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Why is it important to measure flicker?

Flicker requirements in CA Title 24 and Title 20
What is physiological flicker?

What is IEEE PAR 17897

Flicker Is a function of modulation and frequency

Using Fourier analysis to evaluate complex
waveforms

Tested flicker performance of 53 LED lamps

Importance of publishing flicker information

Quantifying Flicker: Fourier Filtering of Light
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CFL Market Share History

% U.S. Market Share of CFLs

=% U.S. Market Share of CFLs (lamp sales volume)

100% -
80% -
Late 70's:
CFLs introduced
60% - [
N o Plateau: “30%
Early Utility CA Energy Crisis I
40% - Promotions ENERGY STAR
A CFL Program Launch
0% T T T
1975 1980 1985 1990 1995 2000 2010 2015
Sources: PNNL (for DOE), June 2006, fACompact Fluorescent Lighting
; D&R I nternational (for DOE), Sept 2010, Energy Star CFL Marke
P marketresearch; Cad mus (f or CPUC) , Alporescent L2afdpks DarketiEfieotsHinal&e por t o
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CFL Market Share History

s40 - 1980'5:525-535 .5, CFL Prices 1977-2012
$35 - $19
%30 1 $11
$25 -
—U.S. CFL Prices $6
$20 §1-¢3
$15 -
$10 -
$5 A
$- | | | | | T | |
1975 1980 1985 1990 1995 2000 2005 2010 2015
Sources: PNNL (for DOE), June 2006, fiCompact Fluorescent Lighting
D&R I nternational (for DOE), Sept 2010, Energy Star CFL Marke

marketresearch; Cad mus (f or CPUC) , Alporescent L2afdpks DarketiEfieotsHinal&e por t o
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CFL Market Share History

CFLs: U.S. Market Share vs Average Price

100% - - $40
——9% U.S. Market Share of CFLs (lamp sales volume) - $35
80% -
— Average U.S. CFL Sales Price - S30
60% - %25
- $20
os |
40% - S15
- S$10
20% -
L 55
0% | | I_ T I I I I S'
1975 1980 1985 1990 1995 2000 2005 2010 2015
Sources: PNNL (for DOE), June 2006, fACompact Fluorescent Lighting
D&R I nternational (for DOE), Sept 2010, Energy Star CFL Marke
P marketresearch; Cad mus (f or CPUC) , Alporescent L2afdpks DarketiEfieotsHinal&e por t o
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Why did market share stall?

In by 2010 CFLs had:
AHigh availability

AHigh market awareness
ALow prices
ASignificant rebate support and promotion

And yet mar ket share
Why?

q Quantifying Flicker: Fourier Filtering of Light



The Problem with CFLs

Theme Specific Concerns
Sl 3i ri r%/egnu existingisockets, anibt compatiblewith
Poorlight S@Sfta | yR KIFINBKXZ O2fR
Light Quality Inconsistent lightolor. Consumers experienceadaches

under fluorescent lighting.
5 2 y Q iip td theidISng life claims; early failure. CFLs
Performance buzz, humor flicker Delayedstart and a slow run up tim
(to full brightness).

n ot her words, peopl

1992 EPRI; Perceptions of Compact Fluorescent Lamps in the Residential Market; 1993 LRC; Quality vs Economy in Home Lighting: How Can we
Find the Balance?; 1993 LRC; Residential Lighting Incentive Programs: What are the Alternatives to Compact Fluorescent Lamps

1997 (HMG for) CEC,; Lighting Efficiency Technology Report, 1999: NEEA; LightWise; Market Progress Evaluation Report #1

2003: LRC; Increasing Market Acceptance of Compact Fluorescent Lamps; 2006: PNNL for DOE; Compact Fluorescent Lighting in America: Lessons
keagred on the Way to Market; 2010: Cadmus for CPUC; Compact Fluorescent Lamps Market Effects Final Report



CFL Quality Issues

W
o

7
Y

Color 1T color temperature, and CRI
Color consistency 1 .

Flicker T visible flicker T distracting. Imperceptible
flicker - headaches

Lifespan i especially in an enclosed fixture.
Start time T delay after turning on switch
Run-up time i timetonwar m upo to f ul

Dimmability T non-dimmable might burn-up or fail if
placed on a dimmer

Toxicity T CFLs contains mercury

Quantifying Flicker: Fourier Filtering of Light



Cal | T olightingpStandards

2018 General Service Lamps 1T 45 Im/W
A2020 Federal GS Std - 45 Im/W

LED General Service Lamps - 80 Im/W.

AEffective July 2019
ADOE may have higher standard in 2020

Small Diameter Directional Lamp - 70-80 Im/W
AEffective January 2018

12,885 GWh/yr savings in California alone!
AComparable to 4+ power plants

AWill there be backlash against high efficacy
lighting standards?

Is amenity of LED comparable to incandescents?

j;i Quantifying Flicker: Fourier Filtering of Light



British Col umbiads Lamp

Province of British Colombia Ministry of Energy
Implemented lamp standards in ~2010/2011

AA few high cost halogens were available i but CFLs
were the main product available to consumers

AMinistry received consumer outcry on a daily basis,
steady phone calls: compl
expectati ons ascomnemsahoate me |
mercury, color, flicker, dimming, lifetime.

AThe problem was not affordability, accessibility, or
awarenesse. The bl ggest
acceptability.

The law was eventually repealed!

X R B
" Quantifying Flicker: Fourier Filtering of Light
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2016 Title 24 Joint Appendix JAS8

Res NC: All high efficacy Di mmable to O
sources Lumef f O 45 | m.

JA8 required f allFl © BE%C\)S\,
screw based lamps, downlightg Lamps CCT O 3

Certified in CEC JAS8 databasd | nt e CNC
and labelled: - CRI' O 90

N . AIES & CIE Stds
A D160 or

) ) , Start time O
A J A2816-E 0 (el evig e fmeh n?aimégogé 86 . 7

Tested to JALO flickerand AM  ©  LM-80 LD70 O 25
O30% for frequenciegsr v va®0opgHgg
NEMA SSL 7A rating Noi se O 24dBA(

£ AENERGYSTAR Tests
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What is Flicker?

Flicker is amplitude modulation of light at frequencies
that have effects on human physiology

ASimilar concept to sound and ultrasound
AAt higher frequencies modulation perceived less
Perceptible flicker T can be noticed directly.

Almpacted by intensity, frequency, moving objects
ASome people more sensitive
AFlicker can trigger seizures or migraines in some people

Imperceptible flicker I impacts performance and health
though not perceived

AMagnetic ballasted lighting studies: Veitch and McColl (1995),
Veitch and Newsham (1998) and Wilkins et al. (1989)

q Quantifying Flicker: Fourier Filtering of Light



Sound and Ultrasound

Gound Pressure Lewel @B SPL)

Equal -loudness contours

Ultrasound used in
iIndustry for cleaning,

welding, mixing etc.

nausea, hearing loss etc.

%{ AWorker complaints of
s

Ultrasound for sensing

Hi AGeneral public complaints of

headaches, nausea

Limits set for 8 hour

exposure
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Amplitude Modulation (% Modulation)

DC 33% AM
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Why Is Percent Flicker and Flicker Index a Misnomer?

Percent Flicker

ARatio of fluctuation to
average (AKA modulation
depth, % modulation, % AM)

AMost research based on this
metric

AEasy to measure

Flicker Index

ARatio of areas

Aolder research used this
metric

Neither account for
frequency of waveform

#

|

{
/

-

4

A (Maximum value)

Amplitude
variation

Average
light
output
One cycle ,|
_ A-B . Area 1
Percent Flicker = 100% x 278 Flicker Index = Area 1+ Area 2

Source: DOE Flicker Fact Sheet
Modified from IES Handbook

Quantifying Flicker: Fourier Filtering of Light 15



Frequency and Percent Flicker (%0AM)

oA Both graphs 100%
amplitude modulation

ASame min and max

Percent flicker (and flicker
Index) a misnomer

10x freq

Flicker (perceived or
Imperceptible) a function of
both:

AModulation Depth
| Aand Frequency

1000 Quantifyi#?§°Flicker: Fourier Filtering of Light 16
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Improved Definition of Flicker (IEEE PAR 1789)

Recommended Practices for Modulating Current in High -Brightness LEDs for Mitigating Health Risks to Viewers

100%

Mod% < | ]

10% {—Mod% < 0.025* =l ~Max

§ / i Min j

® | _

3 <90 Hz e e W e & w e e e

- Mod% < 5% I, mp T "y 100
1% Low Seizure Risk Tel -

No Risk Region (Green)

¢ Kelly 1964
“ Bullough 201
¢ Perz2014

A Roberts &
Wilkins 2012

| —

1 10 100 1000

Frequency (Hz)
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Test Setup T JA10 Flicker Test

Temperature Controlled

Light Tight

Dimmer

----"'---
=
Light Source

Photometric
sor

. Digital il e
Transimpedance gital Oscilloscop

Amplifier

_ woesoesenL
:p l
|

Regulated Digital Time Series Dal
Power Supply Sensor Output Amplified Sensor Output g:; Volts

i(s)g - - 43 10 0 7.12%

100 L/ \ /A _as ,,r—\\/,/'"‘\ 8 N 1E-04 7.037

S A e 2 © 0.00015 6.94¢
20 /] g2 = 4 0.000Z 6.94€

100 \\ // \\ // 1 2 0.00025 6.861

200 v v % A 0 ‘ | ‘ 0.000% 6.861

o 0.02 0 0005 001 0015 © 0005 001 0015 0.00035 6.773

Time (sec) Time (see) Time (se0) 0.0004 6.773

g . . 6.

1 5 6.

120 VAC, 60 Hz  nanoAmpAux ~_Convert to Volts O s ooy 18
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Fourier Filtering 1 Joint Appendix JA10

Fourier Transform

Time Series Data To Frequency Domain Cut-off Vector
8 :(fﬂ\R ,\ 1 ‘”\ /n\ “‘”“‘.‘ ‘m ' (ﬂ\ _ 2 12
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Truncated Fourier Series Filtered Time Series
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Three Recommendations in IEEE 1789

Section 8.1.1 Simple recommended practices

1. If it is desired to limit the possible adverse biological effects of flicker,
below 90 Hz, Modulation (%) is less than 0.025 x frequency, between
90 Hz and 1,250 Hz, Modulation (%) is below 0.08 x frequency and
above 1,250 Hz, there is no restriction on Modulation (%).

Compare the amplitude modulation results from JA10/JA8 database :
at 40 Hz <1% amplitude modulation, for 90 Hz <2.25% AM, for 200 Hz
<16% AM, for 400 Hz <32% AM, for 1,000 Hz <80% AM and for
unfiltered data no limit on %AM.

2. If it is desired to operate within the recommended NOEL (no observed effect
level) of flicker, below 90 Hz, Modulation (%) is less than 0.01 x frequency,
between 90 Hz and 3,000 Hz, Modulation (%) is below 0.0333 x frequency and
above 3,000 Hz, there is no restriction on Modulation (%).

For 40 Hz this corresponds to no greater than 0.4% amplitude modulation, for
90 Hz <0.9% AM, for 200 Hz <6.7% AM, for 400 Hz <13.3% AM, for 1,000 Hz
<33.3% AM.

3. (seizure prevention) For any lighting source, under all operating scenarios,
below 90 Hz, Modulation (%) is less than 5%.

Compare the JA10 database amplitude modulation results filtered below 40 Hz
and 90 Hz cut-off frequencies with the less than 5%AM recommendation.

Quantifying Flicker: Fourier Filtering of Light



JA10 for IEEE PAR 1789 Spec

40 90

200

400 1,000

Modulation (%)

100%

10% -

1% -

0.1%

Mad%]|< 0.08* ™y
B Bullough 2011 ' | n
® Perez 2014 -
A Roberts & Wilkins 2012
2.3%*
1%e
Mod% < 0.025* P /
>
& Ng RiskiRegioh (Green)
X
1 10 100 1000
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