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DECLARATION OF NATHANIEL E FRANK-WHITE

I am a Records Request Processor at the Internet Archive. I make this declaration
of my own personal knowledge.

The Internet Archive is a website that provides access to a digital library of Internet
sites and other cultural artifacts in digital form. Like a paper library, we provide
free access to researchers, historians, scholars, and the general public. The Internet
Archive has partnered with and receives support from various institutions,
including the Library of Congress.

The Internet Archive has created a service known as the Wayback Machine. The
Wayback Machine makes it possible to browse more than 450 billion pages stored
in the Internet Archive's web archive. Visitors to the Wayback Machine can search
archives by URL (i.e., a website address). If archived records for a URL are
available, the visitor will be presented with a display of available dates. The visitor
may select one of those dates, and begin browsing an archived version of the Web.
Links on archived files in the Wayback Machine point to other archived files
(whether HTML pages or other file types), if any are found for the URL indicated
by a given link. For instance, the Wayback Machine is designed such that when a
visitor clicks on a hyperlink on an archived page that points to another URL, the
visitor will be served the archived file found for the hyperlink’s URL with the
closest available date to the initial file containing the hyperlink.

The archived data made viewable and browseable by the Wayback Machine is
obtained by use of web archiving software that automatically stores copies of files
available via the Internet, each file preserved as it existed at a particular point in
time.

The Internet Archive assigns a URL on its site to the archived files in the format
http://web.archive.org/web/[ Year in yyyy][Month in mm][Day in dd][Time code in
hh:mm:ss]/[Archived URL] aka an “extended URL”. Thus, the extended URL
http://web.archive.org/web/19970126045828/http://www.archive.org/ would be the
URL for the record of the Internet Archive home page HTML file
(http://www.archive.org/) archived on January 26, 1997 at 4:58 a.m. and 28
seconds (1997/01/26 at 04:58:28). The date indicated by an extended URL applies
to a preserved instance of a file for a given URL, but not necessarily to any other
files linked therein. Thus, in the case of a page constituted by a primary HTML file
and other separate files (e.g., files with images, audio, multimedia, design
elements, or other embedded content) linked within that primary HTML file, the
primary HTML file and the other files will each have their own respective extended
URLSs and may not have been archived on the same dates.

Attached hereto as Exhibit A are true and accurate copies of screenshots of the
Internet Archive's records of the archived files for the URLs and the dates specified
in the attached coversheet of each printout.
Current Lighting
EX1031
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7. Attached hereto as Exhibit B are true and accurate copies of the Internet Archive's
records of the archived files for the URLs and the dates specified in the following
table.

Folder | URL

001 https://web.archive.org/web/20070815232050/http:/www.simpsonelec
tric.com/uploads/File/datasheets/228.pdf

002 https://web.archive.org/web/20140308042522/http://www.fairchildse
mi.com/ds/FD/FDG6303N.pdf

003 https://web.archive.org/web/20150106040908/http://www.recom-
power.com/fileadmin/RECOM-
Downloads/Whitepaper/WP RCD Applications 1107 EN.pdf

004 https://web.archive.org/web/20140919011857/http://www.microsemi.c
om/document-portal/doc_download/130021-ac161-using-schmitt-
triggers-for-low-slew-rate-input-app-note

8. I declare under penalty of perjury that the foregoing is true and correct.

DATE: May 3, 2023

Nathaniel E Frank-White
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HyperPhysics*****Electricity and magnetism

Relaxation Oscillator Concept

| The concept of a relaxation oscillator is illustrated by this flasher circuit
\[where a battery repeatedly charges a capacitor to the firing threshold of a
\{bulb, so that the bulb flashes at a steady rate.

Bulb with 5 volt
firing threshold

8O

v
Resistor controls
6 volt charging rate.
battery

Capacitor ‘When the capacitor
(energy storage is charged to the
device) firing threshold of

Firing threshold

the bulb, the bulb
begins to conduct

GYpeSSase e e L e T T and the capacitor

T == e discharges, dumping
its energy to the
bulb, flashing the
S bulb. After the

_Cepacnor_’ i flash, the battery
charging | f discharges, begins charging
curye bulb flashes) the capacitor again

Time le—Period —|

|| A relaxation oscillator is a repeating circuit (like the flasher circuit illustrated
[labove) which achieves its repetitive behavior from the charging of a capacitor

|[to some event threshold. The event discharges the capacitor, and its recharge
[[time determines the repetition time of the events. In the simple flasher circuit,
||a battery charges the capacitor through a_resistor. so that the values of the
[resistor and the capacitor (time constant) determine the flashing rate. The
|{Tashing rate can be increased by decreasing the value of the resistance.

[{One of the reasons for the importance of the relaxation oscillator concept is
[that some neural systems act like relaxation oscillators. For example, the
|[bundle of nerve fibers called the SA node (sino-atrial node) in the upper right
\{hand part of the heart acts as the natural pacemaker of the heart. firing at a
\[regular rate. The rate of this relaxation oscillator is variable, and can be
|[increased in response to exertion or alarm. Other nerve cells recharge like a
\|capacitor, but then wait for some kind of stimulus to fire. In response to some

kind of trauma. it might be that the firing threshold is lowered enough to "self

I|fire" and act as a relaxation oscillator. This is an intriquing possibility for
\lexplaining the ring|

> in the ears after a loud concert.
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OR Gate

[ The output is high when either or both of inputs A or B is high. This is
\[logically different from the exclusive OR

A The OR operation will be signified by A + B.
A Other commaon mathematical notations for
B itare AvB and AUB, called the union of
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Current Electricity - Lesson 4

Circuit Connections

Circuit Symbols and Circuit Diagrams | T

Series Circuits | Parallel Clrcuits | Combination Circuits

Two Types of Connections

|, OCT =34 JAN

When there are two or more electrical devices present in a circuit with an energy source, there
are a couple of basic means by which to connect them. They can be connected in series or

connected in parallel. Suppose that there are three light bulbs connected together in the same

circuit. If connected in series, then they are connected in such a way that an individual charge would pass through each one of
the light bulbs in consecutive fashion. When in series, charge passes through every light bulb. If connected in parallel, a single
charge passing through the external circuit would only pass through one of the light bulbs. The light bulbs are placed within a
separate branch line, and a charge traversing the external circuit will pass through only one of the branches during its path back
to the low potential terminal. The means by which the resistors are connected will have a major affect upon the overall
resistance of the circuit, the total current in the circuit, and the current in each resistor. In Lesson 4, we will explore the affect of
the type of connection upon the overall current and resistance of the circuit.

A common physics lab activity involves constructing both types of circuits with bulbs connected in series and bulbs connected in
parallel. A comparison and contrast is made between the two circuits.

Parallel Comection

{1} g

The main questions of concern in a lab activity such as this are typically the following:

= As the number of resistors (light bulbs) increases, what happens to the overall current within the circuit?

= As the number of resistors (light bulbs) increases, what happens to the overall resistance within the circuit?

« If one of the resistors is turned off (i.e., a light bulb goes out), what happens to the other resistors (light bulbs) in the
circuit? Do they remain on (i.e., lit)?

In conducting the lab activity, distinctly different observations are made for the two types of circuits. A series circuit can be
constructed by connecting light bulbs in such a manner that there is a single pathway for charge flow; the bulbs are added to
the same line with no branching point. As more and more light bulbs are added, the brightness of each bulb gradually
decreases. This observation is an indicator that the current within the circuit is decreasing.

Series Connection of Light Bulbs
1Resistor 2 Resistors 3 Resistors
So for series circuits, as more resistors are added the overall current within the circuit decreases. This @

decrease in current is consistent with the conclusion that the overall resistance increases.

A final observation that is unique to series circuits is the affect of removing a bulb from a socket. If
one of three bulbs in a series circuit is unscrewed from its socket, then it is observed that the other
bulbs immediately go out. In order for the devices in a series circuit to work, each device must work. If
one goes out, they all go out. Suppose that all the appliances in a household kitchen were all
connected in series. In order for the refrigerator to work in that kitchen, the toaster oven, dishwasher,
garbage disposal and overhead light would all have to be on. In order for one device in series to work,

they all must work. If current is cut from any one of them, it is cut from all of them. Quite obviously, Saomits sachket. the oth
the appliances in the kitchen are not connected in series. bulbs in sezies g out.*

Using the same collection of wires, D-cells and bulbs, parallel circuits can be explored in the same manner. The affect of the
number of resistors upon the overall current and the overall resistance can be investigated. The diagrams below depict the usual
means of constructing the circuit with parallel connections of light bulbs. One will note that a study of the overall current for
parallel connections requires the addition of an indicator bulb. The indicator bulb is placed outside of the branches and allows
one to observe the affect of additional resistors upon the overall current. The bulbs that are placed in the parallel branches only
provide an indicator of the current through that particular branch. So if investigating the affect of the number of resistors upon
the overall current and resistance, one must make careful observations of the indicator bulb, not the bulbs that are placed in the
branches. The diagram below depicts the typical observations.

Parallel Cormection of Light Bulbs

8, 8,5 8,5

H‘mh“ l-dmh-“
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It is clear from observing the indicator bulbs in the above diagrams that the addition of more resistors causes the indicator bulb
to get brighter. For parallel circuits, as the number of resistors increases, the overall current also increases. This increase in
current Is consistent with a decrease in overall resistance. Adding more resistors in a separate branch has the unexpected result
of decreasing the overall resistance!

If an individual bulb in a parallel branch is unscrewed from its socket, then there is still current

in the overall circuit and current in the other branches. Remaoving the third bulb from its socket

has the affect of transforming the circuit from a three-bulb parallel circuit to a two-bulb parallel @
circuit. If the appliances in a household kitchen were connected in parallel, then the refrigerator

could function without having to have the dishwasher, toaster, garbage disposal and overhead

lights on. One appliance can work without the other appliances having to be on. Since each

appliance is in its own separate branch, turning that appliance off merely cuts off the flow of ‘When one bulb is removed from
charge to that branch. There will still be charge flowing through the other branches to the other “‘m‘hmwhf“
appliances. Quite obviously, the appliances in a home are wired with parallel connections. pamllel banches rmainlit.

The affect of adding resistors is quite different if added in parallel compared to adding them in series. Adding more resistors in
series means that there is more overall resistance; yet adding more resistors in parallel means that there is less overall
resistance. The fact that one can add more resistors in parallel and produce less resistance is quite bothersome to many. An
analogy may help to clarify the reason behind this initially bothersome truth.

The flow of charge through the wires of a circuit can be compared to the flow of cars along a tollway system in a very crowded
metropolitan area. The main sources of resistance on a tollway system are the tollbooths. Stopping cars and forcing them to pay
a toll at a tollbooth not only slows the cars down, but in a highly trafficked area, will also cause a bottleneck with a backup for
miles. The rate at which cars flow past a point on that tollway system is reduced significantly by the presence of a tollbooth.
Clearly, tolibooths are the main resistor to car flow.

Now suppose that in an effort to increase the flow rate the Tollway Authority decides to add two more tollbooths at a particular
toll station where the bottleneck is troublesome to travelers. They consider two possible means of connecting their tollbooths -
in series versus in parallel. If adding the tollbooths (i.e., resistors) in series, they would add them in a manner that every car
flowing along the highway would have to stop at each tollbooth in consecutive fashion. With only one pathway through the
tollbooths, each car would have to stop and pay a toll at each booth. Instead of paying 60 cents one time at one booth, they
would now have to pay 20 cents three times at each of the three tollbooths. Quite obviously, adding tollbooths in series would
have the overall affect of increasing the total amount of resistance and decreasing the overall car flow rate (i.e., current).

The other means of adding the two additional tollbooths at this particular toll station would be to add the tollbooths in parallel
fashion. Each tollbooth could be placed in a separate branch. Cars flowing along the tollway would stop at only one of the three
booths. There would be three possible pathways for cars to flow through the toll station and each car would chose only one of
the pathways. Quite obviously, adding tollbooths in parallel would have the overall affect of decreasing the total amount of
resistance and increasing the overall car flow rate (i.e., current) along the tollway. Just as is the case for adding more electrical
resistors in parallel, adding more tollbooths in parallel branches creates less overall resistance. By allowing for more pathways
(i.e., branches) by which charge and cars can flow through the bottleneck areas, the flow rate can be increased.

Influencing the Flow Rate on a Tollway

Check Your Understanding

1. Observe the electrical wiring below. Indicate whether the connections are series or parallel connections. Explain each choice.

Diageam A Diagram B

_—

i

((

See Answer

2. Two electric circuits are diagrammed below. For each circuit, indicate which two devices are connected in series and which
two devices are connected in parallel.

Diageam B
=" speaker

resistor ——
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'[— f r = - i) ammeter
= speaker

resistor
In series? In series?
In parallel? In parallel?
Next Section: Series Circuits
Back to the Physics Tutorial Table of Contents
1}
;‘;’:’ Hosted by comPADRE. © 1996-2011 The Physics Classroom, All rights reserved.
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Should You Replace Your T8
Fluorescent Lamps with T8 LED
Tubes? (updated)

with linear fluorescent lights (LFLs) — and for good reason. They have quality light

output, are one of the most efficient light sources available, and have decent lifespans.
This is especially true of the T8 lamps, which use about 40% less energy than the
older, now phased-out T12 lamps. That being said, now there is a new player in the
commercial lighting arena that promises even better efficiency: the linear LED
replacement (T8 LED).

-. t8 led tubes

Does the T8 LED really have what it takes to make it worth swapping out your tried-

and-true LFLs? To help you decide, take a look at some of the benefits of T8 LEDs:

Mercury Free — Unlike fluorescents, LEDs contain no mercury. This makes them safe

for the environment and results in no recycling fees

Dimmable — Many LEDs have full dimming capabilities, whereas fluorescents are

expensive to dim and do so poorly.

Directional Lighting — LEDs coffer directional light (illumination exactly where you need

it). On the other hand, fluorescents have multi-directional light, which means some light

is lost in the fixture and other unnecessary places.

Work Well with Controls — Fluorescent lights tend to burn out faster when integrated
with occupancy sensors and other controls. In contrast, LEDs work perfectly with

control systems, since their life is not affected by turning them on/off.

Better Efficiency — The newest T8 LEDs are around 30% more efficient than T8 LFLs.

Quality Light - Today's LEDs produce light in a variety of color temperatures similar to

fluorescent, but don't have any flickering issues that can happen with fluorescent.

Lifespan — The average life of a T8 LED is 50,000 hours, versus only 30,000 hours for
an average T8 LFL. One thing to keep in mind though is that there are now linear

fluorescent T8 lamps that last up to 84,000 hours.

While some may complain that LEDs have a lower lumen per watt ratio than

fluorescents, judging the two in this category is really like comparing apples and
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oranges. There simply is no direct comparison. This is because LEDs can get by with
less lumens because their directional nature ensures you get a greater concentration of
light exactly where you need it. And, as mentioned, fluorescents waste light within the
fixture and illuminate unnecessary places. The bottom line is: don't get too hung up on
lumens, if you're going to do a comparison, consider the delivered lumens of both the

lamp and luminaire together.

The only major downside with T8 LEDs is their cost, which can be five to ten times
greater than the price of LFLs. Even so, with rebates, tax incentives, and energy
savings, you might see a RO faster than you'd expect. It's important to crunch the
numbers for your particular situation to see if the initial expense makes sense for your
business. Premier Lighting can help you with a cost/benefit analysis and ensure you

consider all factors when deciding between LFL and LED.

If you find that you're leaning towards retrofitting your linear fluorescents with T8 LEDs,

you have several different options. ..

LED Linear Tube Options

Currently there are three types of LED T8s on the market suitable for retrofits. Primarily
they are differentiated by how they interact with existing ballasts. The reason this issue
of the ballasts exists at all is because fluorescent tubes need ballasts to operate and
LEDs do not. Fluorescent lights require a high voltage burst to get started and then
something to regulate the power that comes to the tube — the ballast takes care of all
of this. On the other hand, LEDs use a driver which comes in a variety of sizes making

several options available,

In an effort to make LED T8s fit into existing linear fluorescent fixtures (for retrofit
purposes), manufacturers have come up with a couple different ways of dealing with
the unnecessary ballasts. These solutions include bypassing the existing ballast,

removing it, or working with it

To determine what kind of LED T8 might work for your application, consider the pros
and cons of each type available today:

Type A: LED tube has an Integrated Driver that Operates

on Existing Ballast

How it Works

Type A LED tubes have an internal driver that makes it possible for the lights to use
existing ballasts and fixtures. They plug directly into the most common linear
fluorescent setups, such as T12, T8, and T5.

Pros

Super-easy installation — Just switch out the old fluorescent tubes for LEDs, and
you're done. No other modifications are required

Cons

Shorter lifespans — The life of Type A LEDs is dependent on the longevity of the
ballast. This can resuit in more maintenance costs as compared to other LEDs, since

you may need to replace the ballast before you've reached the lifetime of the LED.

Not compatible with all linear fluorescents — Compatibility varies, so check that the

make and model of your current fluorescent fixtures are acceptable.

Not as efficient — Some power is lost from integration with the ballast. Also, dimming

and other types of energy-saving functionalities are limited.

Type B: LED tube has an Internal Driver and is Wired to
Main Voltage

How it Works

With Type B LED Tubes, the ballasts are removed from the fixture and the power is Page 19 Of 8




wired direct to the sockets.
Pros

No power loss — Unlike Type A bulbs, these LEDs are more efficient, since no power is

wasted in the ballast.

Less long term maintenance costs — By eliminating the ballast you have one less

part to maintain in the future.
Cons

Electrical modifications are required — Modifications include, removing the ballasts,

replacing the sockets (possibly), and connecting fixture input wires to the sockets.
Limited dimming — Even without the ballast, these lights have few dimming options.

Dangerous installation — Installers could be exposed to main voltage while connecting

sockets to power wires. Strict safety measures are necessary.

Higher installation costs — The rewiring, removal, and added safety steps result in
longer installation times {i.e. more expensive)

Type C: LED tube has Remote Driver

How it Works

Unlike Type B tubes that have an internal driver, Type C lights use a remote driver to
power the LED. The ballasts are removed, which means electrical modifications are still
required. However, the operation is much safer, since the low-voltage driver is hooked
to the sockets and not the line voltage, One driver can power multiple LED tubes. This
system is similar to how LFLs operate now (ballast and lamps).

Pros
Most efficient — Type C's are more efficient than any other T8 LED tube.

Highly compatible — Virtually any fluorescent fixture can be modified to work with
these lights.

Increased functionality — They are dimmable and work wonderfully with lighting

control systems.
Cons

Higher installation costs — Similar to Type B tubes, these lights require more
extensive installation. However, you can recoup some of this cost through the tubes’

efficiency and by using energy-saving control systems.

Other Considerations

No matter what type of LED T8 tube you choose, there are some other important things

to keep in mind before making a purchase:

Warranty — Some LED T8 tubes only come with a three-year warranty, Don't waste
your time and money on those. Instead, opt for a tube with a five-year, DLC-approved

warranty.

Voltage — Pay attention to the voltage listed on the light's packaging. Some LED tubes
are specified for 120 or 277 volts or can only handle a max of 240 volts. Cover your
bases by getting a LED T8 system rated for 120-277 voits

Ultimately, the efficiency, long life, and functionalities of T8 LEDs make them worthy of
potentially replacing standard T8 fluorescent tubes. Of course, every situation is
different, so analyze your setup with an expert before making a purchase. Premier
Lighting has the expertise to provide you with the best recommendation for your
application. We offer a variety of T8 LED lamps and T8 linear fluorescent lamps to

choose from and will help you decide which type works best for you.
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Stapson

Model 228
Current Leakage Tester
INSTRUCTION MANUAL
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About this Manual

To the best of our knowledge and at the time written, the information contained in
this document is technically correct and the procedures accurate and adequate
to operate this instrument in compliance with its original advertised specifica-
tions.

Notes and Safety Information

This Operator’'s Manual contains war ning headings which alert the user to check
for hazardous conditions. These appear throughout this manual where appli-
cable and are defined below. To ensure the safety of operating performance of
this instrument, these instructions must be adhered to.

Warning, refer to accompanying documents.

& Caution, risk of electric shock.

Technical Assistance

SIMPSON ELECTRIC COMPANY offers assistance Monday through Friday
7:30 am to 5:00 pm Central Time by contacting Technical Support or
Customer Service at (847) 697-2260.

Internet: http://www.simpsonelectric.com

Warranty and Returns

SIMPSON ELECTRIC COMPANY warrants each instrument and other articles
manufactured by it to be free from defects in material and workmanship under
normal use and service, its obligation under this warranty being limited to making
good at its factory or other article of equipment which shall within one (1) year
after delivery of such instrument or other article of equipment to the original
purchaser be returned intact to it, or to one of its authorized service centers, with
transportation charges prepaid, and which its examination shall disclose to its
satisfaction to have been thus defective; this warranty being expressly in lieu of
all other warranties expressed or implied and of all other obligations or liabilities
on its part, and SIMPSON ELECTRIC COMPANY neither assumes nor autho-
rizes any other persons to assume for it any other liability in connection with the
sales of its products.

This warranty shall not apply to any instrument or other article of equipment
which shall have been repaired or altered outside the SIMPSON ELECTRIC
COMPANY factory or authorized service centers, nor which has been subject to
misuse, negligence or accident, incorrect wiring by others, or installation or use
not in accord with instructions furnished by the manufacturer.

This manual represents your meter as manufactured at the time of publication. It
assumes standard software. Special versions of software may be fitted, in which
case you will be provided with additional details.

The apparatus has been designed and tested in accordance with EN 61010-1,
“Safety Requirments for Electrical Equipment for Measurement, Control and Labo-
ratory Use.” This operationg guide contains information and warnings that must

2
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be followed by the user to ensure safe operation and to maintain the apparatus in
a safe condition.

We reserve the right to make changes and improvements to the product without
obligation to incorporate these changes and improvements into units previously
shipped.

High Voltage Terminal: Use extreme care when making high woltage
measurements; do not touch terminals or probe ends.

Limit voltage, with respect to earth ground, to 600VDC/VAC maximum.

N

A terminal connected to earth ground.

M

This Instrument is designed to prevent accidental shock to the operator when
properly used. However, no engineering design can render safe an instrument
which is used carelessly. Therefore, this manual must be read carefully and com-
pletely before making any measurements. Failure to follow directions can result
in a serious or fatal accident.

SHOCK HAZARD: As defined in IEC-1010-2, Safety Requirements for Electrical
& Electronic Measurement, Control and Laboratory Use, a shock hazard shall be
considered to exist at any part involving a potential in excess of 30 volts RMS
(sine wave) or 42.4 volts DC or peak and where a leakage current from that part
to ground exceeds 0.5 MIU (Measurement Indication Units) when measured
with an appropriate measuring instrument defined in Section 6.3.1.2 annex A of
IEC-1010-1.

NOTE: UL-1244 calls for the same voltage and measurement limits as IEC-1010-
1:1990 but UL-1244 specifies a slightly different test network. Simpson Electric manu-
factures test equipment to measure shock hazard as set forth by both specifica-
tions. The Simpson Model 228 uses the networks specified by IEC-1010-1 and is
suitable for measuring shock hazard as defined in that document. The Simpson
229-2 uses the measurement networks specified in UL-1244 and is suitable for
measuring shock hazard as defined in that document.

Instruments such as the Model 228 are intended for use in relatively low power 120/
240 VAC or dry battery operated circuits. Never use this Instrument for measure-
ments in high-energy or high-power circuitry such as power substations, distribution
centers, RF induction heaters, broadcast transmitters and X-ray equipment. The
Safety Precautions in this manual alert you to such hazards and the protective
measures necessary to avoid injury or equipment damage. The dangers in high power
circuits are serious. Please observe all safety precautions!
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1.

INTRODUCTION

1.1

General Description

1.2

The Simpson Model 228 is a special purpose AC/DC milliammeter that mea-
sures potentially hazardous leakage current on electrical and electronic equip-
ment. This Instrument meets the guidelines published in IEC 990, “Methods of
Measurement of Touch Current and Protective Conductor Current.” Most stan-
dards agencies in the United States — including ANSI, ISA and UL are in the
process of implementing the networks from IEC 990 into their specifications.

NOTE: For specification information call:

ANSI at (212) 642-4900 or
UL in Northbrook, IL at (847) 272-8800.

The Model 228 tests equipment operating at 120-220 volts AC or DC power line
circuits only Instrument features include:

e Separate leakage current networks for measuring the following electrical
shock response levels:

Perception/reaction (shock hazard)
Let-go (shock hazard)
Burn hazard

e 0-300 volt scale for measuring open circuit voltage between accessible parts
and ground.

« An RMS reading meter with scales that read shock hazard up to 10 Measure-
ment Indication Units (MIU), burn hazard up to 100 mA and peak indicating
RMS shock hazard. (Refer to Section 7, Measurement Procedures) for more
information.

¢ Output connections for an external peak reading Instrument (required for
measuring peak readings on non-sinusoidal waveforms).

e Convenient battery test function.

M

The 228 is battery operated. In some applications, the lead attached to the “Ground”
input may not be attached to earth ground. As a result, the output jacks may be
“floating.” To prevent a shock hazard, do not connect any connectors or equip-
ment with accessible conductive surfaces.

What Is Leakage Current?

“Leakage Current” is a generic term applied to many forms of unwanted currents.
“Leakage Current” (or more accurately, “Touch Current”) as it relates to electrical
shock hazards, is the current that flows to ground through the human body due to
inadequate insulation or improper grounding between internal supplies and ac-
cessible conductive parts.
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In properly designed and installed equipment, leakage current can usually be ignored
becauseitis limited to safe levels. Excessive leakage current can appear in equipmentas
aresultof:

¢ A defective component

e Poor equipment design or installation

« A build up of foreign matter Electrical shock due to
« Old or deteriorated insulation excess leakage current

(touch current)
The presence of leakage current on any acces-
sible conductive part poses a potential shock f/
hazard to anyone touching that part (see Figure // .

1). Severe electrical shocks from leakage cur- §\

rent can cause burns, serious injury and in some
cases, death. Even when leakage currents are
not high enough to directly injure a person, the
current can be high enough to cause a violent
muscle contraction resulting in accident or
injury.

Figure 1.

Leakage current measurement ensures the safety of electrical equipment — not
only for the user but for anyone who comes in contact with the equipment. Leak-
age current measurements should be performed whenever equipment is installed
or repaired.

1.3 Human Response to Electrical Shock

The human body’s reaction to electrical shock depends upon the magnitude of
the current involved and many other variables, including sex, weight, age and
point of contact. Reaction to a shock can range from a harmless tingling sensa-
tion to a more serious response such as violent muscle contractions, massive
burns or death due to heart failure.

Although most electrical or electronic equipment is energized by 60Hz (50Hz)
power circuits, some have solid state control circuits or power conversion circuits
which generate higher frequency currents. This high-frequency current may be a
significant part of the total leakage current. The human body becomes less sensi-
tive to leakage current as the frequency is increased. The 228 takes the frequency
of the leakage current into account when making measurements and displays a
reading that correctly reflects the potential hazard from the leakage current. Be-
cause of this frequency correction, leakage currents are measured in Measure-
ment Indications Units (MIU).

The IEC and other safety agencies have defined four (two are combined) levels
of human body response to electrical shock:

«  Perception/Reaction (tingling sensation and involuntary muscle contraction)
e Let-go (the loss of the ability to control muscles and release)

e Electric burns

The 228 includes a separate measurement “network” for each of these response

levels.
6
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1.4

A

WARNING: These response networks are for non-medical applications and do
not include patient contact cases. This Instrument is not intended for use in medi-
cal applications.

Shock Hazard

1.5

The level at which leakage current will cause a shock varies greatly between
people. As a result the IEC, UL, and other safety agencies set limits where most
people will not feel a shock or will not react to any leakage current present. The
most commonly used leakage current limit is 0.5 MIU RMS (0.7 MIU peak) using
the reaction response network. This level is safe for most conditions and for most
people, but there are cases where 0.5 MIU may pose a hazard. In those cases
tighter limits are required. The safety agencies also acknowledge that some con-
ditions exist where higher currents can be permitted without an increased risk of
injury.

When making routine leakage current measurements as part of equipment main-
tenance, refer to the equipment manufacturer for the acceptable leakage current
level. When using the 228 for testing safety of new designs, check with the appro-
priate safety agency for the correct leakage current limits.

Burn Hazard

1.6

Another potential leakage current hazard is electrical burns. Electrical burns can
occur at current frequencies as low as 30KHz or lower. The potential of electrical
burns is constant regardless of frequency and is measured in mA RMS. A limit of
70 mA is almost universally accepted as being a safe limit to prevent leakage
current-related electrical burns.

Inspection of Instrument

1.7

Immediately upon receipt, inspect the Instrument for damage. Verify that your
Instrument includes all of its components and accessories. If you find the unit to
be damaged, notify the carrier and supplier immediately. Do not use a damaged
Instrument.

Components and Accessories

e Operator's Manual

¢ Test Lead Set: Red and black insulated test probe set. Simpson Part Number
00125.

« Two (2) 9-wlt, NEDA type 1604A alkaline batteries.
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2.

SPECIFICATIONS

Specification

Response Level

Reaction Let-Go

Burn Hazard

Equivalent Measuring System Load

1MQ, 10 pF 1MQ, 62 pF

1MQ, 1 pF

Ranges

0.3,1, 3,10 MIU

0-100 mA RMS

Current Accuracy

+ 2% FS @ 60 Hz

Meter Measurement Method

True RMS

Meter Frequency Response*

DC to 1Hz Pointer tracks within 5% of peak

2Hz to 19Hz Accuracy not supported

20Hz to 200 KHz * 2% FS + 2.5%FS *+ 2% FS

200KHz to 1MHz * 2% FS + 25% FS + 5% FS

Output Accuracy + 2% of Reading @ 60 Hz

Output Frequency Response*

DC to 50Hz + 2% of Reading

50Hz to 100KHz + 2.5% of Reading | -+ 2%/-3% of Reading * 2% of
Reading

100KHz to 1IMHz

+ 5% of Reading

*Relative to ANSI C101-1992 or UL-1459 2nd edition

Output Sensitivity:

Voltmeter Range:

Voltmeter Accuracy:
DC tol Hz:
2Hz to 19Hz

(Accuracy not supported)

20 Hz to 1 KHz:

Voltmeter Frequency Response:

Power Source Requirements:

NOTE: Alkaline batteries have a VDC continuous use rated life of 400 hours

or longer.

Temperature Range:
Operating:
Storage:

Humidity Range:
Operating:

Dimensions:

Table 1.
Specifications

Full scale meter deflection equals 1 volt
RMS (measured with a 1M(), 12 pF load)

0-300 volts (AC or DC)

Pointer tracks within 5% of peak

+3% FS @ 60Hz (Add = 1% for every

additional 100Hz)
DC to 1KHz

line batteries

0° to 40°C
-10° to 55°C

Two (2) 9 volt, NEDA type 1604A alka

70% RH, non-condensing
7" x 5%4" x 3-1/8" (18 cm x 13.6 cm X

8.2cm)
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Weight: 2% Ibs. (1,134 g)

Low-Battery Indication: Instrument provides a battery test selection on
power switch and corresponding scale on
meter dial.

3. CONTROLS AND FUNCTIONS

Meter Dial

Mechanical Zero
Adjustment Screw

I
o

A WARNING

READ MANUAL BEFORE USE

T sHock + outeut L
0 3 “uazaro
A

i ; RESPONSE

228
[ LEAKAGE CURRENT TESTER

I I

Power Function Response Network
Control Switch Select Switch Select Switch

Figure 2. Controls and Functions

Mechanical Zero Adjustment Screw
Adjusts the meter pointer to zero when the instrument is turned OFF.

Power Control Switch
Turns the Instrument ON and OFF. Select the BATT setting before each use to
determine battery condition. A weak battery may cause inaccurate readings.

Function Select Switch
Selects one of three operating modes: VOLTS, BURN HAZARD and SHOCK HAZ-
ARD.

Response Network Select Switch

Selects one of two shock hazard response networks: REACT and LET GO. This
switch is used in conjunction with the SHOCK HAZARD setting on the Function
Select Switch.

Meter Dial
Displays Instrument measurements. The meter dial has four measurement scales
and a battery test scale.

Page 34 of 85



Burn Hazard Scale (measured in mA RMS)
Used when selecting the BURN HAZARD function in order to read potential burn
hazard leakage current.

Shock Hazard Scales (measured in MIU RMS and MIU Peak)
Used when selecting the SHOCK HAZARD function in order to measure shock

hazard leakage current. The MIU Peak scale reads 1.4 times the RMS value and
assumes a sinusoidal waveform.

Important: Read the MIU Peak scale only if the equipment specification calls for
a peak reading and when certain that the leakage current is sinusoidal. See
Section 10, RMS VS. PEAK, for more information on RMS and Peak measure-
ment limits.

Volts Scale (0-300 volts)
Used when selecting the VOLTS function.

Battery Scale
Indicates battery condition when selecting the BATT function.

INTERPRETING THE METER DIAL SCALES

Use the correct multiplier when reading Instument measurements. Refer to Table 2 below.

Table 2
Range Selected Scale Range Multiplier
BATT BATTERY OK None
VOLTS 0-300 V 1
BURN HAZARD 0-100 mA RMS 1
0-1 MIU RMS 10
10 MIU
0-1.4 MIU Peak 10
0-3 MIU RMS 1
3 MIU
0-4.2 MIU Peak 1
0-1 MIU RMS 1
1 MIU
0-1.4 MIU Peak 1
0-3 MIU RMS 0.1
0.3 MIU
0-4.2 MIU Peak 0.1
10
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5. READING THE METER DIAL SCALES

The analog meter scales require interpolation to obtain readings that fall in be-
tween the major scale markings. See Figure 3 below, as example.

Example: Burn hazard reading is 50mA RMS or
MIU (bottom) reading is 1.5 MIU for the 3 MIU range

10 20

Figure 3

“+* and “1” Input Jacks
Connect the red (positive) test lead to the “+” jack and the black (ground) test lead
to the “!” jack.

“+* and “1” Output Jacks

Connect the positive and ground leads from a peak reading device to these jacks.
The Instrument output produces a scaled and buffered output voltage which
matches the waveform of the leakage current. At full scale meter deflection, the

output produces 1 volt RMS. i

The output jack ground is tied to input jack ground. To avoid a “ground loop”
condition, which can cause false readings or Instrument damage, do not tie the
Instument’s output ground jack to another ground.

Battery Compartment
Compartment houses the two (2) 9 volt NEDA type 1604A alkaline batteries and
input protection fuse. These are the only user serviceable parts in the Instrument.

M

Before opening the Instrument battery compartment, disconnect all test leads
and turn the power switch OFF.

6. SAFETY PRECAUTIONS

/M

Although designed to ensure operator safety, this instrument measures poten-
tially fatal current and wltage levels. To guarantee safe operation, observe all
warnings and cautions contained in this manual and in the technical manuals of
the equipment under test.

11
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Do not use this Instrument unless qualified to recognize shock hazards and
trained in the safety precautions required to avoid injury. Become familiar with the
Definition of Shock Hazard explained on Page 3 of this manual.

1. Do not work alone when measuring where a shock hazard may exist. Make
certain that someone capable of giving aid is close by and is alert to potential
problems.

2. Turn OFF the power to the equipment under test. Discharge any capacitors in
the circuit before connecting or disconnecting the Instrument.

3. Be aware that voltages can appear unexpectedly in defective equipment.
For example, an open bleeder resistor can allow a capacitor to retain a danger-
ous charge.

4. Locate all voltage sources and accessibility paths before making any connec-
tions or measurements.

5. Before using the Instrument, inspect the test leads and connectors for damage.
Do not use, or permit the use of, damaged equipment.

6. Make sure hands and shoes, as well as floor and workbench, are dry.
Avoid making measurements under damp and humid conditions.

7. Never touch the test leads, circuit or Instrument while power is applied to the
circuit being measured.

8. Do not use test leads different from those originally furnished with the Instru-

ment.
7. MEASUREMENT PROCEDURES
7.1 General

Measurement of current leakage involves a series of procedures:

Preparation

\oltage Measurement

Burn Hazard Network Measurement
Shock Hazard Network Measurement
Polarity Reversal Measurements

ok~ wNhE

For a typical single unit test, all procedures are performed in sequence and the
instructions that follow cover the complete series. However, for testing of a group
of products or for special purpose applications, qualified users might only need to
use a selected part of the full procedure.

M

Do not touch the equipment under test with power applied until voltage and
current leakage measurements are within accepted limits.

NOTE: The following is based on set-up and test procedures from the applicable
standards document (or from the equipment manufacturer) for correct main con-
nection, detailed test procedures and leakage current limits.

Figure 4, Page 13, shows a typical test setup. All items other than the 228 and its
accessories must be provided by the user.

12
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SW 2

7.2

+ Appliance
Under Test
Open
o Ground
SW1
Grounded
Supply
Connector

Figure 4. Typical Test Setup

Preparation

7.3

Turn power OFF to equipment under test.

If the meter pointer does not align with zero when Instrument power is OFF,
rotate the mechanical zero adjustment screw as necessary.

Connect the Instrument and equipment under test. Figure 4, above, shows a
typical test setup. Do not apply power.

Verify that proper line voltage is available for the equipment under test.
Turn the Instrument Power Switch to BATT. If pointer indicates satisfactory

battery condition, proceed with testing. If not, turn Instrument Power Switch to
OFF and replace the batteries before proceeding.

Voltage Measurement

Turn the Instrument Power Switch to ON (see figure 5 below)

A WARNING
READ MANUAL BEFORE USE

+ OuTPUT |

RESPONSE

°
© = O
LEAKAGE CURRENT TESTER

Figure 5

2. Connect Instrument Test Leads to the input jacks — red lead to “+” and
black lead to “!”.

13
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7.4

3. Turn Function Select switch to VOLTS.

4. Connect Instrument Ground Test Lead to known good ground (such as a water

pipe or power line ground).

5.  With SW1 open, turn ON equipment under test.

6. Use Positive Test Lead to probe all accessible conductive surfaces to determine

if excessive voltage is present. Read the 0-300 volts (bottom) scale.

a. If the voltage measurements appear normal, proceed to Burn Hazard test
which follows.

b. If measured voltage is above e xpected value, check equipment for short cir-
cuits and make any necessary repairs before continuing. Abnormally high
voltages that persist without corresponding short circuits indicate current
leakage.

Burn Hazard Measurement

1. Turn Function Select switch to BURN HAZARD (see Figure 6 below).

A WARNING
READ MANUAL BEFORE USE

BURN
HAZARD
(0-100mA)

@ §°MHW@&OW 228 @

LEAKAGE CURRENT TESTER

Figure 6

2. Use Positive Test Lead to probe all accessible conductive surfaces and check
for excessive current leakage. Read the 0-100mA RMS scale.

NOTE: Most safety specifications set a limit of 70mA for this measurement. Refer to

the appropriate specification (or equipment manufacturer) for the correct limit. Pro-
ceed only when burn hazard measurements are within acceptable limits.

14
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7.5

Shock Hazard Measurement

7.6

1. Turn Function Select Switch to 10MIU SHOCK HAZARD (see Figure 7 below).

A WARNING
READ MANUAL BEFORE USE

LEAKAGE CURRENT TESTER @

Figure 7

2. Use Positive Test Lead to probe all accessible conductive surfaces and check
for excessive current leakage. Read the 0-10 MIU scale. If measured current is
less than 1/3 of full scale, increase meter sensitivity by turning the Function
Select switch clockwise until pointer is in upper 2/3 of the dial.

Note: ANSI C101.1 limits current leakage to 0.5 MIU RMS for most appliances, but
exceptions are allowed for unique situations. Refer to the equipment manufacturer or
applicable safety standard for more details. Proceed only when shock hazard measure-
ments are within acceptable limits.

Polarity Reversal

1. Use SW2 switch (see figure 4, page 13) to reverse the hot and neutral. Do not
close SW1 to activate the unit under test. Repeat Voltage, Burn Hazard, and
Shock Hazard tests. After completing tests, return SW2 to original position.

2. Close SW1 and turn equipment on.

3. Use Positive Test Lead to probe all accessible conductive surfaces in order to
determine if excessive voltage is present. Read the 0-300 volts (bottom) scale.

a. Ifthe voltage measurements appear normal, proceed to step 4.

b. If measured voltage is above expected value, check equipment for short cir-
cuits and make any necessary repairs before continuing. Abnormally high volt-
ages that persist without corresponding short circuits indicate current leakage.

4. Turn Function Select switch to BURN HAZARD (see Figure 6, page 14).

5. Use Positive Test Lead to probe all accessible conductive surfaces and check
for excessive current leakage. Read the 0-100mA RMS scale.

NOTE: Most safety specifications set a limit of 70mA for this measurement. Refer to
the appropriate specification (or equipment manufacturer) for the correct limit. Pro-
ceed only when burn hazard measurements are within acceptable limits.

15
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Turn Function Select Switch to 10 MIU, SHOCK HAZARD.

Use Positive Test Lead to probe all accessible conductive surfaces and check
for excessive current leakage. Read the 0-10 MIU scale. If measured current is
less than 1/3 of full scale, increase meter sensitivity by turning the Function
Select switch clockwise until pointer is in upper 2/3 of the dial.

NOTE: ANSI C101.1 limits current leakage to 0.5 MIU RMS for most appliances, but
exceptions are allowed for unique situations. Refer to the equipment manufacturer’s
applicable safety standard for more details.

8.

10.

Repeat steps 3 throught 7 for both positions of SW2 within 5 seconds of closing
SW1. If the equipment has multiple separate conductive surfaces, repeat steps
3-8 as quickly as possible for each surface.

Continue monitoring leakage current, using the procedure outlined in steps 3-8
above, while equipment warms up and operates normally.

Open SW1 and monitor leakage current (using the procedure outlined in steps
3-8 above) until equipment cools or until leakage current stabilizes.

NOTE: If at any time during the test, the equipment under test exceeds the limits
specified by the appropriate safety standard (or by the manufacturer), replace the
equipment or remove it from service until the necessary repairs are complete.

8. MAINTENANCE AND CARE
This Instrument is constructed with high-quality components. Providing reasonable
care and routine maintenance will ensure a long service life of trouble-free operation.
8.1 Service
The Model 228 Current Leakage Tester contains no operator-serviceable parts, ex-
cept for the batteries and the fuse. Refer all service requests to an authorized service
dealer or to the factory.
8.2 Battery Replacement
To install 9 wolt NEDA type 1604A alkaline batteries:
1.  Turn OFF the Instrument and disconnect the Instrument test leads before opening
the battery compartment.
Place the Instrument face-down on a soft, padded surface.
Using a flat-blade screwdriver, loosen the large captive screw holding the
battery compartment cover and remove cover.
4. Replace both batteries.

16
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A

Whenever the Battery Check indicates low battery power, always replace both batteries.

5.

8.3

Replace battery compartment cover.

Fuse Replacement

To replace a blown fuse:

1

Turn OFF the Instrument and disconnect the Instrument test leads before opening
the battery compartment.

Place the Instrument face-down on a soft, padded surface.

Using a flat-blade screwdriver, loosen the large captive screw holding the
battery compartment cover. Remove cover.

Carefully remove the blown fuse and replace with fresh fuse.

A

Use a fuse of specified size and rating:

Size: 1/4" x 1-1/4"
Rating: 0.1A, 250V

Fuse is Littlefuse model 312.1 or equivalent and is available through
electric supply sources.

Replace the battery compartment cover.

CARE OF INSTRUMENT

A

Do not attempt to clean this Instrument with the test leads connected to a power
source or when it is connected to the AC power line.

1.

Immediately clean spilled materials from the Instrument and wipe dry. If neces-
sary, moisten a cloth with soap and water to clean plastic surfaces.

Avoid exposing Instrument to temperature and humidity extremes, vibration,
mechanical shock, dust, corrosive fumes, or strong electrical or electromagnetic
interferences.

Verify Instrument calibration by performing operational checks using known value
sources. For information on Instrument calibration, call Simpson Customer Ser-
vice.

It is recommended that the Instrument be returned annually to the factory for
inspection and calibration. Call Simpson Customer Service for instructions.

When not in use, store Instrument in a location free from temperature extremes,
dust and corrosive fumes, mechanical vibration and shock.

17
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10.

RMS VS. PEAK

Throughout this manual there have been frequent notices about using the meter
to measure sinusoidal currents only. These warnings are necessary because of
the nature of leakage current and its effect on the body.

Almost all studies investigating electrical shock hazard have shown that the se-
verity of an electric shock is more closely related to peak current than the average
value or RMS value. As a result, the authors of IEC 990 decided that a peak
reading Instrument was the best Instrument for measuring shock hazard. Measur-
ing peak current can be a difficult task in a noisy environment or when the unit
under test is producing high frequency signals. The ANSI C101.1 committee felt
that this difficulty was a significant problem and specified an RMS reading Instru-
ment for measuring leakage current.

The Model 228 attempts to resolve the differences in specifications by providing
a direct reading RMS meter and by providing a buffered output for measuring
peak current. The Instrument provides a peak reading scale on the dial as a
convenience for users who have verified that a sinusoidal current is present.

The output on the Model 228 provides the user with the ability to measure the
waveform that comes out of the measurement network.

When measuring non-sinusoidal currents, take precautions to insure that the
peak levels of current do not overload the internal amplifiers in the meter. The
simplest method of doing this is to connect a peak reading instrument to the
Model 228 ouput. After identifying the appropriate range, select the next highest
range and compare the reading. If the readings match (after adjusting for attenu-
ator scale factor), then the amplifiers are not in overload, and the more sensitive
range may be used. If the readings do not match, the Model 228 is overloaded,
and a higher range must be used.

When high crest factors are present, the difference between the RMS and the
peak readings may be substantial. In those cases, it may be advisable to base
safety on the peak reading even though ANSI C101.1 calls for RMS.

When using the Model 228, it is important to use the correct measurement limits.

Contact the appropriate safety agency or the equipment manufacturer to deter-
mine whether RMS or peak measurements are required.

18
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NOTES
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I
FAIRCHILD
]

SEMICONDUCTOR w

FDG6303N
Dual N-Channel, Digital FET

General Description

These dual N-Channel logic level enhancement mode
field effect transistors are produced using Fairchild's
proprietary, high cell density, DMOS technology. This
very high density process is especially tailored to
minimize on-state resistance. This device has been
designed especially for low voltage applications as a
replacement for bipolar digital transistors and small

signal MOSFETSs.

x W i
SC70-6 SOT-23 SuperSOT™-6

September 2001

Features

m 25V, 0.50 A continuous, 1.5 A peak.
Rpson =045 W@ V=45V,
Roson =060 W@ V= 2.7 V.

m  Very low level gate drive requirements allowing direct
operation in 3 V circuits (Vggy, < 1.5 V).

®m  Gate-Source Zener for ESD ruggedness
(>6kV Human Body Model).

®m  Compact industry standard SC70-6 surface
mount package.

o e L

SuperSOT™-8 SO-8 SOT-223

SC70-6

* The pinouts are symmetrical; pin 1 and 4 are interchangeable.

*
lor4 60r3

2o0r5 50r2

30r6 4orl1¥

HEH
HIHEH

Units inside the carrier can be of either orientation and will not affect the functionality of the device.

Absolute Maximum Ratings T, = 25°C unless otherwise noted

Symbol | Parameter FDG6303N Units
Vpss Drain-Source Voltage 25 \
Vs Gate-Source Voltage -0.5t0+8 Y,
I Drain/Output Current - Continuous 05 A
- Pulsed 15
Py Maximum Power Dissipation (Note 1) 0.3 W
T Tsrs Operating and Storage Temperature Range -55t0 150 °C
ESD Electrostatic Discharge Rating MIL-STD-883D 6.0 kv
Human Body Model (100 pF /1500 W)
THERMAL CHARACTERISTICS
Rua Thermal Resistance, Junction-to-Ambient 415 °C/W

FDG6303N Rev.F
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Electrical Characteristics (T, = 25 °C unless otherwise noted )
Symbol | Parameter Conditions | Min | Typ | Max | Units
OFF CHARACTERISTICS
BVyss Drain-Source Breakdown Voltage Ves =0V, ;=250 pA 25 \
DBV,,/DT, | Breakdown Voltage Temp. Coefficient I,= 250 pA, Referenced to 25°C 26 mvV/°C
Ioss Zero Gate Voltage Drain Current Vps =20V, V=0V 1 HA

T, =55°C 10 MA
loss Gate - Body Leakage Current Vs =8V, V=0V 100 nA
ON CHARACTERISTICS (Note 2)
Vs Gate Threshold Voltage Vps = Vs |r =250 pA 0.65 0.8 15 \
DV /DT, Gate Threshold Voltage Temp.Coefficient I,= 250 pA, Referenced to 25°C -2.6 mvV/°C
Roson Static Drain-Source On-Resistance Ves =45V, I,=05A 0.34 0.45 w

T, =125°C 055 | 077

Ve =27V, I,=02A 044 | 06
Ioony On-State Drain Current Vgs =27V, V=5V 05
Ok Forward Transconductance Vps=5V, [,= 05A 145 S
DYNAMIC CHARACTERISTICS
Ce Input Capacitance Vps =10V, V=0V, 50 pF
Cos Output Capacitance f=10MHz 28 pF
Cs Reverse Transfer Capacitance 9 pF
SWITCHING CHARACTERISTICS (Note 2)
toon) Turn - On Delay Time V=5V, I, =05A, 3 6 ns
t Turmn - On Rise Time Ves =45V, Rggy =50W 85 18 ns
toon Turn - Off Delay Time 17 30 ns
t Turn - Off Fall Time 13 25 ns
Q, Total Gate Charge Vps=5V, I,=05A, 1.64 2.3 nC
Qus Gate-Source Charge Ves =45V 0.38 nC
Qu Gate-Drain Charge 0.45 nC
DRAIN-SOURCE DIODE CHARACTERISTICS AND MAXIMUM RATINGS
Ig Maximum Continuous Source Current 0.25 A
Vo Drain-Source Diode Forward Voltage Ve =0V, I5=0.25 A (Note2) 0.8 12 \
’:.OIT?S;JA is the sum of the junction-to-case and case-to-ambient thermal resistance where the case thermal reference is defined as the solder mounting surface of the drain pins. Rac is guaranteed
by design while R, is determined by the user's board design. R, = 415°C/W on minimum pad mounting on FR-4 board in still air.

2. Pulse Test: Pulse Width < 300ps, Duty Cycle < 2.0%.

FDG6303N Rev.F
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Typical Electrical Characteristics
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Vps » DRAIN-SOURCE VOLTAGE (V)

Figure 1. On-Region Characteristics.
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Figure 3. On-Resistance Variation
with Temperature.
1 T N
Vps = 5.0V T,=-55°C
25°C
208 // 125°C
e
Z
w
x 0.6
['4
2
O
2 04
o
a
a
— 0.2 //
0
0 0.5 1 15 2 25

Vs GATE TO SOURCE VOLTAGE (V)

Figure 5. Transfer Characteristics.
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Figure 2. On-Resistance Variation with
Drain Current and Gate Voltage.
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Figure 4. On-Resistance Variation with
Gate-to-Source Voltage.
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Figure 6 . Body Diode Forward Voltage
Variation with Source Current
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Typical Electrical Characteristics (continued)
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Figure 7. Gate Charge Characteristics.
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Figure 9. Maximum Safe Operating Area.
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Figure 8. Capacitance Characteristics.

Figure 10. Single Pulse Maximum Power

Dissipation.
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Figure 11. Transient Thermal Response Curve.
Thermal characterization performed using the conditions described in note 1.
Transient thermal response will change depending on the circuit board design.
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TRADEMARKS

The following are registered and unregistered trademarks Fairchild Semiconductor owns or is authorized to use and is
not intended to be an exhaustive list of all such trademarks.

ACEx™ FACT™ ImpliedDisconnect™ PACMAN™ SPM™
ActiveArray™ FACT Quiet Series™ ISOPLANAR™ POP™ Stealth™
Bottomless™ FAST® LittleFET™ Power247™ SuperSOT™-3
CoolFET™ FASTr™ MicroFET™ PowerTrench® SuperSOT™-6
CROSSVOLT™ FRFET™ MicroPak ™ QFET™ SuperSOT™-8
DOME™ GlobalOptoisolator™ MICROWIRE™ Qs™ SyncFET™
EcoSPARK™ GTO™ MSX™ QT Optoelectronics™ TinyLogic®
E2CMOS™ HiSeC™ MSXPro™ Quiet Series™ TruTranslation™
EnSigna™ [pCT™ OCX™ RapidConfigure™ UHC™
Across the board. Around the world. ™  OCXPro™ RapidConnect™ UltraFET®
The Power Franchise™ OPTOLOGIC® SILENT SWITCHER® VCX™
Programmable Active Droop™ OPTOPLANAR™  SMART START™

DISCLAIMER

FAIRCHILD SEMICONDUCTOR RESERVES THE RIGHT TO MAKE CHANGES WITHOUT FURTHER
NOTICE TOANY PRODUCTS HEREIN TO IMPROVE RELIABILITY, FUNCTION OR DESIGN. FAIRCHILD
DOES NOTASSUMEANY LIABILITY ARISING OUT OF THE APPLICATION OR USE OF ANY PRODUCT
OR CIRCUIT DESCRIBED HEREIN; NEITHER DOES IT CONVEY ANY LICENSE UNDER ITS PATENT
RIGHTS, NOR THE RIGHTS OF OTHERS.

LIFE SUPPORT POLICY

FAIRCHILD’'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF FAIRCHILD SEMICONDUCTOR CORPORATION.
As used herein:

1. Life support devices or systems are devices or 2. A critical component is any component of a life
systems which, (a) are intended for surgical implant into support device or system whose failure to perform can
the body, or (b) support or sustain life, or (c) whose be reasonably expected to cause the failure of the life
failure to perform when properly used in accordance support device or system, or to affect its safety or
with instructions for use provided in the labeling, can be effectiveness.

reasonably expected to result in significant injury to the

user.

PRODUCT STATUS DEFINITIONS

Definition of Terms

Datasheet Identification Product Status Definition
Advance Information Formative or This datasheet contains the design specifications for
In Design product development. Specifications may change in

any manner without notice.

Preliminary First Production This datasheet contains preliminary data, and
supplementary data will be published at a later date.
Fairchild Semiconductor reserves the right to make
changes at any time without notice in order to improve
design.

No Identification Needed Full Production This datasheet contains final specifications. Fairchild
Semiconductor reserves the right to make changes at
any time without notice in order to improve design.

Obsolete Not In Production This datasheet contains specifications on a product
that has been discontinued by Fairchild semiconductor.
The datasheet is printed for reference information only.

Rev. 12
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LED CHARACTERISTICS

The first rule of war is “know your enemy”. It is the same principle with Solid State Lighting (SSL) —
if you don’t understand how an LED behaves, don’t be surprised when your application doesn’t succeed.

LEDs are non-linear devices. If a low voltage is applied to an LED it does not conduct. As the voltage increases,
it passes a threshold value when suddenly the LED starts to emit light and the current sharply increases.
Thereafter, if the voltage continues to rise the LED rapidly overheats and burns out. The trick is to operate the
LED in the narrow band between full off and full on.

0.35 — T I T T T
Useful Operating Area
0.30

-

CURRENT [A]

0.00 / | ra=2sec|

00 05 10 15 20 25 30 35 40 45 50
VOLTAGE [V]

Graph 1. Useful operating area for high power LEDs [Ta=25°C]

There is an additional complication, however. The useful operating area voltage is different with different high
power LEDs (even within LEDs from the same batch and supplier) and the voltage range changes with ambient
temperature and age of the LED.

Graph 2 shows the useful operating area in more detail. In this example we are looking at 4 identical LEDs that
according to the datasheet have the same specification. All LED manufacturers sort LEDs out according to the
colour of light that they emit (this is called “binning” — the LEDs are tested during manufacture and sorted out
into different bins according to their colour temperature).

©2011
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The consequence is that the LEDs are all mixed up and one delivery can include several different production
batches and therefore a wide variation in the threshold values, or forward voltage (Vf), are to be expected.
Most high power LED datasheets specify a Vf tolerance of around 20%, so the wide variations shown Graph 2
are not exaggerated.

In this example, If we choose a supply voltage of, say, 3V then LED 1 is being over-driven, LED 2 draws
300mA, LED 3 draws 250mA and LED 4 draws only 125maA.

0.35 ‘ i
LED1 = 2.96V @ 350mA / / /
0.30 : I
LED2 = 3.01V @ 350mA 7 /
0.25 /\ ] /
=
£ 020
5 _ LED4 = 3.21V @ 350mA
S 015 T
LED3 = 3.02V @ 350mA
0.10
0.05
0.00 —

25 26 27 28 29 30 31 32 33 34 35
VOLTAGE [V]

Graph 2: LED characteristics in detail

Furthermore theses curves are dynamic. As the LEDs warm up to their operating temperatures, the curves all
drift to the left (the forward voltage, Vf, reduces with increasing temperature).

The light output of the LED is, however, directly proportional to the current flowing through it (Graph 3), so in
the example given above with a 3V supply voltage, LED 1 will glow like a supernova, LED 2 will be slightly
brighter than LED 3 and LED 4 will appear very dim.

0.35

0.30
0.25 /
0.20

0.15

CURRENT [A]

0.10 4

0.05 /

0.00 i T
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Graph 3: Relationship of light outout to LED current
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DRIVING LEDs WITH A CONSTANT CURRENT

The solution to this problem of the variability in forward voltage, Vf, is to use a constant current rather than a
constant voltage to drive the LEDs.

The LED driver automatically adjusts the output voltage to keep the output current constant and therefore the
light output constant. This works with a single LED or with a chain of string of LEDs connected in series. As
long as the current through all LEDs is the same, they will have the same brightness even if the Vf across each
LED is different (see Figure 1).

As the LEDs warm up to their working temperature, the constant current driver automatically reduces the
driving voltage to keep the current through the LEDs constant, so the brightness of the LEDs is also
independent of working temperature.

Another major advantage is that a constant current driver does not allow any single LED in a chain to be
overdriven and thus ensures that they all have a long operating life. If any LED fails short circuit, the remaining
LEDs still operate with the correct current.

Vout=12.05V
lout=350mA

2.90v 3.05V 2.95V

LED
3.15V

O GND

Fig. 1: LED String

SOME DC CONSTANT CURRENT SOURCES

The simplest constant current source is a constant voltage supply driving the LEDs via a resistor. If the voltage
drop across the resistor is about the same as the forward voltage of a LED, then a 10% change in Vf causes a
similar change in the LED current (compare this with the curves shown in Graph 2 where a 10% change in Vf
causes about a 50% change in LED current). This solution is very cheap, but has a poor current regulation and
is very wasteful in power. Many of the low cost cluster-type LED bulbs offered as replacement lamps for low
voltage halogens use this method. Needless to say, if any LED fails short circuit, the resistor is overloaded and
usually burns out after a relatively short while, thus the lifetime of these cluster LED lamps is relatively short.

The next simplest constant current source is a linear current regulator. There are several low cost LED drivers
available on the markets that use this method or a standard linear voltage regulator can be used in constant
current mode. The internal feedback circuit keeps the current regulated to within about +5% but excess power
has to be dumped as heat, so good heat sinking of the regulator is required. The disadvantage is the poor
efficiency of this solution, which rather goes against the concept of using high efficiency SSL devices.

The best constant current source is a switching regulator. The price of the driver is higher than the other
solutions, but the output current accuracy can be as accurate as +3% over a wide range of LED loads and
conversion efficiencies can be as high as 96% which means that only 4% of the energy is wasted as heat and
the drivers can be used at high ambient temperatures.

©2011
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Example of constant current sources for LEDs:

1w 1W 1w
350mA
12VDC LED @ @
GND O WA
BR/2W

Fig. 2: Simple Resistor: Low cost. but inaccurate and wasteful

Heat Sink
Required
1w 1w N
350mA
i LED @ 3177
3R9/0.5W
GND O

Fig. 3: Linear Regulator: Low cost and accurate, but wasteful

Heat Sink NOT
Required 1w 1w 1w
350mA /‘\ /\
12 to
T — LED @ @
RCD-24-0.35
GND O—

Fig. 4: Switching Regulator: Higher cost, but accurate and efficient
One important difference between the options shown above is the input and output voltage ranges.

A DC/DC switching regulator has a wide input voltage and output voltage range over which the constant
current regulation works well (the RCD-24.0.35 works from 5V to 36VDC has an output voltage range of 2-
34VDC, for example). A wide output voltage range not only allows many different combinations of LED string
lengths, but also permits a wide dimming range.

The other two options shown above will have power dissipation problems if only 1 LED is needed, as the
resistor or linear regulator will have a larger volt drop across them which will still further increase the power
dissipation losses. The input voltage range has to also be restricted for the same reason.

4 CONNECTING LEDs IN STRINGS

The majority of high power white LEDs are designed to be run at 350mA constant current. This is because the
chemistry of a white light LED sets the forward voltage at about 3V and 3.0V x 0.35A ~ 1 Watt, which is a
convenient LED power.
Most DC/DC constant current LED drivers are buck or step-down converters. This means that the maximum
output voltage is lower than the input voltage. Thus the number of LEDs that can be driven depends on the
input voltage.

©2011 5

Page 57 of 85



HIGH POWER LED AND RCD APPLICATIONS

RECOM Electronic Whitepaper Jul 2011 111

Input Voltage 5VDC 12VDC | 24VDC | 36VDC | 54VDC
Typical # of LEDs in String 1 3 7 10* 15

Table 1. Number of LEDs that can be driven per string vs. Input voltage

If the input voltage is not regulated (e.g. a battery) then the maximum number of LEDs must be reduced
depending on the minimum input voltage available.

Example:

How many 1W LEDs can be driven from a 12V Lead acid battery?

Battery voltage range .. 9~14VDC
DC/DC driver headroom w1V
Therefore, LED driver output voltage range .. 8~13VDC
if LED forward voltage, Vf .. 3.3V typical*
then the maximum number of LEDs that can be driven .. 2

Two LEDs is not very much! A way around this problem is to either use a boost converter where the output
voltage is higher than the input voltage or to use two or more strings of LEDs in parallel. For each 350maA string
of LEDs used, the driver current has to be increased to deliver the correct overall current. So a single string
needs a 350mA driver, two strings in parallel require a 700mA driver, three parallel strings would need a 1.05A
source, etc.

Therefore the choice of LED driver is dependent on the input voltage available and the number of strings of
LEDs that need to be driven.

Figure 5, 6 and 7 shows some possible combinations for a fixed 12VDC supply using typical 1W white LEDS.

* Note: It is a common misconception that the number of LEDs that can be driven is dependent on the maximum Vf given
in the LED datasheets. This is not true in practice because when the LEDs reach their operating temperature, the Vf falls
significantly. Thus the typical Vf given in the datasheet can be reliably used. A typical datasheet might state that Vf is
3.3V minimum, 3.6V typical and 3.9V maximum at 25°C ambient. However at 50°C, the figures would be closer to 3.0V
minimum, 3.3V typical and 3.6V max. Therefore a fixed 24V supply can reliably drive 7 LEDs and a 36V supply 10 LEDs,
even if there is some voltage drop across the LED driver.

5 CONNECTING LED STRINGS IN PARALLEL
3 LEDs in a single string with 350mA driver:
1w 1w 1w
350mA
12V0¢ O——— > (e0 @ @
RCD-24-0.35
GND O——
Fig. 5: Advantages. accurate LED current, fail safe / Disadvantages. low number of LEDs per driver
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6 LEDs in two strings with 700mA driver:

W 1w
AP AP

LED LED
\_/ \_/

12V O——— W w
RCD-24-0.70 @ @

Fig. 6: Advantages: double number of LEDs per driver - Disadvantages. not fail safe, unbalanced currents in the strings

9 LEDs in three strings with 1050mA driver:

1w 1w
A L
LED LED
\_/ \_/
1w 1w
RCD-24-1.00 w o
0 ((e0}——((e0)
N /

Fig. 7: Advantages: triple number of LEDs per ariver - Disadvantages: not fail safe, unbalanced currents in the strings

Connecting a single string of LEDs to an LED driver is the safest and surest method of driving LEDS. If any LED
fails open circuit, the current to the remaining LEDs in the string is broken. If any LED fails short circuit, the
current in the remaining LEDs remains the same.

Driving multiple strings from a single LED driver has the advantage that more LEDs can be driven, but there are
dangers if any LED fails. With two strings in parallel, if any LED fails open circuit, the 700mA constant current
will flow through the remaining LED string and cause it also to fail after a very short time. With three strings in
parallel, if any single LED fails, the remaining two strings will share the 1A driving current.

Both strings will be overloaded with 500mA per string. The LEDs will probably cope with this for some time,
depending on how well the LEDs are heat-sinked, but eventually the over-current will cause another LED to
fail, whereupon the third string will take all of the 1A current and fail almost immediately.

If any LED fails short circuit, then the currents flowing in the strings will be very unbalanced with the majority
of the current flowing through the string with the shorted LED. This will eventually cause the string to fail with
the same catastrophic domino- effect on the remaining strings as described above.

High power LEDs are very reliable in service, so the failures described above may not happen very often. Thus
many LED lighting designers choose the convenience and cost saving of running multiple strings from a single
driver and accept the risk that multiple LEDs will fail if any single LED fails.
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6 BALANCING LED CURRENTS IN PARALLEL STRINS
Another important concern is the balance of currents that flow in multiple strings. We know that two or three
strings of LEDs will have different combined forward voltages. The LED driver will deliver a constant current at
a voltage that is the average of the combined forward voltages of each string. This voltage will be too high for
some strings and too low for others, so the currents will not be equally shared.
Imbalance in LED currents flowing through multiple strings:
350mA e 7 S
LED LED LED LED GND
= {(E—(E—(E)—(=)—o -
Vour=12.05V | | 3.15V 2.90v 3.05v 2.95V 50%/50%
lout=700mA
250MA m /\ /_\ balance of current
LED LED LED LED GND
= —(e)—(e)—()—o
3.15V 2.90V 3.05V 2.95V
Fig. 8: ldeal balance
330,mAO e S
LED LED LED LED GND
g P 7 © REAL LIFE
Vour=12.05V | | 3.15V 2.95V 3.10v 3.00v 539%/47%
R=T0me balance of current
370mA A N = S e
LED LED LED LED GND
=) —(e)—()—o
3.10V 2.90V 3.00v 2.90v
Fig. 9: Real life balance
In the example given above, the current imbalance is not sufficient to cause the overloaded string to fail, so
both LED strings will work reliably. However there will be a 6% difference in light output between the two
strings.
The solution to the problem of unbalanced strings is either to use one driver per string or to add an external
circuit to balance out the currents. Such a circuit is a current mirror.
36VDC O
RCD-24-0.70
GND O
Fig. 10: Balancing LED currents using a current mirror
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The first NPN transistor acts as the reference. The second NPN transistor “mirrors” this current. In this way the
currents in the strings are automatically equally shared. The 1 Ohm emitter resistors are theoretically not
required for the current mirror, but in practice they help balance out differences in Vbe between the transistors
and give a more accurate current balance.

A current mirror also helps protect against LED failures. If any LED in the first string fails open circuit, then the
second string is protected (the reference current is zero, so the current in the other strings falls also to zero).
Also if any LED fails short circuit, then the currents are still equally balanced.

However, if any LED fails open circuit in the second string, then the current mirror will not protect the LEDs in
the first string from being overdriven. A modification of this circuit can also protect against this situation, where
the first transistor uses a dummy load to set the current in the remaining strings. It is also possible to extend
the current mirror to three or more strings by connecting more transistors with their base connections all
paralleled.

Some LED driver manufacturers claim that LEDs automatically share the current equally and such external
current mirror circuits are unnecessary. This is not true. There is always an imbalance unless the combined
forward voltages of the LED strings are absolutely identical.

If, say, two parallel strings are mounted on a common heat-sink then if one string draws more current than the
other, it will run brighter and hotter. The heat sink temperature will slowly rise, thus causing the Vf of the
second string to fall and cause it to also try and draw more current. In theory, the two strings should then
balance out their currents because of the thermal negative feedback. In practice, this effect can be measured,
but it is not enough to guarantee accurate current balancing.

Furthermore, if the two strings are in fact two separate LED lamps, there will be no thermal compensation
feedback. The lamp with the lowest combined Vf will draw the most current, will run the hottest and the Vf will
fall still further. This will make the imbalance worse and can lead to thermal runaway and LED failure.

When the circuit in Figure 10 was first published, there was some criticism on the Web that a current mirror
was not an ideal solution and even just adding the 1 Ohm resistors would help balance out the currents. This is
true to an extent, but if you need an accurate current balance then the current mirror is still the simplest and
best solution apart from running each lamp from its own driver.

PARALLEL STRINGS OR GRID ARRAY — WHICH IS BETTER?

In the section 4, the consequences of a single LED failure open circuit or short circuit were discussed. The
larger the number of parallel strings, the lower the danger that a single fault in one string would cause the
remaining strings to fail. Thus if five strings were connected in parallel, then if one LED string failed open
circuit, then the remaining four strings would all be overdriven by only 125%. The LEDs would glow
excessively bright, but they would be unlikely to fail as long as the heat sinking was adequate.

The disadvantage of connecting many strings in parallel is that a driver capable of delivering several Amps will
be required and this could be expensive or hard to find. Also, some care is required with LED drivers capable of
delivering many Amps of current; if the LED load is too low because, for example a connector to some of the
strings has a faulty connection, the current will blow the remaining LEDs instantly. Great care needs to be
taken that all connections are sound before the LED driver is turned on. Many expensive LED lamp fittings have
been damaged by faulty wiring with high current LED drivers!

In practice, it is safer to limit the number of parallel strings to five or less per driver and to use several low
current drivers rather than a single high current driver if many LEDs need to be driven.
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Using long strings is also a good idea because if any LED fails short circuit, then the increase in current in that
string will be proportionately less the longer the strings are.

The next question is whether to connect the LEDs in individual strings or to cross-connect the strings to make
an LED array. The following example using 15 LEDS illustrates the two options (in both cases, the driver
remains the same). It would be possible to connect the 15 LEDs in five columns of 3 LEDs, but for the reason
given above, three columns of 5 LEDs is a safer arrangement.

String 1 String 2 String 3 String 1 String 2

-
(=]
—_
-
—_
[=2]
—
j—y

24V
Battery O

RCD-24-1.00

®-G--0--
®-G-B-0-0-
O-0-0-9-0-
EololloNoon
OO

GND O—

OR?

w

E=N
[{e]
pury
S

[$]
—
o
—
w
[S]
—
(=]

_elelelele:

—
(%]

Fig. 11: Connecting LEDS in paralle/ strings or a grid array

The advantage of a grid array is that if any LED fails, the whole column of LEDs does not fall out and only the
LEDs on the same row as the failed LED are overloaded. If any LED fails short circuit, then the LEDs in the
same row will no longer light up, but the current through the remained LEDs will still remain correct.

If it is important that a 15 LED lamp is reliable and that it continues to emit light even if individual LEDs fail
open or short circuit, then a grid array solution is the best way of wiring up the LEDs.

The disadvantage of a grid array is that the Vf across each row is averaged out and the +20% tolerance in
individual LED forward voltages can mean that the LEDs do not all have a consistent brightness. This can lead
to hot spots and a reduced LED lifetime for some of the LEDs, as well as looking unsightly.

If it is important that a 15 LED lamp has a very even light output with no hot spots, then wiring the LEDs up in
parallel strings is the best way.

If both fault tolerance and even light output is essential, then it is best to use three strings and three 350mA
drivers!
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THERMAL CONSIDERATIONS

High power LEDs need good heat-sinking if they are to have a lifetime close to that given in the datasheets.
The first question might be why do high efficiency LEDs get hot? It seems counterintuitive that an LED with a
lumen efficiency of around 50 lumens per Watt needs more careful thermal design than, say, a floodlight with
a fraction of its efficiency.

The following example may help: A 100W halogen floodlight will deliver 5W of useful light. Of the remaining
95W of power consumed, approximately 80W will be radiated out in the infra-red and only 15W will be
conducted to the lamp housing as heat. A 50W LED will also deliver 5W of useful light. But the remaining 45W
of power will all be conducted as heat to the housing. Therefore although the LED lumen efficiency is double
that of the incandescent lamp, the housing has to be designed to cope with nearly three times the conducted
heat.

Another important difference between incandescent and LED light sources is that an incandescent lamp relies
on high temperatures in order to operate (the filament is glowing white hot after all) whereas LED lifetimes
deteriorate sharply if the junction temperature rises above 100°C.

Junction Temperature <100°C 100-115°C | 115-125°C >125°C
LED Lifetime B50: 50% survival rate 100 kh 75 kh 50 kh 20 kh

Table 2: LED lifetime vs. Junction temperature

1.2
1.0 I High power LEDs also lose lumen efficiency with rising junction

\ temperature. The luminous flux output figures given in the
0.8 — datasheets are typically given for 25°C only.
0.6

At 65°C junction temperature, the light output falls typically 10%
0.4 and at 100°C, 20% of the luminosity is lost (Graph 4).

25°C NORMALISED LIGHT OUTPUT

0.2

0.0 1 i
-25 0 425 +50 +75 +100
LED JUNCTION TEMPERATURE [°C]

Graph 4. LED luminous flux vs. LED Junction temperature

Thus, a well designed LED lamp will run at an maximum LED base-plate temperature of around 65°C. One way
to ensure that the LED temperature does not rise too high is to derate the LED with rising temperature. The
following chapter gives some practical examples.
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PRACTICAL EXAMPLES

TEMPERATURE DERATING

An LED can only be consistently run at full power if the heat sinking is adequate and the ambient temperature
stays within reasonable limits. If the LED base-plate temperature rises too high, then measures must be taken
to reduce the internal power dissipation.

490

420

350 N

280 \

LED CURRENT [mA]
n
>

-25 25 50 60 70 80 90 100110120
LED TEMPERATURE [°C]

Graph 5: Typical LED temperature derating curve

Graph 5 shows an ideal LED current verses temperature relationship. Up to the manufacturer's specified
maximum operating temperature, the LED current remains constant. As the LED temperature exceeds the limit,
the current and therefore the power is reduced and the LED dimmed to protect it from overheating. This curve
is called a “Derating Curve” and keeps the LED working within its safe power dissipation limits. The 55°C
“threshold” temperature in the above graph is the base plate or heat sink temperature — the LED itself will be
typically 15°C warmer (i.e. 70°C) and the internal junction temperature close to 35°C warmer (i.e. 90°C). Thus
55°C is thus a safe full power limit, although it could be increased to a maximum of 65°C for high performance
LED lamps.

Adding automatic thermal derating to an LED driver:

If the LED driver has a dimming input, then we can easily add an external temperature sensor and some
external circuitry to recreate the desired derating characteristic as shown in Graph 1.

The RCD-24 series LED driver from Recom has two different dimming inputs and so is an ideal candidate to
explain the different ways in which over-temperature protection can be added to an LED driver circuit.

Over-temperature Protection using a PTC Thermistor:

A thermistor is a resistor that changes its value with temperature. If the resistance increases with increasing
temperature, it has a positive temperature coefficient (PTC). It is possible to obtain PTC thermistors with a very
non-linear characteristic (Graph 6).
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As long as the temperature stays below a given threshold,
in this case 70°C, the PTC thermistor has a relatively
stable low resistance in the order of around one hundred
ohms. Above this threshold, the resistance increases very
rapidly: at 80°C the resistance is 1kOhm; at 90°C it is
10kOhm and at 100°C, it is 100kOhms.

RESISTANCE [0hm]

Usefully, many PTC thermistors are also available pre-
assembled to a mounting lug that can be very easily
attached to the heat-sink casing of the LED lamp to
monitor the temperature.

10 30 50 70 90 110 130 160
AMBIENT TEMPERATURE [°C]

Graph 6: Typical PTC thermistor resistance / temperature curve

We can use this response to make a very simple, low cost and reliable over-temperature protection circuit
using the analogue dimming input of the RCD-24 series LED drivers (Figure 12 and Graph 7).

The analogue dimming input is controlled by an external voltage and so if the input voltage is fixed, a PTC
thermistor plus a two voltage divider resistors are the only additional components required to implement an
automatic temperature derating function.

If different derating temperature points are required, PTC thermistors are available with different threshold
temperatures in 10°C steps from 60°C to 130°C, so it is simply a matter of selecting the right part to match the
specification of the LED. If the input voltage is variable, then a zener diode or linear regulator could be added to
provide a stable reference voltage.

240c

470k Analogue 1

RCD-24-0.35
110k PTC | PWM

GND

Fig. 12: PTC Thermistor circuit

490
420

350

280

210
| N

140

,///

LED CURRENT [mA]

70

-25 0 25 50 60 70 80 90 100110120

LED TEMPERATURE [°C]

Graph 7: Resulting LED derating curve (red ling)
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Over-temperature protection using an analogue temperature sensor IC:

There are many IC temperature sensors available that provide a linear output with temperature. They do not
cost much more than PTC thermistors and have the advantage that the linearity and offsets are very accurate,
so temperature monitoring with <1°C resolution is possible. The output needs to be amplified in order to
generate a useful control signal voltage, so they are most often used with an operational amplifier stage.

The circuit suggestion below (figure 2, 3 and 4) uses a common temperature sensor IC and operation amplifier.
Similar products are available from a wide range of manufacturers. The output of the circuit is fed into the
analogue voltage dimming input of the RCD driver series. This control input linearly dims the LED brightness
according to the voltage present on the pin.

In the circuit below, the temperature sensor delivers a linear output voltage depending on its ambient
temperature. The output is pre-calibrated to give 10mV/°C + 600mV, so at 55°C the output voltage will be
1.15V. The operation amplifier block contains two low power op-amps and a precision 200mV voltage
reference. The offset adjustment preset adjusts the offset to 1.15V and the gain is set so that at 100°C, the
LED is running at 50% nominal current. The advantage of this circuit is that only one design is needed to
compensate for different LED characteristics from different manufacturers as the corner point of the derating
curve is adjustable.

/
/
@)y
/
RCD-24-0.35 : ; Temlﬁvggnsor
/
(@
[ ;|
/

490 —

420 —

350

280 —

210 —

LED CURRENT [mA]

140

70 —

Fig. 13: Analogue over-temperature circuit
<25 0 25 50 60 70 &0 90 100110120
LED TEMPERATURE [°C]

Graph 8: Resulting LED derating curve (red ling)
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Over-temperature protection using a Microcontroller:

The second dimming input possibility of the RCD series is the PWM input. Pulse width modulation uses a digital
control signal to alter the brightness of the LED by switching it on and off too rapidly for the eye to see. If the
LED spends more time off than on, it will appear dim. If the LED spends more time on than off, it will appear
bright. The PWM input responds to logic level inputs, so is ideal for interfacing to digital controllers.

There are some ICs that will directly convert a temperature to a PWM signal (e.g. some fan controllers,
MAX6673, TMP05, etc) but some built-in intelligence is normally required to set the threshold temperature and

to match the PWM signal with the derating curve of the LED. Therefore it is often simpler to use a
microcontroller.

The circuit suggestion below (figure 14) uses a microcontroller to monitor and control up to eight LED drivers.
As only six I/0 pins are used, the circuit could be easily expanded to control more LED drivers or a remote
over-temperature alert could be added using the free ports.

In this example, temperature sensing is realized via MAX6575L/H ICs which are low power temperature
sensors. Up to eight temperature sensors can share a three-wire interface. Temperatures are sensed by
measuring the time delay between the microprocessor initiated trigger pulse and the falling edge of the
subsequent pulse delays reported from the devices. Different sensors on the same 1/0 line use different
timeout multipliers to avoid overlapping signals. A similar design could just as easily be built with other
temperature sensors from different manufacturers— the TPM05 in daisy chain mode, for example.

The low power 74HC259 addressable latch can be reset with a reset pulse, so turning all LED drivers on. The

microprocessor then can individually set each output after an appropriate time delay to generate eight PWM
signals to independently control each LED driver.

3-Wire Interface Digital Supply LED Supply

RCD-24-0.35
Vidd
J: pt vidd vdd J: Tl 10k STRING
MAX6575L S MAXB576H @ M #1
(Sensor LED {Sensor LED

——1 751" String #1) 751" String #8) - 0

——Ts0 GND TS0 GND p—
o | o

=
g

-
ML
[

1 1
I I
1 1

RCD-24-0.35
@ STRING
43
PWM

Microprocessor
74HC252

—

V il ¢

Fig. 14: Microprocessor-based PWM controller for up to eight LED drivers

Alternatively, if the microcontroller has a I2C interface, there are a number of useful programmable PWM
generators available (e.g. PCA9635)
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10 BRIGTHNESS COMPENSATION
Just as temperature sensing can be used in a control loop to keep the LED temperature constant, a light
sensor can be used to keep the light output of the LED constant.
All LEDs lose lumen efficiency over time:
1.2
5 1.0 e
E 08— - 0950 10k
é 06
=
z 04
§ 02
0.0 ! | }
0 2000 4000 6000 8000 10000
HOURS
Graph 9: Light Output Loss over time
Therefore if an LED lamp is fitted in a room and then an identical lamp added two months later, the new lamp
will be almost 5% brighter.
A solution to this problem is to derate the light output to 95% using a light sensor such as a photodiode In the
example shown in Figure 15. The photodiode leads must be kept short to avoid introducing too much noise into
the circuit. Rf should be chosen so that when the LED lamp is new that the output voltage of the ICL7611 rail-
to-rail op amp is about 200mV.
R1
A%
5V
©
ICL7611
RCD-24-1.20 G@
Photodiode
£ o(£)
~
Fig. 15: Light sensor feedback circuit
As the LED loses luminous flux efficiency over time, the feedback circuit will automatically increase the LED
current to compensate. The circuit idea shown in Figure 15 can be modified if both a stable maximum light
output and a dimming is required. The RCD series LED driver is fairly unique in having two dimming inputs
which can both be used at the same time. Thus the analogue dimming input can be used for LED brightness
compensation while the PWM input can be used to independently dim the LEDs.
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Figure 16 shows a circuit idea that uses a track-and-hold technique to store the brightness compensation
feedback voltage level while the LED is on but ignores the level when the LED is off. Thus the feedback voltage
presented to the RCD is independent of the PWM dimming input.

A slight delay formed by the 10k resistor and 10n capacitor makes sure that the reaction time of the LED driver
output is taken into account before the op amp output voltage is sampled and stored on the 470n capacitor.

The exact component values may need to be optimised for individual applications.

"L D )

PWM CD4093
Dimming l VWA

Control 5V

10k 10n @
1
RCD-24-1.20 ICL7611
/\/V\, o r1 Analogue i
: D

CD4016 Jﬂﬂﬂ PWM
T @ Photodiode
n

| [T

(=)
2/

Fig. 16: Dimmable light sensor feedback circuit

Another common application for optical feedback is an ambient light sensor. The idea is not to have a constant
LED light output but to measure the ambient light levels and to dim the LEDs down during bright daylight and
then gradually increase the LED brightness as dusk falls to maintain a constant luminous flux.

A common low cost light sensor is a LDR or light dependent resistor. This has linear response to the natural log
of the light level (R = Lux * e”) and can be easily used with some biasing resistors to set the required ambient
light level.

RCD-24-0.35
K7 1 7
LDR*
Analogue
1k 200R
GNDO LDR* = 200R at required light level

Fig. 17: Ambient light sensor feedback circuit
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11 SOME CIRCUIT IDEAS USING THE RCD DRIVER

100k

1k2 100k

0-10v O A

4.5-0V
/ ()
Analogue

RCD-24-xxx

1k0

Fig. 18: 0 - 10V Dimming Control (0 = 0%, 10V = 100%)

How it works:

The rail-to-rail op amp is configured as an inverting amplifier. The non inverting input is held at a “virtual
ground” voltage of 2.25V by the 120k and 100k resistor divider chain. If the input voltage is 0V, then the op
amp voltage must be 4.5V to make the inverting input voltage also 2.25V. If the input voltage is 10V, then the
input voltage divider of 1k2 and 1k0 drops the input voltage as seen by the amplifier to 4.5V. Only if the output
voltage is OV will the inputs to the op amp balance.

A minor modification of this circuit permits 1 — 10V control voltages.

100K

1k0 100k
0-10vOr AN\

Analogue

RCD-24-xxx

1k0

Fig. 19: 1 - 10V Dimming Control (1 = 0%, 10V = 100%)
How it works:

The rail-to-rail op amp is configured as an inverting amplifier. The non inverting input is held at a virtual
ground voltage of 2.5V by the 100k resistor divider chain. If the input voltage is 1V, then the 1k0 input voltage
divider drops the input voltage as seen by the amplifier to 0.5V. Only if the output voltage is 4.5V will the inputs
to the op amp balance. If the input voltage is 10V, then the input voltage divider drops the input voltage as
seen by the amplifier to 5V. Only if the output voltage is OV will the inputs to the op amp balance.
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Variable
Voltage &
Supply

RCD-24-1.20 LED +
a7

w1 R mk%‘
GNDO

Fig. 20: Simple Potentiometer (Rheostat) Dimmer

Analogue

LED -

How it works:

If the input voltage is not stabilized (for example, it is a battery), then the dimming input voltage needs to be
regulated. A simple Zener diode is all that is required, although a 5V regulator could also be used if a very
accurate dimming control is needed.

Variable

Voltage O LED +
Supply RCD-24-1.20
Vref
Analogue
GND O LED -

Fig. 21: Accurate Potentiometer (Rheostat) Dimmer

PWM to Analoque:

The analogue dimming input can also be used with a PWM input. This avoids the maximum frequency limit on
the PWM input and is useful for microcontrollers that have PWM outputs based on internal timers and cannot
easily output low frequency PWM signals.

The disadvantage of this method is that the reaction time of the LED output to a change in dimming level is
slower, as the capacitor has to be charged or discharged to the new average input voltage level.

Variable Voltage Supply O—|_

High Frequency (>10kHz) O AN\ Analogue
TTL Level PWM Signal 1k0 Jﬂon RCD-24-1.20

JU—I. GND O —l_ LED -

Fig. 22: PWM to Analogue Dimming Control

LED +

Manual control PWM generators:

PWM signals have the advantage that the signals can be sent over very long distances without loss and that
they are largely immune to external interference.

It is sometimes useful to have a manual control (e.g. potentiometer) of the PWM mark-space ratio rather than
generate the signal digitally.
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The following two circuits are examples of simple, general purpose PWM generators for the RCD series:

|

100k
1N4148 1N4148
1pF
|1
1
24vDC
Vee M '\/\/\/_
Dis 4k 10k RCD-24-xxx
Trig H
555 H
Output Thresh A 1k L PWM '
ese
_L1on _Lioon w5
I v ~ v
Fig. 23: 555-based PWM generator (Potentiometer Control)
o LED Supply
M
10k 4
0-5v 10k N L— RCD-24-xxx
PWM O (. :
Control LM393 > PWM ;
e M _
o ()
_1100n
I v ~

Fig. 24: Comparator-based PWM generator (Potentiometer or Voltage Control)
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Switching LED Strings:

This application idea allows four strings of LEDs to be switched in and out of circuit with a 4-bit control signal
without the active strings being over-driven.

The strings can also be independently dimmed if required using the PWM dimming input.

o' — RCD-24-1.00
§ InI[IJ.Trng Analogue
= O— PWM
=¥e; 1) First @ First @ First First @
tL]
Last Last Last Last
11k
_@G” \HFDHJ IHFDWI IHFD] RED110 | &
1o :1 :|
100k 100K §10k §10k §10k 10k
A%
100k 3k9
NN AN, — 1) 15 O EN String 4
100k 3k9
W\ M VW— ™ O EN String 3
100k 3k9
VWA —AN— O EN String 2
3k9
Each Control Input that is low adds 1.1V to the O EN Sting
opamp cutput, Conversely, each control input
that is high (+5V) subtracts 1.1V from the output.
1K< 1k1< 1k1< 1k1
Fig. 25: Switchable LED Strings with LED current compensation
St S2 S3 S4 Op-amp Vout LED current
0 0 0 0 4.4V OmA
0 0 0 1 3.3V 250mA
0 0 1 0 3.3V 250mA
0 0 1 1 2.2V 500mA
0 1 0 0 3.3V 250mA
0 1 0 1 2.2V 500mA
0 1 1 0 2.2V 500mA
0 1 1 1 1.1V 750mA
1 0 0 0 3.3V 250mA
1 0 0 1 2.2V 500mA
1 0 1 1 1.1V 750mA
1 1 0 0 2.2V 500mA
1 1 0 1 1.1V 750mA
1 1 1 0 1.1V 750mA
1 1 1 1 ov 1000mA
Table 3: 4-Bit Controls
©2011 21

Page 73 of 85



m HIGH POWER LED AND RCD APPLICATIONS

RECOM Electronic Whitepaper

Jul 2011 11\A

LED backlight:

20O
é/lkii

4.5V

RCD-24-0.70

le;

20k

———OLED +
—OLED -

Fig. 26: LED backiight circuit

C B A Ana. Input
0 0 0 0.00v
0 0 1 0.64V
0 1 0 1.28V
0 1 1 1.93V
1 0 0 2.25V
1 0 1 3.21V
1 1 0 3.86V
1 1 1 4.50V

LED current

700mA
600mA
500mA
400mA
300mA
200mA
100mA
000mA

Table 4. 3-Bit Binary Input

How it works:

The R2R ladder network converts the 3-bit binary input into an 8-stage control voltage.

The advantage of this circuit over the previous one is that it requires no active components and that the R2R
ladder can be extended to any number of bits if a higher resolution is required. R2R networks are available as
ready-made resistor network modules in a compact SIP format.

This kind of circuit is often used as a backlight controller as 8 levels of brightness are adequate for most

backlight applications.
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Emergency Light:

Fig. 27 This circuit uses a low voltage mains transformer to charge a lead acid stanadby battery.

A linear pre-regulator both limits the battery charging voltage and the maximum charging current to allow the
same circuit to both recharge a flat battery and to trickle charge a fully charged battery. The LED driver can be
switched to automatically turn on the LED lighting if the mains input fails.

How it works:

The 12VAC output from the transformer is rectified and smoothed to give about 16VDC input to the linear
regulator. The regulator is set to give 13.8V output at a maximum current of 1A to charge the 12V lead acid
battery. The diode in the output of the L200 stops a reverse current flowing through the regulator if the mains
input is disconnected, but because the regulator reference input is taken after the diode, it has no effect on the
output voltage.

The enable input of the RCD LED driver can be switched to three positions:

OFF The ON/Off input is pulled up to 12V via a high value resistor. This allows a 12V signal to
control a 5V input. This method is chosen instead of a potential divider because the divider
would discharge the battery over time,

ON The control input is left open, so the LEDs are ON by default.

AUTO As long as the mains input is active, the 12VAC output will be smoothed by the 10k and 10pF

capacitor to give an average voltage of around 6VDC which inhibits the LED driver. When the
mains fails or is disconnected, this average falls to zero and the driver is activated.
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Simple RGBW Mixer:

The RGB mixer application circuit given in the Recom datasheet can be easily extended to include RGBW LEDs.

16V~30V

10k 10k

100pF]
™~
- IRFDHUl: LED
e MWWV ' | white
16V~30V MZ"”’
£ DL N r
A ml\ IHFDHUl. @
ﬁ% ,\1/0\{\’ ' red
50k 50k 50k 50k
blue S green red white S+ r
L :
1\/4]\ IHFD11U|: @
LM324 g
4K7 i o )\1/0\{\/ I_ green
hj\ IRFD110|!-4- @
ot e
16V~30V
RCD-24-1.00 M
47k Analogue
50k
477K Dim
Fig. 28: RGBW Mixer
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Simple Phase Angle Dimmable LED Driver:

240AC - 24VAC
24VA TRansformer
LO— ac Phase

1000pF

Angle

Dimmer 40V @
= RCD-24-0.70
e ©

Fig. 29: AC Phase Angle Dimmable LED Driver

How it works:

The transformer drops the mains input voltage down to low AC voltage and provides safety isolation. The
24VAC output is then rectified and smoothed to generate a DC voltage. With the dimmer turned full on, the load
pulls the DC voltage down to about 26V. If the load is carefully chosen, e.g. 7 LEDs, they will need a typical
forward voltage of 24V, so there is just enough headroom for the driver to correctly regulate the output current
to 700mA. As the input is phase angle dimmed, the input voltage drops and the output voltage with it. The
LEDs dim too. The circuit continues to function even at very low dimming levels.

The dimming curve is not linear, but for many low cost applications, this is not so important. It is also important
to match the LED load to the input voltage to get the maximum dimming range.

The linearity can be improved and the circuit made load independent by adding an active dimming control that
measures the input voltage and generates a dimming control voltage to match. However, the cost is then
significantly higher.

240AC - 24VAC
24VA TRansformer A

AC Dimmer 10004 RCD-24-0.35 @
% Analogue

NO— A_rh @

LO—

\
/1

10k

ﬁh

7K

Fig. 30: Dimmable LED Driver with Dimmer Adapter Circuit
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12 ABOUT RECOM
s mess  We offer constant current dimmable LED-Drivers, DC/DC-Converters, Switching Regulators, and single, dual,
RELCOM and triple output AC/DC-Modules as standard catalogue products for quick delivery. Their main markets are
Industrial Controls, Lighting, Medical, Military (COTS) and Telecommunications, although their converters are
used in virtually every industry requiring low-to-medium DC voltage conversion in the 0.25 to 60 watt range.
For additional information about RECOM and its award-winning products, please contact us or visit our
website.
RCD-24 SERIES
RCD-24 RCD-24/W RCD-24/W-Vref RCD-24/0F RCD-24-PL
The RCD family offers a variety of DC input LED driver modules with constant current output from 300mA up to
1200mA. The modules have a comprehensive specification, such as: high efficiency (up to 96%), wide input
voltage range (4.5 — 36 VDC), very low output dropout voltage (2 — 35 VDC), 2 independent dimming options
(PWM and 0-10 Analogue), MTBF up to 600,000 hours, 3 possible packages (through hole, wired and SMD),
and all drivers are CE and UL certified (EN60950-1 & UL60950-1).
Further Advantages:
= All'in one - no need for external components
= 2 independent dimming options that can be used at the same time
= RCD-24/W suitable for outdoors/underwater applications (IP67)
= High efficiency over a wide range of LED loads
= Buck topology
= Short Circuit Protection
= First SMD DC LED driver module in the market (RCD-24-PL)
= Extremely low profile (RCD-24-PL with only 6.6mm)
= Ambient temperature range -40°C to +85°C
= Built-in Class A or Class B EMC Filter
= Rheostat (Potentiometer) dimming option (RCD-24/W-Vref)
= 5 years warranty
Typical Applications:
Architectural Lighting Il Decorative Lighting Il Theatrical Lighting (Stage Lighting) | LED Displays |l Outdoor
Lighting Il Freezer Lighting Il Underwater and Marine Applications Il Cabinet Lighting Il Backlight LED I Solar
Powered Lighting Il Fluorescent Replacement Il Landscape Lighting Il and many more ...
- F K ]
== AN E / N\
= ol
For more details please contact us or visit our website:
RECOM Electronic GmbH Il Tel +49 6103 30007-0 |l info@recom-electronic.com || www.recom-electronic.com
©2011 26
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Application Note AC161

Using Schmitt Triggers for Low Slew-Rate Input

Introduction

Actel's SX-A and RTSX-S device families are designed to
accommodate a variety of I/0 standards. This allows users to
eagsily integrate these FPGAs with other devices that have
adopted a compatible I/O standard. In order to achieve this
I/0 flexibility as well as higher device performance, SX-A
and RTSX-S devices use smaller device geometries. As a
result, slow input signals with low slew rates, such as board
power-on-resets or waveforms generated by a crystal
oscillator, may be prone to functional failures in these
devices. One approach for negating low slew-rate effects is
the use of a Schmitt-trigger buffer applied at the input to
the FPGA. This document discusses in detail the input
slew-rate characteristics of the SX-A and RTSX-S devices
and how the use of Schmitt triggers can aid in low slew-rate
applications.

Background

An ideal input signal is an instantaneous transition from
logic low to logic high or vice versa (Figure 1). However,
inherent parasitic capacitance, resistance, and inductance
in the input path and input buffer cause an input signal to
have a finite amount of rise or fall time (Figure 2). This time
is referred to as slew rate and is commonly defined to be the
propagation delay between 10% and 90% of the signal's
voltage swing.

Vbb

e e

GND
Figure 1 * Ideal Input Transfer

VDD

GND

Figure 2 * Realistic Input Transfer

In certain applications, a user may require a very fast (i.e.
high slew rate) signal, which approaches an ideal switching
transition. This can be accomplished by reducing the track
resistance and/or capacitance on the board or by increasing
the drive capability of the input signal. Both of these
options are generally time consuming and costly.
Furthermore, the closer the input signal approaches an
ideal one, the greater the likelihood of unwanted effects
such as increased peak current, capacitive coupling, and
ground bounce. In many cases, a designer might want to
incorporate a finite amount of slew rate into their signal in
order to reduce these effects.

On the other hand, if an input signal becomes too slow (i.e.
low slew rate), then noise around the FPGA's input voltage
threshold can cause multiple state changes (Figure 3).
During the transition time, both input buffer transistors
could potentially turn on at the same time. This could
result in the output of the buffer to oscillate unpredictably.
In this situation, the input buffer could still pass signals.
However, these short, unpredictable oscillations would
likely cause the device to malfunction. Actel has performed
reliability tests on RTSX-S devices and the reliability of the
device is guaranteed for signals with slew rates up to 500is.
This test has not been performed on the SX-A family. For
more information, please see the RISX-S TR/TF
Experiment report located Actel’s website for t.

Figure 3 » Multiple State Changes at the Input Threshold
Level

November 2002
© 2002 Actel Corporation
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There are different sources of low slew-rate signals. For
example, many board designers use a crystal oscillator to
generate a high-frequency clock signal that drives a number
of devices on the board. Due to the nature of crystal
oscillator circuits, the generated clock signal may exhibit
low slew rate. As this clock signal approaches the FPGA
input threshold voltage, noise concerns could cause
multiple state changes to occur at the clock input pin
(Figure 3 on page 1). Consequently, registers would latch
information prematurely and most likely result in functional
failures at the output pins of the FPGA.

Another complication of low slew-rate signals is timing
concerns. For instance, many board designers use
"power-on-reset" circuitry to reset every chip on a board into
a pre-defined state. The resulting large utilization of

Table 1 » SX-A Device Family Minimum Input Slew Rate

board-level routing resources increases parasitic effects,
results in a very low slew rate on the reset signal. A poorly
designed board could run into problems if the threshold
voltage on the FPGA reset pin is not reached before
asserting the other functional inputs. In this situation, the
FPGA may be reset at unwanted times.

Like any other integrated circuit, both SX-A and RTSX-S
devices can be affected by the low slew-rate problems
mentioned earlier. Table 1 and Table 2 outline the absolute
minimum slew-rate values for the each of the different I/0
standards supported by these devices. The numbers listed in
these tables are based on rise/fall times between the 10%
and 90% voltage points collected in a lab environment at
room temperature. Therefore, these are not guaranteed
worst case values.

Rise Time
1/0 Buffer PCI TTL
3.3V 5.0V 2.5V 3.3V 5.0V

Inbuf 176 mV/ns 222 mV/ns 133 mV/ns 176 mV/ns 160 mV/ns
Clkbuf 10.5 mV/ns 16 mV/ns 8 mV/ns 10.5 mV/ns 16 mV/ns
Hclkbuf 14.7 mV/ns 27 mV/ns 8 mV/ns 14.7 mV/ns 27 mV/ns
Fall Time

1/0 Buffer PCI TTL

3.3V 5.0V 2.5V 3.3V 5.0V

Inbuf 63 mV/ns 93 mV/ns 38 mV/ns 75 mV/ns 133 mV/ns
Clkbuf 10.5 mV/ns 16 mV/ns 8 mV/ns 10.5 mV/ns 16 mV/ns
Hclkbuf 14.7 mV/ns 27 mV/ns 8 mV/ns 14.7 mV/ns 27 mV/ns
Table 2 o RTSX-S Device Family Minimum Input Slew Rate

Rise Time

1/0 Buffer PCI TTL CMOS

3.3V 5.0V 3.3V 5.0V 5.0V

Inbuf 176 mV/ns 222 mV/ns 176 mV/ns 160 mV/ns 160 mV/ns
Clkbuf 10.5 mV/ns 16 mV/ns 10.5 mV/ns 16 mV/ns N/A
Hclkbuf 14.7 mV/ns 27 mV/ns 14.7 mV/ns 27 mV/ns N/A
Qclkbuf 10.5 mV/ns 16 mV/ns 10.5 mV/ns 16 mV/ns N/A
Fall Time

1/0 Buffer PCI TTL CMOS

3.3V 5.0V 3.3V 5.0V 5.0V

Inbuf 63 mV/ns 93 mV/ns 75 mV/ns 133 mV/ns 62 mV/ns
Clkbuf 10.5 mV/ns 16 mV/ns 10.5 mV/ns 16 mV/ns N/A
Hclkbuf 14.7 mV/ns 27 mV/ns 14.7 mV/ns 27 mV/ns N/A
Qclkbuf 10.5 mV/ns 16 mV/ns 10.5 mV/ns 16 mV/ns N/A
2
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Using Schmitt-Trigger Buffers to
Reduce the Slew Rate

One way to eliminate problems with low slew rate is with
external Schmitt triggers. A Schmitt trigger is a buffer used
to convert a slow or noisy signal into a clean one before
passing it to the FPGA. This is a simple, low-cost solution for
a user working with low slew-rate signals.

Schmitt-trigger buffers have a transfer function with
hysteresis. Figure 4 shows a hysteresis curve where the
input voltage is on the x-axis and the output voltage is on
the y-axis. As the input voltage rises from 0V towards 1.7V,
the output will remain at 0 volts. Only when the input
exceeds 1.7V will the output jump up to 5V. At this point,
reducing the input voltage will not cause the output to drop
to zero immediately. This only happens when the input
voltage is reduced to 0.9V. One can see that the input level
at which the output increases to maximum and the level at
which it drops to minimum are different. This characteristic
is known as hysteresis.

If we apply the hysteresis theory to the noisy signal shown in
Figure b, one will notice that an almost perfect output is
recovered from a slow and very noisy input.

(0]
(@]
®©
Ke)
= Z
55 <
o
3 N
0 AN
0.9V 4 1.7V
Input Voltage

Figure 4 e Ideal Hysteresis Curve of Schmitt-Trigger Buffer

i I TP I T 2
h/‘ ‘/\4 MM./‘ "x

TIME

Figure 5 o Applying Noisy Input to a Schmitt-Trigger
Buffer

Schmitt triggers utilize the hysteresis phenomena with two
voltage thresholds. An upper threshold is used to generate
an output transition as the input switches from low to high,
and a lower threshold is used to generate an output
transition as the input switches from high to low. Such a
trigger scheme is highly resistant to noise as long as the
peak-to-peak amplitude of the noise is less than the

difference between the threshold voltages (i.e. less than
1.7-0.9 = 0.8V). Similarly, a low slew-rate signal turns into a
sharp, high slew-rate signal after passing through a
Schmitt-trigger buffer as shown in Figure 6 on page 4.

Schmitt triggers can be easily incorporated into a design
with minimal performance cost. Actel recommends that a
Schmitt trigger be used to buffer a signal if input slew rates
fall below the values outlined in specification for SX-A and
RTSX-S devices.

Depending on the application, different Schmitt-trigger
buffers can be used to fulfill the requirements.
Schmitt-trigger buffers are categorized in three
configurations:

¢ Fixed threshold voltages with non-inverted outputs
¢ Fixed threshold voltages and inverted outputs
e Variable threshold voltages with non-inverted outputs

Device 74HC14 is a Schmitt-trigger buffer with fixed
threshold voltages and an inverted output. Due to the
simple circuit design, the 74HC14 is one of the most popular
devices for interfacing real-world signals to digital
electronics. A little-known fact about the 74HC14 is that
using negative feedback from output to input can alter the
thresholds. For example, adding a 5.1MQ resistor from
output to input and a IMQ input resistor provides negative
feedback of about 15%. That is subtracted from the internal
30% positive feedback and, with V=5V, it effectively
changes the lower and upper thresholds at the input of the
IMQ resistor to approximately 2.1V and 2.9V, respectively.
This is very useful if the signal of interest has smaller
transitions than the normal 74HC14 hysteresis voltage.

Beside the 74HC14, there are a number of different ways to
implement a Schmitt trigger in CMOS logic. The simplest is
to use a non-inverting buffer and connect a 3MQ resistor
from output to input to provide positive feedback, which is
summed with the input signal through a 1M series
resistor. This scheme is shown in part “a” of Figure 7 on
page 4. These resistor values will give the same thresholds
as a 74HC14, but keep in mind that the input resistance is
4MQ to either GND or V¢, depending on the current output
status.

The same functionality can be achieved with two inverters
(like the 74HC240) as shown in part “b” of Figure 7 on
page4. In this configuration, both inverted and
non-inverted signals are available to the FPGA.

Op-amp buffers can also be used to implement simple
Schmitt-trigger buffers. Two Op-amp-based Schmitt-trigger
buffers are shown in Figure 8 on page 4. As indicated in
Figure 8 on page 4, the polarity of the inputs to the op-amp
can be used to generate an inverted or non-inverted output.
Furthermore, the threshold and hysteresis can be adjusted
by trial and error.
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Vi
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a) Schmitt Trigger Buffer Characteristic b) Input/Output Waveform

Figure 6 ¢ Applying a Low Slew-Rate Input to a Schmitt-Trigger Buffer
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AW ‘
™ 1™
INPUT— OUTPUT INPUT— OUTPUT
74HC245 74HC240

OUTPUT
a) Non-inverting Schmitt trigger buffer b) A Schmitt trigger buffer with inverting and
using a regular non-inverting buffer non-inverting outputs using 2 inverters
Figure 7 o Schwmitt-Trigger Bujffers Using Inverters
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Figure 8 ¢ Schmitt-Trigger Buffers Using OPAMPs
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Conclusion

Actel's SX-A and RTSX-S families have been designed for
optimal performance, minimal power penalty, and very high
reliability. They have always been an excellent solution for
both commercial and military applications. In addition,
with the aid of Schmitt-trigger buffers, low slew-rate
applications can also be handled with ease.
Implementation of these buffers is simple, not expensive,
and flexible in terms that different configurations are
possible depending on the application. The characteristics
of Schmitt-trigger buffers (e.g. threshold voltage) can be
fixed or user-adjustable if required. Using Schmitt-trigger
buffers guarantees a fast, noise-free, input signal to the
FPGA.
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