Power Factor Correction

We bring good things to life.

APPLICATION OF POWER FACTOR
CORRECTION CAPACITORS

Understanding Power Factor

Aswith any equipment, an electrical system handles itsjob to some degree of
efficiency ranging from poor to excellent. The measure of electrical efficiency is
known as Power Factor.

The motors and other inductive equipment in a plant require two kinds of electric
power. One type is working power, measured by the kilowatt (kW). Thisiswhat
actually powers the equipment and performs useful work. Secondly, inductive
equipment needs magnetizing power to produce the flux necessary for the
operation of inductive devices. The unit of measurement of magnetizing or
reactive power isthekilovar (kVAR). The working power (kW) and reactive
power (kVAR) together make up apparent power which is measured in kilovolt-
amperes (kVA).

Most AC power systems require both kW (kilowatts) and kVAR (kilovars).
Capacitorsinstalled near the loads in a plant are the most economical and efficient
way of supplying these kilovars. Low voltage capacitors are traditionally a high
reliability maintenance-free device.

On the spot delivery of magnetizing current provided by capacitors means that
kilovars do not have to be sent all the way from the utility generator to you. This
relieves both you and your utility of the cost of carrying this extra kilovar load.
The utility charges you for this reactive power in the form of adirect, or indirect
power factor penalty charge. In addition, you'll gain system capacity, improve
voltage and reduce your power |0sses.

How Capacitors Work

Induction motors, transformers and many other electrical loads require
magnetizing current (KVAR) as well as actual power (kW). By representing these
components of apparent power (kVA) as the sides of aright triangle, we can
determine the apparent power from the right triangle rule: KVA2 = kW2 + kVAR?2,
To reduce the kV A required for any given load, you must shorten the line that
represents the kVAR. Thisis precisely what capacitors do.

file:/lIC|/IMy%20Documents/electrical/Power%20Factor%20Correction.htm (1 of 14) [22/08/2003 11:56:01 p.m.]



Power Factor Correction

By supplying kVAR right at the load, the capacitors relieve the utility of the
burden of carrying the extrakVAR. This makes the utility
transmission/distribution system more efficient, reducing cost for the utility and
their customers. The ratio of actual power to apparent power isusually expressed
in percentage and is called power factor.
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In the illustration below, addition of the capacitor has improved line power factor
and subtracted the non-working current from the lines. This reactive current is
now supplied by the capacitor rather than the utility.
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Selecting kVAR for 3-Phase Motors

To properly select the amount of kVAR required to correct the lagging power
factor of a 3-phase motor you must have three pieces of information:

« kW (kilowatts)
. Existing Power Factor in percent
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. Desired Power Factor in percent
The formulato calculate the required KVAR is:

Factor from Table 1 below x kW = kVAR of capacitors required.

EXAMPLE: A small machine tool plant used an average of 100 kW with an
existing power factor of 80%. Their desired power factor is 95%. The kVAR of
capacitors necessary to raise the power factor to 95% isfound by using Table 1,

which in this case gives .421 as the factor needed to complete the formula
referenced above:

421 x 100 kW =42 kVAR

The customer may now choose the capacitor catalog number by kVAR and
voltage from the compl ete ratings listed in this catal og.

If KW or Present Power Factor are not known you can calculate from the
following formulas to get the three basic pieces of information required to

calculate kVAR:
kWY
PP =1V
_173xlxE
K¥A = =000
A T3l ExPF _HF % 746
KW =——Trmg or KW=—4g
WHERE

| = full load current in amps

E = voltage of motor

PF = Present power factor as a decimal (80% = .80)
HP = rated horsepower of motor

eff = rated efficiency of motor as a decimal (83% = .83)

If Desired Power Factor is not provided, 95% is a good economical power factor
for calculation purposes.

Benefits of Power Factor Correction Capacitors

The application of shunt capacitorsto industrial power systems has several
benefits. Among these are:
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Benefit 1 - Reduce Power Bills

In areas where akV A demand clause or some other form of low power factor
penalty isincorporated in the electric utility's power rate structure, capacitors
reduce power bills by reducing the kVA or kVAR demand.

EXAMPLE: kVAR Demand Charge

A plant with ademand of 1800 kVA, 1350 kW and 1200 kVAR has a contract for
power factor which includes an energy charge for kWH, a demand charge based
on kW, and another demand charge based on kVAR. The kVAR demand can be
eliminated by the addition of capacitors.

In our example, the kVAR chargeis $1.50 per month for each kVAR of demand in
excess of 1/3 of the kW demand.

Step 1) Calculate kVAR demand in excess of 1/3 of the kW demand.

1200 VAR - 35% KW_ 70 kvam ¥ 1

(capacitors can supply thiskVAR)

Step 2) Estimated annual power bill savings.
$1.50 demand charge x 750 kVAR x12 months = $13,500 savings

Step 3) Estimate the cost of 750 kVAR of capacitors. (On a 480 volt system
installed capacitor cost is approximately $15/kVAR)

750 KVAR x $15 = $11,250 capacitor cost

$13,500 annual savings vs. $11,250 capacitor investment. Capacitors will pay for
themselvesin 10 months, and continue to produce savings thereafter.

EXAMPLE: kW Demand Charge

A plant with a demand of 1000 kW has an 80% power factor. The serving utility
has a target power factor of 85'%0 and a kW demand charge. This example will
show how the power factor of the plant load hel ps determine the kW billing
charge. Therefore, the kW hilling can be reduced by improving the plant power
factor to the targeted 85%.
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The utility in our example has a kW demand charge of $9.00 and a target power
factor of 85%. The monthly kW billing is determined by the ratio of target power
factor to the existing power factor times kW demand.

Step 1) Calculate amount of monthly kW billing. (as specified by Utility)

100 kW % B85 target pf
S0 existing pf - o2 KW

$9.00 kW demand charge x 1062 kW = $9,558 hilling.

Step 2) Now determine the amount of kVAR required to improve the power factor
to 85%. Simply multiply the kW by the factor obtained from Table 1. The factor to

calculate from .80 to .85 power factor is.130.
130 x 1000 kW = 130 kVAR (required kVAR to meet 85% target pf).

Step 3) Estimate the cost of 130 kVAR of capacitors. (On a480 volt system,
installed capacitor cost is approximately $15/kVAR)

130 kVAR x $15 = $1,950 (capacitor investment)

Step 4) Calculate amount of kW billing with new power factor.

100 kW % 85 target pf _ .
B new pi =1000 KW billing demand

$9.00 kW demand charge x 1000 kW = $9,000 billing.
Step 5) Compare both kW billing charges.

80% pf kW billing $9,558

85% pf kW billing $9,000

$ 558 Savings

A monthly power bill savings of $558 with a 3 1/2 month payback on the
capacitor investment and continued savings thereafter.

EXAMPLE: kVA Demand Charge

Another plant with 400 kW and 520 kV A demand has a power contract which
callsfor ademand charge based on kVA. ThiskVA demand can be reduced if the
power factor is raised.

file:///C|/My%20Documents/electrical/Power%20Factor%20Correction.htm (5 of 14) [22/08/2003 11:56:01 p.m.]



Power Factor Correction

The demand charge in our example is $3.00 per kVA per month. The amount of
capacitor kVAR to be added can be determined by checking the savings which can
be realized after power factor improvement. Often 95% is a good economical
power factor.

Step 1) The Present Power Factor =

KWL %: 77% (alow power factor)

x
I=

Step 2) Let's assume that we install enough capacitors to raise the power factor to
95%. Thiswould reduce the present 520 kVA demand down to 421 kVA.
Calculated asfollows:

Reduced Kif = KW
newy poweer factor

ar

400 _
58 = 427 kWA

Step 3) Since the local power rate includes a monthly $3.00/kV A demand charge,
you would calcul ate the savings in demand charge as follows:

Present kV A—Reduced kVA = kVA Saved
kVA Saved x kVA Demand Charge = $ Savings

or
520 - 421 =99

99 x $3.00 = $297.00 savings per month

If annualized, the savings would be $3564 per year.

Step 4) Now calculate the kVAR size of capacitors required to accomplish the
95'%o0 desired power factor. By referring to Table 1, we find that the multiplier to

go from 77'%'to 95% is 0.500. Thus:

kW x Factor from Table1 = kVAR
or
400 x .500 = 200 kVAR

Step 5) Assuming $ 15 akVAR as acomplete installed cost of 480-volt system
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capacitors, the 200 kVAR would cost about $3000. Therefore, the 200 kVAR will
pay for themselvesin 10 months, and keep right on saving.

Benefit 2 - Gainsin System Capacity

In thermally-limited equipment, such as transformers or cable, capacitors release
capacity and thus allow a greater payload. By furnishing the necessary
magnetizing current for induction motors and transformers, capacitors reduce the
current drawn from the power supply. Less current means less load on
transformers and feeder circuits. If a system has an existing overload, the
capacitors may eliminate it. If the system is not overloaded, capacitors can release
capacity and postpone or avoid an investment in more expensive transformers,
switchgear and cable, otherwise required to serve additional |oads.

EXAMPLE:

There are four steps to follow to calculate the gain in system capacity:

1) Determine how much load increaseisrequired.
L et's assume that 20% more load is expected in the plant.

2) From monthly power bills, deter mine the present kW demand and power
factor.

As shown in Benefit 1, the monthly power bill shows a400 kW demand, 520 kVA
demand and a power factor of 77% (power factor = kW demand divided by kVA
demand).

3) Determine how high the power factor must be raised to gain the capacity
required.

In our example, we want 20% additional capacity. The vertical axis on the graph
below represents released system capacity percentages. Follow the horizontal line
for 20% to the right until you reach the original power factor of .77. Then follow
down to the corrected power factor line which shows approximately 95%. Thisis
the new power factor required to gain the targeted increase in system capacity.
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4) Determinethe kVAR needed to raise power factor torequired level.
Ascalculated in Benefit 1, 200 kVAR is required to achieve 95% power factor.

kW x Factor from Table 1 = kVAR

or
400 x .500 = 200 kVAR

By installing the 200 kVAR of capacitors, the additional 20% capacity is
immediately available for new motor and lighting loads without installing any new
transformers, power lines or distribution equipment. Thisisimportant because in
critical timesthe new transformers and power lines may be difficult to obtain, and
their costs, in most cases, would exceed the $3000 spent for capacitors.

Benefit 3 - Improve Voltage Conditions

Excessive voltage drops can make your motors sluggish, and cause them to
overheat. Low voltage aso interferes with lighting, the proper application of
motor controls and electrical and electronic instruments.

Capacitors will raise your plant voltage level, and keep it up along your feeders,
right out to the last motors. Motor performance isimproved and so is production.

An estimate of voltage rise from the installation of power capacitors to afactory
electrical system can be made.

FORMULA:

% of Yoltage Rise = KYAR Of capacit&sﬁxu:ﬁTL;nﬁ;gsrgger of Transfarrmer

Benefit 4 - Reduce Line L osses
By supplying kilovars at the point they are needed, capacitors relieve the system
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of transmitting reactive current. Since the electrical current in the linesis reduced,
I2R losses decrease. Therefore, fewer kilowatt-hours need to be purchased from
the utility.

FORMULA:

original Power Factor ‘
Improved Power Factor

| nstall ation Recommendations (Where/What Type to Install)

% Feduction of Fower Losses =100 - 100 [

After careful consideration of the advantages and disadvantages of the various
installation options below, care must be taken in sizing and placing power factor
correction capacitors. Leading power factor, greater than 100%, must be avoided.
The capacitors should only be on line when the load requires kVAR and
disconnected when the load is reduced.

OPTION A - Install directly at the single speed induction motor terminals (on the
secondary of the overload relay).

ADVANTAGES:

. Can be switched on or off with the motors, eliminating the need for
separate switching devices or overcurrent protection. Also, only energized
when the motor is running.

. SincekVAR islocated whereit isrequired, line losses and voltage drops
are minimized; while system capacity is maximized.

DISADVANTAGES:

. Installation costs are higher when a large number of individual motors need
correction.

. Overload relay settings must be changed to account for lower motor current
draw.

PRODUCT:
Usually the best location for individual capacitors.

OPTION B - Install between the contactor and the overload relay.

. With this option the overload relay can be set for nameplate full load
current of motor. Otherwise the same as Option A.
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PRODUCT:
Usually the best location for individual capacitors.

OPTION C - Install between the upstream circuit breaker and the contactor.
ADVANTAGES:

. Larger, more cost effective capacitor banks can be installed as they supply
kV AR to several motors. Thisisrecommended for jogging motors, multi-
speed motors and reversing applications.

DISADVANTAGES:

. Since capacitors are not switched with the motors, overcorrection can occur
if all motors are not running.*

. Since reactive current must be carried a greater distance, there are higher
line losses and larger voltage drops.

PRODUCT:

Large banks of fixed kVAR with fusing on each phase or GEMATIC
automatically switched banks.

OPTION D - Ingtall at the main distribution bus.
ADVANTAGES:

. Lower installation cost, since you install fewer banksin large kKVAR
blocks.

DISADVANTAGES:

. Overcorrection can occur under lightly loaded conditions. *
. A separate disconnect switch and overcurrent protection is required.

PRODUCT:
Large banks of fixed kV AR with fusing on each phase or GEMATIC
automatically switched banks.

*This condition can be compensated for by using GEMATIC automatically
switched banks.

Specia Applications
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Power Factor Correction Capacitorson Reduced Voltage Motorsand Multi-
Speed Motors

The following shows capacitor connections for typical starting circuits for reduced
voltage and multi-speed motors. Variations to these circuits do exist. Make sure
that your circuit exactly matches the circuit shown here before applying
capacitors. Failure to do so may result in damage to the motor. The main contacts,
illustrated in the diagrams below as M1, M2, M3, reference the contacts that must
be closed to start or run the motor. Capacitors should be connected on the motor
side of the main contacts.
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Consider Harmonics When Applying Capacitors
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System harmonics should be considered when applying power factor correction
capacitors. Although capacitors do not generate harmonics, under certain
conditions they can amplify existing harmonics. Harmonics are generated when
non-linear loads are applied to power systems. These non-linear |oads include:
adjustable speed drives, programmable controllers, induction furnaces, computers,
and uninterruptible power supplies. Capacitors can be used successfully with non-
linear loads when harmonic resonant conditions are avoided.

To minimize the occurrence of harmonic resonance, the resonant harmonic of the
system including the capacitor should be estimated. The resonant frequency can be
calculated by:

]

=/ vaR

where

h = calculated system harmonic
kV Asc = short circuit power of the system
kVAR = rating of the capacitor

Harmonic values of 5, 7, 11, and 1 3 should be avoided as they correspond to the
characteristic harmonics of non-linear loads. The harmonic value of 3 should also
be avoided as it coincides with harmonics produced during transformer
energization and/or operation of the transformer above rated voltage.

Once identified the resonant harmonics can be avoided in several ways.
1. Change the applied kVAR to avoid unwanted harmonics.

Although thisis the least expensive way to avoid resonant harmonics, it is
not always successful because typically some portion of the applied kVAR
Is switched on and off as load conditions require. The calculation of system
harmonics should be repeated for each level of compensation. Adjusting
the size of the capacitor(s) may be necessary to avoid the harmonic values.

2. Add harmonic filters.

In order to filter harmonics at a specific site, tuned harmonic filters can be
applied. A capacitor is connected in series with an inductor such that the
resonant frequency of the filter equals the harmonic to be eliminated.
Tuned filters should never be applied without a detailed analysis of the
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system. The currents expected to flow in the filter are difficult to predict
and are a complex function of the system and load characteristics.

Harmonic
Generator Foater
| Factor
Tuned ~T~Correction
Filter Capacitar

T

3. Add blocking inductors.

Inductors added to the lines feeding the capacitor can be sized to block
higher than 4th harmonic currents. This method protects the capacitor from
the harmonics but does not eliminate the harmonics from the system. A
system study is required to determine correct ratings for the capacitor and
inductors.

Harmonic
zenerator

-
g Elnduc’mﬁ
/\ ]|
Pl

Capacitars

How to Switch Capacitors Separately

When agroup of motors are so operated that some run while others areidle, a
single capacitor equipment (containing a number of individual capacitor units) can
be connected to the bus to economically supply kilovars to the group. Capacitor
equipments of this type need a separate switching device. The interrupting rating
of the switching device should be at least as great as the short-circuit current
available on the system on which it is applied. The switching device should be
sized to exceed the capacitor nominal current as follows: (Refer to WIRE SIZE

TABLE for capacitor current)

. magnetic breakers: 135%
. fusible switches: 165%
. molded case breakers: 150%
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For small capacitors, a separate wall-mounted switch or air circuit breaker of the
enclosed type can be used. For large capacitors, the breaker or switch can be
housed with the capacitors. When connected through metal-clad switchgear,
capacitors should be treated as any other load and the breaker added to the existing
switchgear.

If alarge number of switching operationsis expected, a solenoid-operated
contactor may be used in place of acircuit breaker. The contactor offers a much
longer expected life when switching normal load current. However, it does not
provide short-circuit protection, so fuses must be added for this purpose where
contactors are used.
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Tablel

Electrical Distribotion and Control
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Table 1 Desired Power Factor in Percent
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541
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.483
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A71
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.523

.549
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.629

.657

.685

713
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.806

.840
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.966

1.027

1.169
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.679

713

.745
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.817

.857

.905

.966
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.329

.355

.381

407

433

459

486

512

.539

.567
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.623

.650

.684

716

.750

.788

.828

.876

.937

1.079

69

.299

.325

.351

377

403

429

456

482

.509

.537

.565

.593

.620

.654

.866

.720

.758

.798

.840

.907

1.049

70

.270

.296
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.348

374

400

427

453

.480

.508

.536

.564

.591

.625

.657

.691

729

769

.811

.878

1.020

71

.242

.268

.294

.320

.346

372

.399

425

452

480

.508

.536

.563

597

.629

.663

.701

741

.783

.850

.992

72

.213

.239

.265

291

317

.343

.370

.396

423

451

479

.507

.534

.568

.600

.634

.672

712

754

.821

.963

73

.186

212

.238

.264

.290

316

.343

.369

.396

424

452

.480

.507

541

573

.607

.645

.685

127

.794

.936

74

.159

.185

211

237

.263

.289

316

.342

.369

397

425

453

.480

.514

.546

.580

.618

.658

.700

767

.909

75

132

.158

.184

.210

.236

.262

.289

.315

.342

.370

.398

426

453

487

.519

.553

591

.631

.673

.740

.882

76

.105

A31

157

.183

.209

.235

.262

.288

315

.343

371

.399

426

.460

492

.526

.564

.604

.652

.713

.855

77

.079

.105

431

157

.183

.209

.236

.262

.289

317

.345

373

.400

434

466

.500

.538

.578

.620

.687

.829

78

.053

.079

.105

131

157

.183

.210

.236

.263

291

.319

.347

.374

408

440

A74

512

.552

.594

.661

.803

79

.026

.052

.078

.104

.130

.156

.183

.209

.236

.264

.292

.320

.347

.381

413

447

485

525

.567

.634

776

80

.000

.026

.052

.078

.104

.130

157

.183

.210

.238

.266

.294

321

.355

.387

421

459

499

541

.608

.750

81

.000

.026

.052

.078

.104

131

157

.184

212

.240

.268

.295

.329

.361

.395

433

473

515

.582

724

82

.000

.026

.052

.078

.105

131

.158

.186

.214

.242

.269

.303

.335

.369

407

447

489

.556

.698

83

.000

.026

.052

.079

.105

132

.160

.188

.216

.243

277

.309
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.343

.381

421

463

.530

.672




Tablel

84| - | - | -~ | - |.000 |.026 |.053 | .079 | .106 | .134 | .162 | .190 | .217 | .251 | .283 | .317 | .355 | .395 | .437 | .504 | .645
85 - | - | = | | - |.000 |.027 | .053 | .080 | .108 | .136 | .164 |.191 | .225 | .257 | .291 | .329 | .369 | .417 | .478 | .620
86 - | - | - | = | - | - |.026 |.026 | .053 | .081 |.109 | .137 |.167 |.198 |.230 |.265 | .301 | .343 | .390 | .451 | .593
87| < | o | o | e | o | o | - | - | .027 | .055 | .082 | .111 |.141 | .172 | .204 | .238 | .275 | .317 | .364 | .425 | .567
88| o | o | e | o | o | oo | - | - | - | .028 | .056 | .084 | .114 | .145 | .177 | .211 | .248 | 290 | .337 | .398 | .540
89 | o | | e | o | o | o | o | - | - |.028 | .056 | .086 | .117 |.149 | .183 | .220 | .262 | .309 | .370 | .512
90| —mm | | | e | e e | e | e | o | - | - 028 | .058 | .089 | .121 |.155 | .192 | .234 |.281 | .342 | .484
91 - | | e | e | e | e | e | e | o | o | - | - | 030 | .061 | .093 | .127 | .164 | .206 | .253 | .314 | .456
92| e | o | e | e | e | e | e | o | o | e | - | - | - | .031|.063 |.097 | .134 | .176 | .223 | .284 | .426
B - | - | |||~ |-—] - |.032]|.066]|.103 |.145 |.192 | .253 | .395
94 o | | e | e | e | e e | e e e | e | e | e | o= | - | 034 | .071 | .113 | .160 | .221 | .363
5 | | e | e | e | e | e | e | e | e e | e | e | e | - | - 1,037 | .079 | .126 | .187 | .328
W oome | - | |~ -] -] -]~ |.042].089].150 | .292
97| e | oo | e | e | e e | e | e e | e | e e | e | e e | e | - | - | 047 | 108 | 251
S T e e T e e I sy Y To 5 R -0
Pl e |- || -] -] -] -] ]|142
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