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Power FactorPower Factor

Power Factor 101Power Factor 101--
WikipediaWikipedia’’s definition of power factors definition of power factor
The different views of power factor The different views of power factor 
Who pays for a poor power factorWho pays for a poor power factor
The simple way to correct a poor power factorThe simple way to correct a poor power factor
Correction Correction ““atat--thethe--mainmain”” or or ““atat--the loadthe load””
Simple is not always simpleSimple is not always simple



Power Factor DefinedPower Factor Defined

WikipediaWikipedia’’s definition of Power Factors definition of Power Factor
The power factor of an AC electric power system is The power factor of an AC electric power system is 
defined as the ratio of the real power to the apparent defined as the ratio of the real power to the apparent 
power, and is a number between 0 and 1 (frequently power, and is a number between 0 and 1 (frequently 
expressed as a percentage, e.g. 0.5 pf = 50% pf).expressed as a percentage, e.g. 0.5 pf = 50% pf).

Real power?Real power?
Apparent power?!Apparent power?!



Power Factor DefinedPower Factor Defined
Power, power, whoPower, power, who’’s got the power?s got the power?
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Power Factor DefinedPower Factor Defined
The power factor triangle helps us all be on the same page The power factor triangle helps us all be on the same page --

kW
Real

Active

kVAr
Imaginary
ReactivekVA

Apparent
Total

θ

pf = kW / pf = kW / kVAkVA
when when kVAkVA is unknown:is unknown:
arctanarctan ( ( kVArkVAr / kW ) = / kW ) = θθ

pf = pf = coscos θθ

Note:Note:
arctanarctan on a calculator on a calculator 

is shown as tanis shown as tan--11



A simple view of powerA simple view of power

Inductive loads require two kinds of power to operate: 
 

 Active Power (kW) 
• Actually performs the work 

 
 Reactive Power (kVAR) 
• Maintains the electro-magnetic field 

Apparent Power (kVA)
• Total power (vector sum of active and 

reactive power)



Not an imaginary powerNot an imaginary power
Warning:Warning: Reactive power (Reactive power (kVArkVAr) may cause side) may cause side--effects:effects:

Symptoms may include leading power factor Symptoms may include leading power factor -- a.k.a. the ICE.a.k.a. the ICE.
Common sideCommon side--effects entail a lagging power factor effects entail a lagging power factor –– a.k.a. the a.k.a. the ELIsELIs. . 

ICE ICE –– current (I) in a capacitive system (C) leads voltage (E)current (I) in a capacitive system (C) leads voltage (E)

ELI ELI –– voltage (E) in an inductive system (L) leads current (I)voltage (E) in an inductive system (L) leads current (I)

Or CIVILOr CIVIL
CIV CIV –– Capacitance (C) makes current (I) lead voltage (V)Capacitance (C) makes current (I) lead voltage (V)

VIL VIL –– Voltage (V) leads current (I) in inductance (L) Voltage (V) leads current (I) in inductance (L) 



Show me a sine!Show me a sine!
The sine wave in a perfect world The sine wave in a perfect world ––

In a perfect world In a perfect world kVAkVA would equal kWwould equal kW
and and kVArkVAr would always total zerowould always total zero



Show me a sine!Show me a sine!
The sine wave in an The sine wave in an almostalmost real world real world ––

In the real world In the real world kVAkVA will be greater than kWwill be greater than kW
and and kVArkVAr rarely totals zerorarely totals zero



Why worry about power factor?Why worry about power factor?
Answer in a nutshell Answer in a nutshell ––
Poor power factor wastes resources Poor power factor wastes resources 
for the utility and the end user.for the utility and the end user.

•• Deceases grid capacityDeceases grid capacity

•• Loads transformers with reactive powerLoads transformers with reactive power

•• Increases line (IIncreases line (I22R) lossesR) losses



Where you can find poor power factor?Where you can find poor power factor?

Low power factor typically results when motors are operated at 
significantly less than full load.  Other examples of motors with low 
power factor:

• Conveyors
• Compressors
• Grinders
• Punch Presses

DeviceDevice Power FactorPower Factor

Incandescent LightsIncandescent Lights 0.99+0.99+

Resistive HeatingResistive Heating 0.99+0.99+
Air Handler MotorAir Handler Motor 0.800.80
Saw Mill MotorSaw Mill Motor 0.500.50



Who pays for poor power factor?Who pays for poor power factor?
Everyone Everyone ––
In one way or another we all pay for poor In one way or another we all pay for poor 
power factor but only the large offenders power factor but only the large offenders 
pay an actual power factor penalty.  With pay an actual power factor penalty.  With 
power factor minimums ranging from .80 power factor minimums ranging from .80 
all the way up to .95 across the U.S. all the way up to .95 across the U.S. 
those penalties can vary greatly from those penalties can vary greatly from 
state to state as well as utility to utility.state to state as well as utility to utility.



Who pays for poor power factor?Who pays for poor power factor?

For a midFor a mid--size Primary Service Customer:size Primary Service Customer:

% Power Factor Penalty% Power Factor Penalty 1%1% 2%2% 3%3% 25%25%

Monthly Electric BillMonthly Electric Bill $17,500 $17,500 $17,500 $17,500 $17,500 $17,500 $17,500 $17,500 

Monthly Power Factor PenaltyMonthly Power Factor Penalty $175 $175 $350 $350 $525 $525 $4,375 $4,375 

Estimated Cost to CorrectEstimated Cost to Correct $5,500 $5,500 $6,875 $6,875 $8,800 $8,800 $11,000 $11,000 

Simple Payback (months)Simple Payback (months) 3131 2020 1717 33

For a largeFor a large--size Primary Service Customer:size Primary Service Customer:

% Power Factor Penalty% Power Factor Penalty 1%1% 2%2% 3%3% 25%25%

Monthly Electric BillMonthly Electric Bill $100,000 $100,000 $100,000 $100,000 $100,000 $100,000 $100,000 $100,000 

Monthly Power Factor PenaltyMonthly Power Factor Penalty $1,000 $1,000 $2,000 $2,000 $3,000 $3,000 $25,000 $25,000 

Estimated Cost to CorrectEstimated Cost to Correct $6,875 $6,875 $9,075 $9,075 $11,000 $11,000 $17,875 $17,875 

Simple Payback (months)Simple Payback (months) 77 55 44 11

In the DTE service area a .849 power factor will result in a 1% In the DTE service area a .849 power factor will result in a 1% adder to adder to 
your electric bill.  Below are tables, from the DTE website, to your electric bill.  Below are tables, from the DTE website, to help help 
customers understand power factor penalty costs.  customers understand power factor penalty costs.  



The simple way to correctThe simple way to correct
Without Capacitor

With Capacitor

Utility Motor Motor

Utility Motor Motor Capacitor

Reactive Power
Active Power
Available Active Power

Capacitor acts 
as a reactive 
generator



The simple way to correctThe simple way to correct
How much How much kVArkVAr do I need?do I need?
The The kVArkVAr requirements will depend on the requirements will depend on the 
present power factor, the desired power present power factor, the desired power 
factor and the kilowatt usage.  Just plug factor and the kilowatt usage.  Just plug 
those numbers in to this simple formula those numbers in to this simple formula --

Kilowatts x



A simpler way to correctA simpler way to correct
Example using a power factor tableExample using a power factor table--

The utility bill shows a power factor of 0.72 with an 
average KW of 627.  How much kVAr is required to 
improve power factor to 0.95?

Using the PF Multiplier Table  (next slide)

1. Locate 0.72 (original PF) in column 1.
2. Read across desired PF to 0.95 column, intersect at 0.635
3. Multiply 627 (average KW) by 0.635 = 398 kVAr
4. Install 400 kVAr to improve PF to 95%



A simpler way to correctA simpler way to correct
Use the tablesUse the tables--



““AtAt--thethe--MainMain”” or or ““AtAt--thethe--LoadLoad””??
Our example needs 400 Our example needs 400 kVArkVAr installed to reach their installed to reach their 
desired power factor. So where do we install it?desired power factor. So where do we install it?

We could install a 400 We could install a 400 kVArkVAr automatic capacitor bank automatic capacitor bank 
at the main service entry.at the main service entry.

We could install several small capacitor at the loads We could install several small capacitor at the loads 
that would total 400 that would total 400 kVArkVAr..

The facility layout will usually determine the application The facility layout will usually determine the application 
of the of the kVArkVAr..

Both Both ““atat--thethe--mainmain”” and and ““atat--thethe--loadload”” may be used may be used 
simultaneously in the facility. simultaneously in the facility. 



““AtAt--thethe--MainMain”” or or ““AtAt--thethe--LoadLoad””??
““AtAt--thethe--mainmain”” and and ““atat--thethe--loadload”” capacitor applications capacitor applications 
have advantages and disadvantages.have advantages and disadvantages.

Those factors include Those factors include ––

•• Installation costs  Installation costs  
•• Equipment costsEquipment costs
•• System flexibilitySystem flexibility
•• Line (ILine (I22R) lossesR) losses
•• HarmonicsHarmonics



Simple is not always simpleSimple is not always simple
When it comes to capacitors that statement can be When it comes to capacitors that statement can be 
boiled down to one word boiled down to one word ––

HarmonicsHarmonics

Now for the fun stuff!Now for the fun stuff!



The Hand OffThe Hand Off
Thank you for letting me present the power factor Thank you for letting me present the power factor 
portion of today's seminar and now I turn the floor portion of today's seminar and now I turn the floor 
over to Julie VanDyne for the harmonic portion.over to Julie VanDyne for the harmonic portion.

Eric Zobel
Myron Zucker, Inc.
36825 Metro Court
Sterling Heights, MI
ezobel@myronzucker.com
www.myronzucker.com

Julie VanDyne P.E.
IDC Engineering, Inc.

1755 Shawnee Rd., #301
Lima, Ohio 45805

jvandyne@idcengr.com
www.idcengr.com

mailto:ezobel@myronzucker.com
http://www.myronzucker.com/
mailto:Jvandyne@idcengr.com
http://www.idcengr.com/


Power Quality Power Quality 
HarmonicsHarmonics
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Capacitance/Power QualityCapacitance/Power Quality

Up to now, weUp to now, we’’ve talked about power ve talked about power 
factor and power factor correctionfactor and power factor correction
Adding capacitance changes the supply Adding capacitance changes the supply 
system impedancesystem impedance
The change in impedance can lead to The change in impedance can lead to 
harmonic resonance problemsharmonic resonance problems
Resonance is not just a steady state Resonance is not just a steady state 
problem, but worse, a problem, but worse, a transienttransient problem!problem!



HarmonicsHarmonics

HarmonicsHarmonics
Define what they areDefine what they are
How they come about in Power SystemsHow they come about in Power Systems
Characteristics of Individual HarmonicsCharacteristics of Individual Harmonics
Motor Drive SystemsMotor Drive Systems
Effects on power systems Effects on power systems -- ConsequencesConsequences



HarmonicsHarmonics
PrimerPrimer

Fourier Fourier -- French Mathematician French Mathematician 

Describe any Describe any waveshapewaveshape as the sum of as the sum of 
a fundamental sinusoidal wave and an a fundamental sinusoidal wave and an 
infinite series of harmonic sinusoidal infinite series of harmonic sinusoidal 
waveswaves

FundamentalFundamental
WaveshapeWaveshape



HarmonicsHarmonics
Fundamental and Third Fundamental and Third 

HarmonicHarmonic

Fundamental and Fifth Fundamental and Fifth 
HarmonicHarmonic

Fundamental and Seventh Fundamental and Seventh 
HarmonicHarmonic



Harmonic DistortionHarmonic Distortion

Fundamental Minus Third HarmonicFundamental Minus Third Harmonic



HarmonicsHarmonics

LinearLinear Non Non -- LinearLinear

Linear vs. Non Linear Loads

Voltage

Current - Htr

Current - Mtr

Voltage

Computer



HarmonicsHarmonics

Switching Mode Power Supply

Voltage

Computer



HarmonicsHarmonics

Linear Load Linear Load Linear Voltage DropLinear Voltage Drop
No No WaveshapeWaveshape DistortionDistortion

Non Linear Loads Non Linear Loads Non Linear Voltage DropNon Linear Voltage Drop
WaveshapeWaveshape DistortionDistortion



HarmonicsHarmonics
Linear Vs. NonLinear Vs. Non--LinearLinear

Load (I) and Source (V)Load (I) and Source (V)
(Combined System Impedance (Combined System Impedance 

(Z))(Z))

Ohms LawOhms Law
E = I * ZE = I * Z

Distorted Voltage Waveform Distorted Voltage Waveform --
Voltage Drop at the Third Voltage Drop at the Third 

HarmonicHarmonic



Ph A

Ph B

Ph C

Drive HarmonicsDrive Harmonics

A
B
C

DC Link



Harmonic DistortionHarmonic Distortion

Fundamental With Voltage Drop at the Fifth and Fundamental With Voltage Drop at the Fifth and 
Seventh HarmonicSeventh Harmonic



Ph A

Ph B

Ph C

Harmonic RotationHarmonic Rotation
FundamentalFundamental

Ph A

Ph B
Ph C

Ph A
Ph B

Ph C

Third HarmonicThird Harmonic

Fifth HarmonicFifth Harmonic
Ph A
Ph B
Ph C



Harmonic RotationHarmonic Rotation

FundamentalFundamental PositivePositive
SecondSecond NegativeNegative
ThirdThird ZeroZero
FourthFourth PositivePositive
FifthFifth NegativeNegative
SixthSixth ZeroZero
SeventhSeventh PositivePositive
EighthEighth NegativeNegative
NinthNinth ZeroZero
TenthTenth PositivePositive
EleventhEleventh NegativeNegative
TwelfthTwelfth ZeroZero
ThirteenthThirteenth PositivePositive
FourteenthFourteenth NegativeNegative
FifteenthFifteenth ZeroZero



ConsequencesConsequences

MotorsMotors
Reverse TorqueReverse Torque
Overheating Overheating 
Shortened lifeShortened life

TransformersTransformers
Increased LossesIncreased Losses
OverheatingOverheating
Shortened lifeShortened life

CapacitorsCapacitors
Increased CurrentIncreased Current
OverheatingOverheating
Shortened lifeShortened life

Plant ElectronicsPlant Electronics
MisoperationMisoperation
FailureFailure
DowntimeDowntime



Distortion LevelsDistortion Levels

IEEE 519IEEE 519--19921992
All Harmonics All Harmonics -- Voltage (THD)  <5% (<10%) for Voltage (THD)  <5% (<10%) for 
STEADY STATESTEADY STATE
Problems often show up as TRANSIENTSProblems often show up as TRANSIENTS



HarmonicsHarmonics

ReviewReview
Harmonics are a way to describe the result of Harmonics are a way to describe the result of 
nonnon--linear loads on the power systemlinear loads on the power system
Basic Limit of 5% (10%) for Voltage DistortionBasic Limit of 5% (10%) for Voltage Distortion
Current Distortion Limit Depends on System, Current Distortion Limit Depends on System, 
Currently under reviewCurrently under review



Source IssuesSource Issues

So Far So Far -- Only Load IssuesOnly Load Issues

Source Impedance has been assumed to Source Impedance has been assumed to 
be constant/linearbe constant/linear



Source IssuesSource Issues

Look at the Source of our loadsLook at the Source of our loads
Determine its characteristicsDetermine its characteristics
How these characteristics impact the How these characteristics impact the 
Distortion EquationDistortion Equation
How we can affect the characteristicsHow we can affect the characteristics
FilteringFiltering
•• Capacitors/Ratings/IssuesCapacitors/Ratings/Issues



Source IssuesSource Issues
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Source IssuesSource Issues
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Source IssuesSource Issues

Norton Equivalent 
Circuit

XT XC
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Source IssuesSource Issues

Norton    
Equivalent Circuit

XT XC
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Source IssuesSource Issues

Norton    
Equivalent Circuit

ZS
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Source IssuesSource Issues

Norton    
Equivalent Circuit

ZS
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Source IssuesSource Issues

Norton    
Equivalent Circuit
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Tuning With CapacitorsTuning With Capacitors

Capacitor TolerancesCapacitor Tolerances

In harmonic rich environments, capacitors form the low In harmonic rich environments, capacitors form the low 
impedance path to source currentimpedance path to source current
In filter applications, capacitors also must tolerate higher In filter applications, capacitors also must tolerate higher 
voltagesvoltages

XT
XC



Tuning With CapacitorsTuning With Capacitors

Capacitor TolerancesCapacitor Tolerances
United States: IEEE 18United States: IEEE 18--20022002
•• CapabilityCapability

Line to Neutral   Line to Neutral   110% Continuous110% Continuous
Line to LineLine to Line 120% Continuous120% Continuous
CurrentCurrent 180% Continuous180% Continuous
VarVar OutputOutput 135% Continuous135% Continuous

Europe: CE Standards call for Europe: CE Standards call for 88 hour periodhour period
Remember that these standards are Remember that these standards are 
RecommendationsRecommendations, not , not Code,Code, and can and can 
therefore be ignored by manufacturerstherefore be ignored by manufacturers



Tuning With CapacitorsTuning With Capacitors

Capacitors Capacitors -- Two typesTwo types

Dry Dry -- usually polyester film dielectricusually polyester film dielectric

Oil Filled Oil Filled -- oil impregnated oil impregnated kraftkraft paper paper 
dielectricdielectric

Oil Filled Oil Filled –– oil immersed oil immersed polypropelenepolypropelene
dielectricdielectric



Tuning With CapacitorsTuning With Capacitors

Dry Type CapacitorsDry Type Capacitors
Pros Pros 

•• InexpensiveInexpensive
•• lightweightlightweight
•• environmentally friendlyenvironmentally friendly

ConsCons
•• Do not meet IEEE 18Do not meet IEEE 18--2002 standards2002 standards

Short life in industrial applicationsShort life in industrial applications
•• Poor Thermal CharacteristicsPoor Thermal Characteristics

Short Life Cycle: 30,000 to 80,000 Hours  Short Life Cycle: 30,000 to 80,000 Hours  WithinWithin Ratings, Less Ratings, Less 
Under Harsh Circumstances.Under Harsh Circumstances.
Require frequent replacement (3 to 9 years)Require frequent replacement (3 to 9 years)



Tuning With CapacitorsTuning With Capacitors

Oil Filled CapacitorsOil Filled Capacitors
Pros:Pros:
•• TendTend to meet or exceed IEEE 18to meet or exceed IEEE 18--2002 Standard2002 Standard
•• Excellent Thermal CharacteristicsExcellent Thermal Characteristics

Competent in harsh environmentsCompetent in harsh environments
Extremely long life Extremely long life -- Typically 200,000 HoursTypically 200,000 Hours

> 20 years> 20 years

ConsCons
•• Environmental questionsEnvironmental questions

Have approximately 8 oz fluid per cell (50 to 100 Have approximately 8 oz fluid per cell (50 to 100 kvarkvar))



Source IssuesSource Issues

Power System is Basically InductivePower System is Basically Inductive
Adding capacitance creates tuned systemAdding capacitance creates tuned system
Careful tuning of capacitors can benefit Careful tuning of capacitors can benefit 
systemsystem
Tuning capacitors requires more robust Tuning capacitors requires more robust 
capacitorscapacitors
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