated as 8.195 Ω.  

 

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. 

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 

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

capacitor bank is having 12 numbers of 14µF capacitor units. All the capacitor units 

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 5.5: Capacitor Bank 01          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. 

 

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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Figure 5.8: Control Panel of Circuit Breakers 

5.5    Harmonic model 

Harmonics are added to the 33 kV bus as current sources during the simulation. 

Magnitudes of the harmonics are decided 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. 

 

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 bus. 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. 

 

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
th

 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 

kV)  

Mvar 

(33kV)  

kV (33kV)L-

E rms 

V (33kV) 

L-E peak 

V (33kV) 

L-E rms 

02.00 5.9 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  12.0 5.1 19.03 25.90 18.32 

16.00  12.5 5.3 19.05 25.88 18.30 

18.00  12.0 3.7 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 

o Energizing 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.  

 

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

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 switching of capacitor bank one with 36 mH reactor waveforms are obtained. 

Figure 6.4 and figure 6.5 shows how the system behaves after energizing the 

capacitor bank one at zero 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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Figure 6.4: Energizing of capacitor bank       Figure 6.5: Energizing of capacitor bank  

                  two at zero crossing                     two at voltage peak 

 

Table 6.2: Voltage and current transient percentage for different switching time of 

bank two 

Time (ms) Voltage (%) Current (%) 

0 100 100 

1        102 103 

2 109 111 

3 130 119 

4 137 131 

5 141       149 

6 119 144 

7 108 121 

8 105 106 

9 101 102 

10 100 100 
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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 7.5 

06.00 40.6 9.8 

09.00 32.5 15.9 

12.00 38.3 19.4 

15.00 38.4 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: Voltage and current transient percentage 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). Ia_cap1 and Ia_cap are the currents in the capacitor feeder 1 

and 2 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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). Ia_cap1 and Ia_cap are the currents in the capacitor feeder 1 

and 2 respectively. 
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Figure 6.8: Back to back switching sequence of capacitor bank two to one at zero 

crossing 
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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 figure 6.12 shows the delay time of 3 ms, 10 ms and 17 ms respectively. From 

the figure 6.10 it can be clearly seen that the transient over lapping produces higher 

transients than when the transients are not over lapping (Figure 6.12). In this case 

capacitor bank two should be at least delayed by 10 ms to avoid transient over 

lapping. 

 

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 

 

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. 

 

 

Figure 6.13: Fast switching sequence of bank two to one at 12ms delay 

 

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 switching of capacitor banks are also simulated for randomly selected loads of a 

particular day as obtained from the power quality measurements (table 6.3) to have 

sensitivity analysis. The obtained waveforms from the simulation are attached as 

Appendix 15. The summary of the results 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. 
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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 power quality analyzer measurement the harmonics present in the 33 kV 

system is also observed and recorded. Therefore harmonics are added to the system 

as in the table 6.7, which are the exact 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 

 

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. 

 

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

The individual harmonic magnitudes are not having any noticeable difference and as 

in the system where no capacitor banks are energized, here also the 5
th

 and the 7
th

 

harmonic magnitudes 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
th

 harmonic magnitude is almost half the previous values and the 7
th

 harmonic 

magnitude is almost one fourth of the previous values. The other harmonic 

magnitudes are not having any noticeable difference. Only the 5
th

 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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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 

possible scenarios. 

 

 

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 

Order  

Steady State  Energizing 

Cap Bank one 

Energizing 

Cap Bank two  

Energizing 

Both Cap 

Banks  

01 100 100 100 100 

02 25 24.5 20.7 20.7 

03 20 19.6 18.4 19.1 

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 9.4 

08 10 9.4 3.9 14.1 

09 9 8.8 4 19.5 

10 8 7.9 3.8 7.3 

11 30 29.6 14.8 23.3 

12 7 6.9 3.5 5.1 

13 25 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
th

 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
th

 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 

embed a zero crossing detector for the controller for better power quality 

during switching of capacitor banks. 

• During fast switching of both the banks 

– 30ms should be delayed in the switching sequence of 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
th

 Harmonic 

• After energizing both the banks the THD value will reduce and the 7
th

 

harmonic is almost eliminated 

• Availability of capacitor banks will not have any effect to the 5
th

 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 

• Considering  the obtained results it is recommended to switch on the 

capacitor banks at Thulhiriya GSS 
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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 

• Most of the cases the capacitor banks are switched by considering only the 

power factor correction. In order to  utilize the available capacitor banks it is 

vital to consider combination of PF correction, Mvar requirement & voltage 

• Even PF correction & Mvar requirement is achieved it is not recommended 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. 

 

 

Figure 6.20: Implementation of RTU and PLC 
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Figure 6.21: Flow chart 
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Appendix 01: Single line diagram of Thulhiriya substation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

69 
 

 

 



 

70 
 

Appendix 2 : Technical Specification of 132 kV Areva Circuit Breaker

r
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Appendix 3 :  Technical Specification of Alsthom power transformer 
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Appendix 4 : 132 kV Conductor data sheet  
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Appendix 5 :  Manual of Joslyn Circuit Breaker 
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Appendix 6 : Installation of capacitor bank at Thulhiriya GSS 
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Appendix 7 : Technical Specification of Novar 300 Controller 
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Appendix 8 :     Waveforms obtained for model validation 

Simulated 33 kV bus voltage waveform for two our intervals on 18
th

 October 2013 

02.00 hr         04.00 hr 

 
06.00 hr        08.00 hr 

 
10.00 hr         12.00 hr 

14.00 hr       16.00 hr 

 
18.00 hr       20.00 hr 

 
22.00 hr       24.00 hr 
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Appendix 9 :    Simulated waveforms for capacitor bank one closing 

 Zero Crossing                Zero Crossing+1ms 

  Zero Crossing+2ms                Zero Crossing+3ms 
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Zero Crossing+4ms               Zero Crossing+5ms 

Zero Crossing+6ms               Zero Crossing+7ms 
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Zero Crossing+8ms              Zero Crossing+9ms 

Zero Crossing+10ms         
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Appendix 10 :    Simulated waveforms for capacitor bank two closing 

 Zero Crossing     Zero Crossing+1ms 

Zero Crossing+2ms              Zero Crossing+3ms 
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Zero Crossing+4ms               Zero Crossing+5ms 

Zero Crossing+6ms               Zero Crossing+7ms 
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Zero Crossing+8ms               Zero Crossing+9ms 

Zero Crossing+10ms         
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Appendix 11: Switching of capacitor bank one for randomly selected loads at 

voltage peak 

00.30 hr                  04.00 hr 

 

06.00 hr        09.00 hr 
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12.00 hr       15.00 hr 

 

17.00 hr        19.30 hr 
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21.30 hr       23.00 hr 
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Appendix 12:   Switching of capacitor bank two for randomly selected loads at 

voltage peak 

00.30 hr                  04.00 hr 

06.00 hr        09.00 hr 
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12.00 hr       15.00 hr 

17.00 hr       19.30 hr 
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21.30 hr       23.00 hr 
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Appendix 13: Fast switching of capacitor banks sequence of bank one to two 

with 1 ms delay time increasing 

4 ms delay                5 ms delay 

 

6ms delay                7 ms delay 

8ms delay      9 ms delay 
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10ms delay               11 ms delay 

 12ms delay                13 ms delay 

  14ms delay     15 ms delay 

 16ms delay               
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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  

 

22 ms delay         23 ms delay  

 

24 ms delay     25 ms delay 
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26 ms delay     27 ms delay 

 

28 ms delay      29 ms delay 
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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 

7ms delay     13 ms delay 

 

13 ms delay      30 ms delay 

18 ms delay     38 ms delay 



 

106 
 

Fast switching for several 33 kV loading (04.00 hr) 

Switching sequence bank one to two  Switching sequence two to one 

3ms delay     13 ms delay 

11 ms delay     29 ms delay 

18 ms delay     38 ms delay 
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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 

3 ms delay     3 ms delay 

13 ms delay     30 ms delay 

 18 ms delay     48 ms delay 
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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 

 

10 ms delay     28 ms delay 

 18 ms delay     38 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 

 

11 ms delay     29 ms delay 

18 ms delay     38 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 

11 ms delay     29 ms delay 

 18 ms delay      38 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 

12 ms delay             28 ms delay 

18 ms delay             38 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 

8 ms delay             27 ms delay 

18 ms delay             38 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 

11 ms delay     28 ms delay 

18 ms delay      38 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 

14 ms delay      30 ms delay 

18 ms delay      38 ms delay 


