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ABSTRACT

In the most common case, in the presence of
ohmic inductive type loads, the total current 1
lags with respect to the active component IR.
Therefore, in an electrical installation, it is
necessary to generate and transmit, in
addition to the active power P, a certain
reactive power Q, which is essential for the
conversion of the electrical energy but is not
available to the load because exchanged with
the network. This paper represents the
different types of power factor correction
methods and necessary calculation for power.

The complex of the power generated and
transmitted constitutes the apparent power S.
Power factor cos® is defined as the ratio
between the active component IR and the total
value of the current I; @ is the phase angle
between the voltage and the current.
Improving the power factor means taking the
necessary steps to increase the power factor
in a defined section of the installation by
locally delivering the necessary reactive
power so that the value of the current and
consequently of the power flowing through the
upstream network can be reduced, at the same
required output power.
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I. INTRODUCTION

Power factor correction is the term given to
a technology that has been used since the
turn of the20th century to restore the power
factor to as close to wunity as is
economically viable. This 1is normally
achieved by the addition of capacitors to
the electrical network which compensate
for the reactive power demand of the
inductive load and thus reduce the burden
on the supply. There should be no effect on
the operation of the equipment. To reduce
losses in the distribution system, and to
reduce the electricity bill, power factor
correction, usually in the form of
capacitors, is added to neutralize as much
of the magnetizing current as possible.
Capacitors contained in most power factor
correction equipment draw current that
leads the voltage, thus producing a leading
power factor. If capacitors are connected to
a circuit that operates at a nominally
lagging power factor, the extent that the
circuit lags is reduced proportionately.
Typically the corrected power factor will
be 0.92 to 0.95. Some power distributors
offer incentives for operating with a power
factor of better than 0.9, for example, and
some penalize consumers with a poor
power factor. There are many ways that
this is metered but the net result is that in
order to reduce wasted energy in the
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distribution system, the consumer is
encouraged to apply power factor
correction. Most Network Operating
companies now penalize for power factors
below 0.95 or 0.9.

II. DIFFERENT METHODS FOR POWER
FACTOR CORRECTION

It is important to understand where the
capacitors are to be installed for a better
exploitation of such advantages. There are
no general rules applicable to every type of
installation and, in theory, capacitors can
be installed at any point.

According to the location modalities of the
capacitors, the main methods of power
factor correction are:
Q  Distributed power factor correction;
O  Group power factor correction;
QO  Centralized power factor correction;
QO  Combined power factor correction;

O  Automatic power factor correction
1. Distributed power factor correction

Diagram 1 Clagram 2 Dingram 3

Starter SHarter l
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Figure 1. Common Connection Diagrams for the
Power Factor Correction of Motors.

Distributed power factor correction is
achieved by connecting a capacitor bank
properly sized directly to the terminals of
the load which demands reactive power.

The installation is simple and inexpensive;
capacitor and load can use the same
protective devices against over currents and
are connected and disconnected
simultaneously. This type of power factor
correction is advisable in the case of large
electrical equipment with constant load and
power and long connection times and it is
generally used for motors and fluorescent
lamps.

In case of direct connection (diagrams 1
and 2), the following risk may be run: after
the disconnection from the supply, the
motor will continue to rotate (residual
kinetic energy) and self-excite with the
reactive energy drawn from the capacitor
bank, and may turn into an asynchronous
generator. In this case, the voltage on the
load side of the switching and control
device is maintained, with the risk of
dangerous over voltages (up to twice the
rated voltage value). When using diagram
3, the compensation bank is connected only
after the motor has been started and
disconnected in advance with respect to the
switching off of the motor supply. With
this type of power factor correction the
network on the supply side of the load
works with a high power factor; on the
other hand, this solution results
economically onerous.

2. Group Power Factor Correction

It consists in improving locally the power
factor of groups of loads having similar
functioning characteristics by installing a
dedicated capacitor bank. This is the
method reaching a compromise between
the inexpensive solution and the proper
management of the installation since the
benefits deriving from power factor
correction shall be felt only by the line
upstream the point where the capacitor
bank is located.
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L

Figure 2. Groups of Loads to be Power Factor
Corrected

3. Centralized Power Factor Correction

The profile of loads connected during the
day has a primary importance for the
choice of the most convenient type of
power factor correction. For installations
with many loads, where not all the loads
function simultaneously and/or some loads
are connected for just a few hours a day, it
is evident that the solution of distributed
power factor correction becomes too
onerous since many of the installed
capacitors stay idle for a long time.
Therefore the use of one compensation
system only located at the origin of the
installation allows a remarkable reduction
of the total power of the installed
capacitors. In centralized power factor
correction automatic assemblies are
normally used (see below automatic power
factor correction) with banks divided into
steps, installed directly in the main
distribution boards; the wuse of a
permanently connected bank is possible
only if the absorption of reactive energy is
quite constant all day long. The centralized
solution allows an optimization of the costs
of the capacitor bank, but presents the
disadvantage that the distribution lines on
the load side of the power factor correction
device shall be sized keeping into account
the full reactive power absorbed by the
loads.

4. Combined Power Factor Correction

This solution derives from a compromise
between the two solutions of distributed
and centralized power factor correction and
it exploits the advantages they offer. In
such way, the distributed compensation is
used for high power electrical equipment
and the centralized modality for the
remaining part. Combined power factor
correction is prevailingly wused in
installations where large equipment only
are frequently used; in such circumstances
their power factor is corrected individually,
whereas the power factor of small
equipment is corrected by the centralized
modality.

5. Automatic Power Factor Correction

In most installations there is not a constant
absorption of reactive power for example
due to working cycles for which machines
with different electrical characteristics are
used. In such installations there are systems
for automatic power factor correction
which, thanks to a monitoring varmetric
device and a power factor regulator, allow
the automatic switching of different
capacitor banks, thus following the
variations of the absorbed reactive power
and keeping constant the power factor of
the installation constant.

An automatic compensation system is
formed by:

QO  some sensors detecting current and
voltage signals;

Q  an intelligent unit which compares
the measured power factor with the
desired one and operates the
connection and disconnection of the
capacitor banks with the necessary
reactive power (power factor
regulator);

Q  an electric power board comprising
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O  some capacitor banks.

To supply a power as near as possible to the
demanded one, the connection of the
capacitors is implemented step by step with a
control accuracy which will be the greater the
more steps are foreseen and the smaller the
difference is between them

III. ANALYTICAL STUDY OF POWER
FACTOR

1. Calculations of the Power Factor

For the dimensioning of the capacitor bank
to be installed in order to improve the
power factor of a plant, it is necessary to
calculate correctly the power factor
according to the consumption or to the load
cycle of the plant; this in order to avoid the
intake of excess reactive energy, which is a
condition normally forbidden by power
supply authorities.

To carry out distributed or group power
factor correction, it 1is necessary to
calculate the cos¢ of the single load or of
the group of loads (factory areas); this can
be carried out as follows:

QO  directly, through direct measuring by
means of a power factor meter;

Q  indirectly, through the reading of the
active and reactive energy meters.

The power-factor meter is a measuring
instrument able to display the power factor
cos¢ according to which the load is
absorbing energy. The reading of the
instrument shall be carried out in different
moments of the load cycle, so that an
average power factor value can be
obtained. If the readings of the active and
reactive energy absorbed by the load or by
the whole of the loads constituting the
factory areas during a work cycle are
available, the average power factor can be
calculated as follows: where: EPi and EQi

are the values of active and reactive energy
read at the beginning of the work cycle;
EPf and EQf are the values of active and
reactive energy read at the end of the work
cycle. To carry out a centralized power
factor correction, the average monthly
power factor can be obtained as previously
illustrated or directly from the bills of the
power supply authority.

2. Calculations of Necessary Reactive Power

Once the power factor (cos¢l) of the
installation and the power factor to be
obtained (cos¢2) are known, it is possible
to calculate the reactive power of the
capacitor bank necessary to improve the
power factor.

Q,

Figure 3. Reactive Power

Indicating by:

QO P the installed active power

QO ¢l the phase displacement angle
before power factor correction

Q  ¢2 the phase displacement angle to
be obtained with the power factor
correction

Once the initial cosd is known, Table 1
allows to -calculate (in kvar per kW
installed) the power of the capacitor bank
necessary to obtain a defined power factor.
In a three-phase system, the capacitor bank
constituted by three capacitors having the
same capacitance, can be delta- or star-
connected. When selecting the connection
modality, it is necessary to keep into
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account that with delta connection, each
capacitance is subject to the supply line-to-
line voltage, but, at the same level of
generated reactive power, it has a value
equal to 1/3 of the value it will have in case
of star-connection:

Qevy= Qe Cv=3-C

In the low voltage field, where insulation
problems are less important, the delta
connection is usually preferred for the
capacitor bank, since it allows a smaller
sizing of the capacitances of each phase.

Table 1. Factor K (kvar/kW)

final cosy
iital cosy | 0 090 | 091 | 0% | 095 | 0% | 0% | 095 | 09 | 098 | 099 | 1
080 |0363| 074 | 09 | 078 | 0807 | 083 | 0910 | 1005 | 1042 | 1069 | 1390 | 1481 | 131
081 |059] 0873 | 015 | 0848 | 0873 | 90 | 09 | 0970 | 1007 | 1048 | 1080 | 1487 | 1298
062 |0515) 0840 | 0761 | O8I0 | 0839 | 0870 | 0503 | 0947 | 0974 | 1015 | 1082 | 1123 | 1269
083 |0463| 0813 | 04 | 0777 | OGOT | OB | 00 | 004 | 08t | 0862 | 1030 | 1080 | 1233
084|045 | 0381 | 0718 | 0745 | 0775 | 0805 | 08% | 0872 | 0909 | 0860 | 098 | 1058 | 120t
065 |0A19) 06 | 0085 | O | 0743 | O774 | 0800 | 0B40 | 0877 | 0819 | 0968 | 1027 | 1189
060 |0368| 019 | 0854 | 0683 | 0712 | 0743 | 0775 | OB10 | 0847 | 086 | 0955 | 0%0 | 1138
067 |036| 0486 | 0824 | 0832 | 0882 | 0713 | 0743 | O779 | 0816 | 0T | 0905 | 0980 | 1108
068 |0308| 0459 | 0304 | 0628 | 0052 | 0683 | 075 | 0750 | 0787 | 0828 | 0875 | 0936 | 1078
069 |029) 042 | 0365 | 0598 | 003 | 04 | 0860 | 0720 | 0757 | 079 | 0848 | 0507 | 1048
070 |0210) 0400 | 033 | 0586 | 054 | 0625 | 067 | 08% | 079 | 070 | 087 | 0BT | 1000
071 |0242| 072 | 0308 | 053 | 0.5 | 0597 | 0829 | 0883 | 0700 | 0741 | 0769 | 0B49 | 0982
072 (0214 034 | 0480 | 0506 | 0508 | 069 | 0401 | 0835 | 0472 | 073 | 071 | 0820 | 09
073 (0180 | 06 | 0452 | 0481 | 050 | OB41 | 0573 | 0808 | 0845 | 0886 | 0733 | 0794 | 098
074 (0159|0289 | 0425 | 0433 | 0483 | 0514 | 0548 | 050 | 0807 | 0838 | 0708 | 0783 | 090
07 |0i| 028 | 0398 | 0426 | 0450 | 0467 | 08 | 0% | 050 | oegt | 08 | 0738 | 082
076 |0105| 02% | 0971 | 0400 | 049 | 0400 | 042 | 02 | 0569 | 0605 | 08 | 0713 | 08
077 00| 0209 | 034 | 0373 | 0409 | 043 | 0466 | 000 | 0597 | 0578 | 0808 | 086 | 089
078 oo | 0383 | 088 | 0347 | 0376 | 0407 | 048 | 0474 | 0t | 052 | 09 | 00 | 082
078 |00B| 0% | 0292 | 030 | 0360 | 0381 | 0413 | 0447 | 0ded | 05 | 0873 | 04 | 078

=
=

080 0130 | 0200 | 0204 | 034 | 035 | 0387 | 0420 | 0458 | 0499 | 0847 | 0608 | 0750
081 04 | 0240 | 0208 | 0266 | 0329 | 0381 | 039 | 0432 | 0473 | 0821 | 0381 | 074
[ 0078 | 0214 | 0242 | 0272 | 0308 | 0385 | 0369 | 0400 | 0447 | 0435 | 0559 | 0398
08 002 | 0186 | 0216 | 0240 | OZ77 | 009 | 0343 | 0380 | 042t | 0469 | 0380 | 0§72
084 002 | 0182 | 0190 | 020 | 021 | 0283 | 017 | 0354 | 0395 | 0443 | 003 | 0346
085 0135 | 0164 | 0104 | 0225 | 0267 | 0281 | 036 | 0369 | 0417 | 0477 | 08N
080 0109 | 013 | 0167 | 0196 | 0280 | 0265 | 0302 | 0345 | 030 | 0451 | 038
087 0082 | 0T | 001 | 0f72 | 0204 | 023 | 0275 | 0310 | 034 | 0424 | 057
088 0055 | 008 | 0114 | 05 | 0177 | 0211 | D248 | 0269 | 037 | 0367 | 034D

3. Harmonic Filters

Capacitor banks can be used combined
with inductors in order to limit the effects
of the harmonics on a network. Actually,
the combination capacitor-inductor
constitutes a filter for harmonics.

-

P '

| b |

; i

1 ¥ r

i
Harmmonic Filtar
genarator

Figure 4. Harmonic Filter

Therefore this filter, called passive filter,
consists in a capacitor connected in series
with an inductor so that the resonance
frequency is altogether equal to the
frequency of the harmonic to be eliminated.
Passive filters, which are defined on a case
by case basis, according to a particular
harmonic to be filtered, are cost-effective
and easy to be connected and put into
function.

Active filters instead can automatically
eliminate the current harmonics present in
a network in a wide range of frequencies.
Exploiting power electronic technology,
they can inject a system of harmonics able
to neutralize those present in the network.

Previously it has been illustrated how, to
avoid the negative effects of resonance, it
1s necessary to insert an inductor in series
with a capacitor. By applying an analogous
reasoning, it is possible to think of placing
in a point of the network a combination of
an inductor and a capacitor properly
dimensioned in order to get the same
resonance frequency of the order of the
current harmonic to be eliminated. In this
way, the assembly inductor-capacitor
presents a very low reactance in
correspondence with the harmonic to be
eliminated which shall circulate in the
assembly without affecting the whole
network.
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IV. CONCLUSION

This technical paper has the purpose of
analyzing these problems without going
into technical details, but, starting from the
definition of power factor correction, from
an analysis of the technical-economical
advantages and describing the forms and
modalities to achieve power factor 6
correction, it wishes to guide to the
convenient choice of the devices for the
switching of the capacitor banks and the
filtering of the harmonics.
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