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Abstract

Effectiveness of an electrical distribution system depends on the stability of its voltage profile. Several methods

such as Static Compensator (SC), Thyristor Controlled Series Compensation (TCSC) and Series Capacitor have

been applied for the stability of the system. However, these methods have been characterized by harmonic

variation and low efficiency. Therefore, this research paper applied Shunt Switching Capacitor (SSC) on 11 kV

distribution system located at Monatan, Ibadan, Oyo State in order to investigate the stability of the system

during outages. Hourly data on bus voltage of the system were collected to determine the average bus voltage

and voltage drop of the distribution system for stability evaluation using IEEE statutory limits method. Load

Flow Model (LFM) of the distribution system was developed with incorporation of Capacitor Switching

Compensation (CSC). This was solved using Kirchoff’s Current Law( KCL) analysis to improve the average bus

voltage and voltage drop of the distribution system while simulation was done using MATLAB R2015a. The

results of the average bus voltage and voltage drop of the distribution system were 10.5 and 4.2

, respectively. The CSC model improved the average bus voltage and voltage drop by 6 % and 33 %

respectively. The research showed that incorporating capacitor switching as a compensation technique enhanced

the stability of the distribution systems. The research is useful in the planning and optimization of electrical

distribution systems.
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1. Introduction

At present, there is an increase in the demand for electricity especially in developing country like Nigeria and

this persistent demand is leading to operation of the power system at its limit [1]. Therefore, the need for stable,

reliable and quality power is on the rise due to electric power sensitive industries like communication,

electronics and information technology among others. However, electric power demand is not the only criteria in

this scenario but also the responsibility of the power system operators to provide a stable and quality power to

the end users. These issues highlight the necessity of understanding the power system stability [2], [3], [4], [5].

Power system stability is that property of a power system that empowers it to stay in a condition of working

balance under typical working conditions and to recover an adequate condition of balance in the wake of being

exposed to an unsettling influence [3], [8]. A rule for voltage security is that, at a given working condition for

each bus in the system, the bus voltage size increases as the reactive power injection in a similar bus is expanded

[6], [7], [8]..

In other words, power system is voltage stable if voltages after disturbances are close to voltages at normal

operating conditions[23]. Despite the fact that the voltage stability is generally a local problem, the results of

voltage instability may have a widespread impact. The consequence of this impact is voltage collapse, which

results from an arrangement of possibilities rather than from one particular disturbance. It leads to really low

profiles of voltage in a major part of power system [9], [10].

The integrity of the system is preserved when practically the entire power system remains intact with no

tripping of generators or loads, except for those disconnected by isolation of the faulted elements to preserve the

continuity of operation of the rest of the system. Stability is a condition of equilibrium between opposing forces;

instability occurs when a disturbance leads to a sustained imbalance between the opposing forces [11], [12], [13].

The main factors causing voltage instability include the inability of the power system to keep voltage in the

ideal range and coordination of the voltage control gadgets, load characteristics, parameters of transmission lines

and transformers. Power system suffers greatly from voltage instability especially due to excessive consumption

or injection of reactive power by the system elements and the consumers’ loads [13], [14], [15].

The purpose of voltage control is to maintain acceptable voltage standard at the service entrance of all
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consumers served by the feeder under all possible operating conditions. The theory of power system stability,

necessity of power system stability and different methods for analysis of power system stability has been

employed by electric utilities operators to maintain distribution system voltage within the acceptable range [9].

In addition, by reducing the amount of reactive power flowing on the distribution feeder, the electric utility can

improve the voltage profile along the feeder. Without such adjustments, voltage at one end of some feeders

might sag to unacceptable low levels at peak periods, while voltage close to the substation might rise to

unacceptably high levels at minimum load [15]. This research paper investigated the voltage profile stability

control on power distribution system using capacitor switching.

1.1 Classifications of Power System Stability

Power system stability can be broadly classified into voltage, frequency and rotor angle stability. Each of these

three stabilities can be further classified into large disturbance or small disturbance, short term or long term. The

classification is depicted in Table 1. Analysis of stability problems, identification of essential factors that

contribute to instability and devising methods of improving stable operation are greatly facilitated by

classification of stability into appropriate categories. These categories are based on the following considerations

[3], [16]:

i. The physical nature of the resulting instability

ii. The size of the disturbance

iii. The devices, processes and the time span taken into consideration to determine stability

iv. The appropriate method of calculating stability.

Though, stability is classified into rotor angle, voltage and frequency stability but they are not isolated

events. A voltage collapse at a bus can lead to large excursions in rotor angle and frequency. Similarly, large

frequency deviations can lead to large changes in voltage magnitude. Each component of the power system such

as power mover, generator rotor, generator stator, transformer, transmission lines, load, controlling devices and

protection system can be mathematically represented to assess the rotor angle, voltage and frequency stability

through appropriate analysis tools [4], [17].

Table 1: Classifications of Power System Stability [4], [11]

Power System Stability

Type Sub Type

Voltage stability Small Signal Stability

Short Term Stability

Transient Stability

Short Term Stability

Frequency Stability Large Disturbance Stability Long Term Stability

Rotor Angle Stability Large Disturbance Stability

Short Term Stability

Small Signal Stability

Long Term Stability

1.2 Voltage Stability

Voltage stability is the ability of the system to maintain steady state voltage at all the system buses when

subjected to a disturbance. If the disturbance is large then it is called as large disturbance voltage stability and if

the disturbance is small it is called small disturbance voltage stability. Voltage stability can be a long term

phenomenon [9], [18].

When voltage fluctuations occur due to fast acting devices like induction motors and power electronic drive,

then the time frame for understanding the stability is in the range of 10-20 s and hence can be treated as short

term phenomenon. On the other hand if voltage variations are due to slow change in load, over loading of lines,

generators reaching reactive power limits and tap changing transformers, then time frame for voltage stability

can stretch from 1 minute to several minutes. The main difference between voltage stability and angle stability is

that voltage stability depends on the balance of reactive power demand and generation in the system where as the

angle stability mainly depends on the balance between real power generation and demand [5], [8], [19], [21],

[23].

1.3 Voltage Collapse

Voltage breakdown is the procedure by which the grouping of occasions going with voltage insecurity prompts a

low unsatisfactory voltage profile in a critical piece of the power system[8],[8], [20] [22].

Due to a fault or any other reason, a heavily loaded line is lost [8], [23], and immediately after the loss of

EHV line, there would be decrease of voltage at adjacent load centres because of an additional reactive power

demand. This would cause a load decrease and bringing about decrease of power flow in remaining EHV lines

and consequently has a stabilizing effect. The voltage control of the system, in any case, rapidly restores

generator terminal voltages by increasing excitation [8], [23].

The EHV level voltage decrease at load centres would be reflected into the distribution system. The on-

load tap changers of distribution substation transformer restore the distribution network voltages and loads to
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pre-fault levels. With each tap change operation, the subsequent addition in load on EHV lines would expand the

line loses, which would cause a more prominent drop in EHV levels. Less generators are accessible for voltage

control and they are situated a long way from critical areas. The diminished voltage at the transmission system

reduces the effectiveness of shunt capacitors. The strategy will in the long run lead to voltage collapse, possibly

leading to loss of synchronism of generating units and a major blackout [1], [24].

The main factors affecting voltage stability are: line length, active load demand, reactive load demand,

shunt compensation, short-circuit, system power factor and load tap changer (LTC) transformer [2]. The main

purpose of voltage stability is that the reactive power cannot be transmitted over long distances and has to be

delivered directly to the point, which needs reactive power support.. Hence to minimize this,, there is the need to

keep voltage profile in the system high. This is to keep voltage within required purpose of control and ensure

improvement in both power transfer and voltage dependability. Minimizing over-voltage load rejection requires

bigger equipment sizes for transformers and links [4], [25].

1.4 Reactive Power Compensation

[10] analyzed the requirement for reactive power compensation. It is prudent to supply this reactive power nearer

to the load in the distribution system. Reactive power compensation is frequently the best approach to improve

both power transfer capacity and voltage stability. The control of voltage levels is practiced by controlling the

generation, absorption and flow of reactive power. The generating units give the fundamental methods for

voltage control, because the automatic voltage regulators control the field excitation to maintain planned voltage

level at the terminals of the generators. To control voltage all through the system there is the need to utilize extra

devices to compensate reactive power [8].

Reactive compensation can be divided into series and shunt compensation. Shunt capacitors and reactors as

well as series capacitors give passive compensation. They are either permanently connected to the transmission

and distribution system or switched. They contribute to voltage control by modifying the network characteristics

[18].

1.5 Shunt Capacitors

Shunt capacitors are employed at substation level for the following reasons:

v. Voltage Regulation: The main reason that shunt capacitors are installed at substations is to control the

voltage within required levels. Load varies over the day, with very low load from midnight to early

morning and peak values occurring in the evening between 4 pm and 7 pm. Shape of the load curve also

varies from weekdays to weekends, with weekend load typically low. As the load varies, voltage at the

substation bus and at the load bus varies. Since the load power factor is always lagging, a shunt

connected capacitor bank at the substation can raise voltage when the load is high [12]. The shunt

capacitor banks can be permanently connected to the bus (fixed capacitor bank) or can be switched as

needed. Switching can be based on time, if load variation is predictable, or can be based on voltage,

power factor, or line current [19], [25].

vi. Power Losses Reduction: Compensating the load lagging power factor with the bus connected shunt

capacitor bank improves the power factor and reduces current flow through the lines, transformers and

generators, etc. This will reduce power losses ( losses) in this equipment [6]. Shunt compensation

with capacitor banks reduces kVA loading of lines, transformers, and generators, which means with

compensation they can be used for delivering more power without overloading the equipment (i.e. it

enhances better utilization of power equipment). Shunt capacitors have no moving parts, unlike some

other devices used for the same purpose [22], [24].

Thousands of capacitor banks are installed in the entire distribution system. The primary use of capacitor

banks in the distribution system is to maintain a certain power factor at peak loading conditions. The target

power factor is 0.98 leading at system peak. This figure was set as an attempt to have a unity power factor on the

69-kV side of the substation transformer. The leading power factor compensates for the industrial substations

that have no capacitors. The unity power factor maintains a balance with ties to other utilities. The objective of

power factor correction is to provide reactive power close to point where it is being consumed, rather than supply

it from remote sources [8], [17].

Shunt capacitors banks are always connected to the bus rather than to the line. They are connected either

directly to the high voltage bus or to the tertiary winding of the main transformer. Shunt capacitor banks are

breaker-switched either automatically by a voltage relays or manually [8]. The capacitor requirement is

developed on a per-transformer basis. The ratio of the kvar connected to kVA per feeder, the position on the

feeder of existing capacitor banks, and any concentration of present or future load are all considered in

determining the position of the new capacitor banks. The feeder type at the location of the capacitor bank

determines if the capacitor will be pole-mounted (overhead) or pad-mounted (underground). Substation capacitor

banks (three or four per transformer) are usually staged to come on and go off at specific load levels [16], [18],
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[20].

1.6 Series Capacitor Bank

A series capacitor bank consists of a capacitor bank, overvoltage protection system and a bypass breaker, all

elevated on a platform, which is insulated for the line voltage. The overvoltage protection comprises of a zinc

oxide varistor and a triggered spark gap, which are connected in parallel to the capacitor bank, and a damping

reactor [10]. Silicon carbide resistors require a spark gap in series because the non-linearity of the resistors is not

high enough. The zinc oxide varistor has better non-linear resistive characteristics and provides better protection,

and has become the standard protection system for series capacitor banks [5].

The capacitor bank is usually rated to withstand the line current for normal power flow conditions and

power swing conditions. It is not economical to design the capacitors to withstand the currents and voltages

associated with faults. Under these conditions capacitors are protected by a metal oxide varistor (MOV) bank.

The damping reactor (D) will limit the capacitor discharge current and damps the oscillations caused by spark

gap operation or when the bypass breaker is closed [14].

[2], [20] explained that series capacitor when radially connected to the transmission lines from the

generation near-by, can create a sub-synchronous resonance (SSR) condition in the system under some

circumstances. SSR can cause damage to the generator shaft and insulation failure of the windings of the

generator. The ability to vary the series compensation will give more control of power flow through the line and

can improve the real stability limit of the power system. Varying the series compensation by switching with

mechanical breakers is slow, which is acceptable for control of steady-state power flow [2], [20], [21].

1.7 Electrical Distribution System

Electrical Distribution system is the final stage in the delivery of electric power. It carries electricity from

transmission system to individual consumers. Primary distribution lines carry medium voltage to distribution

transformers located near the customer’s premises while the distribution transformers lower the voltage to the

utilization voltage of household appliances and typically feed several customers through secondary distribution

lines [5], [10], [21], [25].

A typical distribution substation shown in Figure 1 will serve from one to as many as ten feeder circuits. A

typical feeder circuit may serve numerous loads of all types. A light to medium industrial customer may take

service from the distribution feeder circuit primary, while a large industrial load complex may take service

directly from the bulk transmission system. All other customers, including residential and commercial, are

typically served from the secondary of distribution transformers that are in turn connected to a distribution feeder

circuit [7], [10].

It holds a very significant position in the power system since it is the main point of the line between bulk

power and consumers and it contributes to about 2-3% of the total losses in power systems [5]. The distribution

systems are usually designed to operate at specified power capability and voltage level. Operating outside the

allowable tolerances of these values affect the quality of power reaching the consumers of electricity [1].

Nigerian distribution system since its inception is designed to operate radially. Electric power flows in one

direction from large generating power plants to the customers load along the radial feeder. In addition, Nigeria

distribution system comprises of eleven Distribution Companies (DISCOS); Electricity Distribution Companies

of Abuja, Benin, Eko, Enugu, Ibadan, Ikeja, Jos, Kaduna, Kano, Port-Harcourt and Yola respectively [1].

However, for the purpose of this research paper, data of practical 11 kV Monatan distribution substation feeder

fed from Ibadan North–Adogba 132/33kV, 30MVA Transmission substation of Ibadan Electricity Distribution

Company (IBEDC) were used.
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Figure 1: A Typical Electrical Distribution Network

2. Materials and Method.

A mathematical model of a distribution system with Capacitor Switching Compensation (CSC) incorporated for

voltage stability of Monatan 11kV distribution system was formulated. Capacitor Switching Compensation (CSC)

was included in the Load Flow Models (LFM) of the distribution system for steady state of power system and

solved using KCL analysis in order to improve the average bus voltage and voltage drop of the distribution

system and simulation was carried out in MATLAB environment. One day hourly recorded bus voltage data

from Monatan 11 kV distribution injection substation of Ibadan Electricity Distribution Company (IBEDC) Plc

were obtained to compute the voltage drop and percentage voltage drop of the distribution system without and

with Capacitor Switching Compensator.

By considering the distribution system (11 kV Monatan distribution system) with incorporation of

Capacitor Switching as shown in Figure 2 the distribution lines are represented by their equivalent models where

impedance has been converted to per unit admittances on a common MVA base.

Figure 2: One- Line Diagram of Monatan 11kV Feeder with Capacitor Switching Compensator

By applying KCL to the current entering of the system, the current entering the bus without capacitor

placement is given as:

= = (1)

The voltage in the system without capacitor placement is given as:

= | | = | | (2)
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The real and reactive power in the system without capacitor placement is given as:

= (3)

= (4)

However, with application of Capacitor Switching on the distribution system, the feeder current is given

as:

= (5)

The voltage magnitude in the system with capacitor placement is given as:

= (6)

The real and reactive power in the system with capacitor placement is given as:

= (7)

(8)

The voltage drop in the distribution system with incorporation of Capacitor Switching Compensator

was derived as follows:

From power flow equation, current flowing from bus is:

= (10)

where

= or (voltage drop) (11)

The voltage drop should be within IEEE statutory limits of [25].

Hence,

= (12)

and

= (13)

Substituting equation (12) in (13)

= (14)

The voltage drop can be regulated by adjusting the system reactive power. Therefore, the voltage drop

can also be written as:

= = (15)

since

= (16)

= (17)

This can be approximated to

= (18)

This shows that voltage drop is a function of load. The percentage voltage drop in the system is given as:

= (19)

The MVA of the network after compensation is given as:

= in MVA (20)

The kVAr capacity of the capacitor required to carry out full compensation of the network was also

computed as:

required = (21)

where ;

= (the peak kW recorded on Monatan Feeder)

= ;

=

= ;
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=

required =

=

This size corresponds to a value obtained from (BICC, 1965) tables for determining sizes of capacitor in

kVAr per kW of load of raising the power factor. 41MVAr was installed to improve the power factor to 95%.

The rating of the capacitor should not be greater than the no-load magnetizing kVAr. It is of advantage to locate

capacitors at the power centres or feeders in order to group them (capacitors) together.

The μF capacity of the capacitor required to carry out full compensation of the network is given by

(22)

Where;

=

=

hence,

=

Where:

is the impedance of the line

is the resistance of the line

is the reactance of the line

is the reactive power injected by the capacitor in MVAR

is the current injected by the capacitor

is the reactance of the capacitor

is the magnitude of current in Amps

is the resistance of branch i in ( /km/phase)

is the reactance of branch i in ( /km/phase)

is the admittance of the line

is the voltage at bus i

is the complex conjugate of source current injected into the bus i

is the real power at bus i

is the reactive power at bus i

is the reactive power when capacitor is used

is the voltage when capacitor is used

is the voltage when capacitor is not used

is the active power

is the magnitude of current in Amps after compensation

3. Results and Discussion

The test sample for the analysis was the Monatan 11 kV loaded primary radial feeder from the existing 33 kV

functioning feeders in Adogba Power Transmission station, Ibadan Electricity Distribution Company Plc,

Nigeria. The result of the simulation was analyzed and presented without and with capacitor compensation in

Figure 3 to Figure 16.

Figure 3 to Figure 5 presented the bus voltage, voltage drop and percentage voltage drop with time (hours)

without compensation. It was observed that the voltage drop and percentage voltage drop increased with time

respectively. However, the bus voltage reduced with time because the reactive power demand increased with

time.

Figure 6 to Figure 8 showed the bar charts when the load in MVA was plotted with the bus voltage, voltage

drop and percentage voltage drop respectively without compensation. The observation was that as load in MVA

increased, voltage drop and percentage voltage drop increased while the bus voltage decreased.
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In addition, Figure 9 to Figure 11 were the plots for the bus voltage, voltage drop and percentage voltage

drop with time (hours) respectively when capacitor was used. The bar charts revealed that bus voltage, voltage

drop and percentage voltage drop decreased with time compared to when no compensation was used.

Figure 12 to 14 showed the bar charts when the load in MVA was plotted with bus voltage, voltage drop

and percentage voltage drop respectively with compensation. It was observed that the voltage drop and

percentage voltage drop decreased, while the bus voltage increased. Figure 15 and Figure 16 showed the

summary of the results of the bus voltage and percentage voltage drop obtained with and without capacitor

switching respectively. It was observed that the effects of compensation on the power system led to increase in

the bus voltage and reduction in percentage voltage drop.

From the results obtained, it can be deduced that capacitor reduced the load (MVA demand) of the

installation, voltage drop and increased the bus voltage. The average MVA loading on the transformer reduced

by 16 % which gave a value of 5.1 MVA before compensation and became 4.3 MVA after compensation. The

average voltage drop reduced by 33 % giving a value of 4.2 kV before compensation and became 2.8 kV after

compensation. The average bus voltage improved by 6 % with a value of 10.5 kV before compensation and

became 11.1 kV after compensation. The percentage voltage drop are within the regulatory limits of

tolerance of the nominal voltage (IEEE statutory limits is ) when compensation was used.

From the comparison between simulated results with and without capacitor it can be deduced that the bus

voltage increased between the first and second, sixth and seventh, thirteenth and fourteenth, sixteenth and

eighteenth as well as twentieth and twenty-fourth hours of the day due to decrease in load demand on the

distribution system. Percentage voltage drop decreased within the same hours due to the same reason (decrease

in load demand). However, the bus voltage and percentage voltage drop were constant at some hours of the day

because of constant load demand on the distribution system at those hours. Increase in load demand on the

distribution system results in decrease in the bus voltage as well as increase in percentage voltage drop

respectively during certain hours of the day. In summary, variation in load demand on the distribution system

results in variation in the bus voltage and percentage voltage drop respectively.

Figure 3: Bar Chart of Bus Voltage against Time without Capacitor
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Figure 4: Bar Chart of Voltage drop against Time without Capacitor

Figure 5: Bar Chart of Percentage Voltage drop against Time without Capacitor
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Figure 6: Bar Chart of Load against Bus Voltage without Capacitor

Figure 7: Bar Chart of Load against Voltage drop without Capacitor
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Figure 8: Bar Chart of Load against Percentage Voltage drop without Capacitor

Figure 9: Bar Chart of Bus Voltage against Time with Capacitor



Network and Complex Systems www.iiste.org

ISSN 2224-610X (Paper) ISSN 2225-0603 (Online)

Vol.14, 2022

25

Figure 10: Bar Chart of Voltage drop against Time with Capacitor

Figure 11: Bar Chart of Percentage Voltage drop against Time with Capacitor
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Figure 12: Bar Chart of Load against Bus Voltage with Capacitor

Figure 13: Bar Chart of Load against Voltage drop with Capacitor
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Figure 14: Bar Chart of Load against Percentage Voltage drop with Capacitor

Figure 15: Bar Chart of the Voltage Profile with and without Capacitor
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Figure 16: Bar Chart of Percentage Voltage drops with and without Capacitor

4. Conclusion

This research paper has formulated a mathematical model of Capacitor Switching Compensation to regulate bus

voltage on primary feeder of Monatan 11 kV distribution injection substation of Ibadan Electricity Distribution

Company (IBEDC) Plc for the purpose of investigating the bus voltage improvement in the system. Simulations

with and without capacitor were carried out by including Capacitor Switching Compensation into the Load Flow

Models (LFM) of the distribution system for steady state of power system to form steady state equations which

were solved using KCL analysis. Very low bus voltage was obtained without voltage compensation at system

feeder. The result revealed the reality of poor power supply in thr distribution system. The results also, revealed

that average bus voltage improved by 6 %. The average voltage drop is within the regulatory limits of

tolerance of nominal voltage. However, installation of shunt capacitor bank on Monatan 11 kV distribution

feeder confirmed that capacitor switching provides improvement to the voltage level in the system.
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