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Abstract— Power generation efficiency is critical now, as power waste is a global issue. Power factor
Is a measurement of a system's power efficiency and a key factor in increasing supply quality. A weak
power factor caused by the increased use of inductive loads is generally disregarded in most power
systems. A power factor correction unit would allow the system to restore its power factor to near
unity, which would allow for more cost-effective operation. Reduced power system losses, increased
load carrying capacity, enhanced voltages, and more are all benefits of power factor correction. The
goal of this project is to create an Automatic Power Factor Correction (APFC) Unit that can monitor
a system's energy usage and automatically optimize its power factor.

Keywords—Power factor, Capacitor, Compensation, Industrial, Automatic power factor correction,
Tariff.
I. INTRODUCTION

Electricity demand was increased by almost 50% between 2019 to 2030 in India. And due to widely
used, it has become a very expensive resource. Electricity prices are usually highest for residential and
commercial consumers because it costs more to distribute electricity to them. Plus, the demand of
commercial and industrial customers varies greatly throughout the day and for them maximum demand
plays an important role in their overall electricity bills. As per the existing tariffs, the power factor is
0.9 or above. That means to avoid the power factor penalty consumer must maintain power factor 0.9
or above. Also, maximum demand plays an important role in their substantial saving and this is the
main objective of this project.

1. POWER FACTOR CORRECTION CAPACITORS TYPES

A. Capacitor Rating:
A capacitor unit rating is defined by rated voltage and k\VAr capacity for example 100 kVAr 440 V.
The kVAr tolerance is -5% to +10%. For example, a 100 kVAr unit output could be anywhere from
95 to 110 kVAr.
0= kv? — \3xkVxI

Xc 1000
Where:

-Q is capacitor unit MVVAr capacity

-kV voltage across capacitor in kV

-Xc is the capacitive reactance per phase in ohms = 1/2xnfC (C is capacitance of the capacitor unit)
-1 is the current in amps

The capacitive reactance, Xc is fixed and hence for a given capacitance the K\VAr generated is directly
proportional to the square of applied voltage.

B. Low Voltage Capacitors:

These are three phase units with three bushings or terminals. One terminal for each phase.

As mentioned before these are connected inside the enclosure in delta connection as shown in fig 1.
These are IP42 construction and hence can be installed indoor only.
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Fig. 1. Three-phase delta-connected capacitor bank.
The standard voltages are: 380, 400, 415, 440, 480, 525, 600, 660 and 690 V. The standard kVAr
ratings are 2.5, 5, 7.5, 10, 15, 30, 50, 75, 100 kVAr (maximum). The required power factor correction
unit capacity is achieved by connecting number of units in parallel. For example, if 200 KVAr capacity
is required then either connect two units of 100 kVAr or four units of 50 kVAr in parallel.
C. High Voltage Capacitors:
These are available in single and three phase units. These are available in 1P42 (to be located indoor
only) or IP 55 (can be installed indoor or outdoor) construction. Most manufacturers offer IP55
construction only. The three phase units are available either star or delta connected internally. Every
manufacturer will not offer delta and star connected units. Some may offer only one of them while
others may offer both (star and delta connected units) [4].

The standard three phase and single-phase unit rated voltages are: 3.3, 6.6, 11, 17.5 or 24 kV. The
standard unit ratings are 50 to 1000 kVAr. But the voltage and kVAr range is different for each
manufacturer and also the entire K\VAr range may not be available in all rated voltages [5].

1) Single Phase Units: The single phase units are generally used by power utilities for voltage
improvement. These units have either one live plus one dead or two live bushings.
The one live and one dead bushing units are used in star grounded formation. The two live bushings

units are used in star ungrounded formation.

Grounded

Ungrounded
Star Connection of Capacitor

Star Connection of Capacitor

Fig. 2. Single phase Under grounded and Grounded star connected of Capacitor.

2) Three phase units: Three phase units are internally connected in either star (ungrounded) or
delta. Three phase delta connected units are used for power factor improvement applications in a
consumer’s system because for the same capacitance the kVAr output is more than star ungrounded
units.
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Capocitors in delte connection

Fig.3. Three-phase Capacitor in delta connection

D. Capacitor Characteristics:

1) Overcurrent: Capacitors are rated for 1.3 times the rated continuous current. This is a
requirement of international standards. This is to account for higher than the rated current due to
various reasons such as harmonic currents, tolerance on capacitance etc.

For example, a 100 kVAr, 440 V capacitor unit:

_ 3xkVxI
1000

Q

_ Qx1000

| =
\3xkV

=132 amps

Where:
-Q is capacitor unit MVVAr capacity
-kV voltage across capacitor in kV
-1 is the current in amps
This unit will be designed to continuously withstand 1.3 x 132 = 172 A current.

2) Over voltage: Capacitors must not be subjected to higher than rated voltage. If there is a
possibility of overvoltage occurring due to a fault then sensing it and means to automatically
disconnect the bank must be provided. If Un is the capacitor unit rated voltage.

TABLEI.  CAPACITOR VOLTAGE AND DURATION
Voltage Maximum Duration

1.0 Un Continuous

1.1Un 12 hrs in every 24 hrs

1.15Un 30 min every 24 hrs

1.2 Un 5 min

1.3 Un 1 min

3) Temperature Category: Capacitors are extremely sensitive to ambient temperature i.e. for indoor
units the temperature of the room they are installed in and for outdoor units the outdoor temperature
[6]. They fail if this temperature goes outside the rated temperature of the unit. Capacitor units are
available in four temperature withstand categories:
-A 40 degree C, maximum
-B 45 degree C, maximum
-C 50 degree C, maximum
-D 55 degree C, maximum
These are maximum permissible temperatures corresponding to each category.
The minimum permissible temperatures are: -5, -25, -40 and — 50 degree Celsius.
4) Discharge: When disconnected from the power supply, capacitors retain the charge which must
be discharged before working on the capacitor to avoid shock to the operator. Therefore discharge
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resistances are provided at the terminals of each unit. The resistances are to discharge the unit to 75
V (as per IEC) and 50 V (as per Indian standards):

5) Inrush Current: When switched on, the capacitor acts like a short circuit and draws a large
transient current (up to 100 times its rated current) generally for up to 4 cycles which reduces slowly
to its steady state current.

This inrush current is drawn from two sources:

-The electrical system it is connected to

-Other live capacitors in parallel
Therefore, a series reactor is provided in series with each unit to reduce the inrush current. Generally,
a 4% series reactance that of the capacitive reactance of the unit is enough. But the harmonics criteria
require a minimum 7% reactance and therefore a 7% reactance is provided [7].

6) Resonance and Harmonics: Capacitors do not produce harmonics. The capacitive reactance
Xc = 1/2nfC, Where C is the capacitance. Higher the harmonics i.e. frequency lower the capacitive
reactance.

The system inductive reactance X1 = 2nfL, Where L is inductance. Higher the harmonics i.c.,
frequency higher the inductive reactance of the system to which the capacitors are connected [8].

At one of the harmonic frequency the capacitive reactance may become equal to or close to the system
inductive reactance. The net reactance (XI-Xc) will then be zero or low and the capacitors will draw
large current (I =V/ (XI — Xc) damaging it.

Therefore, a series reactor is provided in series with each unit (three phase or single phase) to increase
the net system reactance and avoid this possibility. That means if a bank has five units, then five three
phase reactors as shown in photo above are provided [9].

Fig. 4. three phase series reactors
Fig. 5.
I11. TYPE OF LOADS AND POWER FACTOR

KVAR

Reactive Power,Q = VI Sind
—

True Power P =VIiCos ¢ Y=
KW ——>»

Fig.6. Power Triangle
A. Power factor of different types of loads:
TABLEIl.  POWER FACTOR AND DIFFERENT TYPES OF LOADS
Type of Load Power Factor
IT servers, computer equipment 0.9 lag to 0.95 lead
Fluorescent tube lights (power factor | 0.85 to 0.95 lag
corrected)
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Compact fluorescent lamps 0.6 lag (but now a days LED lamps used instead of these)
LED Lamps 0.9 lag or better

Resistive loads such as heaters 1

Uninterrupted Power Supply (UPS) | 0.9 lag or better

Input side

Variable Speed Drive (VSD) input side | 0.9 lag or better

Low voltage induction motors 0.7 t0 0.94 lag

High voltage induction motors 0.85 t0 0.94 lag

Arc Furnace 0.5t0 0.7 lag

IV. NEED FOR THE CONSUMER TO IMPROVE POWER FACTOR
If the power company's consumer tariffs provide an incentive to maintain a decent power factor or
impose a penalty if a specific minimum power factor is not met, it is advisable for the consumer to
enhance the power factor of the consumer system in order to lower the electricity cost.
V. CALCULATION OF AMOUNT OF KVAR COMPENSATION REQUIRED TO IMPROVE THE POWER FACTOR
A. Total kVAr Amount:

For a new installation being designed the theoretical and scientific way is to calculate the load kW
and KVA. But in real life it is not possible to get power factor of all loads and hence such a scientific
calculation is almost impossible to do. For low voltage power factor correction system at the low
voltage main switchboard connected to a transformer the rule of thumb is 40% of the transformer kVA.
For example, for a 1000 kVA transformer 400 KVAr (40% of 1000) power factor correction system is
adequate and safe to provide.

For existing installation measure the kW and kVA using a meter at the supply point to the consumer.
Then using these values calculate average power factor which is equal to KW/kVA [10]. Using average
power factor calculate the KVAr capacity required for the power factor correction capacitor bank.

B. Example: MUNICIPAL COUNCIL VAIJAPUR:
The electricity bill of 12 October 2021 shows following:
Contract demand = 276 kVA
Maximum kVA demand = 144 kVA
kWh consumed = 4687.250
kVAh consumed = 5988.650
Average power factor = kWh consumed/kVVAh consumed = 4687.25/5988.65 = 0.932
If this power factor is to be corrected to 0.97 then power factor correction amount required =
Option 1: Based on contract demand:
Qc = KVA-1 x cosgl x (tangl — tang2) = 276 x 0.932 x (0.388 — 0.25) = 35 kVAr
Based on registered maximum demand of the month:
Qc = KVA-1 x cosgl x (tangl — tang2) = 144 x 0.932 x (0.388 — 0.25) = 18.5 kVAr
Safer to provide 35 kVAr power factor correction unit.
VI. IMPACT OF POWER FACTOR ON DIFFERENT TYPES OF CONSUMERS BASED ON EXISTING TARIFFS
If the consumer power factor is 0.9 or higher, there is no penalty under the current tariffs for consumers
to whom the power factor is applicable. That means a consumer must maintain a power factor of 0.9
or higher to avoid the power factor penalty. Only if the power factor is 0.96 or higher does the consumer
receive an incentive. To avoid a penalty while also receiving an incentive, a consumer must maintain
a power factor of 0.96 or higher [13].

To avoid the penalty, a consumer with a power factor of less than 0.9 would want to improve their
power factor. A consumer with a power factor of 0.9 to 0.95, on the other hand, will not pay a penalty
but will not receive an incentive [14].

As a result, consumers have two alternatives for increasing their power factor:

UGC CARE Group-1, 95



Industrial Engineering Journal
ISSN: 0970-2555
Volume : 52, Issue 3, No. 2, March : 2023

Option 1: To avoid the penalty, increase the power factor to between 0.9 and 0.95.
Option 2: Increase the power factor above 0.96 to avoid the penalty and receive a reward.
A. New Tariffs:

MSEDCL wants to move towards KVAh billing instead of existing kWh billing (i.e., tariffs) for all
consumers. This is to simplify the billing system by avoiding the need to calculate power factor and
also avoid dispute with consumer about power factor.

The kVA demand charge component in the electricity bill will remain same with new tariffs for the
applicable consumers [15]. In new tariffs the charges will be based on kVAh instead of kwWh recorded
by the meter and no penalty or incentive for the power factor.

New consumers (LT and HT) will automatically get new meters. Depending up on the tariff the new
meter will record total kVAh only or monthly maximum kVA demand and total K\VAh consumed
during the billing period [16].

B. Impact on Consumers of New Tariffs:

If the power factor is enhanced, all existing and new customers will save money on their electricity
bills. In most cases, new customers install an automatic power factor correction device. Existing
customers who haven't already done so can save money by installing an automatic power factor
correction device[17].

The impact of these new tariffs on various sorts of customers has been studied in the following sections.
Before improvement, a 0.8 lagging power factor was assumed for all consumers. After improvement,
the power factor is expected to be 0.95. In practice, the power factor before improvement will vary by
consumer type, but will be in the 0.8 to 0.9 lagging range [18].

VII. How TO IMPROVE POWER FACTOR

The power factor of a consumer's electrical system can be enhanced by installing an automated power
factor correction unit (APFCU) [19].

The Automatic power factor correction unit (APFCU) consists of capacitors which generates leading
reactive power (Qc)which cancels some of the load’s lagging reactive power(Y1) there by improving
the load (i.e., system) power factor. The resultant lagging reactive power (Y2) is smaller than Y1 and
hence power factor becomes better than before.

PoKW

Fig. 7. Power factor calculation.
Given KVA-1 demand and power factor before improvement:
P - KW = Real power = KVA-1 x cosgl
Y1, reactive power before power factor improvement = tangl x P
Y2, reactive power after power factor improvement = tang2 x P
Compensation required = Qc = Y1-Y2 = P (tangl — tang2)
= KVA-1 x cosgl x (tangl — tang?2)
Given KW demand i.e., P and power factor before improvement:
Compensation required = Qc = Y1-Y2 = P (tangl — tang?2)

UGC CARE Group-1, 96



Industrial Engineering Journal
ISSN: 0970-2555
Volume : 52, Issue 3, No. 2, March : 2023

The power factor correction system is simple to implement in a new installation by including it in the
electrical system design. However, in the current system, it is difficult, if not impossible, to offer it.
The problem is determining whether the switchboard(s) has enough space for an isolator and whether
the switch room has enough space for the power factor correction panel, among other things.

The APFCU can be put in either a low voltage (LVV APFCU) or a high voltage (HV APFCU) system,
or both. Low and high voltage technologies are offered for APFCU.

-Active system

-Passive system

A. Conventional Vs Active Power Factor Correction Systems:

In the conventional system the capacitor units are controlled by contactors. In the active system the
capacitors are controlled by thyristors.

The active system is expensive as compared to the passive system but gives no extra advantage. The
power factor is maintained at same level by both systems. Just because load is fluctuating doesn’t mean
active system being fast will correct it better than the passive system. Remember the power factor
measurement is not instantaneous power factor but average over a billing period. Therefore, whether
active or passive system is used the average power factor generated by the APFCU over the billing
period is same.

B. Centralized vs Decentralized Power Factor Correction System:
The APFCU can be installed at:
- One or few main switchboards (central system)
- At each load or at each switchboard/distribution board (decentralized system) The centralized option
is cheaper in terms of capital and maintenance cost. For most consumers centralized system is a better
option than decentralized system and works fine.

1) Decentralized Power Factor Correction System:
The power factor correction capacitor fitted at each load is shown in Figure 7. The capacitor unit is
placed ahead of the thermal overload relay so that the inrush current from the capacitor does not travel
through the relay. As a result, when the motor is turned on, the relay will not malfunction owing to
capacitor inrush current. In this instance, never use a soft-starter to start the motor since the inrush
current drawn by the capacitors will harm it.
The decentralized scheme suits low voltage agriculture customers where major load is few pump
motors.

Contactor Overload

7N
|
N N

- Motor

T~ A~ A~ .
Capacitors

rig.8. Decentralized power factor correction system for pump motor load.
2) Centralized Power Factor Correction System: In the centralized system the APFCU is installed
at low or high voltage main switchboard(s) or motor control centre(s).

VIli.Low VOLTAGE OR HIGH VOLTAGE APFCU
The choice between low or high voltage APFCU depends up on the type of loads in the electrical
system.
-1f all the loads are low voltage, then APFCU is provided in the low voltage system.
-1f all the loads are high voltage, then APFCU is provided in the high voltage system.
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-If the loads are low voltage and high voltage then APFCU are provided in the low voltage and high
voltage system.

A. Location of APFCU:

If the electrical system has only main switchboard, then provide APFCU at that switchboard. If the
electrical system has more than one switchboard, each connected to its own transformer, then provide
APFCU at each of these main switchboards.

The APFCU can either be part of the switchboard or on its own near the switchboard (inside a similar
free standing vertical panel). The decision depends up on the space availability. If the APFCU is
inside the switchboard then the length of the switchboard will increase. If the space available in the
switch room is not enough then it won’t be possible to install such a switchboard. In which case the

APFCU is installed separate from the switchboard.
1) APFCU inside and part of the main switchboard: This is the preferred and most common
option if enough space is available in the switchroom.

Fig.9. Automatic power factor corrrection unit inside the main switchboard.

2) APFCU separate from main switchboard: This option is used when the sufficient space is not
available in the switchroom. In the figure below there is not enough space (due to building column
inside the switchroom) in the switch room to install the APFCU inside the main switchboard and
therefore it is separate from the main switchboard.

PURAURA

Fig. 10. Automatic power factor corrrection unit seprate from main switchboard.

IX. CONCLUSIONS
Low and high voltage capacitors for power factor correction are available. Capacitors for power factor
correction systems are three-phase units with deltas attached inside to provide the highest output for
the same capacitance. To improve reliability and availability, the power factor correction system's
capacitors are internally fused. Although capacitors do not produce harmonics, they can be harmed by
harmonics in the electrical system to which they are attached. However, having a series reactor solves
the problem fully. A central power factor correction system is more cost effective than a dispersed
system. A high-voltage power factor correction system is more expensive than a low-voltage solution.
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