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PART ONE: POWER FACTOR
What is Power Factor?

Special Electrical Requirement
of Inductive Loads

Most loads in modern electrical distribution systems
are inductive. Examples include motors, transform-
ers, gaseous tube lighting ballasts and induction
furnaces. Inductive loads need a magnetic field

to operate.

Inductive loads require two kinds of current:

m Working power (kW) to perform the actual work of
creating heat, light, motion, machine output, etc.

m Reactive power (kvar) to sustain the magnetic field.

Working power consumes watts and can be read on
a wattmeter. It is measured in kilowatts (kW). Reac-
tive power doesn’t perform useful “work,” but circu-
lates between the generator and the load. It places a
heavier drain on the power source, as well as on the
power source’s distribution system. Reactive power
is measured in kilovolt-amperes-reactive (kvar).

Working power and reactive power together make
up apparent power. Apparent power is measured in
kilovolt-amperes (kVA).

Note: For a discussion on power factor in non-linear,
non-sinusoidal systems, turn to Page 17.
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Fundamentals of Power Factor

Power factor is the ratio of working power to
apparent power. It measures how effectively
electrical power is being used. A high power factor
signals efficient utilization of electrical power,
while a low power factor indicates poor utilization
of electrical power.

To determine power factor (PF), divide working
power (kW) by apparent power (kVA). In a linear
or sinusoidal system, the result is also referred
to as the cosine 6.

PF = kW cosine 6

kVA

For example, if you had a boring mill that was
operating at 100 kW and the apparent power
consumed was 125 kVA, you would divide 100 by
125 and come up with a power factor of 0.80.

(kw)100

(KVA)125 (PF)0.80

M
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Figure 1. kW Power
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Figure 2. kvar Power
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Figure 3. kVA Power

kVA

COoS6 = %/V% - PF kvar

Figure 4. Power Triangle

Note: A right “power” triangle is often used to illustrate the
relationship between kW, kvar and kVA.
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Should | Be Concerned
About Low Power Factor?

Low power factor means you're not fully
utilizing the electrical power you’re paying for.

As the triangle relationships in Figure 5 demon-
strate, kVA decreases as power factor increases.

At 70% power factor, it requires 142 kVA to produce
100 kW. At 95% power factor, it requires only

105 kVA to produce 100 kW. Another way to look

at it is that at 70% power factor, it takes 35% more
current to do the same work.

www.eaton.com
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What Can | Do to Improve

Power Factor?

18
You can improve power factor by adding power factor Amperes
correction capacitors to your plant distribution system.

When apparent power (kVA) is greater than working 10 hp, 480 V Motor
power (kW), the utility must supply the excess at 84% Power Factor

reactive current plus the working current. Power
capacitors act as reactive current generators.
(See Figure 6.) By providing the reactive current, 16
they reduce the total amount of current your system Amperes
must draw from the utility.
3.6 Amperes

95% Power Factor

- - - Note: Currentinto
Provides Maximum Benefit motor does not
Theoretically, capacitors could provide 100% of change.

needed reactive power. In practical usage, however, 3 kvar

power factor correction to approximately 95%

provides maximum benefit. Capacitor

Power Factor Improved to 95%

The power triangle in Figure 7 shows apparent Line Current Reduced 11%

power demands on a system before and after
adding capacitors. By installing power capacitors

and increasing power factor to 95%, apparent power Figure 6. Capacitors as kvar Generators
is reduced from 142 kVA to 105 kVA — a reduction
of 35%.
_ 100 _ B
coss, = 199 - 70% pr
c0s0, = 190 _ 959 pF
27 105 % 67 kvar
Capacitor
Added
70% PF ° 100 kvar
Before Before
95% PF 3if';‘e’fr
After ¢

Figure 7. Required Apparent Power Before and After
Adding Capacitors
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How Much Can | Save by Case 2
IHSta I I I n g Powe r ca pac Ito rS? Assume the same conditions except that:
400 kW @ 87% = 460 kVA

Power capacitors provide many benefits: 400 kW @ 97% = 412 kVA Corrected Billing

kVA Demand Charge: $1.91/kVA/month (112,400 kWh/

m Reduced electric utility bills.
month energy consumed).

B Increased system capacity.

Energy Charge:
m Improved voltage. $0.0286/kWh (first 200 kWh/kVA of demand).
B Reduced losses. $0.0243/kWh (next 300 kWh/kVA of demand).
$0.021/kWh (all over 500 kWh/kVA of demand).
REdUCEd Utlllty BI||S Uncorrected: Corrected:
Your electric utility provides working (kW) and Demand: 412 kVA x $1.91 = $786.92

460 kVA x $1.91 = $878.60
- $786.92

$ 91.68 Savings in Demand Charge

reactive power (kvar) to your plant in the form of
apparent power (kVA). While reactive power (kvar)
doesn't register on kW demand or kW hour meters,

the utility’s transmission and distribution system Energy: Wh ) Wh )
must be large enough to provide the total power. 460 x 200 : ;; 6ggokWh 412 x 200: ;; ziggokWh
Utilities hafvle various way;s of fassTg along thgI @ 0.0286 = $2631.20 @$0.0286 = $2356.64
expense of larger generators, transformers, cables,
sti)tches otc %O %u 460 x 300 = 138,000 412 x 300 = 123,600

! v you. but balance only = 20,400 but balance only = 30,000
As shown in the following case histories, capacitors e @ULimE= § T
can save you money no matter how your utility bills
you for power $2631.20 $2356.64

’ +$ 495.72 +$ 729.00

Lo $3126.92 Uncorrected $3085.64 Corrected

kVA Bl | | ing Energy Charge Energy Charge
—$3085.64

The utility measures and bills every ampere of

. " A $ 41.28 Saving in Energy Charge Due to Rate Charge
current, |ncIud|ng reactive current.

(9600 kWh in first step reduced by $0.0043)

Note: This is not a reduction in energy consumed,
but in billing only.

Case 1

Assume an uncorrected 460 kVA demand, 480 volt, 3-phase

at 0.87 power factor (normally good). Saving:
$ 41.28 Energy
Billing: +$ 91.68 Demand
132.96 Monthly Total Savi
$4.75/kVA demand Correct to 0.97 Power Factor x 3 12 IR IIELSENI
$1595.52
Solution:

A 130 kvar capacitor can be paid for in less than 14 months.
kVA x Power Factor = kW

460 x .87 = 400 kW Actual Demand

KW 400 Corrected
KE = kA 0.97 = %12 Billing Demand

From Table 6 kW Multipliers, to raise the Power Factor from
0.87 to 0.97 requires capacitor:

Multiplier of .316 x kW
.316 x 400 = 126 kvar (use 140 kvar)

Uncorrected Original Billing:

460 kVA x $4.75 = $2185/mo.
- $1957
$ 228/mo. Saving x 12 =
$2736 Annual Saving

Corrected New Billing:
412 kVA x $4.75 = $1957/mo.

140 kvar, 480 volt capacitor cost: $1600 (installation extra).
This capacitor pays for itself in less than eight months.

THE PRICES ABOVE ARE SUBJECT TO CHANGE WITHOUT NOTICE.
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How are Harmonics Generated?

Harmonics are generated by non-linear loads.

A non-linear load is a circuit element that draws
current in a non-sinusoidal manner. Until recently,
most factory loads were primarily linear, with
current waveform closely matching the sinusoidal
voltage waveform and changing in proportion to
the load. More recently, however, factory loads
with major non-linear components have increased
dramatically. Table 11 gives typical examples of
linear and non-linear devices.

Table 11. Examples of Linear and Non-Linear Devices

Devices with
Major Non-Linear Components

Primarily

Linear Devices

dc Drives

Variable Frequency Drives

Programmable Controllers

Induction Furnaces

Solid-State Uninterruptible Power
Supplies (UPS)

Arc Furnaces

Arc Welders

Some Motors
Incandescent Lighting
Heating Loads

6-Pulse

Harmonic Power Converter

17.5%

Figure 19. Harmonic Magnitude as Percentage of the
Fundamental Current

Note: Harmonic currents typically injected by 6-pulse VFDs.

Non-linear devices that cause the most problems
can generally be grouped into two categories —
electronic power converters and arcing devices.

www.eaton.com

Electronic Power Converters

Electronic power converters — e.g., adjustable
speed drives, power supplies — are by far the
largest contributors to harmonic distortion in
today’s plant environment. An electronic power
converter changes electrical energy from one form
to another, typically by rectifying the ac voltage into
dc and utilizing the dc voltage directly or synthesiz-
ing a new ac voltage. This change is accomplished
by using solid-state devices — silicon control rect-
ifiers (SCRs), diodes, transistors — to periodically
switch in the conducting circuits of the converter.
Figure 19 shows a typical harmonic current
spectrum for 6-pulse electronic power converter.
Below are some common names that are typically
associated with electronic power converters.

Common Names Given to Electronic
Power Converters

m Adjustable Speed Drives.

m Variable Frequency Drives.

m SCR Drives.

m ac Motor Drives (ac/dc/ac).

® dc Motor Drives (ac/dc).

m 3-Phase Full Wave Rectifiers.

m 3-Phase Full Wave Converters.

m 6-Pulse Converters.

As most plant engineers appreciate, there is

an increased use of electronic drives due to their
ability to more efficiently or precisely drive a motor
or process.

Arcing Devices

Arc furnaces and welders are the two types of arcing
devices that cause the most harmonic distortion,
although arc lighting (fluorescent, mercury vapor)
will also cause small degrees of harmonic distortion.

Other Equipment

Motors, generators, transformers, and arc lighting
also have small non-linear components, although

the contribution of these devices to total harmonic
distortion in a plant tends to be relatively small.
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What Do Power Factor
Correction Capacitors Have
to Do with Harmonics?

A discussion of power system harmonics is incom-
plete without discussing the effects of power factor
correction capacitors. In an industrial plant contain-
ing power factor correction capacitors, harmonic
currents and voltages can be magnified consider-
ably due to the interaction of the capacitors with the
service transformer. This is referred to as harmonic
resonance or parallel resonance. For a typical plant
containing power factor correction capacitors, the
resonant frequency (frequency at which amplifica-
tion occurs) normally falls in the vicinity of the 5th to
the 13th harmonic. Since non-linear loads typically
inject currents at the 5th, 7th, 11th and 13th
harmonics, a resonant or near-resonant condition
will often result if drives and capacitors are installed
on the same system, producing the symptoms

and problems outlined in the previous section.

Note: Capacitors themselves do not cause harmonics,
but only aggravate potential harmonic problems. Often,
harmonic-related problems do not “show up” until
capacitors are applied for power factor correction.

It is a common misconception that the problem of
applying capacitors in harmonic environments is
limited to problems caused for the capacitor itself —
that the capacitor’s lower impedance at higher
frequencies causes a current overload into the
capacitor and, therefore, must be removed.
However, the capacitor/harmonics problem must
be viewed from a power system standpoint. The
capacitor-induced increase of harmonic voltages
and currents on a plant’s system may be causing
problems while the capacitor itself remains within
its acceptable current rating.

SA02607001E

How Do | Diagnose a
Potential Harmonics Related
Problem?

If a plant engineer suspects that he might have a
harmonics problem, the following steps can easily
be performed as an initial investigation into poten-
tial problems:

1. Look for symptoms of harmonics as listed
in Table 8. If one or more of these symptoms
occurs with regularity, then the following
steps should be taken.

2. If the plant contains power factor correction
capacitors, the current into the capacitors
should be measured using a ‘true rms’ current
meter. If this value is higher than the capacitor’s
rated current at the system voltage (by >5%
or so), the presence of harmonic voltage
distortion is likely.

3. Conduct a paper audit of the plant’s harmonic-
producing loads and system configuration.
This analysis starts with the gathering of kVA
or horsepower data on all the major non-linear
devices in the plant, all capacitors, and rating
information on service entrance transformer(s).
Eaton has specific analysis forms with instruc-
tions to guide the plant engineer in collecting
this information, and engineers or sales repre-
sentatives can provide assistance as needed.
This data is analyzed by Eaton engineers to
determine whether the conditions are present
to create unfavorable levels of harmonics.

4. If the electrical distribution system is complex
— e.g., multiple service entrances, distributed
capacitors — or if the paper audit is incomplete
or considered to be too burdensome, the most
definitive way to determine whether harmonics
are causing a problem is through an on-site
plant audit. This audit involves an inspection
of the electrical system layout and connected
loads, as well as harmonic measurements taken
at strategic locations. This data can then be
assembled and analyzed to obtain a clear and
concise understanding of the power system.
Eaton provides an engineering service to
conduct these on-site plant audits.

www.eaton.com
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How Can Harmonics Problems
Be Eliminated?

When power factor correction is required in the
presence of non-linear loads, or the amount of har-
monic distortion must be reduced to solve power
quality problems or avoid penalties, the most A D
reliable, lowest cost solution is often realized B
with the use of harmonic filters. c ~

D

What is a Passive
Harmonic Filter?

A shunt harmonic filter (see Figure 20) is,
essentially, a power factor correction capacitor
combined with a series iron core reactor. A filter
provides power factor correction at the fundamental
frequency and becomes an inductance (like a motor) e e I
at frequencies higher than its ‘turning point.’
Cutler-Hammer harmonic filters are almost always I
tuned below the 5th harmonic. Therefore, the filter I
provides an inductive impedance path to those cur-
rents at harmonic frequencies created by nearly all [
three-phase non-linear loads (5th, 7th, 11th, 13th, |
[
[
[
[

' |
' |
' |
[ | Reactor
' |
' |
' |

|
/

etc.). Since the filter is not capacitive at these fre-
quencies, the plant electrical system can no longer
resonate at these frequencies and can not magnify
the harmonic voltages and currents. A shunt har-
monic filter therefore accomplishes three things:

Capacitor
Bank

1. Provides power factor correction. |  — — — — — — — — —

2. Prevents harmonic overvoltages due to

parallel resonance. Figure 20. Shunt Harmonic Filter

3. Reduces voltage harmonic distortion and
transformer harmonic loading at frequencies
above its turning point.

In some circumstances, a harmonic resonance
condition may accrue gradually over time as
capacitors and non-linear loads are installed in
a plant. In those instances, replacement of such
capacitors with harmonic filters is in order to
correct the problem.

www.eaton.com
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Do | Need to Perform a
System Analysis to Correctly
Apply Harmonic Filters?

The proper application of harmonic filters can be
greatly simplified by recognizing that there are only
a few pieces of pertinent information and analysis
steps which need to be taken for most systems in
order to correctly deal with the problem.

Eaton’s approach to power system harmonic
diagnosis and solutions has evolved, via years of
accumulated knowledge and experience, to an
approach which eliminates needless analytical
complexity in the majority of circumstances. Rather,
it relies on the relatively few pieces of information
which are required to make the correct applications
decision. If this information indicates that some
type of metering and measurement is required, then
only those select measurements which yield useful
information will be performed, keeping the com-
plexity and cost to a minimum without sacrificing
solution correctness.

Our abilities in the area of harmonic analysis, how-
ever, extend to the state-of-the-art in computerized
analysis tools should the customer require the
thoroughness afforded by such tools.

One of the most basic and useful pieces of informa-
tion which must be known before attempting to cor-
rect power factor in the presence of non-linear loads
is the ratio of the total non-linear kVA to the service
transformer kVA rating. This ratio alone can often
be used to determine whether harmonic filters are
necessary to correct power factor or whether plain
capacitors can be added without experiencing
problems as follows:

1. If the plant’s total 3-phase non-linear load
(in kVA, 1 hp = 1 kVA) is more than 25% of the
main transformer capacity, harmonic filters will
almost always be required for power factor
correction.

2. Ifthe plant’s total 3-phase non-linear load is less
than 15% of the main transformer capacity, capac-
itors can usually be applied without problems.

3. Ifthe plant’s total non-linear load is between
15 and 25%, other factors should be considered.

Starting with this most basic information, your
Eaton sales representative will work with you to
determine what additional information or measure-
ment, if any, is required in order to recommend the
correct solution to your problem.

SA02607001E

What is Eaton’s Experience
in Harmonic Filtering?

Eaton has been in the power capacitor business for
70 years, manufacturing power factor correction
capacitors used in low voltage and medium voltage
applications. In the 1980s, we began working with
a number of customers to help resolve problems
related to harmonic distortion. During this time
period, we developed a number of designs to
incorporate harmonic filtering in both fixed and
automatic capacitor banks. The success of these
installations has made Eaton the leader in the field
of harmonic filters.

With a fully integrated manufacturing process,

we maintain the strictest quality control systems in
the industry. All power capacitors are 100% tested
at various stages in their manufacture and prior to
shipment to ensure a long service life. In addition,
Eaton provides on-site supervision and start-up
assistance to ensure that all capacitor and harmonic
filtering assemblies are properly applied in the
plant environment.

Please call 1-800-809-2772 for assistance in under-
standing and solving any problems that you have
involving capacitors or harmonics in your facility.
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