


What is light?

AElectromagnetic energy capable of exciting the retina and causing a
visual response. Its not the whole electromagnetic spectrum.

Gamma Ultraviolet Infrared
Rays X-Rays Rays Rays Radar FM| TV [Shortwave| AM
1x10¢  1x1072 1x 108 1x10* 1x10% 1x10? 1x10*

Wavelength (in meters)

Blue 49 450nm Green 560nm520nm RE nAb35nm

Visible Light

4x107 5x 107 6x 107 7x107

Wavelength (in meters)

High Energy Low Energy



What 1s Color?
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AReflect different light
colors to allow the
perception of color

AColor Mixing

AAdditive-Light
ARed, Green, Blue BLUE

ASubtractivePaint

Additive Colors Subtractive Colors
AMagenta, Yellow, Cyan (Lights) (Piomants)




Percelved Color

The three primary colors of light are; red, green and &~
blue. Combined these colors mix to form white light
By mixing these three primary colors many perceiv
colors can be created. However, the mixed light mu
possess the wavelengths of light that correspond to
the color of the object being lit for the object to be
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Primary

Different paint Magenta
pigments absorb
and reflect light

differently Primary Primary

Turquoise

White




Light is Transformative —

Light is how we see the wocd
perception Is reality

A Light is essential to how we understand color, shape, Al by

space
A Use light to transform artworks and alter our way of

seeing and understanding them

**LUTRON
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The Rheostat

A First attempt at dimming
AVery large and heavy

A Inefficient method of dimming



RHEOSTAT DIMMING

A As the resistance is increased, more voltage appears across the rheostat,
the lamp voltage drops, the result is dimming.
A The rheostat burns the energy not delivered to the lamp

Variable

Vdrop T




VariacDimming

A TheVariacis heavy and bulky.

A Relatively inefficient since some of the power is used to
magnetize the core and some is lost as heat from the
resistance of the windings.

//

Variable

Vdrop T




THYRATRON DIMMING

A The Thyratron dimmer is the forerunner of the
FET based solidtate dimmer.

A This type of dimmer used a pair of back to
back Thyratron tubes. These were the early
versions of FETOS

A The dimmer is bulky and the vacuum tube is
somewhat fragile.




A Solid state dimming employs a technique
called phase control. There are two types

of phase control dimming:
SO I—I D STAT g A Forward or conventional phase control (Leading Edge
control)
DI M M I N G A Reverse phase control (Lagging Edge Control)

A The two types of phase control are used
for different types of load. ’

/
7




Phase control solid state dimming

A Used for line voltage control of loads:
A Incandescent/Halogen
A Magnetic low voltage
A Electronic low voltage
A Ballast/Driver driven loads



DEVICES USED IN SOLID STATE Phase control DIMMERS

A Several types of solistate devices are used in phase control
dimmers.

A The main type of device used is known as a Thyristor. Thyristors
Ay Of dzRS TdatswQa | yR
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of thyristors.
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Forward Phase Control
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How a forward Phase Dimmer Work




How Basic Dimming Works
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How Basic Dimming Works
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How Basic Dimming Works




Majority of phase control dimmers use Thyristor:

Thyristors turpon in Ins, but turnoff at zero current. This very fast turn
on causes two major problems:

1 E Mla fastrising voltage generates lots of EMI. This must be avoided by addin
choke in series with the Thyristor. However, the choke can dissipate a substant
amount of power. This is typically 1% of the connected load.

A Capacitive Loads such as electronic Low Voltage transformers cannot be driver
Thyristors unless specifically design to be so driven. Since the thyristofamiins
In. The current drawn by the load becomes very large:

| = Cdv_ = C170V
dt S -
This large current spike could possibly damage the transformer/driver ar

the dimmer.



Triacsare a faillsafe device

—_— Operational:

—

Failure: Short - Switch Failure: Open - Off

Single piece of silicone symmetrical waveform, if either part fails open or shorted; either way safe for magnetic load



SCRs

Operational:

_

Failure: Shorted -

Fallure: - DC
Always On allure: Open

Two separate pieces of silicone, possible asymmetry and if either one fails open or shorted, bad for magnetic loads



Basic early
analog
dimmer




Triac Dimmers

Great for Resistive and Magnetic loads

Dimmer is 98% efficient (1% loss in
Traic, 1% loss in Choke)

Needs heatsink to remove triac losses.

Most use a Microcontroller for
control/triac firing




Phase control trigger

A A phasecontrol dimmer is synchronized to the
AC line.

A Timing software internal to the microcontroller
synchronizes the dimmer with the AC power
line.

A The timing software measures the line
frequency and the time at which the AC line
crosses through zero.

A Stable, consistent phasmntrol dimming
requires accurate line frequency and clean
zero cross information

Triac firing
/ point

/

LThe time between
these two points
is used to
calculate the
line frequency.

Zero cross
location

— 0 Volts



Electrical Noise can

cause timin

A Results in
A Flicker
A Breathing
A Sudden dips
A Uncontrolled operation

problems

v

Figure 7 - Impulse Noise
Caused by: Switch arcing
(loads switching on/off)

Figure 6 - High Frequency
Noise >5kHz

Caused by: Variable-speed motor
drives, on-line UPS systems

Figure 8 — Low Frequency
Non-Harmonics and

Signaling Systems

Caused by: Signaling systems,
power line carrier communications

A

Figure 10 - RMS Voltage Changes
Caused by: Heavy loads switching
on/off

Figure 9 — Notches and Low
Frequency Noise 100 - 5kHz
Caused by: Elevators and large
industrial loads

Figure 11 - Variable
Fundamental Frequency
Caused by: Backup generators,
relatively small power grids



Reverse Phase Control

\

Reverse Phase-Control

A Used for Capacitive loads

A More complex dimmer since
uses 2 semiconductor devices

A Typically, more expensive
dimmer

A Should not be used on
magnetic loads (M=dydt, gives
huge voltage spike when the
current suddenly stops)
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AC9¢ Qa | YR LoBandtraoff @day ( dzNJ/
control signal, this gives them the ability to either
produce a forward phase control or reverse phase
control.

A Initially these devices were used to create reverse
phase control dimmers to drive capacitive loads
such as electronic low voltage transformers. These
dimmers required switching devices which can
turn-on andoff at any time during the line voltage
KIfF OeOf ST KSyYyOS GKS dzas
relatively rare in the dimming world)
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Since an electronic low voltage transformer is capacitive, the load current is

given: 170V peak | Zero Crossing

In 10uS 7/~ Rate of change
f Vs. '

I = Gdv
dt

as we have seen, if we use forward phase control, the suddenly applied
voltage would result in a very large current spike. The reverse phase
control dimmer is different. It turns on the FET or IGBT at zero voltage
crossing and then turns off at some time during the half cycle. Since the
current at the turnoff point is nonzero, this would be impossible with the
Thyristor based dimmer; we have to use a FET or IGBT.

Turnon and off will be discussed later in greater detail.

Reverse Phase-Control
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directional devices. This means it takes 2
devices to make a line voltage dimmer.

A{ AyOS 020K C9¢Qa I-YIQ l
on and off at any time, they can be used 1o

produce either forward or reverse phase
control waveforms.

A The forward voltage drop rises as the
current increases, so power loss increases
to the square of current as the current
rises. (unlike the Thyristor whose power
dissipation increases proportionally as the
current rises)
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that the turn on and off durations can be controlled by the external
switching circuitry. This requires a more complex firing circuit than
was discussed with Thyristors and is usually provided by means of a
simple microprocessor or control chip.

ATo turn on and off a IGBT or FET, we simply apply a voltage or
remove voltage to the gate terminal:

Required
on voltag

Turn on /ﬁ Tgir;]t()ﬁ
point  on perioo,O
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A If we now shape the turn on and off pulse, we could make the FET of IGBT turn on and off much

S
/N

Slow turn on Slow turn off

A The shaping of the firing pulse results in a slow turn on and off, this negates the need
for a large series choke to reduce the EMI.

A The delayed turron and off does result in a larger power dissipation in the device.



FET DIMMER

q q
OR

AYou will notice that 2 diodes are also included in
UKS 0620S RAYYSNI® ¢KA
LD. ¢Qa Olyy2u ot201 ¢tIF
Thyristors.

AThe diodes block the negative voltages for the
Co9c¢Qaod




FET
DIMMER

In any direction, the forward voltage drop of the
FET or IGBT dimmer is one FET/IGBT and one diode

OQSY ¢AUK adlFdasS 2F O0KS |
forward voltage drop is approximately3®/ at 16A
iInstead of 11.2V for a thyristobased dimmer.

Bulk of the losses in a FET/IGBT based dimmer are
In the switching devices.

This causes a considerable engineering challenge to
remove this heat from a higbapacity dimmer



FET
DIMMER

In both FET and IGBT based dimmers, the
forward voltage drop increases as the
current Increase. (since resistive switches)
This fact can be used to give a measure of
the load current and be used to twwiff

the dimmer during overload situations.

FET dimmers have one advantage over
IGBT dimmers In that they can be safely
switched off at high currents. For this
reason, most forward phase dimmers use
C9¢ Qa



Neutral
Connection
to the
dimmer

Some dimmers do not require a neutra
connection

wSteals voltage when the semiconductor is off
wOften has lower performance

wTriac dimmers may require more connected
load

wHigher lowend to assure enough off state

voltage

Dimmers with Neutral

wCan achieve very low dimming levels

wMore stable as control power supply is
referenced to neutral




Ballasted or Driver connected
Loads



Ballasted or Driver driven loads

A Two predominant load types:

A Fluorescent lamps

A Ballast required to limit the
current through the discharge

A Old technology being
superseded by LED

A LED Arrays

A Driver required to support DC
oad

A Regulates the current for
dimming




ok e LED lamp module
| driver

Control Lamp
(dimming or switching)

LED Deep

Dive

I | ‘ Hi-lume LED driver LED lamp module Downlight |

Control Luminaire (Fixture)
(dimming or switching)




What I1s an LED?

A LELx Light Emitting Diode ¢ Solid State Lighting

ACANEG LN} OGAOIE dzas Ay GKS wmdcnQa
A Indicators, panel displays, 7 segment displays

A Widely used for general lighting todav

Anode ﬁ Cathode
Epoxy lens/case ‘ l ‘ g‘
‘Wire bond
Reflective cavity
Semiconductor die

Anode Cathode

il | 1T

Source: http://en.wikipedia.org/wiki/LED



LED BASICS

A To get light out of an LED we need to forward bias the LED
A If the reverse breakdown voltage of the LED is exceeded, the LED will fail

A If there is too much forward current, the LED will fall

A To maintain the light output over the life of the LED, we need a reliable way to keep it
working in the green region

Holes Electrons CURRENT

*+» e . &« |
SR 2 I - \|
|49 PType | NTypedm= —
, vl o
! B - .l— ‘T

FORWARD
CURRENT

Current flows
ross this junction

e
a O !

Battery

tfl ows

across th s junction

@—g.

Battery
Reverse Bias Forward Bias

BREAKDOWN
VOLTAGE
Vs

VOLTAGE

Video


https://www.youtube.com/watch?v=BH9LI973H8w

White Light from LEDs

AP h OS p h O r C O nve rS I O n m et h O d : Table 1. Relative advantages and disadvantages of methods for creating white

light with LEDs.

// \\
i _
7 \
white N 3_/,\ £ —— Mixed-color white LEDs Phosphor-converted white LEDs
Phosphohvolume cast Advantages Advantages
¢ higher overall luminous ¢ results in a single, compact,
efficacy white light source
e good color rendering o
properties A Closer to blue more efficient

e complete flexibility for
achieving any desired color
property

ARG B M eth O d . N Disadvantages Disadvantages
- ‘”I e difficult to completely mix ¢ lower overall luminous
l light efficacy
/ ¢ difficult to maintain color ¢ uniform application of
= - stability over life and at phosphor in manufacturing
white different operating process is more difficult to
X * conditions, including dimming control

¢ limited range of available
color properties based on
phosphor availability

Source: 2003 Rensselaer Polytechnic Institute



Color Rendering Index (CRI)

A CRI describes how well (accurately)
a light source shows color

A.FraSR 2y SAIKUG adad

0090+ O

A A Red swatch has been added (R9)
that is an indication of red, which is
Important in rendering skin tones.

A This is still a highly subjective issue
A Higher = better

A LEDs t)(pically > 80 (and >95+ is
available)

A Sunlight / Incandescent lamps = 100
(maximum)

Y RE N Zokoen

Standard Warm White Flucrescomt
Standard Cool White Flucrescont
60-T0CRI

Preenium High Pressune Sodium
Coeventional Metal Halide

Better

710-80CRI
Thin Coat Tri-Phospher Flucrescomt

Best

80-90

White High Pressure Sodium

Warm Metal Hatide

Thick Coat Tri-Phospher Flucrescent
S0-100

High CRI Fruorescerts

Incandescent and Tungsten-Hatogen




llluminating Engineering Soclety has
developed a new metric TH8D

IES TMBO-15:

IES Method for Evaluating Light
Source Color Rendition

A99 Color Evaluation Samples

AAdopted more uniform color
space

AContains two single value |
metrics and color vector graphic
A Rb Color fidelity (CRI, but with
Aa ove improvements)

. Color Gamut Index, >100 |
renders more saturated than the
Index. <100 less saturated.




CIE Chromaticity Diagram

0.9

The CIE is a color matching system |
to represent human color
perception. Components are:

CIE Chromaticity
Diagram

0.7

N 700




CIE Chromaticity Diagram

The CIE Is a color matching system
to represent human color
perception. Components are:

CIE Chromaticity
Diagram

1.Representation of Visible Colors



CIE Chromaticity Diagram

520

The CIE Is a color matching system
to represent human color
perception. Components are:

1.Representation of Visible Colors
2.Spectral Color Wavelength

CIE Chromaticity
\_  Dlagram

00

Ul

580

620

490 700

380



CIE Chromaticity Diagram

0.9

The CIE is a color matching system
to represent human color
perception. Components are:

1.Representation of Visible Colors
2.Spectral Color Wavelength Y
3.x/ y Axes

520

CIE Chromaticity

w0 DI
\: jiagram

0.7

700




CIE Chromaticity Diagram

0.9

The CIE Is a color matching system
to represent human color
perception. Components are:

0.8

0.7

0.6-

1.Representation of Visible Colors =

0.5-

2.Spectral Color Wavelength Y

0.4+

3. X/ y Axes

4.Gamut

0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8



CIE Chromaticity Diagram

09—
520

The CIE Is a color matching system
to represent human color
perception. Components are:

0.8

N - CIE Chromaticity
. Diagram

0.7

0.6-

1.Representation of Visible Colors =

0.5+

2.Spectral Color Wavelength Yo

3. X/ y Axes %
4.Gamut \ '
5.Black Body Curve M |

0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8



CIE Chromaticity Diagram

The CIE Is a color matching systen
to represent human color
perception. Components are:

1.Representation of Visible Colors
2.Spectral Color Wavelength
3.x/ y Axes
4.Gamut
5.Black Body Curve
6.MacAdam Ellipses*

*Not shown to scale

0.9

0.8

0.7

0.6

500 -
0.5-

y

— CIE Chromaticity

N 700




CIE Chromaticity Diagram

0.9
520

[ SiQa ¢+ GOK + @A CIE Chromatidigf |
Color Consistency (MacAdam Ellipse  ° Diagram

700

Understanding color
maintenance over time

of LED modules

I
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8


Color Consistency Video.mp4

Color Consistency — MacAdam Ellipse
The TM30 metric Using the newer TABO Color Space

MacAdam Ellipse Anatomy

from before has

chosen a different

color space that Is

more even

distributed, such that ﬁ
the macadam ellipses &
actually appear as

circles of the same

Size across the entire

color space.




Color Consistency — MacAdam Ellipse

/ MacAdam ellipses are
/
7 often called out as
/ steps by lighting
manufacturers




Color Consistency

Color Consistency Comparison Color Consistency
- 3-step consistency is standard The average amount of variation in chromaticity
- 2-step consistency is industry leading among a batch of supposedly identical lamp samples

at time of manufacture

R e T e
2 - - :

Step Step Step

- 1x2 step consistency is industry best




CIE Chromaticity Diagram

The Black Body Curve

A Black Bodies are naturally black substances that emit
various levels of white light when heated to specific
temperatures in degrees Kelvin (K)

A The Black Body curve represents the total range of
naturally occurringvhite light.

A Common examples of black bodies are light bulb
filaments, candles and Heated Nails!.

Artic Sky: 10,00% Incandescent: 300&

Sunrise2000°K Candlelight: 150

0.8

0.7

0.6

500-

01

0.0

520 | () 10,000°K

() 6000°K
() 4000°K
() 3000°K
() 2500°K

- 546"

() 1500°K

f7oo

380

01 0.2 0.3 0.4 0.5 0.6 0.7 0.8



Correlated Color Temperature (CCT)




Correlated Color Temperature (CCT)

10,000°K




How do we
control an
LED?




DRIVING AN LED 7 VOLTAGE DRIVE

Forward Current (mA)

1100

1000

900

800

700

600

500

400

300

200

100

Forward Voltage (V)

What happens when things change?

!
1
|
,
Current in is proportional to light out

:
i
|
!
1
|
!
! Voltage
E /. Drive
Y
|
!

2 2.25 2.5 2.75 3 3.25 35

Typical




DRIVING AN LED 7 VOLTAGE DRIVE

Forward Current (mA)

1100

1000 -

900 -

800 -

700 -

600 -

500 -

400 -

300

200

100

Current Range

2.25 25 2.75 3 3.25 3.5 3.75
Forward Voltage (V)

NOT RECOMMENDED
(No current regulation)

Typical
= Minimum
el Maximum

All at different light levels



DRIVING AN LED 1 EXTERNAL RESISTOR

1100 ~ —_— AN
S

1000 +—— ~C : / |
900 \\ \ SZ 3

N\
I iy el . Typical
500 —— . RES - Minimum
/I \\ el Maximum
400 +—— / / s
300 ' / /| S
N\
A
200

: ResIStVe | e4ch LED will be at a different light leve
100 ' Driver |
0+ - - . ; . )

2 2.25 25 2.75 3 3.25 3.5 3.75
Forward Votltage (V)

(@)] AN
800 +—— % ~ \
¥ < AN
700 +—— .
N
c S
600 —— D N
-
>
@)

Forward Current (mA)

NOT RECOMMENDED
(Poor current regulation)



DRIVING AN LED T CONSTANT CURRENT DRIVE

1100 >
1000 : / |
V
900 / SZ@‘
800 v
g 700 S I Il I I S S S S S .. | EEEE . -
T 600
LE) J Typical
° 500 . * Minimum
g 00 ConStant =dr=Maximum
c 4
- / Current
300 /
200 _ Same current = Same light
100 F-J/
O 1 . : T T T T 1
2 2.25 2.5 2.75 3 3.25 3.5 3.75

Forward Votltage (V)

RECOMMENDED



WHAT IS AN LED DRIVER?
A Driver = The fballastofor an LED system

A Transforms system voltage (e.g., 120, 240, 277V) to DC current

A Fundamental purpose: drive the LED array at a specific voltage
and current (stay in green region)

A Regulates output (voltage/current) to counter system fluctuations
(stay out of red regions) cunmex

A 1solate the LED system from the high voltage to reduce shock
hazard and increase safety and reliability I

H'l‘.I;TA«GE
:"/:\‘:‘ 120/240/277V :?‘ ‘é: AVAY

LED DRIVER

1
+
/\ 05 DC Wave
ov Time 0
v

. -1
Figure 1: An AC Waveform 0 % 1% 210 360

VOLTAGE




What is inside a typical LED driver?

Input Power AC/DC
—_—r Filter r—) CONVEISION an( fr————p R(e:;lzrlggt)n I\(:rgf ’
PF Correction Buck converter

Control Signa
Control

LED Driver




Filter section

— To AC/DC conversion

m J_ And active PF correction

AC Input

The filter controls the amount of EMI generated by the LED Driver



AC/DC conversion and active PF correction

Magnetizing
inductance

From Filter, \ Isolation
AC inpu + Dl J_ s h

— % N il 0
ectifier _-E
£ ] Storage | — To Current
V+ Regulation
This is a flyback converte o _
ET
-
|

=

Which gives isolation, car
use a boost converter but F

no isolation S0KHz Output Voltage Regulation, can feedback current

—

iIn some designs (so no additional Regulation
section)but cannot optimize THD and PF

FET closes, energy stores in v

magnetizing inductance, FET opens, L P

magnetizing inductance Flyback Rectified AC Reference,
Transfers energy to secondary by Control Circuit | 4110ws control of current draw
reversing voltage, diode conducts which effects PF and THD

Storage Cap charges



Current RegulationOutput

Dimming Dim signal®
signal Decode and
Control

From Flyback
Converter

Constant voltage may just use V+
and a series switch or maybe
voltage feedback from output of
buck converter to control circuit

Buck converter
50KHz

Current sense

- To LED array

LED Current = — e = — —

PWM Power

Supply




Boost Converteless parts but not as high
performance

AC {_%ectiﬁer+ WFE'}\ DI — } Norlsolated
1A\ |

Input Output to
¢ FET Energy
_7/ Storage

LED Array
Inrush Limit, maybe?

A Nonlsolated Output
A If driven by phase control
A Low PF
A High THD
A Storage cap no#solated from input = High Inrush



LED SYSTEM ARCHITECTURE
ALED Lamp (LEDi)

_ _ » LED module
ALine voltage control or Wireless l o
AOften lower performance i * N s ove
ADimming ‘ ‘ I g
ACRI T
ontro Lamp
ATH D (Dimming or switching)
AEMI
ATypically, less costly
ALED Fixture i ey
AAIl control types B M;%:__“
A Often higher performance ‘ I ‘ ——— .
_ xternal Driver LED module Housing
AHigher cost |
Control

N o Luminaire (Fixture)
(Dimming or switching)



DRIVER SELECTION PROCESS

A UL qualification applies to lamps and external blocks/drivers

A6Marriedo

(i n case of

LED | amps)

A Loads are not standardized (compared to when all we had was T8 32 W)

Define

Estimate

Requirements Efficacies

Calculate
number of
LEDs

Alndoor/outdoor
ALumens/footcandles
AWatts

APhysical size

AOptical
AThermal
AElectrical

Series

Series-parallel

Determine driver current
& voltage

AWhat Driver current to use
ALumens per LED
ANo. of LEDs

Class 1 vs. Class 2

Constant Current vs.
Constant Voltage

Dimming

0

r

not



WHAT IS A DRIVER: EFFICIENCY

A Loss = heat = reduced lifetime

A Contributors to efficiency loss (more current = more loss) o Outout Diode

9

Min

A Electrical component losses
A Some scale linearly with current
A Some scale with the square of the current
A Some are fixed

A Power conversion losses (DC-DC)
A Fixed overhead (micros and control circuits) make dimmed levels and lower wattage
drivers less efficient Total Input Power F—
EMI Filter loss 0.5W
First stage Rectifier loss 1L.0W
Power losses
(4.4W) Sensing resistor loss 0.3W
Breakdown of losses in a PFC loss 25W
typlcal high_power driver LCC converter loss 7.3W
Second stage
Power losses Primary Side Power supply 0.8 W
(8.4W) _
Secondary Side Power supply 0.3W
Total Output Power (W) 149 W

Efficiency 92%



SERIES AND SERIES-PARALLEL

ASay a particular fixturLEDEs | umen output requi.t
A How can you connect these 30 LEDs?

N
Va Ve Y Y Yo Va
0 Y& 15LEDsina V2 VR poepsina ¥ Y& Mo
LEDs in row & row &
a row = ¥§ 2 suchrows \ Q & 3suchrows SFQX SF@ ¥§
series = series- = series-
I parallel parallel




DRIVE CURRENT & VOLTAGE

ASay a particular fixturLEDEs | umen output requi.t
A How can you drive each LED at 350mA?
Ny Ny Ny
350mA 350mA
Ry AVAY Ya
1 row of 30 LEDS Ny 2 rows of 15 LEDs Ya Ya
Current: 350mA Current: 350mAx 2 = 700mA
Voltage: 30 x 3V = 90V \V/ Q& Voltage: 15 x 30V = 45V %Zﬁ‘ %Zﬁ‘
1 1
1 | 1
: A : :
Approx. PProx.
s | | votage oiiEss | | ol
per LED ﬁ‘ per SZ@‘ SZ@‘
Q AV AV

UL Class 2 designation, 60Vdc, 42.4V AC/ PWM, 100W!



LED DRIVE CURRENT TRADEOFFS

EFFICIENCY vs. LED CURRENT
100

J LEDs

901 —{ 2 LEDs == -

/ 1 LED

Efficiency (%)

Source: Identifying the Causes of

0 50 100 150 200 250 200 250 LED Efficiency Droop , Digikey.com

ILep (MA)

ALEDshave a fisweet spoto for operating most eff]

AAiDroopo of LED must be considered when select
A Droop: loss of efficiency at higher drive currents



DIMMABLE LED DRIVERS

AThe quality and design of the LED Driver determines the best
possible dimming performance of the LED fixture or LED
screw-in lamp

ACompatibility between the dimmer and the driver determines
how well they will deliver the expected perfarmapce and
lifetime together

Lamp images: CNET.com



What is good dimming performance?

Dimmer + Driver + LED Light Engine = Performance

/ \ N

A How stable is the output A |nrush current A Color shift

A Control method A Color options (ex. RGB
A Dimming curve A Low End RGBA)

A Ratings A Control method A Color Consistency

A Compatlblllty A Lifetime A Color Temp

A Dimming curve
A Radiated or conducted T
emissions o)

Think about It What exactly does
GRAYYIlI 0f S¢ YSI yK



HOW LEDS ARE DIMMED

Fixed Output

120% =

N PWM Dimming
7 Deeper dimming levels
CCR d|mm|ng is DC - Amplitude Dimming
A No stroboscopic effects
A Machine interaction AAmplitude di mmingo is
A Video Interaction also called CCR |
A NO EMI at Driver output/Array (Constant Current Reduction)
A Sound studios Limited low end due to SOA

A MRI rooms



DRIVER OUTPUT STABILITY (FLICKER)

A Related to cost/complexity
A Stroboscopic PWM vs. asynchronous (instability)

A Noticeable (120Hz) vs. not noticeable (seen by
cameras)

A Driver on board / AC LED differences

A Example of AaDriver o
LED module

Maximur

Average Minimum value Ly,
light
output _  One cycle -
W ~ Gl >
)

Or One Cycle?



A Very hard to (completely) get rid off
A Very hard to quantify

DRIVER OUTPUT | AActive area of research

STABILITY (FLICKER), cee

A NEMA
AL9{ X

Light source




FLICKER INTERFERENCE & SELF SCANNERS

LED phosphor decay time is very fast

Scanner camera picks up a temporal light fluctuation, and processes it to find a moiré pattern:
Barcodes not recognized



TYPES OF DRIVERS

A Many important decisions to make:
A Class 2 or non-Class 27?
AAiLi steddo or fARecognizedo?
A Constant voltage or constant current?

A Fixture mounted or remote mounted?
A Single output or multiple output?

LED Driver .
MODELHLFI0 - .
leUT A_",_“. ’ A
QUTPUTRC= ‘

b T e e e
o ;



CLASS 2 VS. NON-CLASS 2

AfiCl ass 2 circuitso are defined by the

A Defines the wiring and electrical characteristics between a power supply and load
A Meant to minimize the opportunity for fire or electric shock

A Applies only to North America (no direct European/Asian equivalent)

A Limit defined by UL (e.g., UL1310, UL1950)

A Limited to the maximum of:

A 60V DC

A 42.4v AC/IPWM

A 100W AVTAFAVARAICR

[ DA5SU1UKS-NA105
A Isolated Hi-lume. A-Series  [[lll|} 277V ~ Vout: 54 V Max FCS
Am— B 022A lout:1.05A v

PRt N il
R = WU owmd Sholl be installed in

- ~2uitable enclosure.

Warmranty void if unit is opened.

Cocpentung, PA 10036 .tC r
Pawnt 701105 Suitable ko damp locations € +1-800-523-5466

Nat i

onal



CLASS 2 VS. NON-CLASS 2

Non-Class 2
Driver

Class 2

Non-Class 2



CLASS 2 VS. NON-CLASS 2

Driver

Non-Class 2

;

Class 2 Non-Class 2



LISTED VS. RECOGNIZED

A Recognized
A Intended to be used as a subcomponent of a finished assembly
ARequires following the provided fAiConditions

temperature requirements)
A May limit options for field replacement

Tested to

_ meet US (UL)
quirements fequirements

A Listed
A Usable as a stand-alone device (not tested as a system)
A Can be field replaced by electrical equivalents

“I. U Tested to
dian (CSA) . meet US (UL)
iIrements LISTED requirements

€.

{is1e®




I I LIGHTING @
LED Driver Type TL Program
The LED Driver Type TL Program is intended to assist you in gaining greater market access for
your LED drivers. This service is also intended to assist end-product LED Luminaire rranuf] turers
improve their speed-to-market by making it easy to source a compliant LED Driver.
uick \ponent manufacturars are

with the LED Lighting industry evolving

A Minimizes problem of field and OEM
replaceability and interchangeability

A TI-Rated drivers are UL Listed for installation
in the field (in appropriate fixtures)

"'ums :':':':(:f.'.f.'.o.
““m‘n% o
N“"u.'.'u':‘ {

. "

A Allows OEMSs to much more easily substitute
different drivers in their designs S ————
fullportfolloof servicesincluding:

A Driver changes only require a
aLI LISNB2N)] SESNODAaSe ¢ 07

- Environmental and Ingress Protection Evaluations

- performance Testing

A Requires certain construction features and
standardizes temperature test methods and
fault testing criteria

L and the UL logo e trademarnts of ULLLE © 2014. BD( 40227



CONSTANT VOLTAGE DRIVERS

A Provides a constant voltage (e.g. 12V or 24V) to the LED module(s)

A Used when the number of luminaires or length is variable and all controlled by one
driver (usually external)

A As LED loads are added, power increases
A The specification of the driver determines power limit

A Most commonly used with strip or cove lights

Constant Voltage Output



CONSTANT CURRENT DRIVERS

A Driver provides a constant current to the LED module

A Applies when there is a single LED module paired with a single driver (usually within
the luminaire)

A The current output of the driver remains the same regardless of the power of the LED
module

>
700mA 350mA 350mA

A Most commonly used with integral luminaires

Constant Current Output



FIXTURE MOUNTED VS. REMOTE MOUNTED

Maximum driver-to—LED light engine wire length for
Constant-Current Drivers:

A Most fixtures have drivers mounted
in or on them

A Sometimes, the driver is mounted
separate from the fixture
A Reduced EMl/electrical noise
A Centralized power conversion
A Wiring/installation convenience

A Wiring details are important
A Voltage drop
A Current distortion

A Should be run separate from
mains

— (e

100 feet

Maximum Lead Length

200mAto |710mAto |1.51Ato
Wire Gauge 700 mA 1.50 A 210A

18 AWG (0.75 mmy) 30ft@m) |15ft(4.5m) |10t (3m)
16 AWG (1.5 mm?) 35 ft (10.5m) | 25/t (7.5m) | 15t (4.5m)
14 AWG (2.5 mm?) 50ft(15m) |40ft(12m) |25 (7.5m)
12 AWG (4.0 mm?) 100 ft (30 m) | 60 ft (18 m) | 40 ft (12 m)

Maximum driver—to—-LED light engine wire length for
Constant-Voltage Drivers:

Maximum Lead Length

10Vto 205Vto 405 Vto
Wire Gauge 2V 0V 60V
18 AWG (0.75 mn7) 101t (3 m) 15ft(4.5m) | 30 (9 m)
16 AWG (1.5 mm?) 15ftdom) | 25f(7.5m) | 50ft (15 m)
14 AWG (2.5 mm?) 25ft(7.5m) |40ft(12m) | 75ft(22.5m)
12 AWG (4.0 mm#) 40ft(12m) |60ft(18m) | 100t (30 m)
e




SINGLE OUTPUT VS. MULTIPLE OUTPUT

A Single output
A Simpler, but different currents possible

A Multiple output
A Better current sharing
A Lower complexity for multiple loads

lout=700mA
V=30V

Driver lout=700mA
V=32V

lout=700m

1

Driver 1

lout=500m
Driver 2




REASONS FOR
MULTIPLE OUTPUTS

A Color control
A RGB/RGBA/RGBY
A Adjustable CCT (tunable white or dtoy
warm)
A Increases in efficiency
A Higher wattage fixtures at lower currents
A Adding separate LED (red) to boost
efficiency or CRI
A Differing LED forward voltage

A Stay within Class 2 limits




DRIVER OUTPUT LED Load Output Range: Constant-Current Driver W

53 W

PARAMETERS \::ﬂ-—

A For efficiency reasons, most drivers are designed
to operate over a narrow range of output voltage

A{2YS RNAYGSNAR 2FFSNI I a&LN
current over a limited range

A Programming may be done via software or

\t\ 35V

Minimum

hardware (Rset)
A Leads to operational efficiencies

A Programmability usually means higher —
complexity and lower efficiency

A¢cKS RNAGSNBQ LIR266SNI NFGAy

its supported voltage and/or current!
A 40W driver:0.5 amps at 80 volts e LS e s
A 40W driver:2 amps at 20 volts 035 oo 105 140 150 175
A 40W driver:4 amps at 10 volts Output Current (A

%]



UNDERSTANDING VOLTAGE AND CURRENT

A Fixed output

A Standard current (CC) or voltage (CV)
A Maximum and minimum voltage (CV) or current (CC)

A Variable output current
AOperating fAwindowo
A Bounded by maximum voltage, current, and power

AWor st

case of

area (V¢ max is critical!)

of

LED modul

e

supported

For war d

voltages an

Vol t age

Output Power (W)

45

40

201

Programmable Constant Current Driver

Minimum

B4V | - |30V
Maximum

T 1 T
0 020 035 050 070 1.00 1.05 1.40 175 210

Output Current (A)

Output Current (A)

~Programmable Constant Voltage Driver

35

3.0

pa
]

pa
[=]

1.5

1.0

40w

Max.

. ‘ SWMn| g

10

| | .
20 245 30 38 40

Output Voltage (V)

MUST

C



EXAMPLE

1.Select LED and determine
maximum Forward Voltage and
desired Drive Current from

From LED Module Datasheet

Electrical (constant current}

datasheet.
Vf 10 1V | 131V 700 g2 (82| 99 57 400 70
If — 7OOmA 400 Im 500 79 181 2.4 4.1 300 74
350 78 [79 | 94 28 220 a0
1050 gd | 2.2 101 Q7 700 72
700 Im 700 g2 (88| 99 6.2 500 a1
500 79 (86| 946 4.3 380 atal
350 78 (84| 94 29 280 25
1050 105 1124 135 13.0 1000 77
1000 || 700 | 10.1 |[11.9] 131 8.3 720 87
Im 500 28 (1ML 127 58 540 23
350 26 (114125 4.0 380 Q&

6. Voltage data based on 20° Cto 90° C operating
range. For operation outside this range, contact factory.



EXAMPLE

1.Select LED and determine
maximum Forward Voltage and
desired Drive Current from
datasheet.

V,=10.1Vi 13.1V
. = 700mA

2.Select driver capable of the desired
output current.

Found.

From LED Driver Datasheet

Current Driver Operation Range:

Output Voltage vs. Output Current
1

[ I+
O

(%3]
L]

i
o

[ ]
(=]

Output Voltage (V)

]
(=]

o

o

Output Current (A)

| 40 W Max.
\
F N\
......... - P I I B
| h |
0.35 0.51 0.70 1.00 1.40 1.75 210




EXAMPLE

1.Select LED and determine
maximum Forward Voltage and
desired Drive Current from
datasheet.
V;=10.1Vi 13.1V

. = 700mA

2.Select driver capable of the desired
output current.

3.Ensure driver is capable of both
MAXIMUM and MINIMUM
voltages.

No. Go back to Step 2.

From LED Driver Datasheet

Current Driver Operation Range:

Output Voltage vs. Output Current
1

53]
(=]

(8]
.

N\

40 W Max.

(%3]
L]

i
o

F

r'y

[ ]
(=]

Output Voltage (V)

]
(=]

o

o

1
0.35 0.51 0.70
Output Current (A)

|
1.00

1.40 1.75

210




EXAMPLE

1.Select LED and determine
maximum Forward Voltage and
desired Drive Current from
datasheet.
V;=10.1Vi 13.1V
l; = 700mA

2.Select driver capable of the desired
output current.

Found, although on the edge (no
room to increase current)

From LED Driver Datasheet

Current Driver Operation Range:

Qutput Voltage (V)

60

50

40

30

20

10
8

) S
0 020035

Output Voltage vs. Output Current
1

|

0.70 1.06
Output Current (A)




EXAMPLE

1.Select LED and determine

maximum Forward Voltage and From LED Driver Datasheet
desired Drive Current from : : _
datasheet Current Driver Operation Range:
V — 10 1\/ .I. 13 1\/ C}u'(putI Voltage vs. Output Current
. = 700mA ®

(9]
o

2.Select driver capable of the desired
output current.

3.Ensure driver is capable of both
MAXIMUM and MINIMUM

Qutput Voltage (V)

20
voltages. . G |
0 -
Selected LED is Wedl lwiit hli.n.l.drivle
OUtpUt VOItage range. 0 020035 O-Ygutputgﬂfrent(m“m 1.75 210

(@)




PERFORMANC
ASPECTS O
DRIVERS

DIMMING

Constant current reduction (CCR) dimming

wCan get to 1% reliably due to improvements in LEDs

Pulse Width Modulation (PWM) dimming

wAllows deeper dimming (<1%)

wShares current better across parallel strings of LEDs

wit I N aAG0AO&a¢e O6Reéyl YAO NXa
critical

wMay cause stroboscopic flicker

w254 Y20 LINPYARS 0SYSTAL

Hybrid approach

wManufacturer specific
wCan allow very deep dimming

2 T



PERFORMANCE
ASPECTS OF
DRIVERS: DIMMING

A Needs are driven by the
application:

A Dimming level
A Dim to warm
A Flicker




MEASURED VS.
PERCEIVED LIGH

A Measured light:the amount
of light as shown on a light
meter

A Perceived lightthe amount
of light that your eye
Interprets due to dilation

A 20% measured = 45%
perceived




PERFORMANCE ASPECTS
OF DRIVERS: THERMAL

A Less efficiency = hotter temperatures

A Temperature rating methods
A Calibration point (Tc)
A UL Conditions of Acceptability (CoA)
A Ambient

A Implications on lifetime
A Derating and thermal fold back




PERFORMANCE ASPECTS OF DRIVERS: LIFETIME

A Lifetime (under what conditions?)
A Switching cycles
A Temperature / thermal cycle stress

A Spec point of Tc brings all influences of Ambient and Efficiency to one lifetime
prediction

A Installation details

100pm x 1440
Solder joint crack due to thermal cycling



PERFORMANCE ASPECTS OF DRIVERS: INRUSH

A LED drivers can have much more substantial inrush than previous technologies at the
same wattage

A This can lead to premature failure of any controls connected to them (dimmers OR
switches) or false breaker tripping

A Drivers should comply to voluntary NEMA 410 inrush specification

A http://www.nema.org/Standards/Pages/Performance-Testing-for-Lighting-Controls-and-Switching-
Devices-with-Electronic-Drivers-and-Discharge-Ballasts.aspx

Table 2
Peak Current Requirements

Steady Peak Pulse Width | 1t (A? sec) Peak Pulse Width It (A? sec)

. state current (A) | 120 Vac (ms) 120 Vac current (A) 277 Vac (ms) 277 Vac
M eCh anl Cal and current (A) | 120 Vac See Note 2 See Note 1 277 Vac See Note 2 See Note 1
. 05 75 0.34 1" 77 0.07 1
eIeCtrlcaI wear 1 107 0.48 24 13 0.71 27
(hlgh IanSh) 2 144 0.70 a1 205 0.85 76
3 166 0.89 51 258 0.98 11
5 192 1.20 74 320 1.20 205
Relay contacts
8 221 1.25 98 370 1.25 274
120VAC, 16A 10 230 1.50 106 430 1.50 370
50k CyCIeS 12 235 1.80 110 440 1.80 387
15 239 2.00 114 458 2.00 420
16 242 2.10 117 480 2.10 481
Primarily NOTES—

1. The values used to calculate I't are the peak current shown in Table 2 and a pulse duration of 2 ms (t)

2 Pulse widths shown in Table 2 are documented in Figures 3 through 14 and will provide adequate performance with electronic
devices having pulse widths up 10 2 ms, in accordance with ANSI standard C82 11 or ANSI C82 14

mechanical wear
(no inrush)



http://www.nema.org/Standards/Pages/Performance-Testing-for-Lighting-Controls-and-Switching-Devices-with-Electronic-Drivers-and-Discharge-Ballasts.aspx

PERFORMANCE ASPECTS OF DRIVERS:
ADVANCED FEATURES

110

105

A Lumen maintenance B = PSRl

95

A Driver must increase o ~
current over time >

80

% Luminous Flux

75

70

65

60

55

50
1,000 10,000 100,000 1,000,000

Typical LED lumen depreciation

10 ‘ AOC=530mA, CLO percentage=115%

AOC=530mA, CLO percentage=100% ’\

3
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PERFORMANCE ASPECTS OF
DRIVERS:
ADVANCED FEATURES

A Sensor connections

A Logging

A Measurement boards

‘lll...

A diagnostics




ONE MORE THING:
RELIABILITY

A Failure Rate: <0.01% per 1khr (is this based on
actual field return data or some wild guess)

A Lifetime: Min 50khrs of life time (under what
conditions?); in some cases up to 100khrs of life
time

A What does MTBF mean compared to lifetime?

A Drivers designed and tested to incorporate all
the lessons learned from traditional ballast
experience

A 1s it field replaceable?
A Will you still be able to buy it?



