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What is Power Quality ?

The answer depends on who you ask.

« Utilities: * Equipment manufacturers and end-

Reliability of the system users- .
(interruption and availability — ‘Compatibility” >~
related: the amount of time end- Work successfully within a given

users are totally without power) operating environment:
(archaic concept) » software and operating
system

— SAIFI — system average — Are the power system

interruption frequency index characteristics compatible with my
(number of interruptions per loads?
customer)

— Characteristics of the power
— ASAI — average system supply system that enable the
availability index per annum, equipment to work properly.
e.g., 8700 hours of available
service (870%/g,.0) = 99.32%
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What is Power Quality?

+ |EEE Std 1100-1999 Recommended Practice for Powering and
Grounding Electronic Equipment:

— The concept of powering and grounding electronic equipment in a manner that is
suitable to the operation of that equipment and compatible with the premise
wiring system and other connected equipment.

*  Who develops IEEE Std 1100-1999?
— Power Systems Engineering Committee of the
— Industrial and Commercial Power Systems Department of the
— |EEE Industry Applications Society. (1999)
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|EEE Classificati f PQ Disturb
|EEE provides a genera| Table22  Categories and Characteristics of Power System Electromagnetic Phenomena [4].

o . Typical spectral Typical Typical voltage
C|aSSIflcatI0n Of poWer No. Categories content duration magnitude
quality phenomena based !? Iransients

1.1 Impulsive
on I.1.I  Nanosecond 5-ns rise <50ns
. . 1.1.2 Microsecond I-is rise 50ns-1ms
— principal spectral 113 Millisecond 0.1-ms rise > 1 ms
1.2 Oscillatory
Content 1.2.1  Low Frequency < 5kHz 0.3-50ms 0 - 4 pu (per unit)
. 1.22  Medium Frequency 5- 500 kHz 20 pus 0-8pu
- duratlon 1.2.3  High Frequency 0.5 -5 MHz 5ps 0-4pu
H 2.0 Short-duration variations
- magnltUde of the 2.1 Instantaneous
disturbance 2.1.1  Interruption 0.5-30cyc < 0.1 pu
2.1.2  Sag(Dip) 0.5-30cyc 0.1 -0.9pu
2.1.3  Swell 0.5-30cye L1-18pu
22 Momentary
2.2.1  Interruption 30cy-3s < 0.1 pu
222 Sag(Dip) 30cy-3s 0.1 -0.9pu
223 Swell 30cy-3s 1.1 -14pu
23 Temporary
2.3.1  Interruption Fsec-lmin <01 pu
232 Sag(Dip) 3sec- Imin 0.1 -0.9pu
233 Swell 3sec-lmin 1.1-12pu

Source: IEEE Std 1159-1995
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|IEEE Classification of PQ Disturbances

Table 2.2 Categones and Characteristics of Power System Electromagnetic Phenomena [4].

3.0 Long Duration Variations
3.1 Interruption, Sustained = | minute 0.0 pu
3 Undervoltages = | minute 0.8 -0.9pu
Overvoltages > 1 minute L.l -1.2pu
4.0 Voltage Unbalance steady state  0.5-2%
5.0 Waveform Distortion
5.1 DC Offset steady state 0 -0.1%
52 Harmonics 0 - 100th harmonic  steady state 0-20%
53 Inter-harmonics 0-6klz steady state 0-2%
54 Naotching steady state
5.5 Noise Broadband steady state 0-1%
6.0 Voltage Fluctuations <25 Hz intermittent 0.1 -7%
0.2 2Pst
7.0 Power Frequency Variations <10s

Source: IEEE Std 1159-1995
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Transient: Oscillatory

« Definition:

— asudden, non-power
frequency change in the
steady state condition of

Capacitor switching transients
Back-to-back cap. switching
Cable switching

voltage, current, or both, that « Ferroresonance
includes both positive and
negative polarity values.
Categories Typical Typical Typical
Spectral Duration Voltage
Content Magnitude
1.2 Oscillatory
1.2.1 Low Frequency < 5kHz 3-50ms 0-4pu
1.2.2 Medium Frequency 5-500 kHz 20 pus 0-8pu
1.2.3 High Frequency 0.5-5MHz 5us 0-4pu
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A transient event due capacitor bank energization

Voltage waveform

9431 November 0O4. 1993 at 1l2:47:25 GMT
Phase A-B Voltage Trigger
Wave Fault
150 Maxluy2.l
~ Min-103-1
¥ 1004 Duration
g D.008 Seq
K] 501 Ref Cycle
b 4y17y
9 0l
=50 |
-100 |
-150 1 1 1 1 1 1
0 10 20 30 40 50 kO 7O
Time (mSeconds)
BMI/Electrotek
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A transient event due capacitor bank energization

Current waveform for phase A

9997 June 06, 1994 at 05:12:17 PQNode Local

Phase A Current

Wave Fault
400

Max 397.9
300 L Min -303.7

200 |
100 |
0L
-100 \
-200 1
-300
-400 e

0 10 20 30 40 50 60 70
Time (mSeconds)

Amps

BMI/Electrotek
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Short-duration Variations: Voltage Sags

* Voltage sags: a short-duration (0.5 —
30 cycles) reduction in rms voltage
at the power frequency.

. Phase B Voltage PQNode'Loca
* Interruption: a complete loss of RMS Variation Trigger
‘oltage (%
|/ I 120 Durati
oltage i T
— Momentary: 0.5-3 seconds gg \/ [vin 65,80
— Temporary: 3s — 1 min. o= Max 1005
0 0.05 0.1_ 015 02 025 03
— Sustained: > 1 min. Valtage () Time (Seconds)
. . 100 4
* Characteristics: 504W/\/\A/V\/\Am
04
— Voltage magnitude VY Y VYUY UY
. 0 25 50 75 100 125 150 175 200
— Duration Time (mSeconds)
* Primary source of voltage sags:
— Faults on the system.
— Starting of large loads, i.e.,
motors
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Short-duration Variations:

Momentary Interruption

operation.

Three-phase rms voltages due to a fault and subsequent recloser

Measurement taken downstream from the recloser.

10000

8000 ‘(:\CM—V‘\ !/}ﬂ

>6000

o | f

(o]
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S

e [ L

2000 W
0\\\\\\&\«’\\\\\\
0.0 0.5 1.0 15 2.0

Time ('s)

This is not a sustained interruption event.
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Sustained Interruption

* RMS voltage during 2003 Northeast blackout

Service Entrance of Manhattan Office Building
Three-Phase RMS Voltage

Min[V RMS A] (%) AvglV RMS A] (%) Max|V RMS A] (%)
— — — -
Min[V RMS B] (%) AvalV RMS B] (%) Max[V RMS B] (%)
—_— — _———
Min[V RMS C] (%) AvalV RMS C] (%) Max[V RMS C] (%)
1004 F’
754
50
254
0 I } L ' } L L I L L } L L }
6PM 9PM 15 Fri 3AM 6AM
14 Thu Aug 2003 Time
Electrotek/EPRI PQView®
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Cost of PQ Disturbances: . SR

Lawrence Berkeley National Lab, 2004

Residential
2%
Industrial . US. Total: §79
$2 Billion S ined Bill
26% ustaine illion
U.S. Total: $79 Interruptions-|
Billion 33%
$26 Billion
$57 Billion $52 Billion

I‘ Momentary
Conunercial “Tntermptions

7294, 67%

Momentary:
Understanding the Cost of Power Interruptions to U.S. 30 cycles - 3 seconds

Electricity Consumers, Ernest Orlando Lawrence
Berkeley National Laboratory, 9/2004
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ELECTRIC POWER
RESEARCH INSTITUTE

Cost of PQ Disturbances: EPRI/CEIDS 2001 &=Pral

+ Power outages (momentary
and sustained interruptions):

ANNUAL CosT oF Power OUTAGES AND — $104 billion to $164 billion
Power QuALITY DISTURBANCES a year
soer s » Power quality phenomena:
ost of: . .
100 | EPQ Distubance Power Outage SECGE135E (transients, sags, harmonics)
w0 - ] — $15 billion to $24 billion
60 L $119 - $188 Billion
40 f $34.9
20 - $14.3
I = .
0 |
Digital Continuous Fabrication Other US
Economy Process & Essential Industry
Mfg. Services
[ 40% GDP ] 60% GDP_|
Source: Primen, “The Cost of Power Disturbances to
Industrial & Digital Economy Companies”
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Grid 2030 Vision

+ Grid 2030:
— Abundant, affordable
“Grid 2030” energizes a

— Clean, efficient, reliable oo c
) competitive North American
— Anytime anywhere marketplace for electricity. It
connects everyone to abundant,
affordable, clean, efficient, and
reliable electric power anytime,
anywhere. It provides the best
and most secure electric

services available in the world.

Source: “Grid 2030” — a national vision for electricity’s
second 100 years

VisioN
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Grid 2030 Vision for PQ

By 2010

ustomer gateway ror e nex
Cust "gateway" for the next
generation "smart meter", enabling
two-way communications and a
" o "
transactive' customer-utility

interface

$ |nte||igent homes and app|iances
linked to the grid

{:} Programs for customer participation
in power markets thlough demand-
side management and distributed
generation

{:}Advanczd composite conductors

for greater transmission capacity

Q} Regiona| p|ans for grid expansion
and modernization

By 2020

{7} Customer "total energ,‘yH systems
for power, heating, coo|ing, and
humidity control with "plug&play"
abi|itizs, leasable through

mortgages

-EE— "Perfect" power quality thlough
automatic corrections for voltage,
frequency, and power factor
issues

$ HTS generators, transformers,
and cables will make a significant

difference

{} Long distance superconducting
transmission cables

By 2030

Highly reliable, secure, digital-

ghly 7 , dig
grade power for any customer
who wants it

{E Access to affordable po”ution-
free, low-carbon elzctlicity
generation produced anywhere in
the country

ﬂ} Affordable energy storage devices

available to anyone

ﬂ} Comp|etion of a national (or
continzntaD supzrconducting

backbon e

Source: “Grid 2030” — a national vision for electricity’s second 100 years
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Root causes of Power Quality Disturbances

Mismatch
Incompatible -
Load’s : Utility Sl.JppIy
Electrical Electrical
Characteristics

Requirements

M

Demand a near perfect
sinusoidal voltage
waveform
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Root causes: Current and Impedance

» Equipment failures or misoperations are caused by significant
deviations in the voltage waveshape
» Voltage is influenced by the current flowing through the system
impedance
— When the current waveshape passing through the system
impedance deviates significantly, the quality of the voltage will

be impacted
Utility Customer
— Z =R+ jX
{/r\u\ I M r'{r*rv-\ I it}
&
V; I/inad
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Root causes: Current and Impedance

VI = I]_Zs Siﬂ(wlt + 01)

voltage drops V.= Z I, sin(nwit + 6,,) (R + jnX)

perfect e
voltage waveshape J T
Utility Customer
Bus Bus

it)

oo
i(t) = I sin(wy t) + Z I, sin(nwi t)

n=3,5,7,

o0
Viead = Vo — 11 Z, sin(wit + 0;) — [ > Lesin(nwit+0,)(R + jnX)

Source: S.Santoso, Fundamentals of Electric Power Quality, Pre. Ed. 2007
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Current and Impedance

« Who has control over currents:

— Harmonics: End-users have control over the currents since their
equipment draw currents from the system.

— Short-circuit currents: faults in the system causes sags or
interruptions

— Lightning: currents cause high-impulse voltage - flashover ++

»  Who has control over impedances:
— Utilities: overhead lines, underground lines, transformers

Got ideal solutions to all PQ problems ?

Get rid of offending currents and the system impedances
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First PQ Problem: Distorted Voltage Waveshape

+ Early 1890s — power industry was » Solutions: (1895)

just in its infancy — Redesigned: with
+ Symptoms: (1893) distributed windings

— High voltage and high currents at _ .
a motor facility (Hartford, Conn) Voltage V\{aveshape. very
close to sinusoidal

— Overheating of motors
— Generator was 10 miles away.
* Root cause: — No more PQ problems at

— V0|tage Waveshape at the the generator terminals !!
generator terminals was not
sinusoidal (!') but distorted

— Synchronous generators had
concentrated windings

— Transmission line resonance
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Absolute PQ Solutions ??

Got holistic solutions to all PQ problems ?

Technologies to get rid of offending currents
Technologies to get rid of system impedances
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Most common and on-going PQ disturbances:
Short-duration variations

Short-duration variations: * Voltage sags: (0.1-0.9 pu)
- instantaneous: 0.5 — 30 cycles — Short circuit conditions or faults

— momentary: 30 cycles — 3 sec — Starting of large industrial motors

— temporary: 3 sec — 1 min (inrush currents)
* Interruptions: (less than 0.1 pu)
— Operation of protective devices

such as line reclosers.

Voltage - kV

0.05 0.1 0.15 0.2
Time - second

Figure 3.1 Voltage sags due to a three-phase fault on a 12.47 kV distribution feeder.
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Voltage Sags and Momentary Interruptions

s
VAR
Distribution /
i Substati Substation 7 Feeder
/
R v
/ Feeder A / Fault
Circuit papreen /
Breakers /
Monitc
o Feeder B /
cB
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Example of a fault clearing with a recloser

First event:
e 008 Tim”;gm) ats oz 09:12:02:45
_Fault occurs

o 005 01
Tims(sec)

Instantaneous Current & Trigger Instantaneous Current B

2002-11-07 09:12:02.46  Instantaneous Sag

Instantaneous Current €

Dranetz-BMI/Bectrotek Concepts®
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LCUBSub
1007 Base: 101223 Vpk
S d t:
econd event:
|- 09:12:02.80
=3
-50~
00 | | i This is 21 cycles
1] 0.05 TlmDe'gsecj 0.15 0z
After the first event
____Instantaneous Voltage A _____Trigger Instantaneous Volage B Instantaneous Volage C
LCUBSub ESRESiEs
~10
]
- Unsuccessful
o
.
reclose
] ] r-10
aQ 0.05 L0 0.15 2
Time(zes)
| _____Instantaneous Current A Trigger _____Instantaneous Current B Instantaneous Current C
2002-11-07 08:12:02 80 Instantaneous Sag Dranetz-Bll/Bectrotek ConceptsE Page - 25

Sequence of Events

Third event:
e ciezsu 09:12:20.17

18 sec after
the second event

-18071 1 1 1 1
0 0.1 015 0z
Time(ses)

W (Percant)

LCUBSub

—10
= Successful
L g 1
= IrcCloS€
-5
i i 1o
0 008 0. 015 0.2
Timdises)
nstantaneous Current A Trigger Instantaneaus Current 8 Instantaneaus Current ©
Dranetz-BMliBactratek Concapts® Page - 26

2002.11.07 00:12:20.17  Instantanzous Sag




Technologies of ridding of offending currents

* Fault currents
— Preventive: monitoring, maintenance, ...
— Better fault detection and clearing practices
— Overcurrent miscoordination
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Growing concerns: Harmonic Distortion Levels

¢ Harmonic distortion levels:

— More and more nonlinear loads: energy-efficient appliances,
electric vehicles, power-electronic interfaced loads

— Capacitor banks are widespread > create/shift power system
resonant frequencies

— Harmonic currents interact with the system impedance >
harmonic resonance more likely

50

40
Zn g
No Capacitor

20

10

¢ 13 17 21
Harmonic Number h
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Parallel resonance

* When the system resonant frequencies corresponds to one of the
harmonic frequencies being produced by the nonlinear load
(characteristic frequencies), harmonic resonance can occur.
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Technologies of ridding of offending currents

* Harmonic currents:
— Harmonic filters: passive and active, hybrid
— Capacitor banks: (silent partner) do away with capacitor banks

* Lightning strokes
— Better shielding technologies: sky/ground wires
— Better arrester materials

SHIELDING AT

THE SUBSTATION

SHIELDING
SPANS WITH
HIGH EXPOSURE
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Growing concerns: Voltage fluctuations

Lighting flicker arises from voltage fluctuation.

— Arc furnace/welders

— Intermittent/variable power sources: wind power
* variations in the wind speed
* intermittent wind
» tower shadowing

129800

Voltage (V)

Time (s)
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Growing concerns: Voltage Regulations

Feeder voltage regulations with intermittent and variable power
sources are very difficult.

— current practices not adequate.

— excessive switching operations of regulators and capacitor
banks

32-STEP VOLTAGE

@_gg—‘:} REGULATOR é’ %@% E
SN

UNTRANSPOSED OVERHEAD "| SWITCHED CAPACITOR
FEEDER, HORIZONTAL BANKS
CROSSARM CONSTRUCTION
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Technologies of ridding of impedances

» Superconducting technologies
— Overhead and underground lines
— Transformers
— Electric machines

Cordless and wireless power transmission and distribution?
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Cordless power distribution

Wireless Power Transfer via Strongly
Coupled Magnetic Resonances
André Kurs,Aristeidis Karalis,Robert
Moffatt, J. D. Joannopoulos, Peter Fisher,
Marin Soljac’ic”

SCIENCE VOL 317 6 JULY 2007

I Theory
m From experimental
e Experiment

05 o0 725 150 175 200 2%
Distance (em)
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Tesla Wireless Power Transmission

e = N / 77 o
‘ - ﬂ”;&%

Fig. 2

http://www.teslasociety.com/

N. Tesla, “The Future of the Wireless Art,”
Wireless Telegraphy & Telephony, 1908
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Ultimate Requirements to Achieve Perfect PQ

Prevent offending currents * Minimize system impedances
from entering the grid «  Get rid of system impedances
Get rid of offending currents

Need new technologies and + Need new technologies
operating practices

Page - 36





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


