
Chapter V
Application of Capacitors to 

Distribution System and Voltage 
Regulation



POWER FACTOR IMPROVEMENT

Introduction:
• The electrical energy is almost exclusively generated, transmitted and

distributed in the form of alternating current. Therefore, the question of
power factor immediately comes into picture. M

• Most of the loads (e.g. induction motors , arc lamps) are inductive in
nature and hence have low lagging power factor. The low power factor is
highly undesirable as it causes an increase in current, resulting in an
additional losses of active power in all the elements of power system from
power station generator down to the utilization device.

• In order to ensure most favourable conditions for a supply system from
engineering and economical standpoint , it is important to have power
factor as close to unity as possible.



The cosine of angle between voltage and currentin an a.c. circuit is 
known as power factor.



Power Triangle





Disadvantages of Low Power Factor







Power Factor Improvement



Power Factor Improvement Equipment







Calculations of Power Factor correction





Nomogram for calculating Multiplication factor



Problem
A single phase motor connected to 400 V, 50 Hz supply takes 31·7A at a power
factor of 0·7 lagging. Calculate the capacitance required in parallel with the motor
to raise the power factor to 0·9 lagging.



A 3-phase, 5 kW induction motor has a p.f. of 0·75 lagging. A bank of capacitors
is connected in delta across the supply terminals and p.f. raised to 0·9 lagging.
Determine the kVAR rating of the capacitors connected in each phase.



Problem:
The load on an installation is 800 kW, 0·8 lagging p.f. which works for 3000
hours per annum. The tariff is Rs 100 per kVA plus 20 paise per kWh. If the power
factor is improved to 0·9 lagging by means of loss-free capacitors costing Rs 60 per
kVAR, calculate the annual saving effected. Allow 10% per annum for interest and
depreciation on capacitors.





The operating power from distribution system is composed of  both active and 
reactive elements. The typical daily load curves (reactive and active power) for 
a 66kV feeder is given in Fig. 

Real and Reactive Power Demand



The reactive power is consumed by overhead lines, transformers
and loads. Its proper generation and control is important for
maintaining the network voltage under normal and abnormal
power system operation and to reduce system losses.

The system voltage collapse due to lack of global control of
reactive power flow during crucial grid has collapsed many times
during the past few years due to lack of reactive power in the
region.
Cost per kVAr of reactive power generation varies between 2 per
cent and 4 per cent of per kW installed regulating controls. The
system should be planned for carrying out suitable proportion of
reactive energy.



Reactive Power Consumption by lines:

•The distribution lines consume reactive power (I2X) depending upon
the series reactance (X) and load current (I). The series reactance of
line is proportional to the conductor self – inductance, which decreases
as the spacing between conductors decreases.

•The minimum spacing is kept such as to prevent flash- over in foul
weather conditions. According to a study of rural area , the average
reactive power consumed by primary HT (11kV) and LT lines for each
transformer at full-load is almost 1 per cent of transformer rating. The
underground cable (11 kV and above) generate reactive power (Ic

2Xc)
depending upon the capacitive reactance (Xc) and charging current (Ic)
at rated voltage.



Reactive Power Consumption by lines:

•Increasing the line voltage at transformer and motors above the rated
voltage will increase the consumption of reactive energy, the extent of
which depends upon their designs. Generally, increase of 10% of the
rated voltage will result in about 20% reduction of power factor.



Reactive Power Consumption by Distribution 
Transformers

The reactive power consumption takes place in the series leakage and the
shunt magnetizing reactances. The second component is voltage
dependent, while the first component is proportional to the square of the
transformer current. A completely unloaded transformer would be very
inductive and has a very low power factor. The reactive power used by a
transformer (up to 100 kVA capacity) at full load and at rated voltage is
approximately 7-9 % of the rated power of the transformer. When
unloaded, the amount of reactive power remains between 3 and 4 % of
the rated power.



Reactive Power Consumption by Loads

Loads have varying reactive power requirement. The low power
factor can be a result of the equipment as in case of welders, or it
can result from the operating conditions under which equipment is
used as lightly loaded transformers and lightly loaded induction
motors.



Reactive Power Compensation and Voltage 
control

Mainly capacitors are used to develop reactive power near the point of
consumption. For capacitor compensation at load, the user reaps the same
advantage as the power utility for higher power factor on small scale.

Also, if each load is compensated, the power factor remains
relatively constant since in plants, loads are switched on and off and the
dangers of over – compensation do not exist.

Suitable capacitor banks at grid or main sub- station are
desirable to feed reactive requirement of lines, transformers and domestic
consumers, etc., who have no capacitors at terminals.



Over Compensation

At the point of capacitors over-compensation, the voltage
rises and capacitive kVAr will export, i.e. it will flow to
reverse side of the load. Under certain conditions,
dangerously high transient voltage may prevail on the
power lines.

Also, torque surges of over 20 times the motor
rating can be transmitted to the motor shaft under rapid
restart conditions. Over-compensation at consumer
premises is not generally desirable.



Typical capacitor connection at Transformer



The minimum capacitor size can be connected permanently
on secondary terminals, irrespective of load. This is the value
of capacitance required to compensate the no-load
magnetizing kV A of the transformer.

Transformer KVA * % Impedance
Minimum Capacitor in KVAr = _______________________________

200



Typical scheme for automatic control of LT capacitors at 
distribution transformers



The minimum number of units required to limit the voltage increase to 10% can
be calculated from the following equation for the grounded star bank.

Where N = Minimum number of parallel units in one series section
S = Number of series sections in each phase. 



System Harmonics

With the increasing use of rectifiers, thyristor control
shunt capacitors, etc. the harmonic generation can create
problems with sensitive electronic equipment which can lead
to errors in the protective gear, metering and control systems
and also overload the capacitor banks besides causing
resonance.

Reactors are sometimes needed to reduce the total current
drawn by the capacitor banks if unduly large harmonics are
present in the system voltage.



The causes of harmonics in the power system 

• Over-excited
transformers

• Mercury rectifiers and
thyristors

• Arc furnaces

• Slot harmonics of rotary
machine

• Corona loss

• Large motors running at
low slip, fluorescent
lighting , T.V. and radio
equipment

• System switching and
load chocking



Inrush Currents
When the capacitor banks are connected parallel to the

supply, the initial charging current is said be inrush current. The
inrush current can be reduced by connecting the series damping
reacors.

In the case of single capacitor bank, the damping reactor
is not normally required from the consideration of inrush currents
at the time of switching.

The system reactance including the transformer to
which the capacitor bank is installed is adequate enough to bring
down the value of inrush currents with in safe limit of the capacitor
or switchgear.

Even otherwise the duration of inrush current is so small
, of the order of few cycles only, that their effect can be ignored.
When a number of capacitor banks are used in parallel, it may
become necessary to use series reactors for limiting the inrush
currents.



Assuming the severest condition  of switching , the value of damping reactors in 
henries is given by



The maximum peak inrush current can be approximately given by the 
formula

Where,
Ic1 = capacitor’s rated current (fundamental wave) rms
Xc1 = capacitor reactance (fundamental wave)
Xl1 = total inductive reactance of the system including capacitor bank 
(fundamental wave)





In case of parallel banks, which are already energized, the
inrush current is predominantly governed by the
momentary discharge from the energized banks and since
the impedance between the energized capacitor bank and
the capacitor bank to be energized may be small, it may
result in high peak inrush current. The maximum peak
current is given by the expression

C= equivalent capacitance of the circuit in H
L= equivalent series inductance between the 
energized banks and bank to be energized in H
En1 = line to neutral voltage



Example

Two 11 kV capacitors banks, each of 2.5 MVAr, are installed in
parallel at a 132/11 kV sub-station. Calculate the value of the series
damping reactor with each capacitor bank



Solution



Load Utilized Voltage
10 kW 230 V

10-50 kW 415/230 V
50 kW-5 MW 11 kV
5 MW-30 MW 33-66 kV
30 MW-50MW 132 kV
Above 50 MW 220 kV

Different Consumers Voltage Standards



Voltage Regulation





Methods of Voltage Control



Importance Of Voltage Control

When the load on the supply system changes, the
voltage at the consumers' terminals also changes.
The variations of voltage at the consumer's
terminals are undesirable and must be kept within
prescribed limits for the following reasons :



(i) In case of lighting load, the lamp characteristics are very
sensitive to changes of voltage. For instance, if the supply voltagip
to an incandescent lamp decreases by 6% of rated value, then
illuminating power may decrease by 20%. On the other hand, if
the supply voltage is 6% above the rated value, the life of the
lamp may be reduced by 50% due to the rapid deterioration of
the filament.



(ii) In case of power load consisting of induction motors,
the voltage variations may cause erratic operation. If the supply
voltage is above the normal, the motor may operate with a
saturated magnetic circuit, with consequent large magnetising
current, heating and low power factor. On the other hand, if the
voltage is too low, it will reduce the starting torque of the motor
considerably.



(iii) Too wide variations of voltage cause excessive heating of
distribution transformers. This may reduce their ratings to a
considerable extent.



It is clear from the above discussion that voltage variations in a
power system must be kept to minimum level in order to deliver
good service to the consumers. With the trend towards larger
and larger interconnected system, it has become necessary to
employ appropriate methods of voltage control.



Methods Of Voltage Control

There are several methods of voltage control. In each method,
the system voltage is changed in accordance with the load to
obtain a fairly constant voltage at the consumer's end of the
system. The following are the methods of voltage control in an
a.c. power system:

(i) By excitation control
(ii) By using tap changing transformers
(iii) Auto-transformer tap changing
(iv) Booster Transformers
(v) Induction Regulators
(vi) By Synchronous Condensors



Method (i) is used at the generating station only whereas methods
(ii) to (v) can be used for transmission as well as primary
distribution systems. However, method



Tap-Changing Transformers

Off load tap-changing transformer





Figure shows the arrangement where a number of tappings
have been provided on the secondary. As the position of the
tap is varied, the effective number of secondary turns is varied
and hence the output voltage of the secondary can he
changed.



Thus referring to Fig. when the movable arm makes contact
with stud 1, the secondary voltage is minimum and when
with stud 5, it is maximum. During the period of light load,
the voltage across the primary is not much below the
alternator voltage and the movable arm is placed on stud 1.
When the load increases,



the voltage across the primary drops, but the secondary
voltage can be kept at the previous value by placing the
movable arm on to a higher stud. Whenever a tapping is to be
changed in this type of transformer, the load is kept off and
hence the name off load tap. changing transformer





ON load tap-changing transformer


