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1. Introduction

» Reactive power, which is measured in Volt-Amps Reactive or VARs is a type of power that alternates b

etween the source and load in an AC electrical system[1].

« Unlike real power, which performs actual work like driving motors, lighting, the reactive power does not
perform work but is essential for maintaining voltage levels in the system, ensuring that energy is availa

ble for inductive loads such as motors, transformers, and other equipment.

 However, reactive power can cause inefficiencies in the power system, as it increases the total apparen

t power that measured in Volt-Amps or VA that must be supplied.



Introduction Cont....

« It also affects the overall system apparent power flow that leads to the variation in transmission line rea

ctive power, which may affects the short circuit current currying capacity of the line
» This results in higher transmission losses and can require larger equipment capacities.

» Reactive power compensation is the process of managing or reducing the effects of reactive power to |

mprove the efficiency and stability of an electrical power system[2].



2. Reasons for Reactive Power Compensation

» Voltage Regulation: In order to keep an electrical system's voltage levels stable, reactive power is ess

ential.
* While excessive voltage can result in overvoltage situations, low voltage can harm equipment.

* It's a matter of maintain acceptable voltage at the receiving end during no-load and loaded condition a

S given by: _
0V, = N~
OV =

L %100 -
VNL an.(1)



Reasons for Reactive Power Compensation Cont.....

Efficiency of the System: Because of the increased apparent power caused by excessive reactive pow

er, more current must pass via transmission lines, increasing losses and decreasing system efficiency.

Enhancement of Power Factor, the power factor (PF) is the ratio of apparent power to true power. Exc
essive reactive power results in a poor power factor, which makes it inefficient because more apparent

power Is required to provide the same amount of real power.

Reactive power compensation can raise the power factor and lower system losses, which is presneted

In Fig.1.

Stability of the Grid: In a power system, too much or too little



Reasons for Reactive Power Compensation Cont

* Then, the average power is given by:

P, = 34 } P(t)ot

eqn.(1)
1

= EVmax | ... cos(&, —6,)

=V|[I[cos(8, —6,) = |V|I|coss
« Complex Power
S =N |1[[cos(@, —6,) + jsin(&, —6,)]
= V||t [cos(&) + jV[1][Sin(&) eqn.(2)
— P+ jQ
VI~

Where, P is real power, Q is reactive power, S is apparent power and ® is the power factor, which is pr
esented in Fig.1



Reasons for Reactive Power Compensation Cont.....
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Figure 1. The relationship between real, reactive and apparent power. Url:https://i.sstatic.net/tgrrk.png
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Reasons for Reactive Power Compensation Cont

 From Fig.1, the power factor is represented as:

P
Cos¢g =—
4 S

eqn.(3)
_ljcosg _Vil,Cosy

1, S

* |t is observed that as the power factor increases, the power loss decreases and the system overall ef
ficiency increases.

« Which means from the relationship

I:)Loss = IZR

<Py = (|1COS¢1)2 *R

PL2 - (|1COS¢2)2 *R

P, (1,Cos¢)°*R _ (Cosg,)*
P, (I,Cos¢,)**R (Cosg,)®

_ Ry (COS¢1)2
“ (Cosg,)’

eqn.(4)




Reasons for Reactive Power Compensation Cont.....

Example: If industry A receiving 1030MW power from the utility to drive 1000MW load. Assume the p
ower factor of the industrial load 0.8 and the power loss of 30MW. If the power factor is increased fro
m 0.8 to 0.95 when capacitor(MVAr) is installed at the PCC of the network, determine the system pow

er loss and efficiency based on the new power factor. Solution:

P, =(Cos¢)’
=0.8° =0.64
P, =(Cosg,)’
— (0.95)2 = 0.9025
x*

P = P ,Cosg, _ 30*0.64

Cosg,  0.9025
=21.27TMW




Reasons for Reactive Power Compensation Cont.....

* The system efficiency from power system background knowledge is given by:

p=-0%100= 0 %100
P P+ PR
1000

~ 1000 + 30
1000

1000+ 21.27

*100=97.087%

T

n, *100 = 97.92%

* It's observed that the system efficiency is increased as the power loss decreases while using reactiv

e power compensations



3. Objective of load compensation
Load compensation is the process of maintaining a system's voltage and power quality as load conditio

ns change to ensure reliable and efficient operation.

In electrical power networks, load adjustment is commonly employed to stabilize and fix voltage irregula

rities caused by varying load demands.
The primary objectives of load adjustment are as follows:

Voltage regulation: aims to maintain a steady voltage level at the load terminal even when the load flu

ctuates.

By guaranteeing that all equipment operates within its rated voltage ranges, electrical gadgets become

more reliable and long-lasting.



Objective of load compensation Cont....

Improve the power factor of the system by compensating for reactive power (inductive or capacitive load

S). This reduces the phase difference between voltage and current.

A higher power factor minimizes energy losses and reduces the need for excessive generation and trans

mission capacity, making the system more efficient.

Reduction of Losses: Reduce both active and reactive losses in the system by correcting voltage imbal

ances and minimizing unnecessary reactive power flow.

Increases system efficiency and reduces operational costs associated with energy losses in transmission

and distribution lines as presented in Fig.2.



Objective of load compensation
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Figure 2. The power factor correction vs Energy bill.
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Objective of load compensation Cont....

Compensate for voltage dips, swells, or fluctuations that occur due to varying load conditions or networ

k disturbances.

Ensures that the voltage at the consumer's end remains stable, reducing the risk of equipment malfunct

jon or failure.

Distribute load more evenly across different parts of the network, or among multiple generating units, b

y compensating for sudden load changes.

Enhances the reliability of the power system by ensuring that no single part of the system becomes ove

rloaded.



Objective of load compensation Cont....

Provide a fast and responsive adjustment to changing load conditions, such as sudden increases or de
creases in demand.

Helps prevent voltage fluctuations or power quality issues in the system, ensuring a stable supply of el
ectricity to the consumers.

Minimize or eliminate harmonics generated by non-linear loads (like rectifiers, variable-speed drives, et
c.), which can affect the performance and efficiency of the power system.

Improves the quality of power supplied to consumers and reduces the risk of equipment damage cause

d by harmonic distortion.



Objective of load compensation Cont....
Transmission and Distribution Cost Reduction: By improving load compensation, less expensive reactiv
e power compensation equipment (such capacitors or synchronous condensers) and large-scale gener
ation are required overall.
reduces the capital and operating expenses related to electricity system infrastructure.

Improved System dependability and Efficiency: By maintaining voltage stability and minimizing needles
s power losses, load compensation can improve the power system overall dependability and efficiency.
reduces the incidence of voltage-related disruptions and outages, guaranteeing a steady power supply

for both residential and commercial customers.



4. Operation of Uncompensated and Compensated
Transmission Lines
« Transmission lines are used In electrical power systems to transport electricity from power plants to en

d users over great distances.
 However, a number of variables, such as the load, line length, and line characteristics, influence these t
ransmission lines, resulting in problems including reactive power flow, power losses, and voltage drops
« Two situations that illustrate how these problems are addressed are compensated transmission lines a

nd uncompensated transmission lines.



The operation Cont....
Transmission lines without active or reactive power adjustment equipment (such as capacitors, inductor

s, or synchronous condensers) fitted to enhance performance are known as uncompensated transmissi

on lines.

It is run without any extra components to mitigate the built-in problems of reactive power, line losses, an

d voltage drops[3].
Uncompensated transmission lines' characteristics include:

Drop in Voltage: The inductive and resistive characteristics of the line cause large voltage dips in long tr

ansmission lines.

The length of the line and the quantity of current being pulled (load) cause this drop to grow.



The operation Cont....

Because transmission lines are inductive, they naturally generate reactive power.

This may result in a trailing power factor, which lowers system performance and may lead to v

oltage instabillity, particularly when there is a high load.

Uncompensated transmission lines have higher active and reactive power losses, especially

when operating over extended distances.

Resistance (I°R losses) and the line's reactive power demand are the causes of these losses.

Poor voltage regulation from the absence of correction causes the voltage at the load end to

fluctuate greatly based on the load and distance.



The operation Cont....

Operation of Uncompensated Lines:.

Inductive Reactance Dominates: The inductive reactance of long transmission lines becomes more sign

Ificant as the transmission distance increases.
This causes the voltage to lag behind the current, resulting in a poor power factor.

Voltage Regulation Issues: Without compensation, voltage may drop significantly at the far end of the lin

e, particularly during periods of high load. This can affect equipment performance and reliability.

Loss of Efficiency: With no compensation, the system may require more generation capacity to meet the

demand, leading to higher energy losses and inefficient power distribution.



The operation Cont....

2. Compensated Transmission Lines:

Devices or methods intended to rectify or lessen the adverse impacts of inductive reactance, voltage di

ps, and reactive power flow are included in compensated transmission lines.

Enhancing the transmission system's overall efficiency, lowering losses, and improving the voltage prof

lle are the objectives. The following are ways to compensate:

a. Series Compensation: This method uses capacitors placed in series with the line. As shown in Fig. 3
, these capacitors help sustain voltage levels and lower the transmission line's overall reactance by cou

nteracting the inductive reactance of the line by supplying leading reactive power.

Series compensation can enhance voltage regulation, lower losses, and boost the line's power transfer

capacity.

Benefits include lower line losses, better voltage profiles, and increased transmission capacity.



The operation

V.0,

Transmission Line

(Sending End) (Receiving End)

Figure 3. Series compensated Transmission Line.

Url: https://www.researchgate.net/publication/337238441/fiqure/fig2/AS:878425241841665@1586444306214/Series-compensation-on-a-transmission-line.ppm
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The operation Cont....

Shunt compensators: Reactive power compensation is achieved by installing synchronous condenser

S or shunt capacitors at the middle or end of the line.

Shunt compensation injects leading reactive power, which enhances the voltage profile along the i

ne.

By counteracting the inductive reactive power generated by the transmission line and load, shunt cap

acitors can increase power factor and stabilize voltage.

Benefits include better voltage control, a decrease in the system's need for reactive power, and increa

sed system stability overall.



The operation Cont....

Static Var Compensators (SVC) and STATCOMs: These are advanced devices used for dynamic reac

tive power compensation.

SVC (Static Var Compensator) and STATCOM (Static Synchronous Compensator) provide fast and fle

xible reactive power compensation to regulate voltage and improve system stability.

It enhanced control over voltage fluctuations, better dynamic response to load changes, and increase

d system reliability.

Flexible AC Transmission Systems (FACTS):FACTS devices such as Thyristor-Controlled Series Cap
acitors (TCSC) or Unified Power Flow Controllers (UPFC) can be used for more sophisticated compen

sation schemes, improving the transmission system's performance and stability in real-time.



The operation Cont....

« The analysis begins with basic principal of power compensation in transmission system [4] as sh

own in the simplified model shown in Fig.4.

« Two power grids are connected by a transmission line which is assumed lossless and represente

d by a reactance XL. 0 =01-062

el Bus1

P
™,
bt

\a)

Figure 4. The simplified model of power transmission system.
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The operation Cont....

In Fig.4, the shunt-connected capacitors are used to maintain the voltage levels by compensating the

reactive power to transmission lines.

A simplified model of transmission system with shunt compensation is shown in Fig.4, where a control

led capacitor C is shunt-connected at the midpoint of transmission line.
The voltage magnitude at the connection point is maintained as V and the compensation is presented
by egn. 5

The injected reactive power by the capacitor to regulate the voltage at the midpoint of the transmissio

n line is calculated as:

2

4
Q= X

2V 2
P =P ==

(1—cos9)

sin(o/2) eqn.(5)

Q. = 4)\(/ (1—cos(o/2))

L



The operation Cont....

Characteristics of Compensated Transmission Lines:

* Improved Voltage Regulation: Compensation devices help regulate voltage by either injecting or absorb

Ing reactive power as needed.

« This helps maintain a more constant voltage level along the entire length of the transmission line, even

under varying load conditions.

* Reduced Line Losses: By improving the power factor and controlling reactive power flow, compensated

lines reduce losses, particularly reactive losses

« which can improve the efficiency of the power system.



The operation Cont....

* Increased Power Transfer Capability: With series compensation, the line's total reactance is reduced, all
owing more power to be transmitted over the same line without causing excessive voltage drops or overh

eating.

» Better Power Factor: Compensation techniques, particularly shunt capacitors or synchronous condenser
s, Improve the system's overall power factor by reducing the amount of reactive power that must be supp

lied by the generation system.

» Dynamic Performance: Devices like SVCs and STATCOMSs provide fast, continuous adjustments to react
Ive power to accommodate rapid changes in load, improving system stability and reducing voltage fluctu

ations.



The operation Cont....

Operation of Compensated Lines:

Series Compensation: When series capacitors are used, they reduce the total inductive reactance of t
he line, which helps to increase the power transfer capacity, decrease the line's impedance, and mitiga

te voltage drops.

Shunt Compensation: Shunt devices like capacitors or synchronous condensers inject leading reactive
power into the system to balance out inductive reactive power, reducing the strain on the system and i

mproving voltage levels.

Enhanced System Stability: Dynamic compensation devices like STATCOM can adjust the reactive po
wer in real-time to stabilize the system during load variations or disturbances, ensuring the voltage an

d power flow remain stable.



The operation

Cont....

Table 1:Comparison: Uncompensated vs. Compensated Transmission Lines[5].

Feature

Uncompensated Line

Compensated Line

Voltage Regulation

Poor voltage regulation; voltag
e drops

Better voltage regulation; more
stable voltage

Power Factor

Poor power factor (lagging due
to inductance)

Improved power factor (reduce
d reactive power demand)

Line Losses

Higher active and reactive pow
er losses

Reduced losses, especially rea
ctive power losses

Transmission Capacity

Limited, due to high reactance
and voltage drops

Increased capacity, as series c
ompensation reduces reactanc
e
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Feature

Uncompensated Line

Compensated Line

System Stability

Prone to voltage instability and
reactive power issues

Improved system stability and
voltage control

Dynamic Response

Slow response to load changes

Fast dynamic response with de
vices like SVC, STATCOM

Compensation Devices

None (except for natural line im
pedance)

Series capacitors, shunt capaci
tors, SVC, STATCOM, FACTS

Efficiency

Less efficient, especially over |
ong distances

More efficient due to improved
voltage and power factor




5. Voltage Stability Analysis in Power Systems

The ability of a power system to sustain constant voltages at each bus in the system both during regular

operation and following disturbance is known as voltage stability.

The ability of the system to withstand voltage collapse, or significant voltage variations, and sustain appr

opriate voltage levels throughout the grid is known as voltage stability.

Significant operational issues like voltage collapses, blackouts, and damage to electrical equipment can

result from voltage instability.

Power engineers can maintain a stable power supply by using voltage stability analysis to identify the b

oundaries of voltage stability and implement remedial solutions



Voltage Stability Analysis in Power Systems Cont....

Steps needed in Voltage stability analysis(steady state) are :

Collect the necessary data of the network(generation, line, load, bus and other data)

Model the network for steady state case , without any contingency

Observe the network performances (bus voltage, line flow , load power, and bus voltage angles)

Compare the results with acceptable standards

Design the voltage stability improvement mechanisms if the network voltage stabllity is violated



Voltage Stability Analysis in Power Systems Cont....

Steps needed in Voltage stability analysis(dynamic stability analysis ) are :

Collect the necessary data of the network(generation, line, load, bus and other data)

Model the network for steady state case , without any contingency

Observe the network performances (bus voltage, line flow , load power, and bus voltage angles)
Compare the results with acceptable standards

Apply contingency if the steady state case is under acceptable limits

Observe the network power system parameters with contingency

Design the voltage stability improvement mechanisms if the network voltage stability is violated

Check the network stability with the compensation devices



Voltage Stability Analysis in Power Systems Cont....

Types of Voltage Stability:

Static analysis is usually performed by examining the system's power flow or load flow solution.

Dynamic voltage stability is the system's time-dependent reaction to disruptions like abrupt changes in load, generato

r failures, or faults.

It examines how the system respon The ability of the system to sustain constant voltage levels in steady-state circum
stances is the major focus of static voltage stability.

Without taking into account quick dynamics or time-varying effects, it investigates how voltage is impacted by modific
ations to the load and system setup.

Usually, static analysis is carried out by examining the system's power flow or load flow solution.It examines how the
system responds over time and whether a disturbance can cause the system to stabilize.

The relationship between the electrical network and the control systems—such as load controllers and automatic volt
age regulators—is taken into account by dynamic stability.



Summary
It is observed that the reactive power compensation is very important in maintaining the system voltage s

tability, reduces the power loss and enhances the overall efficiency of power network.

Thus, compensated transmission lines are critical for modern power systems that operate over long dista
nces or in areas with fluctuating load demands.

They help mitigate voltage drops, reduce reactive power, improve system efficiency, and enhance overall
power transfer capacity.

Whereas, uncompensated lines, while simpler, suffer from significant issues like voltage instability, increa
sed losses, and limited transfer capacity, making compensation an essential part of modern electrical tra
nsmission systems.

The ability of power network to withstand a credible contingency like gradual change in load voltage, volt
age collapse, or significant voltage variations while sustaining an acceptable voltage levels throughout t

he network bus before and after contingency is known as voltage stability.
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Thank you !



