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Industrial Power Quality 

Base Research: PQ 

Compatibility (PS1C) 

PQ Standards 

PQ Device Sensitivity, PQ 

Contribution,  & Mitigation 

PQ Investigation Tools 

Base Research: PQ 

Knowledge (PS1D) 

MyPQ website 

PQ Resources 

PQ Hotline 

Supplemental Research 

Training 

Site Investigations 

RESD Testing 
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EPRIôs Industrial Energy Efficiency and Power 

Quality Work 

ÅHeaded up primarily from Knoxville, we specialize in solving EE & 

PQ Problems In all Manufacturing Sectors 

ÅOur Primary mission is to Focus on Reducing End Use Customer 

Losses by improving process energy efficiency and PQ through: 

 

ïTesting (lab and field) 

ïEE & PQ Audits 

ïConsulting with OEMs 

ïTraining 

ïPortable Test Hardware 
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EPRI Industrial Site Investigations1996-2008  

Semiconductor Plastics Machining Food Processing

Automotive Aviation Paper/Printing Petrochemical

Commercial General Mfr Glass Chemical

Heavy Inudustry Electronic Assembly Textile Pharmaceutical
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Presentation Outline 

Å9 AM - Power Quality:  

ï The Electrical Environment: Common Levels of Power Quality 

ï Voltage Sags and Solutions (use the PQ Investigator) 

ï Power Factor Correction 

ï Harmonics Concerns and Solutions 

ï Case Studies 

Å Break 2:50 (15 Minutes) 

Å 10:30 PM - Energy Efficiency: 

ï Reduction of Thermal Losses/Waste Heat Recovery 

ï Upgrading of Lighting Technology and Controls 

ï Use of Premium Efficiency Motors 

ï Efficient Application of Adjustable Speed Drives 

ï Compressed Air Best Practices 

ï Chilled Water Systems 

ï Advanced Technologies 

ï Case Studies 

ï ISO 50001/Superior Energy Performance 

ï FYI ï Use of DOE Industrial Technologies Program (ITP) Tools 

Å12:00 PM - Conclusion  

 



ïThe Electrical Environment: Common Levels 
of Power Quality 

ïVoltage Sags and Solutions (use the PQ 
Investigator) 

ïPower Factor Correction 

ïHarmonics Concerns and Solutions 

ïCase Studies 

 

PQ Session 



The Electrical Environment: Common Levels of 

Power Quality 
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IEEE-1159 
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Why is PQ Important?  

ÅWhat happens to a manufacturing process when a power 

quality problem occurs? 

ÅWho is to blame? 

ÅHow do we work together to fix the problems? 
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Interrelated Processes 

Air Compressor

Power

Source

Process

Exhaust

PCW

Pump

Power

Process

Mechanical

Automated

Process

Interlocked

Automated

Process

Is Compressed

Air Present?

Is Process

Cooling Water

Present?

Are the Exahaust

Systems Running?

Is Power

Present?

Is Interlocked

Process Running?

Ok to Run

Automated

Process
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REPEATED

Stop

Automated
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Typical Reported Per Event Cost of  PQ Disturbance 

No. Process 
Reported 

Cost Service Voltage Load 

1 Semiconductor $1,500,000 69 kV 25 MW 

2 Semiconductor $1,400,000 161 kV 30 MW 

3 Semiconductor $  700,000 12.5 kV 10 MW 

4 Metal Casting $  200,000 13.8 kV 16 MW 

5 Chemical Plant $  160,000 12.5 kV 5 MW 

6 Pulp and Paper Mill $  110,000 161kV 100 MW 

7 Aerospace Engine Machining $  100,000 13.8kV 10 MW 

8 Food and Beverage $   87,000 12.5 kV 5 MW 

9 Chemical Plant $   75,000 66kV 3 MW 

10 Chemical Plant $   75,000 66kV 5 MW 

11 Electronic Components $   75,000 12.5 kV 5 MW 

12 Crystal Growth $   60,000 12.5 kV 1 MW 

13 Chemical Plant $   46,175 66kV 30 MW 

14 Wiring Manufacturing $   34,000 12.5 kV 2 MW 

15 Chemical Plant $   18,000 12.5 kV 2 MW 

16 Fibers Plant $   15,000 12.5 kV 1 MW 

17 Paper and Packaging $   10,000 12.5 kV 4 MW 

18 Plastic Bag Manufacturing $   10,000 480V 4 MW 

19 Plastics $   7,500 12.5 kV 4 MW 

20 Stainless Steel Manufacturing $   5,500 12.5 kV 2 MW 

 

Automotive 

Reported as high 

as $700,000. 
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Reliability/Power Quality Myth 1 

ÅThose annoying Sags, ñbrown-outsò and interruptions 

are due to insufficient utility capacity 

ïespecially when it occurs during peak summer 

periods 

ïperception strong in mature or rapidly developing 

service areas 

ïmis-information can add confusion 
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Reliability/Power Quality Reality 1 

ÅThose annoying Sags and interruptions are most 

likely due to distribution faults and short circuits 

ïinterruptions (0 to 10% of nominal volts) 

Åmomentary in duration (up to 5 minutes duration) 

Åsustained or extended duration (> than 5 min.) 

ïvoltage sags (10-90% of nominal volts) 

Åresulting from fault clearing on parallel or ñsisterò 

circuits 



15 © 2012 Electric Power Research Institute, Inc. All rights reserved. 

EPRI Power Quality and  Energy Efficiency Presentation 

Outage or Sag ? 

Sag 

Sag 

Outage 
Fault 

Utility Substation 

Customer A 

Customer B 

Customer C 
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Targeting by Cause 

Florida 

Northwest US 

EPRI Fault Study 
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Effects of Voltage Sags 

ÅLights may or may not flicker 

ÅEquipment shutdown or malfunction  

ÅCan result in production downtime an/or 

product loss 

 

-1

-0.5

0

0.5

1

0 1 2 3 4 5 6 7 8

Duration (4 Cycle)

Magnitude (50% of nominal)

(MagDur) 

For every 1 momentary interruption a customer will see 8 

voltage sags (EPRI DPQ Study) 
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Voltage Sags - How Many Phases ñsagò? 

One Phase 

68% 

Two Phases 

19% 

Three  

Phases 

13% 

Source: EPRI Distribution Power Quality Study  
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Why Voltage Sags Occur... 

Å Line-to-Ground/Line-to-Line Faults Occur 
   on the Utility System due to:    
 - Weather  
 - Trees 
 - Public Interference 
Å Internally induced facility events  

(starting of large high inrush load) 
 
Å Although the utility can reduce the number of 
   events (tree trimming, root cause analysis), 
   it is impossible to eliminate all voltage Sags. 
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Rural Site 5 Minute Aggregation, 14 Months of Data 
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Rural Site Summary of Events 

Voltage Sags Count 

Major Storm 6 

Weather Lightning Storm 6 

No Trouble Tickets/operations 26 

Blown transformer fuse due to squirrel 10 

TIR outage beyond protective Device  10 

TOR outage beyond protective Device  15 

Failed equipment  5 

Blown fuse at Adjacent Industrial 2 

Adjacent Industrial Substation Fire  1 

Vehicle accident  1 

Interruptions Count 

Scheduled outages  2 

Station Breaker outage, Bird contact pole fire near Site 1 

Station Breaker operated, Weather lightning, tree contact  1 

Note: 

TOR ï Tree Outside of Right-Of-Way 

TIR ï Tree Inside Right-Of-Way 
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Is it the Plant Equipmentôs Fault? 
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Goal ï Extending the Operating Envelope 

ñExtending the operating envelopeò of equipment means that we have 

to reduce the area of equipment malfunctions by enabling the 

equipment to ride through deeper and longer voltage sags.  
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Important Realization  

ÅUtilities Share Responsibility 

ïTree Trimming, Lightning Arrestors, Grounding, 

Maintenance, Provide PQ information to industrials, etc 

 

ÅIndustrial sites Share Responsibility 

ïUnderstanding Equipment Vulnerability, PQ 

Specifications, Power Conditioning, Proper 

Wiring/Grounding, etc 

 

ÅMost effective solutions are reached when both sides 

work together to see what can be done 



Voltage Sags and Solutions 
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Common Weak Links ï AC Powered Relays, 

Contactors, Motor Starters, PLCs 
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AC Circuits that can be Sensitive 
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Another Example Weak Link - Drive Interfacing 

Circuits 

ÅAB Power Flex 700 

ÅDrive is compliant to 

SEMI F47  

ÅUtilizes Run Relay and 

Stop Interposing Relays 

 (ñice cubesò). 

ÅPowered from 500VA 

CPT in cabinet, circuit 

goes to field start and 

stop pushbuttons and 

back to relays in drive 

cabinet 
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Example Panel Analysis 
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PQ Investigator Tool 

ÅEPRI has developed a new tool 

called PQ Investigator 

ÅThis tool allows for look up of 

hundreds of device ride-through 

curves 

ÅUtilities may have access to the 

s/w and can help 
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Specify Voltage Sag Standards in Purchase 

Specs 

ÅExample Specs 

ïSEMI F47 

ÅFrom Semiconductor 

Industry 

ÅMost control OEMs 

have compliant 

hardware 

ïIEC 61000-4-11/34 

ÅClass 3 

ïIEEE P1668  

Å(Balloting Soon) 
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Draft IEEE  

P1668 Excerpt  

Å1,2, & 3 phase 
voltage sag 
requirements 

ÅComprehensive 
document: 

ïPrimer on Voltage 
Sags 

ïRecommended test 
requirements 

ïTest Procedures & 
Guidelines 

ïTest Equipment 
Requirements 

ïCertification and 
Test Report 
Requirements 
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Design with DC Power 

ÅOne of the best methods of 
increasing the tolerance of control 
circuits is to use direct current (DC) 
instead of alternating current (AC) to 
power control circuits, controllers, 
input/output devices (I/O), and 
sensors.  

ÅDC power supplies have a ñbuilt-inò 
tolerance to voltage sags due to their 
ripple-correction capacitors, whereas 
control power transformers (CPTs) 
and AC components do not have 
inherent energy storage to help them 
ride through voltage sags  

ÅMany OEMs are moving in this 
direction to harden their equipment 
designs 

DC Powered Emergency Off Circuit 

DC Powered 

 PLC Circuit 
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DC Powered PLC System in Weld Shop 
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Utilize Sag Tolerant  

Components 

Å IF AC Relays and Contactors are 

used in the semiconductor tool 

design, then utilize compliant 

devices. 

Å Consider response at both 50 

and 60 Hz. 

Å Many components have been 

certified to SEMI F47. 

 

            

             

Telemecanique LC1F150 Coil LX9FF220

Voltage Sag Ride Through Curve 
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Examine Configuration 

Settings 

ÅIn most cases, drive 

manufacturers give users 

access to basic microprocessor 

program parameters so that the 

drive can be configured to work 

in the userôs particular 

application.  

ÅA driveôs programming 

parameters associated with 

reducing the effect of voltage 

sags are seldom describes in 

one section of the user manual.  
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Other Considerations 

ÅMake sure the device rated voltage matches the nominal 

voltage. Mismatches can lead to higher voltage sag 

sensitivities (for example 208Vac fed to 230Vac rated  

component). 

ÅConsider Subsystem performance.  Vendor subsystems must 

be robust for the entire system to be robust. Otherwise, power 

conditioning may be required for the subsystem.  

ÅConsolidate Control Power Sources. This will make the 

implementation of any required power conditioner scheme 

much simpler and cost effective. 

ÅUse a targeted voltage conditioning approach as the last 

resort. Apply Batteryless power conditioner devices where 

possible. 
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Example PQ Solution Levels 

Machine or Subsystem Level  

Power Conditioning 

 

Control Level 

 Power Conditioning 
(1/10th to 1/20th of Machine Level Power Conditioner Cost) 

Control Level 

 Embedded DC Solution 
(Best done by OEM in design phase) 
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Uninterruptible Power Supply (UPS) 

 

Battery Based 

UPS 

Are Often 

ñOverkillò  

For Control Loads 

Small 500Va to 

3kVA 

UPS Systems are 

sometimes Used 

ñAbandoned in Placeò UPS Systems:  

A Common Problem  
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PQ Mitigation Devices 

1 f f - f 3 f

3f ProDySC 0% / 2 sec. 30% / 2 sec. 50% / 2 sec. at full load

45% / 30 sec. 45% / 30 sec. 50% / 30 sec.

25% / 30 sec. 25% / 30 sec. 50% / 30 sec.

1f Contrl Ckt PowerRide RTD 0% / 2+ sec.
0% A-B, B-C; 70-

80% C-A / 2+ sec.
70-80% / 2+ sec. 3-phase Input, 1-phase Output

1f Contrl Ckt MiniDySC
0% / 0.05 sec.           

50% / 2 sec.
n/a n/a

1f Contrl Ckt CVT 40-50% / 2+ sec. n/a n/a

1f Contrl Ckt VDC (6T Model) 37% / 2+ sec. n/a n/a

1f Contrl Ckt
Coil Hold-in (CoilLock 

and KnowTrip)
25% / 2+ sec. n/a n/a for relays, contactors, motor starters

3f
AVC (two rated 

models)
at full load

Comparison of Power Conditioning Devices

Coverage (Vnom) / Duration
Application Device Notes

3f 

3f 

1f 

1f 

1f 

1f 

1f 

1 f   f - f 3 f 
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Generalized Example:  

Control Level to Equipment Level 

Cost vs. Coverage 

+ 

+ 
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Example Control Level Solution 

Application 

ÅThe CVT is protecting only the 

AC control components means 

that the selected power 

conditioner will be more 

affordable than one that could 

protect the entire machine.  

ÅThe ride-though of the AC 

drives in this example can be 

enhanced by modifying their 

programming, thus eliminating 

the need for a large power 

conditioner. 
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New Solution for an Old Problem: 

EPRI Nice Cube Block Concept & Prototype 

Original ñAC Ice Cubeò 

Drop out ~70% Vnom 

Remove ñAC Ice Cubeò Insert 

 ñNice Cubeò Puck Into Base 

Insert ñDC Ice Cubeò 

Drop Out ~ 25-30% Vnom 
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EPRI / PQSI Design Concepts for Nice Cube 

ñPuckò/ ñBrickò 

ÅLeft concept:  
ï Designated ñNice Cube #1ò  (Vertical) 

ï Square ñlego blockò plugs into existing base 

ï Keyed to plug in only one way 

ï Off the shelf ñlego likeò enclosure for electronics 

ÅMiddle concept: 
ï Designated ñNice Cube #2ò  (horizontal) 

ï Block is offset to not add height to relay  

ÅImportant where vertical space could be 
limited 

ï Off the shelf ñlego likeò enclosure for electronics 

ÅRight concept: 
ï Nixed based on production cost 

ï Puck is made from PVC and mounts on top. 

ï Keyed to plug in only one way  

ï Relay sticks up higher 

 
 

Nice Cube Concepts 

 

110Vdc or 24Vdc relays 
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Solution Application Points  

ÅVoltage Sags may be mitigated at a variety of locations 

ÅService Entrance, Panel Feeder, Panel, Machine, and Control Levels. 

 

Example Network: 
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ÅAB PLC 5 

ï78% Vnom 

ïRemote rack ï 72% 
Vnom 

ÅIdec RY4S ï ac ñIce 
Cubeò relays 

ï~70% Vnom 
RR3B 

AB 

Example Problem ï Multiple Cabinets Fed 
from Centralized Control Power Panels 
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Example Solution: Distribution 
Panel Level Mitigation 

ÅRemove 
abandoned UPS 
and use UPS 
bypass switch 
already in place 

ÅFour distribution 
panels in room for 
Extruder lines 
plus one 
additional for 
other related 
control loads 
(5 total) 
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Another Distribution Panel Example 

ÅSometimes the most effective 

solution is to provide 

conditioned power for the entire 

IPP Panel. Advantages of this 

approach include: 

ïSimplified Cut Over/Fewer 

Touch Points 

ïSingle Power Conditioner for 

many loads 

ïWhen sized to support kVA 

of transformer, this approach 

will support future expansion 

in panels 

 

3-Phase 

480Vac

Power 

Conditioner

Xformer

480/208

3-Phase

30kVA

IPP-PC

480Vac

3-Phase

MCC Bus
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Example Control Level Option  

(Area Wide Power Distribution for CPT Primaries) 

ÅFewer, larger sag mitigation devices 

ïFewer touch points but more expensive mitigation devices 

ïNew 480Vac Panel, new conduit and wiring to machine controls 

ïLabor costs 
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Feeder Level Mitigation Scenarios 

 

ÅMultiple very large sag 

mitigation devices 

ïFewer installation points, less 

wiring, conduit, & labor 

ïHigher Equipment Costs 

ïMore Comprehensive 

Coverage 

ïSome Typical Voltage Sag 

Solutions 

ÅOmniverter AVC 

ÅSoftswitching DySC  
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Conclusions 

ÅItôs a team effort to solve these problems, the 
utility, industrial/commercial, and sometimes 
consultants need to come together.  

ÅUnderstanding why your equipment is vulnerable 
is paramount.  You canôt fix a problem without 
understanding the true cause.  

ÅMoving forward (sometimes with some simple 
modifications) you can make industrial systems 
more robust.  Donôt forget including PQ standards 
in your purchase specs.  

ÅDonôt assume battery based systems are required.  
Smaller solutions may be more cost effective.  



Case Study: 

Power Quality Investigation of a 

Manufacturing Plant 
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Introduction (1) 

ÅVoltage sags and momentary outages caused equipment 
and process downtime events in the second half of 2005 

ÅPower quality audit evaluated the most sensitive equipment 
in the plant to formulate the best approaches for hardening 
the equipment to these power quality events 

ïinspected drawings, did on-site testing, physically 
examined the plant equipment and specifications, 
analyzed plant power quality data. 

ÅIdentified five critical product lines - Process Lines 1 thru 5. 

ïAll five were very susceptible to voltage sags. 

ÅSeveral other areas were vulnerable to voltage sags 

ïBoiler systems, air compressors, conveyor controls, and 
computer control areas. 
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Introduction (2) 

ÅPrime examples: process lines 1 to 3 

ÅLine 2: Allen Bradley programmable logic controller (PLC) fed by 

a small, local uninterruptible power supply (UPS).  

ïConrols: several National Electrical Manufacturers Association 

(NEMA) style starters and six TB Woodôs E-trAC drives. 

ÅOne sub panel (powered by a generator) controls four small 120-

Vac motors that pull the product out of the oven if the power is 

lost. 

ïControls require the PLC to remain on-line (via UPS). 

ïThe PLC operates the small motor starters using generator 

power through the output card to turn on the motor starters. 
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Process Line 2 Controls 

PLC remote I/O racks, burner controls, numerous AC 

ñice cubeò relays 

Drive racks 
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Process Line 4 and 5 

ÅProcess Line 4 and 5 each use a 5-kVA constant voltage transformers (CVT) 
to provide conditioned power to only a few of the control cabinets. 

Process Line 4 Control Power 

Sources and Routing 
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Power System Overview 

ÅPlant is supplied from a 12-kV 

industrial feeder. 

ïDerived from a 69-kV 

substation 

ÅPlant is located approximately 

0.5 miles from substation. 

ÅThree single-phase reclosers 

were added on a lateral 

upstream circuit in July 2005,  

ïshould increase the power 

quality as seen by the 

manufacturer. 

Single-Line Diagram of 

Power Feed to the Plant 
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PQ Data and Analysis (1) 

ÅUtility reported events during the time frame from June 25, 

2005, through December 2, 2005 (shown on next slide) 

ÅFacility equipment compliant with the SEMI F47 power 

quality standard would have survived 11 of 20 events 

ÅEquipment able to survive voltage sags to 30 percent of 

nominal for 1 second would ride through 19 of 20 events 

ÅSquirrel fault (December 1, 2005, 200-cycle Interruption) 
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PQ Data and Analysis (2) 
Summary of Power Quality Attributes for 

PLCs and AC Drives 

*One 200-cycle interruption not shown 

Plant PQ Data Versus SEMI F47 

(6/25/05ï12/2/05) 
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*One 200-cycle interruption not shown 

PQ Data and Analysis (3) 

ÅBased on the equipment used in Process Lines 2 and 3 and the results from 
previous EPRI tests, an expected ride-through curve may be created 

ïProcess Lines 2 and 3 would be expected to survive only 5 of the 22 
recorded events based on its configuration. 

ïThis worst-case estimate assumes that voltage sags always occur on the 
most vulnerable phase. 

Expected Response of 

Process Lines 2 and 

3 to Voltage Sags 
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PQ Data and Analysis (4) 

ÅAn I-Grid power quality monitor was installed by 
the manufacturer on 12/14/2005. 
ïConnected to a 480-Vac bus in the generator room. 

I-Grid Installation at 

the Plant 
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Analysis of Plant Susceptibilities (3) 

ÅFinal tests used a 1.5-kVA MiniDySC (Dynamic Sag 

Corrector) power conditioner on the control loads. 

ïCabinet controls survived a 30-cycle interruption before shutting down. 

MiniDySC Product 

Compensated 

for Voltage Sag 
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Summary of Plant Analysis 

ÅThe audit revealed that several pieces of equipment had 

control power sourced from control power transformers 

(CPTs) or through ice-cube relaysðboth very susceptible 

to voltage sags. 

ÅAnalysis showed that a UPS solution may be ineffective as 

a bad and/or slow UPS could result in line trips. 

ïTesting demonstrated that a voltage ride-through 

solution or an active sag corrector may more effective 
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Recommendations 

ÅSome recommendations based on the results of the 

analysis: 

ïPower Conditioners 

ïConsolidation of Loads 

ïAdjusting Control Parameters 
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Power Conditioners (1) 

ÅThe product lines are spread outðcontrol racks in various 
locations 

ÅOne larger power conditioner would be ideal; however, 
several separate power conditioners may be required 

ÅOne recommendation is to use the PowerRide ride-through 
device (RTD) at appropriate locations 

ïProcess Line 4 would need three RTDs 

ÅOne 2.5 kVA unit wound for both 120-Vac and 480-Vac loads 

ï480-Vac output section for existing CPTs (estimated not to 
exceed 2.5 kVA)  

ï120-Vac output for 120-Vac loads (estimated not to exceed 2.5 
kVA) 

ÅOther two units (2kVA each) installed in or near the cabinets  
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Power Conditioners (2) 

PowerRide RTD 

Recommendation 
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Power Conditioners (3) 

ÅThe PowerRide RTD -- a three-phase input, single-phase 

output CVT.  

ïAllows the controls to survive single-phase voltage sags 

and momentary interruptions. 

ïFor momentary interruptions on phases A-B and B-C, the 

output remains at 100% as long as Phase A-C remains 

at 66% or more 

ïFor voltage sags on phase A-C, one expects a typical 

CVT response with the voltage dropping off at about 

50% of nominal or less. 
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Power Conditioners (4) 

ÅGiven the response of the RTD, only the one momentary 
interruption event may have affected the process with this unit 
installed on the controls. 

*One 200-cycle interruption not shown 

Expected Voltage Sag 

Response of 

PowerRide RTD 

Power Conditioner 
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Power Conditioners (5) 

ÅAnother option: use multiple DySC products 

ÅUnits in the plant may be lightly loaded with voltage sag ride-
through performace closer to the half-loaded line.  

ÅAll but the one momentary interruption would be protected. 

ÅWith power-conditioning equipment, the UPS may be removed. 

*One 200-cycle interruption not shown 

Expected Voltage 

Sag Response of 

DySC Power 

Conditioner 
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Consolidation of Loads 

ÅSeveral widely-dispersed loads may be combined on one 

panel several panels are only lightly loaded. 

ÅConsolidation would allow more effective use of power-

conditioning equipment (M). 

M 
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Adjusting Control Parameters 

ÅAdjustable-speed drives may be set up for the best voltage 

sag ride-through performance possible. 

ïVoltage trip points may be adjusted  

ïBuilt-in voltage sag ride-through features may be enabled. 

ÅChokes may be necessary to prevent damage!  

106 Copyright © 2008 Electric Power Research Institute, Inc. All rights reserved. PQIG 2008

Magnatek GPD 305 

ÅWhen a fault occurs during operation, the GPD 
drive can be programmed for auto-restart using 
parameter n47.  

ÅThe setting of this parameter either enables or 
disables the ride-thru feature of the GPD 305.  
The three settings are:

Å0 = Disabled (Factory setting)

Å1 = Enabled with a 2 sec ride-thru

Å2 = Enabled with indefinite ride-thru, provided 
the control power is maintained.

ÅWhen set to ñ0òthere will be no ride-thru available

ÅIf enabled, the 305 will continue to operate during 
a momentary power loss of up to 80%, but if the 
loss exceeds the identified time period, the 305 
will stop.
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Implementation Results  

ÅThe plant estimated yearly losses due to PQ-related downtime in 
the $300,000 range 

ÅEPRIôs recommendations implemented in early June of 2006 

ÅSite experienced a total of 103 events as reported by the I-Grid 
system. 

ï6 were outages (mostly weather related) 

ïThe remaining 97 recordings were aggregated into a subset of 40 
actual events. 

Å18 to 19 would have shut the plant equipment down based on the 
previous history and the expected vulnerability of the unprotected 
equipment.  

ÅNone of the voltage sag events were found to affect 
production after the installation of the solutions. 
 



74 © 2012 Electric Power Research Institute, Inc. All rights reserved. 

EPRI Power Quality and  Energy Efficiency Presentation 

PF Correction ï Harmonic concerns/Solutions 
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Breaking Down AC Poweré.. The Power Triangle 

P =  Real Power (W, kW) 

(Does work, provides Heat, Torque, etc) 

P =  V x I Cos (ū) = S Cos (ū) 

 

Q
=
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(motors &, transformers 

need this to produce 

magnetizing current) 

ÅPower Factor (PF) = ratio of real power/apparent power (PF =  P/S) 

ÅAlso PF = Cos (ū) for purely sinusoidal waveforms 

ÅPower = S Cos (ū) = V x I Cos (ū)  
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True versus Displacement Power Factor 

ÅTrue power factor, or TPF, is the ratio between kW and kVA, including 
all the harmonics. 

 

ïPF = P / S = kW / kVA 

 

ÅDisplacement power factor, DPF, is the cosine of the angle between the 
voltage and current. This is for the fundamental (60 Hertz) component 
only. 

 

ïPF = Cos (ū)  

 

ÅWhen no harmonics are present, True Power Factor = 
Displacement Power Factor  

 

ÅCapacitors Correct Displacement Power Factor 
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PF and Beer ï An imperfect but useful analogy. 

ÅkW ï The thirst quenching, good 
part. Does the work. 

ÅkVAR ï Foam. Does not quench the 
thirst. 

ÅkVA ï Total contents of the mug. 

ïPF=kW/(kW+kVA) 

ïPF=Beer/(Beer+Foam) 

ÅFor a given KVA: The more foam 
(the higher the percentage of 
KVAR), the lower the ratio of KW 
(beer) to KVA (beer plus foam). 
Thus, the lower the power factor. 

ÅThe less foam (the lower the 
percentage of KVAR), the higher 
the ratio of KW (beer) to KVA (beer 
plus foam). In fact, as foam (or 
KVAR) approaches zero, your 
power factor approaches 1.0. 

 

 

kW 

kVAr 

kVA 
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Overall Impact of Energy Savings as Percentage of 

Plant Total Energy Consumption 

0.00%

0.20%

0.40%

0.60%

0.80%

1.00%

1.20%

1.40%

1.60%

0.5 0.6 0.7 0.8 0.9 1

R
e

d
u

c
ti

o
n

 o
f 

L
o

s
s

e
s

 a
s

 P
e

rc
e

n
ta

g
e

 
o

f 
T

o
ta

l 
F

a
c

il
it

y
 L

o
a

d

Improved Power Factor

Impact of Power Factor Correction Capacitor on Total Facility 
Load

Original PF = 0.5

Original PF = 0.6

Original PF = 0.7

Original PF = 0.8

Assumption: System Losses due to Reduced Power 
factor is 2% of Total Load

% Loss Reduction  =   

  ù
ù

ú

ø

é
é

ê

è

ö
ö
÷

õ
æ
æ
ç

å
-

2

1100
new

old

pf

pf



79 © 2012 Electric Power Research Institute, Inc. All rights reserved. 

EPRI Power Quality and  Energy Efficiency Presentation 

Harmonic Sources 

ÅHarmonic distortion comes from nonlinear devices, principally loads 

ÅHarmonic Sources 

ïFerromagnetic devices such as: transformers and motors 

ïArcing devices such as: arc furnaces, fluorescent lighting 

ïPower electronics 

ÅExcess harmonics can cause several problems 

ïOverheating 

ïEquipment failure 

ïIncreased losses 

ïMis-operations 
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How Do Non-Linear Loads Generate 

Harmonics? 

ÅA non-linear load is one in which the current is not 

proportional to the input current. 

ïNon-linear Ÿ V vs. I is not a straight line 

V(t)

I(t)

V

I

Nonlinear Resistor

From Dugan, Electrical Power Systems Quality 
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Non-linear
Load

Linear
Load

Sys

ÅMost harmonic producing devices are 
loads, e.g. a 6-pulse motor drive. 

ÅAlthough these devices are loads, they 
ñinjectò harmonic current back into the 
system, and are therefore modeled as 
harmonic current ñsourcesò. 

Harmonic Current Flow 
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Parallel Resonance 
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r
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Series Resonance 

Distribution Substation Bus

Customer

Power Factor

Correction

High

Voltage

Distortion
High

Harmonic

Currents
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Devices for Controlling Harmonic Distortion 

ÅChokes for ASD applications 

ÅZig-zag transformers 

ÅPassive Filters 

ÅActive filters 
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Shunt Passive Filter Configurations 
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Cap Only

Single-Tuned Filter

1st Order HP

2nd Order HP
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Shunt Passive Filter Frequency Response 

Filter+System Response (f0 = 294 Hz) 
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Effect of Notch Filter on the  

Frequency Response Characteristics 

ÅWhenever a single capacitor bank is added to a system, a 

single resonant point is created. 

ÅWhenever a single tuned harmonic filter bank is added to a 

system, two resonant points are created. 

ïOne low impedance point 

ïOne high impedance point 
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Effect of Notch Filter on the  

Frequency Response Characteristics 

ÅNotch filters can be comprised of several different 

connections.  The following all yield the same frequency 

response. 

From IEEE Std. 1531-2003 

Most common for LV applications Most common for HV and MV applications 
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Effect of Notch Filter on the  

Frequency Response Characteristics 
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Harmonic Filter Design 

ÅStep 1 ï Select the desired notch frequency 

ïSelect the lowest characteristic harmonic, and  

ïTune slightly less than desired harmonic 

ÅStep 2 ï Determine necessary reactive compensation (i.e. capacitor bank size) 

and voltage rating 

ÅStep 3 ï Based on filter tuning, determine filter reactor ratings. 

ÅStep 4 ï Evaluate filter duty requirements (IEEE Std. 18 IEEE Standard for 

Shunt Power capacitors) 
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Harmonic Filter Design Example 

ÅDesign a harmonic filter 

to improve the overall 

power factor to 0.95 

lagging, and reduce the 

harmonic current 

emission at the PCC to 

the recommended limits 

in IEEE Std. 519.  

12 kV Bus

12.47 kV: 480V

1500 kVA

Z = 6%

Non-linear

Load

1200 kVA

pf 0.75

Utility

MVAsc = ¤

V5 = 1%

I5 = 20%

I7 = 14%

I11 = 9%

I13 = 8%

PCC 
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Harmonic Filter Design Example 

ÅUsing Excel spreadsheet that is provided 

SYSTEM INFORMATION:

 Filter Specification (e.g., 5): 5 th

 Three-Phase Capacitor Bank Rating: 750kVAr

 Rated Capacitor Bank Current: 722Amps

 Nominal Bus Voltage: 480Volts

 Capacitor Bank Current (actual): 577.4Amps

 Filter Tuning Harmonic (e.g., 4.7): 4.7 th

 Capacitor Impedance (wye): 0.4800W

 Capacitor Impedance (delta): 1.4400W

 Filter Reactor Impedance: 0.0217W

 Filter Full Load Current (actual): 604.7Amps

 Filter Full Load Current (rated): 755.9Amps

 Transformer Nameplate Rating: 1500kVA

 Transformer Nameplate Impedance: 6.00%

 Load Harmonic Current: 27.20% Fund

 Utility Harmonic Current: 47.2Amps

Operating voltage (bus voltage) 

Inductive reactance at 60 Hz 
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 Power System Frequency: 60Hz

 Capacitor Voltage Rating: 600Volts

 Capacitor Frequency Rating: 60Hz

 Derated Capacitor Size: 480kVAr

 Total Harmonic Load: 1200kVA

 Filter Tuning Frequency: 282Hz

 Capacitor Rating (wye): 5526.22mF

 Capacitor Rating (delta): 1842.07mF

 Filter Reactor Rating: 0.0576mH

Fundamental Frequency Compensation: 503kVAr

 Utility Side Voltage Distortion (Vh): 1.00%

  (Utility Harmonic Voltage Source)

 Load Harmonic Current: 392.6Amps

 Maximum Total Harmonic Current: 439.8Amps

Harmonic Filter Design Example 

ÅSpreadsheet Results (cont.) 

Harmonic current due to non-linear load 

Rated voltage (nameplate) 

Inductive reactance at 60 Hz 

Harmonic current due to non-linear  

load + system 
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Harmonic Filter Design Example 

ÅSpreadsheet Results (cont.) 

CAPACITOR DUTY CALCULATIONS:

 Harmonic Filter RMS Current: 747.8Amps   Fund. Freq. Capacitor Voltage: 502.8Volts

 Harmonic Capacitor Voltage: 73.1Volts   Maximum Peak Voltage: 575.9Volts

 RMS Capacitor Voltage: 508.1Volts   Maximum Peak Current: 1044.6Amps

CAPACITOR LIMITS: (IEEE Standard 18-2002) FILTER CONFIGURATION:

Limit Contingency Actual Value

Peak Voltage: 100% 120% 96% 576

RMS Current: 100% 135% 104% 748

KVAr: 100% 135% 88% 658

RMS Voltage: 100% 110% 85% 508
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Harmonic Filter Design Example 

ÅSpreadsheet Results (cont.) 

FILTER REACTOR DESIGN SPECIFICATIONS:

Reactor Impedance: 0.0217W Reactor Rating: 0.0576mH

Fundamental Current: 604.7Amps Harmonic Current: 439.8Amps

RMS Current Requirement: 747.8Amps Voltage Requirement: 277.1Volts
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Case Study ï Plating Facility 

ÅNew facility supplied from 12 kV distribution system (2 similar 
services) 

ÅPlant loads consist of a significant percentage of rectifier loads. 

ÅTuned capacitor banks (automatic systems) added to avoid power 
factor penalty and prevent harmonic resonance problems. 

Å2 MVA supply transformer for each service. 

Å0-650 kvar compensation for each service. 

ÅUtility system has a number of capacitor banks on the feeder 
supplying the plant, as well as parallel feeders. 

ÅFuses blew in customer tuned banks shortly after they were energized.  
This situation was repeated again before leaving the filters off for 
investigation. 
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 Two similar 

services being  

evaluated 

The System 
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The 480 V tuned filter bank 

ÅBank was an automatic bank 

with a range of 0-650 kvar 

ÅOne 50 kvar step and 6 100 

kvar steps allowing 50 kvar 

increments. 

ÅEach step is tuned to 4.8 

times the fundamental 

frequency. 
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Rectifier Loads 
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Initial measurement results 

Measurements at the meter location to the facility (performed by utility) 

1.  PF Correction (filters) off 

ïVthd=3.7%, V5=2.5%, I=300 amps, Ithd=4.8% 

ïVoltage spectrum has 3rd and 5th - 2.5% each 

ï Current spectrum has some third (2%) but more 5th (4%) 

2.  PF Correction (filters) on  

ï Vthd=2.8%, V5=1.3%, I=260 amps, Ithd=35% 

ïVoltage spectrum still has 3rd (2.5%) but 5th is reduced  (1.3%) 

ï Current spectrum is dominated by 5th - 30% 

ï kvar is reduced by about 50 kvar between the two cases indicating that 
only one 50 kvar tuned bank was probably in service 

Some Conclusions: 

ïThe power factor correction reduces the rms current by correcting the 
fundamental frequency power factor. 

ï However, the filters are absorbing a lot of fifth harmonic current from the 
power system.  This fifth harmonic loading from the power system 
could be the cause of the fuse blowing in the filter banks. 
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Resonance conditions depend on the capacitors 

in service 

Vicinity of 5th 
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12 kV System Frequency Response With LV 

Filters in Service 

New Parallel 

Resonance 

New Series 

Resonance 
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Solution 1 ï Detune the 480 V filter Bank 

 Note ï filter fuse will 

blow if the tuning is 

above approximately 

4.8 
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Solution 2 ï Modifying a cap bank to filter on 

primary system 

Existing Tuning 



105 © 2012 Electric Power Research Institute, Inc. All rights reserved. 

EPRI Power Quality and  Energy Efficiency Presentation 

Filter configuration 

ÅFilter design developed with 

system simulations 

(SuperHarm) and Filter 

Design Spreadsheet. 

ÅSolves 5th harmonic 

resonance problem for all 

compensation levels 

ÅAllows use of existing filters 

for the customer and helps 

other customers too 

ÅCost sharing 
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Results of Actual Filter Implementation ïImpact 

on THD 

Voltage THD Values
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Grid-IQ 



108 © 2012 Electric Power Research Institute, Inc. All rights reserved. 

EPRI Power Quality and  Energy Efficiency Presentation 

Grid-IQ Overview 

GRID- IQ.COM 

Modeling 

and 

Simulation 

PQ 

Benchmarking 

PQ View 

Engine 

Distribution PQ 

Docs from 1D 

Line 

Models 

Database 

Load 

Models 

Database 

DPQ/TPQ 3 

DPQ II 

DPQ I 

Other DBs 

Literature 

Survey 

DB 

PQDS 

Tools 
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Circuit Model Database - Overview 

ÅLibrary of models of distribution circuits 
 
ÅModeling platform: OpenDSS 
ïOpen source software developed by EPRI 
ïhttp://sourceforge.net/projects/electricdss 

 
ÅApproach 
ïCircuit selection 
ïSanitization 
ïValidation 

 
ÅPlan 

 
 

2010 Existing  2012 2013 

Number of Circuit 

Models 

15 30 40-50 70-75 
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Circuit Model Database - Key Characteristics  

Circuit Alias  Ckt1  Ckt2  Ckt3  Ckt4  Ckt5  Ckt6  Ckt7  

System voltage (kV) 12.5 25.0 25/8.3 25/4.8 12.47 13.8 12.5 

Sub primary Voltage (kV) 115.0 115.0 115 115.0 115.0 69.0 115.0 

3-Ph SCC at Sub Sec. (MVA) 107 148 142 62 114 83 475 

Number of customers 999 1102 1117 749 1379 704 5694 

Percent residential by load 100 100 100 100 96 92 39 

Service xfmr connected kVA 13793 19476 13086 13950 16310 16275 19320 

Primary circuit miles total 48 44 72 60 48 79 8 

Total feeder kvar 300 0 1800 2250 1950 600 2400 

No. of feeders on the bus 6 2 2 1 1 1 14 
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Load Models 

ÅKW, PF and Harmonic Spectrums 

ÅLoad Types 

ïModern Lighting 

ÅCFLs 

ÅLED lamps (2011) 

ÅHybrid CFL 

ïEV Chargers 

ïPV Inverter 

ïComputer Power Supply 

ïGaming Systems 
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Grid-IQ Harmonic Evaluation Module DEMO 



End PQ Session ï  

 

Break 



ï Reduction of Thermal Losses/Waste Heat Recovery 

ï Upgrading of Lighting Technology and Controls 

ï Use of Premium Efficiency Motors 

ï Efficient Application of Adjustable Speed Drives 

ï Compressed Air Best Practices 

ï Chilled Water Systems 

ï Advanced Technologies 

ï ISO 50001/Superior Energy Performance 

ï FYI - DOE ITP Tools 

 

Energy Efficiency Session 
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Manufacturing Net Electricity Consumption 

Facility Lighting

6.9%

Process 

Cooling and 

Refrigeration

6.8%

Other

6.2%

Electro-

Chemical 

Processes

8.5%

Process 

Heating

12.1%

Facility HVAC

9.2%

Machine Drive

50.2%

Total Net Electricity Consumption = 2,840 Trillion Btu, 2002  

All Manufacturing Industries, NAICS 311 - 339  

Source: Energy Information Administration, 2002 Manufacturing Energy Consumption Survey  



Reduction of Thermal Losses  & 
Waste Heat Recovery 
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Waste Heat Recovery 

ÅIf a facility has process 

exhaust 

ïWaste heat may be 

available! 

ïBoiler Stacks 

ïAfterburner/Abatement 

Systems 

ïFurnace/Oven Exhaust 
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Waste Heat Recovery 

ÅBenefits 

ïSignificant energy savings 
potential 

ïReduced energy costs 

ïReduced capacity/size 
requirements for boilers or 
furnaces 

ÅConsider all waste streams to 
determine viability of appropriate 
waste stream recovery systems 

ïHeat losses must first be 
minimized 
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Waste Heat Recovery 

Å Common Uses 

ï Preheating combustion air 

ï Steam generation 

ï Water heating 

ï Load preheating 

Å Methods 

ï Heat Exchanger 

ï Heat Pump 

ï Steam turbine (CHP) 

Å Processes 

ï Waste heat to heat 

ï Waste heat to cooling/refrigeration 

ï Waste heat to power 

ÅSee www.eere.energy.gov/industry 
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Waste Heat Recovery 

ÅThree Key Elements 

ïAn available waste heat stream 

ïA feasible recovery technology 

ïA suitable application for the recovered energy 

Ref: 

Waste Heat Recovery in Industrial Facilities: Opportunities for Combined Heat and Power and 

Industrial Heat Pumps. EPRI, Palo Alto, CA: 2010. 1020134. 
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 Feasible 

Recovery 

Technology 
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Typical Catalytic Oxidizer After Burner System 

~750ęF/ 399ęC  

 

212ęF/ 100ęC  

 
700ęF/ 371ęC  

 



123 © 2012 Electric Power Research Institute, Inc. All rights reserved. 

EPRI Power Quality and  Energy Efficiency Presentation 

Example Waste Heat Recovery Opportunity 

NG Boiler(s) 

Catalytic Oxidizer 

After Burner System 

212ęF/ 100ęC  

 NG Ovens: 

Drying, 

Curing, etc. 

~750ęF/ 399ęC  
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Example Medium Waste Heat  

Availability At Plant Site 

Chart Recorder 

Exhaust heat 

~750ęF/ 399ęC 

  

Average 

Anemometer  

Measurements 

~3900ft/min  

19.8m/s  

Average 

Thermocouple 

Measurements  

~211.6ęF/ 100ęC 

 

Waste Heat from Afterburner Systems: ~6.54 MM BTU/Hr Thermal 

~ 2 MW Electric  

 ̄  ̄  ̄  ̄

 ̄

 ̄  ̄

 ̄


