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Scope of |EEE 519-1992

+ Provide methodology for preventing harmonic
voltage and current distortion problems on the
power system through utility and customer
cooperation.
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Basic Philosophy of |IEEE 519

¢ The customer is
responsible for [imiting
harmonic currents
Injected onto the power
system.

¢ The utility isresponsible
for maintaining
guality of voltage
waveform.
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Harmonic Voltage Limits

Harmonic Voltage Limits - Utility Responsibility

Maximum I ndividual Maximum
BusVoltage )
J Har monic Component (%) THD (%)
69 kV and below 3.0% 5.0%
115kV to 161 kV 1.5% 2.5%
Above 161 kV 1.0% 1.5%
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Meeting Voltage Distortion Limits

¢ Limit the harmonic currents from nonlinear
devices on the system (customer harmonic current
limits).

¢ Make sure that system resonances do not result in
excessive magnification of the customer harmonic
currents (utility control of system response).
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Harmonic Current Limits

Harmonic Current Limits - Customer Responsibility

SCR=I_JI, <11 11<h<17 | 17<h<23 | 23<h<35 35<h TDD
<20 4.0 2.0 15 0.6 0.3 5.0
20-50 7.0 3.5 2.5 1.0 0.5 8.0
50 - 100 10.0 4.5 4.0 1.5 0.7 12.0
100 - 100G 12.0 2.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Values shown are in percent of “average maximum demand load current”
SCR = short circuit ratio (utility short circuit current at point of common

coupling divided by customer average maximum demand load current)

TDD = Total Demand Distortion (uses maximum demand load current as the
base, rather than the fundamental current)
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|mportant Concepts

+ Point of Common Coupling
¢ Average Maximum Demand Load Current
¢ SCR - Short Circuit Ratio

pcC Utility System
Utility System I, ( ) VYV
YY"\ AN
| m;w/
Customer Under Study |

Other Utility l I
Customers

Other Utility

Customers

e |
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|mportant Sections of P519A

¢ Genera Procedure

* A
* A
* A
* A

0p
0p
0p

P

ying
ying
ying
ying

_imits for Large Nonlinear Loads
_imits for Industrial Facilities
_imits for Commercia Facilities

_imits for Residential Loads

+ Utility Considerations
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Genera Procedure
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UTILITY

Choose PCC,
and Calculate S

Yes

PF correction existing

Characterize
harmonic levels
(measurement, calculation)

No

A 4

Design harmonic
control equipment

CUSTOMER
Estimate S;,, or
% disturbing loads

Is

or planned?

No

Stage 1:
Automatic
acceptance?

Stage 2:
Meet harmonic
limits?

Yes

\ 4

measurement and cal cul ation

Verification by

A

(if necessary)
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Automatic Acceptance

Automatic Acceptance if:

S,/ S<01%

Note: detailed
evaluation should
always be performed
If power factor
correction capacitors
exist or are planned
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Current Weighting
Type of Load Typical Waveform Distortion Factor (W)
Single Phase 80% 25
Power Supply /\ /\ / (high 3rd)
y
i high 2nd,3rd,
Semiconverter ’ \ ’ \ 4th at partial 25
W f W loads
NJ
6 Pulse Converter, Wi} A A
capacitive smoothing, N\ W N 80% 2.0
no series inductance \N \
6 Pulse Converter, N A y
capacitive smoothing \ _/ \ _/ 40% 1.0
with series inductance > 3%, \ } \
or dc drive . A A
6 Pulse Converter = = =
with large inductor ’ \ J \ f 28% 0.8
for current smoothing wf —\
12 Pulse Converter / R / 15% 0.5
AN
ac Voltage - varies with
Regulator \ 1 J _\ firing angle 0.7
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|mportant Concept -
Time Varying Nature of Harmonics

10

8 +

6 +

Current THD (%)

0 10 20 30 40 50 60
Time (minutes)

Current THD measured at Port of Vancouver, B.C.
(harmonic bursts are caused by cranes lifting containers)
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Use statistics to describe the
harmonic levels

Statistical Summary of
Total Harmonic RMS Current (Amps)
1500. _ . . . . . T T e Y T T

[ / S
1250 Comparewith | -
/ / 519 Limits 0 =
1000 E
: 160 8
+ [ o
S 750 : o
8 : 40 o
500 2
I
250 T E
[ i 8

) —— ) || VDL LL DT TP | 1] T P -— ' ' ' 0

0 15 20

Current (A
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Short bursts vs. continuous

10 10
8+ ¢—0o—0o—0o—9¢ 8- ¢—¢ o¢—¢ ¢ —o
g 6 | ;\0\6 | [ [
% o
caseA 7 case B
2+ 2
—o T ¢
O T T T T 0 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time (minutes) Time (minutes)

Both cases have THDs exceeding 5% for 40% of the
measurement period. But case A is more severe since the
harmonic bursts are concentrated in a single period.
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BC Hydro limits

Acogptable Maximum duration of Tatd duration of
harmonic digortion levd agngeharmonic burg al harmonicburds
(Tmadmum) (Ttotal)
30X (0esgnlimty) 1< Thpinum <O EC 159Cc<Tiyy <60
20X (desgn limits) 5 < Tirpimm < 10mn 60 I < Tiiq <40 MmN
15X (desgn limits) 10 MN< T, gimm < 30 Mn A0MNn<Tgy <120mn
10x (desgnlimts) D MN<Tgimm 120MNn<Tig4

The limits apply to a 24 hour measurement period
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M easurement Considerations

¢ Where to measure

— effect of transformer when measuring on the
low side and PCC is on the high side

+ Voltage measurements

¢ Current measurements
— what 1sthe base current?

¢ Monitoring Durations
¢ Sampling Requirements

ELECTROTEK
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System Conditions to Consider
(for analysis of potential problems)

power factor correction capacitors in the customer facility
harmonic filter out of service

power factor correction capacitors on the utility supply
system

alternative sources from the utility (e.g. aternate feeders)

different load combinations than can be evaluated in the
field tests

nearby customers with significant harmonic production
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Summary

1. A two staged procedureto evaluate a facility

» Stage 1. Automatic acceptance for facilities with little disturbing loads
» Stage 2. Should demonstrate compliance to harmonic limits

2. Apply steady-state limitsto time varying data

» Methods to characterize time varying harmonic measurements
» Methods to apply the limits to measured data
» Consideration of plant operating cycles at the design stage

3. Conditionsto evaluate limit compliance

» Measurement: instrumentation, monitoring duration, ...
e Calculation: modeling assumptions, plant operating conditions, ...
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|ndustrial Concerns

¢ Nonlinear Loads

— ASDs, dc drives, rectifiers for dc processes,
Induction furnaces, arc furnaces

+ Power Factor Correction
— capacitors result in resonance concerns

+ Motor Loads
— do not provide much damping for harmonics
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|ndustrial Evaluations:
The SIx-Step Process

¢ Step 1. Select the PCC
— normally the high-side of the supply transformer(s)

¢ Step 2. Characterize the nonlinear |oads
— “typical” spectramay be used
— measurements are needed for load groups
¢ Step 3. Determine power factor correction needs

— parallel resonance may magnify harmonics
— seriesresonance may “sink” harmonics from the utility

ELECTROTEK

COMCUCEPTS, I NC.

P519A Industrial Evaluations - 3



The SIX-Step Process, cont.

¢ Step 4. Evaluate harmonic performance at PCC
— frequency response of power circuits
— harmonic characteristics of loads

¢ Step 5: Design harmonic mitigation equipment

— passive filters coordinated with power factor correction
capacitors

— activefilters may be better for smaller needs

+ Step 6: Veify performance with measurements
— monitor long enough to capture temporal variations
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Example case to illustrate
Industrial evaluation issues

+ multiple sources, harmonic cancellation
effects

+ power factor correction/resonance concerns
¢ choosing the PCC

+ design of harmonic filters to control
harmonic levels

¢ evaluating the time varying nature of the
harmonic levels
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Example System

System Description

g Zgvg
44KV (MVA, = 199.22)

(2) 1200 KVAR
480V Caps.

480V (MVA = 80.68)

QL@LGLLLL Linear| ,_Ljar & Rectifier Load

Linear Load «+— Rectifier ™ Load Load
Load  Linear, | I é
@ @ '-0ad Linear Load Rectifier Load

" Rectifier —&— Rectifier Load
Rectifier Load

Load —¢— Rectifier Load
—g@— Rectifier Load

—g— Rectifier Load
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Harmonic Source Characteristics

Saturable Full Wave Rectifier

Reactors for

® +
DC CQntroI k k %

O—LQQQJ—. ——¢
Wye-Delta 3
Transformer 0 —e o DC Current
Serves 16 ; To Batteries
Rectifiers 1 N

45

40 + ]
Rectifier
DC
Output
m5A
m10A
O15A
O 20A

Current Distortion, %

5 7 11 Total

E L E c T R 0 T E K Harmonic Order

COMCUCEPTS, I NC.
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Resonance Concern

1.50 |
Resonance/v
- 0.90
8 Capacitors
- p
5 |
o 0.60
o
E \
\ No Capacitors
0.30 \ -
/ ~
0.00 e—— 1 .

0 300 600 900 1200 1500
Frequency (Hz)
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Avoiding Resonance Problems

1.50
1.20 A
2400 kvar n
; Cap Bank
- 090
@
8 1200 kvar
o Cap Bank
D 060 \
o
£
2032 kvar \
0.30 F— 4.7™ Filter
M%
0.00
0 300 600 900 1200 1500

Frequency (Hz)
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M easurement results -
time varying characteristics

% Current TDD for a Daily Load Cycle

PCC 44 kV

nt TDD

PCC 480V

% Curre

OOOOOOOOOOOO
HHHHHHH
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M easurement results -
statistical characteristics

Probability that % TDD is Greater than the

Limit for 2- Filters and for All-Filters
81
! PCC 44 kV
741
|
|
|
6+ 1
8 I P(%TDD>8.0%) = 0.04
- <
- 51 1
c : ~
o .
S 440 ..
O : A
=3 : ~
341 -
I N ~.~
I The X-axis value represents the *-. __
27 E probability that the % Current
: TDD will be greater than the Y-
o axis value
|
|
1

0
& & & & A O 2 A D A
S & & & 2 N PO A D S

Probability

2-Filters - -- - - - - All-Filters
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Evaluating ASD L oads -
Example System for Analysis

Utility Distribution System

PCC
< Short Circuit Strength = 40 MVA
SCR =40/1.2 =33.33

A_Aa 1500 kVA

YT Z=6%

480 Volt Bus

ASD Load

) Linear Load
Power Factor Correction/

Filters

.ELECTROTEK
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ASD Harmonic Levels

I(t) at 5% kVA ratio

aNo Choke " Choke I(t) at 33% kVA ratio
Joo Transformer
Choke
130% T (on xfmr kVA) 30 Z
(on ASD kVA)
110%
90% T a
| THD
70% T
50% T
30%
0% 5% 20% 25% 30%
ASD kVA
Transformer kVA
ELECTROTEK
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ASD Harmonic Currents

TYPE 1 Waveform TYPE 2 Waveform
100 HP PWM ASD - No Choke 100 HP PWM ASD - 3% Choke
Wl ) N A NN \

- il A AT A A
A I | I AV VA Y S BV R AVVIER YY)

V Y VY

Time (Seconds) Time (Seconds)

lrup = 80.6% 1 ltup = 37.7%
lrus = 148.2 Amps | lrws = 117.6 Amps

IFund =1154 AmpS 60%] IFund =110.1 AmpS

.ELECTROTE K
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Rules of Thumb

+ How much of the plant load can be ASDs without
exceeding |EEE 519 guidelines?

70.0% -

60.0% =
c
[y
= % 50.0% =
8 = Type 1 Current Waveform
© 3
s 9 40.0% T+ Type 2 Current Waveform
€ o
8

0, -+

P c_% 30.0%
oo
€3
&< 200% +
[ IV .
38 IEEE 519 Limit (7%)
Z2<
|9 10.0% -+

0.0% -+

0.0% 20.0% 40.0% 60.0% 80.0% 100.0%

ASD Loading as % of Max Plant Load

ELECTROTEK

COMCUCEPTS, I NC.

P519A Industrial Evaluations - 15



Designing for Cancellation

¢ Transformer connections can be used to get
cancellation of harmonics from different

drives.
,,,,,,,,,,,,,,) N\
NP
\W
Vol
S } >
AR WAL oA Ny
/ AW A \/\J&/\/ A A NANA AL VNM 9
/\/T\/\ AN A YT TYTY
\V4
&
IR
TV Y H/ H/
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Effect of Power Factor Correction

+ Rules of thumb only apply if there are no power
factor correction capacitors.

4.00 /\70 vy
/\ J r
350 / x \ 300 KVAr
3.00
o T

V

vso [ LY

\

MAGNIFICATION OF HARMONIC
CURRENT FROM ASDS

1.00 Zy \ \ \ Nd Capjacitdr Bapk

0.50 NN

. \h \\;

0.00 &Frhr—==r
1 3 5 7 9 11 13 15 17 19 21 23 25

ELECTROTEK

COMCUCEPTS, I NC.

HARMONIC NUMBER

P519A Industrial Evaluations - 17



Power Factor Correction as Filters

+ Power factor correction can be applied as
harmonic filters to solve both the power
factor problem and the harmonic problem.

3.50
O 500 KYAr Tlunegl Cap Bahk <000 %F
(Z:) 3.00 480 \/
=3 T L
i 2 250 BLc
T3 & B0 &
L = 2.00
O R
ZuL 150
O |
'<T: E 1.00 - N No Clapagitor Banl
Qo |
=5 050
S‘Di ? 0.00 \’
g .

1 3 5 7 9 11 13 15 17 19 21 23 25
ELECTROTEK
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How many filter branches are needed?

+ With afifth harmonic filter, the evaluation will typically
be dominated by the 11th harmonic component.

6.0% -
= 5.0% -+
2o
56
O =
(S R=] 4.0% <+
S g IEEE Limit (3.5%)

= I e e ) < I
=3
0, -+

T = 3.0%
é <
9 o
=8 20% T Type 1 or Type 2
© = Current Waveform
=3
8 10% +
o
'_

0.0%

0.0% 20.0% 40.0% 60.0% 80.0% 100.0%

ASD Loading as % of Max Plant Load
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Filter design procedure

¢ Make surethefilter is designed for harmonic loading from
other loads and the supplying power system, as well as the
nonlinear loads being evaluated.

Characterize harmonic
producing loads

v

Characterize power system
background voltage
distortion

1

Design minimum size filters tuned to
individual harmonic frequencies, -
starting with the fifth harmonic

1

Calculate (simulate)
harmonic currents
at PCC

Another step
required

»| Check against IEEE-519
current limits

v

NDnne

ELECTROTEK
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Another Alternativeisthe APLC

ELECTROTEK
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AVAV/

bom
i'__

Main Customer
Bus

Interface Filter

S0

NONLINEAR
LOAD

IGBT
PWM
Inverter

-

Controls
and
Gating Signal
Generators
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Characteristics of other important
harmonic sources

¢ Dcdrives
+ Induction furnaces (heating processes)
+ Arc furnaces

. ELECTROTEK
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DC Drives

+ Usually displacement power factor characteristics
are important (power factor correction often
needed)

+1.8KR T T T T T T T T T FPHASE 4 CURRENT SPECTRLN 2SI 5X P
: Fundanental] anmps: FHdE. 2 A rms
\ Fundanental] freqg: 0.0 H=
h SINE SINE
' HARM PCT  PHASE HARN PCT  PHASE
| e mmmmmm —m— e mmmmmm oo
A FUND 300 F. 43 ° 2 o, 3% &= °
Frd O, #1267 E o. 2% El- R
sl 25_3% -30° &fr a. 1% &1 °
T 5.5%% —IZ=2 Fefr a.2% Ia-
. 2 [ - EFa 2ol a.23% -45°
-1. KA | . . . h | . | . 2Ieslr &.2% -Io2° 212eh oI -3FF°
. FEFT F.P: IFo° etz 0.2 -&5°
568, 6R-DIV VERTICAL  3.3MS/DIV HORIZ. iseh 0.3 -go:  Ieeh  0.2% -119°
2ok 2.9 93 < 20k 0.2% 1367
2Ist O, 3% g 22rd 0.2% I67°
+1, 6K 22rd F.oH#2 I0P° =t ) o.1% I62°
' T T T T : T T T T =iy ) 2. 1% - Zath a7 Eso T
27k O.23% -IF%° 28tk .23 1o
| : . YaLTS 22 2. 7% EL N Els S a. 1% 26 7
| FIst F Y T F2rrd o, 22 7
| FRrd o, 22 El Fdetz o2 25
21 U SN EXT = e T FEER o, I% & °
FFER 2.7% -3 EL- S0 o. 2% EX
1 EL 0 o, 3% 27 Lo 0.23% 42
! FIst .8% —I310° F2rr o.23% -F2-°
! F3rd .53 I50° Ex o.2%  -Fo°
. F5Eh a.53%  -30° F&Eh a.3% -3I3F°
—1.BKY | . . | h | . | | F7El 2.7% IFF-° F3f O.2% -I46°
EL A Fae Ex- =0 .23 -I42°
S8, 8uU-0IN VERTICAL 3.3M5-DIV HORILE. app 55 5 even 3o
FHRASE A SHAPSHOT THD: 28, 9%
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| nduction furnace loads

+ Rectifier/inverter configurations often exhibit
Important interharmonic components (coupling of
output frequency to the input)

FHH=E 4 UJEEED —PFECITREUY YEddikd =K
Furtfuwendal aes: 8208 Crus
Furfuenisl Fra=! eQ.8 -z

FUMD 188.6x 47 Zad
L3R IR T
T T I i
b BLSE 3 E
dth o 245 -4z 1tk
A7 Zth Vuan L 14t
ath Begn L2 1z
TPfh SLEE -£S S
oty dugr o152 ZEft
ok et -[7z Hiad
—Lo — — Zed A3 Iogu
CoUUHADIL LERTLLAL 5 3MEA0IU HORLE, oihage o i
otho o4 gt
- S — v B A BT
— ) oLl =
o o 1 T . - el v iz
N N b B3 er it )
[ '\: W’ N 41=t . =1 e I T
: £ S, 7 Fiort I ST [T B -
., /": , 45th B.Er (5T eIif N
v T b Y =1 S R
- : B O R v i =
—LFu M— P S —— Lo —=
T ORUCL LY VERTICAL 3. IMSALIV HORIZ. oos 29.Ex E.EH 3.7
FHHSE H sFHFSAUI o oom

[MDLCTIJF HESTER APE B3 1353 2:46 AM
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Arc furnace characteristics

¢ Unbalanced arc characteristics results in non-
characteristic harmonic components (e.g. 3rd).

+ Dynamic nature of the arc results in interharmonic
components and 2nd harmonic.
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Semiconverters

¢ Concerns for even harmonics - makes filtering

very difficult
| | ™ 11
A P 0
LTI TR 0001 p e
e Ll L L e ee s 2
e purreees L 14
Tl
Alpha
PI5
ELECTROTEK B
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Cycloconverters

¢ Concern for interharmonics - interaction of
output frequency with the input frequency

¢ Traction power applications
¢ Mining, steel industry applications

ELECTROTEK
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Measurements to verify performance

A

—>
50 kVAr/FO kVAr
AN

—

VAN

Power
< < Analyzer o O
pS pS o] @ 3 pS
< o o| |o [ <
o o o |8 o o
[ 4 e —_ 4 ()
o < o o c o
2| |o g g I
4160 V % g 480 V O >
— v, A 4
30 MVA % g i
X/R=12.0 T
1000 kVA [ \ 4
5.5%Imp. 1000 HP
(g é (:/ E DC Drive
§ Plant Load Q
200 kVA
0.85 dPF

Step1 | Step 2 Step 14
50 kVAr
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Notching Concerns -
example case

Voltage Waveform on 25 kV System During Drive Operation

R SS Waveform

Ny

144 kV Short Circuit Level = 0.5 |
74 MVA ' \/\'\

10 MVA 0.0
25 kV Bus 787% . \/\A M/Jﬂ
0. V /
M A M”//\/

<
=)
-
QD
3
2 km 266 MCM A -1.0 e
k=)
7.5 MVAL <
-1.5
5.75% other 0 5 10 15 20
loads Time (mS)
10 km
1/0 ASD
harmonic
filters 6000 hp
57,11
other
loads

1500 kVA M \/\.J\/\J 1500 kVA

47% 47%
4.16 kV 480 Volt bus

PF Correction
—) Capacitors
Motor Load

(160 kvar)
0.5 uF (650 hp)

surge capacitors

800 hp
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Summary - Industrial Concerns

+ Variety of Nonlinear Loads

¢ Power factor correction results in resonance
concerns

¢ Time varying nature of the harmonic
sources

¢ Other special concerns (non-characteristic
harmonics, Interharmonics, notching)

¢ Filter design issues

ELECTROTEK
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Exercises for
Industrial facility evaluations

¢ SiImple circuit to evaluate 519 compliance
and filter design Issues

¢ Develop rules of thumb

+ Nonlinear load models

+ Evaluate alternative solutions

¢ Filter design - effectiveness evaluation

ELECTROTEK

CCCCCCCCCCCCC

P519A Industrial Evaluations - 31



| EEE P519A
Concernsfor Commercial
Facilities

October, 1998



Commercial Facility Concerns

¢ Proliferation of electronic loads

¢ Distortion levels within facility vs. service
entrance
— transformer derating
— neutral currents
— harmonic cancellation from multiple sources

¢ Impact of ASDsfor HVAC systems
+ Standby generators - harmonic concerns

ELECTROTEK
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Commercial Facility Harmonic
Sources

¢ Electronic Loads (switch mode power
supplies)
¢ Fluorescent Lighting

¢ Adjustable Speed Drives (HVAC
Applications)

ELECTROTEK
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Switch Mode Power Supplies

| |
SWITCH-MODE <
LINE | emr [ L DC/DC -
FILTER REGULATOR o
a
| |
RECTIFIER
Waveform and spectrum
for a circuit supplying
eIeCtronIC Ioa‘ds Fundamental amnps: £8.5 & rm=
Fundamental freq: 60.0 H=z
HARM  PCT FPHASE HARM  PCT PHASE
+20H—T— T T T T T , FUND 100.0% -37° 2nd  0.2%  65°
| 3rd 65.7% -—97° 4th 0.4% -72°
! Sth 37.7% —166° Gth  0.4% —154°
i 7th 12.7% 113° Sth  0.3% 112°
; 9th  4.4% —d46° 10th
HA , 11th  5.3% -158° 12th  0.1% 142°
13th  2.8%  92¢ 14th  0.1%  B5°
. 16th  1.9% -51° 16th
I 17th  1.8% —151° 18th
| 19th  1.1% 84~ Z0th
-2S6A O S S S S S S— 21st  0.6B% —41° 22nd
23rd  0.8% -148° 24th
125, 8A-DIV UERTICAL S 3ME-DIN HORIZ, SEInL D 4% E1° SELh
27th  0.2% -25° 28th
29th  0.2% —122° 30th
3lst  0.2% 102° 32nd
33rd  0.2%  56° 34th
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Fuorescent Lighting

- +25A
Typical waveform
and spectrum for an
lighting circuit with
1 -25A L L L L L L L L L
magnetlc ba”aStS 12.5R-0IWV UERTICAL J.3MEADIV HORIZ.
Fundamental amps: 15.2 A rm=
Fundamental fredq: 0.0 H=
HAERH PCT FHASE HAERH PCT PHASE
FUHD 100 . 0x —-124° Z2nd 0.2% 1367
Jrd 19.9% -—144° ith
Eth 7.4k B2" tth
7th 3.2 -39 Ath
9th 2.4k —-171- 10th
11th 1.8% 111° 12th
13th 0. 8x 17 ldth
15th 0.4% —93° 16th
17th 0.1% —164° 18th
19th 0.2% —99° 20th
21=t 0.1x 1e0° 22nd
23xrd 0.1x 88" 24th
25th Z2bth
27th 0.1% 1el- 28th
29th 30th
Il=t 32nd 0.1% 158"
33rd 34th
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ASDs (HVAC Systems)

PHASE E CURRENT SPECTRUH 2.23.40 PH
PWM T e ASD Fundamental amp=: 1.2 A rm=
yp Fundamental freqg: 60.0 Hz

. . SINE SINE
Vwﬂ13%nnputchoke HARM PCT FPHASE ~ HARM PCT PHASE
FUND 100. 0% —-128° Jnd  1.0% 145°
rd  3.9% -149° 4th 0.4% -57°
Cth 39.7% —122° 6th  0.8% 175°
— 7tk 18 9% 122° ath 0.2%  10°
9th  0.8%  47° 10tk 0.2% 159°
11th  6.8%  &7° 12tk 0.4% -27°
13th  3.8% -118° 14th 0.3% 111°
+136A 15th 0. 4% —-140° 16th 0.4%  &°
17th  3.2% —144° 18th  0.4% 109°
19tk 2.3%  10° 20th  0.3% 2
1=t 0.3%  29° 22nd  0.2%  141°
BA 23rd  1.8%  11° 24th  0.2% -79°
26th  1.7% 145° 26th  0.2% 124°
! 27th  0.2% -165° 28tk 0.1% -81°
| 209tk 1.1% 160° 0tk 0.1%  68°
-5 1=t 1.3% -74° 32nd  0.1% -112°
75.6A-DIV UERTICAL  3.3MS-DIV HORIZ. 3ard  0.2% -32°  34th  0.1% &1
ICth  0.7% —49° I6th  0.1% —114°

37th  1.0%  67° 38th

19tk 0.2% 153° 40th
41=t 0.5%  96° 42nd  0.1%  -1°
43rd  0.8% -147° 44th 0.1 134°

4Gtk 0.2% -G9° 16th

47th  0.4% -112° 48th

49th  0.7%  -5° SOth

_H,ODD 45 1% EVEN 1. 6%
THD: 45 1%

ELECTROTEK
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How do the harmonic currents combine?

sy | OMerloads |, ot lighting [, Florescent Lighfing
E 480 ¥ - 3-Phase & Misc Loads ‘»”“LH_TE
P et SRy . -" . -

Ak Ty W . e
277V - 1 Phase A

R ey oWilch Mode - PCs
o I.l"ll ey

1y
, = Mo, e L ——
/o, BE L

. P | 1 Lo '\i . .o ‘,.|| .
¥ . L'-._ﬂ_la". . "-,\_"-_f.-' ﬁ A I, =M *:.:q::;':h'u [
I Iy =5z b AW (L — A

™M=

480 Volt Clrcult £1

3
)

480 Voll Primary Ay 120 V- 1 Phase
N T . : - bl 170,08 ,rbui'MIC“"EIL
LN A L . STt g
u.------'ﬁl-;—--:a-'-------'-..--“--J; i A ;."u,l AT M i -
WAy } AYAAYEY 120 V - Neutral
My =ak  nLaso HEe o '
o RN U Ty
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Commercial Facility Concerns

+ Neutral currents
¢ Transformer derating reguirements
+ Standby generator rating requirements

ELECTROTEK
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Example of High Neutral Current

Phase A (50 Amps)

ELECTROTEK

COMCUCEPTS,

I N C.

H A ———

A

-1356H

Vo« AADIU VERTICAL

Phase B (50 Amps)

+1 38R

Se SMSADIN HORIZ

HA

|

n L L L L L
7. BA<DIV VERTICAL

3. IMSADIV HORIZ

Phase C (57 Amps

+136A

5]813

-154

n 1 1 1 1 1
7. BR-DIV VERTICAL

3o 3MSCDIN HORIZ

Neutral (82 Amps)

+158A

A

n L L L L L 1 1 1 L
FBACDINV VERTICAL - 3.3ME/DIV HORIZ
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Estimating neutral currents

+ Neutral currents can be estimated based on the percentage
of the load on the three phase circuit that consists of single
phase el ectronic equipment

rms Neutral Current in pu of rms Phase Current

1.80
1.60 +
1.40 +
1.20 +
1.00 +
0.80 +

0.60 —+ 0-5p2|
0.40 + Ineutral, . = 3, /—”Iphase,m,S
0.20 + 1+05p;

0.00

Neutral Current

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Electronic Load (% of Total Load)

ELECT

COMCUCEPTS, I NC.
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Solutions to Overloaded Neutrals

¢ |ncrease the neutral conductor size
¢ Neutral for each phase

+ Double neutral

¢ Third harmonic filter at each load
¢ Zig Zag transformer close to loads
¢ Activefilter(s)

ELECTROTEK
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Transformer Derating Considerations

¢ Transformer derating requirements for harmonics
specified in ANSI/IEEE C57.110-1991.

+ Function of Transformer Eddy Current L osses

¢ Derating needs to be applied whenever the full
oad current distortion exceeds 5%

¢ K-Factor transformers designed to supply
nonlinear |oads without derating

ELECTROTEK
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Transformer Derating - ANSI C57.110

Required Transformer Derating for Electronic Load as
a Function of the Per Unit Eddy Current Losses

100.0%
<
~ 90.0% +
(@)]
E _258{:25 BIFI/DiU UIERTIICRLI I3 3&15/[{1&1 I-iDRIZ
< 80.0% -+ ' ' '
g I - 1+ I:)EC- R
rms
5 70.0% 1+ K* P
% 60.0% - . 31,2
¢ A
50.0% h | |
0% 5% 10% 15% 20%

Eddy Current Loss Factor (%)
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Derating vs. Nonlinear Load

The required derating also depends on the percent of the
load made up of electronic equipment (or other nonlinear

loads).
Required Derating for Conventional Transformer vs. Percent
Electronic Load
100.0%
98.0%
(@]
S 96.0%
S 94.0% |
Q 92 O% 1 +236A
- .
2 90.0% +
S 88.0%
Dq:) e —
86.0% —- 125,PA/DIV VERTICAL  3.3MS/DIV HORIZ,
84.0%
0% 20% 40% 60% 80% 100%
Percent Electronic Load
COMNMCEPTS, I NC.
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K-Factor Transformers

K-Factor Transformers are designed to supply
nonlinear loads without derating. The K-Factor defines
the level of current distortion that is acceptable.

Required Transformer K-Factor vs Percent Electronic Load

7.00

6.00

5.00 +

4.00 +

K-Factor

3.00 +

2.00 +

1.00 -

- 25—
125.8A/DIV VERTICAL  3.3MS/DIV HORIZ,

0.00

0% 20% 40% 60% 80% 100%

Percent Electronic Load

COMNUCEPTS, | N C.
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Standby Generator Reguirements

+ Harmonics can be more of a problem during backup
generator operation due to generator impedance.

+ Calculate voltage distortion with generator operating and
limit to 5%

+ Make sure harmonic currents do not exceed generator
capabilities

Switch (ATS)
Line from Panelboard

Feeder to
Building \

UPS

)

)

L _ /\ AC bC | | Static > To
Typical configuration be ac | [ Bypess Loxe
of UPS system for I
critical loads with 0 D et

backup generator

[\ o
7/\

i
Conditioning
Equipment

ELECTROTEK
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Overall Facility Harmonic Levels

Example System to evaluate distortion levels at the PCC

Distribution System
Short Circuit Level = 50 MVA

\/JW 1500 kVA

Z=6%
Max. Demand Load = 1200 kVA
500 kVA ujuu J7 l

Z=3%
Flourescent HVAC
Lighting Load Load

4
I

Single Phase  Other
Electronic 120/208 V
Load Load

ELECTROTEK
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Voltage and Current Distortion
without ASDs

Voltage Distortion at 480 volt Bus Caused by Facility
Nonlinear Loads
6.00%
5.00% /
2 4.00%
l_
g 3.00%
g
E 2.00% /
1.00%
0.00% : : : : Current Distortion (TDD) at PCC Caused by Facility
0% 5% 10% 15% 20% Nonlinear Loads
Electronic Load as % of Maxim
—~ 16.00%
o
[a)
£ 0
— 12.00%
Qo
S 8.00%
Q0
[a)
c 4.00%
o
S
o OOO% T T T T T T
0% 5% 10% 15% 20% 25% 30% 35%
Electronic Load as %of Maximum Facility Load
ELECTROTEK
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Voltage and Current Distortion
Levelswith ASDs

Voltage Distortion at 480 volt Bus Caused by Facility
Nonlinear Loads

8.00%

7.00%
6.00%
5.00%

a)
I
|_
% 4.00% /
£ 3.00%
> 2.00%
1.00%
0.00% ! ! ! ! Current Distortion (TDD) at PCC Caused by Facility
0% 5% 10% 15% 20%

Nonlinear Loads
ASD Load as % of Maximum Fe&

20.00%

16.00%

12.00%

8.00%

4.00%

Current Distortion (TDD)

0.00% ‘ ‘ ‘ ‘ ‘ ‘
0% 5% 10% 15% 20% 25% 30% 35%

ELECTROTEK ASD Load as %of Maximum Facility Load

COMCUCEPTS, I NC.
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Summary - Concerns for 120/208 circuits

+ Neutral conductorsin 3-phase, 4-wire circuits serving
electronic loads should be rated for 170% of the maximum
line current.

+ Neutral conductorsin fluorescent lighting circuits should
be rated for maximum line current.

+ Transformers for step down to 120/208 that supply
el ectronic loads should be derated for harmonics or should
be k-factor transformers

+ Voltage distortion on 120/208 v secondary circuits will be
dominated by electronic loads. Distortion should be below
5% if total electronic load is below 25% of transformer
rating.

ELECTROTEK
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Summary - Concerns for overall facility

+ Voltage distortion in 480 v circuits will depend on the
cumulative effect of office loads, fluorescent lighting, and
HVAC equipment.

+ Most commercial facilities should not exceed 519 limits
unless there is significant penetration of ASDs for HVAC
applications or alarge percentageof the load is electronic
(some type of filtering could be needed in these cases).

+ Retrofitting with electronic ballasts should not have
significant impacts on building harmonic levelsif ballasts
with less than 30% current distortion are used.

ELECTROTEK
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Exercisesfor
commercial facility evaluations

+ Simple circuit to evaluate effects of different load
combinations

+ Harmonic source representations for different
types of loads
— €lectronic loads
— lighting
— asds

+ Neutral currents, transformer derating, interaction
evaluations

ELECTROTEK
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| EEE P519A
Concernsfor Residential

Systems

October, 1998



Harmonic concerns for circuits
supplying residential customers

¢ Characteristics of nonlinear loads
— electronic loads
— ASD heat pumps and air conditioners
— compact fluorescents
— electric vehicle battery chargers
¢ System frequency response characteristics

¢ How to apply limits

ELECTROTEK
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Evaluate response to CFLs
as an example

¢ CFLs are being promoted as part of energy
conservation programs at many electric
utilities.

¢ A recent study has concluded that low CFL

penetration levels can cause the feeder
voltage distortion to exceed 5%.

¢ Previous studies have indicated that further
Investigation needs to be done.

ELECTROTEK
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| ntroduction - cont.

¢ Measurements were performed to identify
harmonic characteristics for different CFLs

¢ Transient models utilized to develop a
detalled representation of typical loads.

¢ Harmonic simulations used to examine
cumulative effect of CFLSs.

ELECTROTEK
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High Distortion Electronic Ballast CFLs

Electronic High Distortion Lamp 3 Waveform

A Harmonic Current
Distortion of 140%

Q
C|
3
$ -0.2 L _ _ _
~ Electronic High Distortion Lamp 3 Spectrum
3 0-073 Hreq : 60
™~ Aund : 0.0665344
o4l C e 0.064 THD : 144.009
0 10 20 %D : (1)44 009
Time (mS) 0.05 RMSh - 0.0958158
] RMSi : 0.0665344
] RMSFh: 0.116651
0.047 RMS : 0.116651
] ASUM : 0.313131
] TIF : 939.301
0.037 IT - 109.571
a 1
c I
3 ]
8 0'022
o ]
A ]
~ 0.017
b I
~ E I
0.001 H = ‘ ‘ ‘ ]
0 600 1200 1800 2400 3000
Frequency (Hz)
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Low Distortion Electronic Ballast CFLSs

Electronic Ballast, Low THD, Lamp 1 Waveform

il i ~ Harmonic Current
sl TR [ | Distortion of 30%

o 1) -

Q -o0.
C
= L
® 0.4
el \ [ |
S -0.6 i 7 Electronic Ballast, Low THD, Lamp 1 Spectrum
A , 0.30
Freq : 60
=0.8 e Fund : 0.266187
0 10 2 THD : 33.8903
Time (mS) TIb - O
7D - 33.8903
RMSh : 0.0902114
RMSi : 0.266187
RMSfh: 0.281058
RMS : 0.281058
ASUM : 0.517387
TIF - 628.985
IT - 176.781

(v¥) 3usauan)

I N NN N

0 600 1200 1800 2400
Frequency (Hz)

ELECTROTEK

COMCUCEPTS, I NC.

P519A Residential Evaluations - 6



Magnetic Ballast CFLs

Magnetic Ballast, Low THD, Low PF, Lamp 1 Waveform

Harmonic Current
\ Distortion of 20%

-0.01

g 1
S -0.17
3 1
D
=) 1
=] 1
-0.24 .
/'j; i ]
~ ] Magnetic Ballast, Low THD, Low PF, Lamp 1 Spectrum
3 0.14 T T T T T T T T T T T
=0.3 T L B S Freq - 60
0 10 20 Fund : 0.133063
Time (mS) THD : 14.4984
TID - O
TD - 14.4984
RMSh : 0.019292
RMSi : 0.133063
RMSfh: 0.134454
RMS : 0.134454
ASUM : 0.16235
TIF :© 21.272
T : 2.8601
(@
c
n]
]
D
=}
=
~
b
o/
m - —_— + + + + + + + +
240 480 720 960 1200
ELECTROTEK Frequency (Hz)
COMCEPTS, I NC.
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Residential Circuit Example

Distribution
Transformer
120Vrms
% 300/ 300/ 300’
S0kVA ‘
Z=2% |
House#1 House#ie House#3 House#4
UFOP Eoch House
30’ 30/ 0’ 30 0’ 30' 30/
150w |___,
Regular 100w
Lighting 100W v Six CFLs
Lood Motor
Lood

ELECTROTEK
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Assumed Harmonic Spectrum

Harmonic Magnitude Angle
1 100.0% -11.5
3 82.0% -38
5 53.4% -62.5
7 3L6% -85.1 High Distortion Electronic
9 16.6% -103.3 .
n 850 111 Ballast CFLs Including
13 15% 991 Cancellation Effects
15 1.0% -884
17 0.6% -955
19 0.5% -109.5
21 0.3% -120.5
23 0.1% -1075
25 0.1% -67.4

ELECTROTEK
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Distribution System Studied

SUbgatl on 6000 kVAr Switched
North Bus Substation Capacitor

Bank

Dm 44.8 MVA
YT erioky

31% of loads are
commercial

Feederl  Feeder2 Feeder 3 Feeder 4  Feeder 5

1200k V Ar

1200k V Ar | 1800k VAr
600k VAr
1200k V Ar ———

= 1
- F | 600KVAr I -

I o C OkV Ar
1200k V Ar }f' 1200k VAr
q

1200k V Ar 1800k VAr | Sa—
F‘ L
: ? 1800k VAr }f'

ELECTROTEK
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System Frequency Response

Impedance (ohms)

Freguency Scan at Feeder End

401

Light Load

301

201

-

10

|
A
A
-

\.—-.—/

_—

0

6 12 18 24

Harmonic Level

This case was selected to represent worst case realistic
circuit conditions due to the system resonance at the fifth

harmonic.

ELECTROTEK
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System Frequency Response
Comparison

40 Frequency Scan at Mid-Feeder

/\ A /M With linear loads only
301

/\ / \ —  With non-linear and linear loads
207 1

Impedance (chms)t

YT

0 6 12 18 24
Harmonic Leve

.ELECTROTEK
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Effect of CFL Penetration

16%

12%

0
% THD 8%

4%

B [
= 50 W/House 100 W/House 150 W/House

0%
Sub Mid End Sub Mid End Sub Mid End

.ELECTROTE K
COMNCEPTS, I NC.
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Effect of CFL Type

16%
12%
8%
% THD

Magnetic Low THD Electronic
o o

— e o High THD Electronic
0%

Sub Mid End Sub Mid End Sub  Mid End

.ELECTROTEK
COMNMUCEPTS, I N C.
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Summary of potential Impacts

+ High penetration levels of CFLs that use
high distortion electronic ballasts can result
IN unacceptable voltage distortion levels.

¢ CFLswith lower current distortion levels
(30% or less) should not cause problems on
the feeder.

¢ Distortion levels are dependent on system
conditions (capacitance, representation of
electronic loads, etc.)

ELECTROTEK
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Summary of Voltage Distortion

Case with No Resonance

| Sub
8 1

mEnd
6 1
4 | T

0 50 100 150

Feeder Voltage Distortion

CFL Load per Residence (W)

.ELECTROTE K
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Summary - cont.

Resonance Case

& Sub
mEnd

Feeder Voltage Distortion

0 50 100 150
CFL Load per Residence (W)

.ELECTROTE K
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How to apply limits

¢ Limit harmonics from individual loads (IEC
1000-3-2)

¢ Limit harmonics per resonance (very
difficult to enforce)

+ Prevent resonance conditions on the
distribution system or control harmonics on
the distribution system

ELECTROTEK
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|EC Approach

+ Limit harmonic currents for individual equipment
(type testing).
¢ |EC 1000-3-2 for eguipment up to 16 amps.

¢ |EC 1000-3-4 for eguipment up to 75 amps
(under development).

¢ Thisshould limit overall harmonic distortion
levels to acceptable values.

+ Procedure for evaluating customers supplied at
medium voltage and high voltage (1000-3-6).

ELECTROTEK
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|EC 1000-3-2 (General Loads)

. Maximum Permissible
4 EC]UI pment Current Harmonic Harmonic Current
limits for equipment up Order __(in Amperes)
Odd Harmonics
to 16 amps. 3 53
. 5 1.14
+ Designed for 380 volt 7 077
stems (L-L). 9 04
Sy ( . ) _ 11 0.33
¢ Class A equipment is 13 0.21
15-39 0.15 x (15/n)
general prpOS@ Ioads. Even Harmonics
2 1.08
4 0.43
6 0.3
8-40 0.23 x (8/n)

ELECTROTEK
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|EC 1000-3-2 (Lighting L oads)

¢ Class C equipment:

Harmonic Order

Maximum value expressed as a
percentage of the fundamental input
current of luminaires

2

© N o1 W

11-39

2%
30% x PF
10%

1%

5%

3%

ELECTROTEK
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|EC 1000-3-2 (Power Supply L oads)

L 4 Cl ass D eCIUI pment Relative Limit Maximum permissible
: Harmonic Order (mA/W) harmonic current (A)
(special waveform).

+ Notethat relative limits ; > 23
only apply up to 300 7 1 0.7
watts. Absolute limit y 05 0.4

_ 11 0.35 0.33
applies up to the 16 amp
maximum 13-39 linear extrapolation:  see table for Class A
' 3.85/n equipment

ELECTROTEK
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Limits for electronic loads

Class D Harmonic Limits

90.0%

80.0%

70.0%

60.0%

50.0%

40.0%

30.0%

Harmonic Limit (% of rated current)

20.0%

10.0%

0.0%
0 500 1000 1500 2000 2500 3000 3500 4000
Power Rating (Watts)
ELECTROTEK
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|EC 1000-3-4 (Loads up to 75 Amps)

¢ Under development.
¢ Limits dependent on I1/lc < 1/35 11/lc < 1/170
short circuit ratio Harmonic Order In/11 (%) InfI1 (%)
o Initial draft set of limits ; L8 504
under discussion. 7 7.2 16.9
9 3.8 8.8
13 2 4.6
15 0.7 1.6
17 1.2 28
19 1.1 2.6

ELECTROTEK
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Summary-
handling residential harmonics

¢ Where to apply lIimits?
¢ What should the limits be?
¢ Resonance concerns

+ Controlling harmonics on the distribution
system

+ Effect of new load types (electric vehicle
chargers)

ELECTROTEK
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Exercises for residential evaluation

¢ Example circuit, capacitor configurations

+ Representation for residential customers
— without nonlinear |oads
— with nonlinear loads
+ Characteristics of other large harmonic
sources
— asds
— eectric vehicle chargers

ELECTROTEK
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System Response Characteristics

+ Voltage distortion isaresult of the voltage drop created
across the equivalent power system impedance.

¢ At 60 Hz, power systems are primarily inductive. The
equivalent inductance can be calculated:

L, = X
2p* f

X..= system short circuit reactance

f = power system fundamental frequency (60 Hz)

ELECTROTEK
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Utility Considerations

+ Controlling system voltage distortion levels
+ Resonance considerations

+ Utility equipment applications (e.g. SVC)

¢ Economic Considerations

+ Telephone Interference

¢ Using rates to control harmonics?

ELECTROTEK
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Distribution System Response

Distribution Substation Bus

_
Harmonic currents tend to flow

from the harmonic source (nonlinear load)
into the utility source because it is the lowest impedance.

.ELECTROTEK
CONCEPTS,INC,.
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Effect of Capacitors -
Parallel Resonance

Distribution Substation Bus

e

_ M

xS

Capacitor increases
harmonic current flow into the substation.
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Effect of Capacitors -
Series Resonance

Distribution Substation Bus

@”“m 3¢

Lo
R

Equivalent Circuit

oo
— M

R

T ——

Feeder branch and
capacitor appear to be a series LC circuit.
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Some Modeling Guidelines

+ Substation transformer with short circuit equivalent on the high side.

¢ Overhead distribution lines can be modeled with series impedances.
Cables must include shunt capacitance.

¢ Include all capacitor bank locations in the model.

¢ Modd transformers and low side buses for customers with low voltage
power factor correction or filters.

+ Include simple resistive representation for load or resistance with a
series inductance to represent step down transformers.

¢ Three phase model is needed to evaluate positive and zero sequence
harmonic components together. Otherwise, positive sequence
representation usually adequate.

ELECTROTEK
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Utility Equipment Applications

+ Apply harmonic limits based on studies of
the Impact on the overall system voltage
distortion levels and other impacts (e.g.
telephone interference)

¢ Economic evaluation of harmonic controll
aternatives

ELECTROTEK
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Economics of controlling harmonic
distortion levels

+ System perspective for the economic
analysis
¢ Alternatives
— control at individual loads
— control at customer level
— control on the system

¢ Minimize total costs

ELECTROTEK
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How Can Harmonics be Controlled?

¢ Control at the equipment level (IEC 1000-3-2).

¢ Control at the customer level (IEEE 519 -
current).

+ Control on the utility system (IEEE 519 -
voltage).

Some combination of these will
probably be necessary.

ELECTROTEK

CCCCCCCCCCCCC

P519A Utility Considerations - 10



Future of Harmonic Control

+ Harmonicswill be controlled at individual nonlinear loads
with better power supplies and active compensation.

+ Harmonicswill be controlled at the customer level with
active devices that can provide var control, harmonic
control, and some power conditioning
(e.g. voltage sag ride through support).

+ Harmonics will be controlled on the distribution system
along with vars using active filter technology.

ELECTROTEK
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