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Incandescent light bulbs have been the gold standard for those of us who are sensitive
to dirty electricity (noise on household wiring up to perhaps 100 kHz) and to a 120 Hz
fluctuation in light intensity (as exhibited by fluorescent bulbs). They produce no 60 Hz
harmonics or trash, and very little fluctuation in light intensity. But they are short lived,
energy inefficient, and are being phased out by government edict. Over the years I have
tested compact fluorescent bulbs and a couple of 120 VAC LED bulbs and found them to be
very dirty. I also tested a variety of LED strips. I built a total of five LED strip luminaires
for use in an on-grid house, two powered by a 120 VAC to 24 VDC supply, and three powered
directly by 120 VAC through a full wave rectifier. All have worked nicely and are in daily use.
Then very recently I happened to see a tip on the Internet that Phillips made a ‘clean’ LED
bulb. I found that to be true, so there is no point to using LED strips in an on-grid house.
Either strips or clean LED bulbs could be used in an off-grid house. In this document I will
discuss the strips first and then LED bulbs.

In 2014 I bought 40 m of a 3528 LED strip, which went on the ceiling of a bedroom of a
house I own in Rockvale, Colorado. I measured the light flux one foot above the floor, and the
current, for different input voltages. There were two light switches so I could vary the light
levels from one third to two thirds to full. Results were quite satisfactory. I also measured
the light flux for a 100 W incandescent bulb, a 23 W CFL, a 18 W LED bulb, and a 9.5 W
LED bulb. Results were reported in a pdf file ‘LED LIGHTING’ dated 12/4/14. The spacing
between strips, and thus the total number of LEDs on the ceiling, was basically a wild guess
that happened to work out well. At that time, I was thinking about building an off-grid
house operating on just 24 VDC photovoltaic panels and batteries (no inverters or 120 VAC).
I would need adequate lighting on a limited power budget, and would not want to trust ‘wild
guesses’, so I bought seven more samples of LED strips for testing. I needed a value for the
lumens produced by each LED, and also the lumens per watt, to do a realistic power budget.

The design of lighting systems starts with the desired quantity of light, usually given in
lumens per square meter or lux. I bought a Pyle PLMT16 light meter on Ebay to measure
this. The literature that came with the meter suggests that a bathroom needs 100-200 lux,
while a classroom needs 200-750 lux. From the desired lux, the ceiling height, and other
factors, we determine the total number of lumens needed. We divide by the lumens per LED
to get the total number of LEDs. Detailed designs will appear in another pdf document.

LED strips are still not readily available in the Big Box stores, although I think Walmart
is starting to carry a limited selection. One has to go to Ebay, Amazon, Tmart, Walmart.com,
etc. There are many options, so descriptions tend to be long. Let me review the key words
that I was looking for.

The first item is the voltage level, either 12 V or 24 V. The 3528 used on the ceiling is 12
V. I used a 24 V power supply, so I had to wire two strips in series. My off-grid house will
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have no lower than a 24 V system so wiring will be simpler if I use 24 V strips. Six out of the
seven new samples are 24 V. I noted that many of the vendors on Walmart.com did not even
bother to list the strip voltage, a rather critical omission!

Another term is RGB (standing for red, green, and blue). These strips have three different
types of LED, one each for the three primary colors. Each type will have its own printed circuit
board copper trace, so each color is independent of the others. There will be a controller which
allows one to adjust the relative levels of each color light, and may also allow for other effects,
like flashing on and off. If all three types are operated at the same light level, the resultant
light is perceived by our eyes as white. These appear to be available in both 12 V and 24 V,
at about the same price as white LED strips if purchased separately from the controller. I
have no desire for colored ceiling lighting, so I skipped past listings for RGB strips.

One has to choose between waterproof and non waterproof. I noticed that at least in some
cases the waterproof strip was wider than the non waterproof equivalent, say 12 mm rather
than 10 mm. I assumed that the manufacturer placed a 12 mm wide waterproof plastic strip
over the 10 mm wide LED strip as a last step in the manufacturing process. I also assumed
that the extra strip costs extra and that it would reduce light output slightly. I do not need
waterproof for interior lighting so I restricted myself to the non waterproof case.

The next decision is warm white versus cool/pure white. I have a slight preference for
warm white, but would definitely use cool white if it had higher efficiency for the same price.
The LED on these strips actually produces blue light, but the lens is covered with a phosphor
that absorbs blue light and then emits a full spectrum of light. Different phosphors will
produce different qualities of light, perceived as either warm or cool.

This has something to do with what is called the Color Temperature or the temperature
of a black body radiator. The sun is fairly close to being a black body radiator with a
temperature in the neighborhood of 6000K. The incandescent bulb with a tungsten filament
is also fairly close to being a black body radiator, but operates at temperatures in the range
of 2400K to 2700K. At these lower temperatures, the light output contains more red and less
blue.It also contain a larger fraction of infrared, light frequencies that cannot be seen directly
by the eyes but are sensed by our skin as warmth. Hence, light at these color temperatures is
considered to be warm white. The LEDs used on warm white LED strips have a slightly higher
color temperature than incandescent bulbs, 2700K to 3300K. LEDs with different phosphors
are used to make cool/pure white strips in the range of 6000K.

Light emitting diodes have a much higher forward voltage drop than the 0.7 volt of a
typical silicon pn junction, something on the order of 2.5 to 3.5 V. A 12 V LED strip will have
three LEDs in series, while a 24 V strip will have six LEDs in series. The circuit diagram for
the ABI 5050 cool white strip is shown in Fig. 1. The nominal voltage is 24 VDC, but the
source voltage of a nominal 24 VDC battery bank in an off grid house will vary from about
24 VDC to 28 VDC or a little more while charging. We may not want to operate the strip at
28 VDC but we need to test at that voltage to make sure it will survive if/when that voltage
is applied.
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Figure 1: 10 cm segment of ABI 5050 cool white.

All the strips tested have 60 LEDs per meter (other values are available). Six LEDs in
series are appropriate for a 24 VDC strip, so my strips are composed of a sequence of identical
segments, each 10 cm long. There is a cut mark every 10 cm along the strip. A 5 m long strip
can be left intact or it can be cut into as many as 50 separate segments.

The copper trace for this particular strip has a resistance of about 0.014Ω in 10 cm. This
resistance varied from about 0.01Ω to about 0.035Ω for the strips tested. Lower resistance
indicates more copper and therefore higher quality. There is a voltage drop across this trace
resistance such that the voltage V2 available to the second segment will be less than the voltage
V1 applied to the first segment. Less voltage means less current through the LEDs and less
light output. The light under the far end of a strip will be dimmer than the light under the
near end. For the ceiling at Rockvale, the lumen output is about 11% less after a 3 m run.
It would seem that ‘good design’ would limit runs to perhaps 3 to 5 m, at least with the
‘average’ quality strips. If a run of 10 to 20 m is necessary, then one should consider buying
strips with more copper in the traces.

This strip has three 62Ω resistors in series with the six LEDs. These are surface mount
resistors which appear to be the size of resistors rated at 1/8 W. The current in any diode,
including the light emitting variety, increases exponentially with voltage across the pn junc-
tion. The current in a resistor increases linearly with voltage. For this particular segment, the
current at 24 VDC was 31.7 mA, and the total voltage across the resistors was (0.0317)(3)(62)
= 5.9 V, leaving 24 − 5.9 = 18.1V across the six LEDs. The current at 28 VDC was 49 mA,
the resistor voltage was 9.11 V, and the LED voltage was 18.89 V. The voltage across the
resistors increased 54.4% while the voltage across the LEDs increased 4.36%. There are obvi-
ously power losses in the resistors, which lower the overall efficiency, but they are essential to
protect the LEDs from catastrophic failure due to over current and over heating.

There does not appear to be a consensus on the number of series resistors or the individual
values. If we express the number of resistors per 10 cm segment as N and the value as R,
then the six 24 V strips had N/R = 2/36, 2/100, 2/100, 3/33, 3/62, and 4/47, or total series
resistances of 72, 200, 200, 99, 186, and 188Ω.
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The circuit diagram for a 10 cm long segment of the 12 V strip used on the ceiling is shown
in Fig. 2. A ‘ standard’ is 60 LEDs per meter, or 6 in a 10 cm segment. But we only need 3
LEDs in series to withstand a nominal input voltage of 12 V. So there are two parallel circuits
of three LEDs and a 100Ω resistor in each 10 cm segment. The potential cut lines are now 5
cm apart.
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Figure 2: 10 cm segment of ABI 5050 cool white.

LUMEN MEASUREMENT

We are now at the point of measuring the lumen output of the eight sample LED strips.
The general technique of measuring lumens is fairly straightforward, as shown by the following
steps.

1. Acquire an integrating sphere with a highly reflective inside white surface.

2. Install a flux meter to measure light intensity inside the sphere.

3. Place a source of known lumen production inside the sphere, and measure the flux.

4. Place the light source of interest (the Device Under Test, DUT) inside the sphere, and
measure the flux again.

5. Take the ratio to determine the lumen production of the DUT.

Unfortunately, the measurement of lumens to better than 5% error is very expensive,
perhaps tens of thousands of dollars. There are good videos on Youtube that show how it is
done properly. The good news is that I really do not need 5% accuracy. The lumen output of
an LED is expected to decline by 30% over the lifetime of 50,000 hours. The lumen output of
the strips I tested increased by 30% to 50% as the applied voltage changed from 24 V to 28 V.
These variations can be included in a complete design, but it is certainly not critical to start
the design with a lumen production known to within 10% or even 20%. If I can rank order
the various samples with a relative accuracy of perhaps 5%, and measure the lumen output
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with an absolute accuracy of perhaps 20%, my needs will be met. I have no convenient way of
‘proving’ the accuracy of my measurement system, but based on gut feelings developed from
six decades of dealing with measurement accuracy, I think my measurements are adequate.

Another video on Youtube showed someone digging a Styrofoam cooler out of a dumpster,
to serve as an integrating ‘sphere’. I bought a new 48 quart cooler at Walmart for about $9.
It was not a big surprise to find that the interior was not as highly reflective as the commercial
spheres. Light would ‘leak’ out, such that the cooler would glow when interior light sources
were turned on. Ambient room light would also ‘leak’ in, so my tests were done in a darkened
room. I installed a light meter, sensor on the inside and display on the outside. The meter is
a Pyle PLMT16 purchased on Ebay for less than $30. Outside and inside views of the cooler
are shown in Figures 2 and 3.

A 120 VAC cord was threaded through a small hole in the cooler and connected to a
120 VAC light bulb socket sitting on the floor of the cooler. I used the claimed/rated lumen
values of four different bulbs in the socket, to get an ‘average’ calibration factor. These were
two incandescent bulbs rated at 1690 and 390 lumens, and two 120 VAC LED bulbs (not
Phillips) rated at 1600 and 800 lumens. The lux/lumen ratio was 25.4, 24.6, 23.7, and 28.5
respectively for the four bulbs, with an average of about 25.5 lux/lumen. The government
is very demanding about labels being accurate. A rating of 1690 lumens, rather than a
rounded off value of 1700 lumens, suggests the ability to measure the output to within 10
lumens. I speculate that the manufacturer measured the lumen output of a few hundred
bulbs, calculated the average, and rounded down to a multiple of ten. That is, an average
of 1697 lumens would be rounded down to 1690 rather than up to 1700 lumens. The small
scatter of measured lux/lumen of the four bulbs suggests that this is a reasonable way of
getting a ‘calibrated’ source for the integrating sphere.

A 10 cm long segment of each sample strip was pasted onto the interior of the chest. The
negative traces were connected to a manifold and brought out the side of the chest with a
bare copper wire. I soldered a 10Ω precision resistor to the end of the copper wire. Voltage
across the resistor was measured, and current calculated by dividing the voltage by a factor
of ten. This practice might give slightly better accuracy under some circumstances. A short
piece of wire was soldered to the positive trace. An alligator clip on an insulated wire through
the chest was used to connect to the positive trace. A laboratory variable power supply rated
at 30 VDC and 1 A was used as a source. Segments were tested at 10, 11, 12, 13, and 14
VDC for the 12 V strips, and 20, 22, 24, 26, and 28 V for the 24 V strips.

Results for the eight samples are given in the following table. Size refers to the LED size
and the nominal voltage. The 2835/24 has LEDs that are 2.8 by 3.5 mm, and is rated at
24 VDC. T is the temperature in Kelvin. All samples were warm white except for 5050/24a,
which was cool white. The cost is dollars for 10 m of strip. That amount sometimes came
on a single reel and sometimes on two 5 m reels. RT is the resistance of 10 cm of copper
trace on one side of the strip. The most expensive strip had the lowest RT , as one would
hope. The 3528/12 was installed on the bedroom ceiling three years ago, without measuring
this parameter. It would be a bit of a hassle to measure this parameter in place so I did not
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Figure 3: Outside View of Integrating ‘Sphere’.

bother. N/R is the number of resistors on a 10 cm segment, and the resistance of each, as
seen in Fig. 1 for the 5050/24a.

I measured the flux for each sample, divided by the calibration factor to get the total
lumens from the 6 LEDs on each segment, and then divided by 6 to get the lumen production
per LED. This number varied widely, from 2.7 lm/LED for the 3528/12 installed on my
bedroom ceiling, to 30 lm/LED for the 5630/24, over a factor of 10 different. The most
expensive sample produces the most light. Sometimes, you really do get what you pay for!

But lm/LED is not the only figure of merit for this application. Lumens per watt is also
very important in an off grid application. The values given in the Lm/P column are the total
lumens produced by a segment divided by the total input power (VI) supplied to the segment.
The difference between the worst and best performers is now not nearly so extreme. The
5630/24 is still the winner at 86 lumens per watt, about a factor of two above the 3528/12
of the bedroom ceiling. Three other samples are fairly close, the 5050/24a, 5050/24b, and
5730/24 at 77, 69, and 70 lumens per watt, respectively.

One other parameter should also be mentioned, and that is the heating of the resistors and
the temperature rise of the strip. The strips are sold without any restrictions on mounting
surface (flammable or not) or on being able to touch the strip. Mounting on a ceiling certainly
restricts access, but strips are also installed on walls, under cabinets, on or in vehicles, places
where a curious child could put a hand on the strip. To my knowledge, it is simply impossible
to electrocute anyone at 24 VDC, so touching a trace or a cut point is not a problem. But if
a resistor (or LED) was well above body temperature, a burn could be a problem, or perhaps
a injury due to the hand striking something else after rapid removal from the strip. As a
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Figure 4: Inside View of Integrating ‘Sphere’.

point of interest, I could place my palm on the 3528/12 after an hour of operation with no
discomfort. Apparently, nothing on the strip operates much above body temperature.

Power dissipation in a resistor is calculated by I2R. For example, the power dissipation
in each resistor of the 5630/24 at nominal voltage is (0.0879)2(36) = 0.278W = 278mW. The
calculation for the 12 V strips is slightly more complicated. For example, the total current
into 10 cm of the 3528/12 is 32.4 mA, but only half this current flows through each resistor.
The dissipation in the 150Ω resistor is (0.0162)2(15) = 39mW. I think all resistors are 1/8
watt or 125 mW. The 150Ω resistor is operating at about a third of its rated power, which I
consider good design. On the other hand, the 36Ω resistor is operating at over twice its rated
power. If the applied voltage is increased to 28 VDC, a typical voltage of a lead acid battery
when being charged, the dissipation is (0.136)2(36) = 666mW or 5.3 times its rating!

I am really having trouble getting my head around these high dissipations. Why would
some manufacturer put such a product on the market? Did the engineer responsible for
the design even check for dissipation? Did some (non engineer) boss demand a strip with
bragging rights (say, one that produced 30 lm/LED rather than the competitor’s 10 lm/LED?
It is certainly possible that I am missing something, but pending some major discovery, I am
of the opinion that this strip is simply unacceptable.

I used a temperature probe that came with my VC97 multimeter to check some temper-
atures. The probe sensor is a small bead of material about 1 mm in diameter. I placed the
bead directly on the LED of the 5630/24, applied 28 VDC, and measured 84oC to 86oC, or
about 185oF. The bead placed on a resistor showed a temperature of 66oC to 68oC, or about
152oF. By comparison, the 5050/24a at 28 VDC had an LED temperature of 52oC (125.6oF),
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Size T Cost Source RT N/R lm/LED lm/P I PR24

K $ Ω/10cm mA mW
2835/24 3000 15.45 Ebay 0.020 2/100 3.9 38 25.6 66
3528/12 3000 15.68 Ebay * 2/150 2.7 41 32.4 39
5050/24a 6000 15.00 Ebay 0.014 3/62 10 77 32.7 66
5050/24b 3000 19.95 Ebay 0.016 4/47 7.75 69 28.1 37
5050/24c 3000 15.00 Ebay 0.035 3/33 8.8 40 55.2 101
5630/24 3000 51.30 Amazon 0.010 2/36 30 86 87.9 278
5630/12 3000 19.18 Tmart 0.019 2/39 14 55 121.8 147
5730/24 3000 16.54 Ebay 0.015 2/100 8.1 70 28.9 84

Table 1: LED strip comparisons

and a resistor temperature of 40oC (104oF). The latter would be marginally acceptable to
me. You would not leave your hand on the 5050/24, but a quick touch would not result in a
serious burn. Touching the 5630/24 LEDs, on the other hand, could easily inflict injury.

Not only is there a burn risk, higher operating temperatures shorten the operating time
of LEDs. An LED operating at some rated temperature might function for 50,000 hours or
more. I saw one curve on the Internet that showed the lifetime of a particular LED decreasing
from 70,000 hours to 35,000 hours with an increase in the solder point temperature from 80oC
to 107oC. I do not have a good method of measuring the solder point temperature of the
5630/24, or if this LED follows the same curve as I saw on the Internet, but I strongly suspect
this strip will fail quicker than the others, due to high temperatures.

I have not mentioned manufacturers by name so far. One reason is that some vendors just
do not name the manufacturer, at least in any consistent fashion. Some LED reels arrive in a
generic anti-static bag with no identifying notations at all. None of the strips tested have any
manufacturer’s name or logo printed on the strips themselves. Voltage and plus and minus
symbols are about all that appears on a strip. One has to write on the packaging and then be
careful to keep the reels in the right package. Only one manufacturer put a meaningful label
on the anti-static bag, with a logo. That was ABI (A Brighter Idea). A search for ‘ABI led
strips’ on Ebay resulted in 174 hits. The 2835/24, 5050/24a, and 5050/24b were ABI strips.
Both of the 5050 strips would be acceptable in my off-grid house.

The 5630/24 was pitched on Amazon towards photographers. It had a CRI (Color Ren-
dering Index) of 80-85. They claimed 50-60 lumens/LED (I measured 30 lumens/LED at 24
VDC and 40 at 28 VDC). They also claimed 100-110 lumens/watt (I measured 86 lumens/watt
at 24 VDC, 99 at 22 VDC, and 115 at 20 VDC). The trademark ‘Marswell’ was used. As
manufacturer, ‘IND’ was listed. I did not look further to see if ‘IND’ was a ‘real’ manufacturer
or just referred to ‘Independent’ or perhaps ‘indeterminate’. This strip might be acceptable
to a photographer, where maximum lumen output is much more important than lifetime.

The other strips were even more vague about trademarks and manufacturers. I feel I would
have a problem in getting the exact same product, even if I were able to find the same vendor,
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so I will not bother to give any more details on the other strips. One interesting note is that
the 5730/24 had the plus and minus signs interchanged on the strip. One gets the feeling
of vendors and manufacturers jumping into the market without adequate testing and quality
control!

At the moment, if I were to select strips rather than clean LED bulbs, I am inclined to
select the ABI 5050/24 for my house. The cool white strip had 29% more lumens per LED
and was about 12% better on lumens per watt than the warm white strip. This is enough
difference to overcome my preference for warm white, so I will probably install the cool white
strips. In surfing the Internet I found a site by Cree, which makes many different types and
styles of LEDs. The lumens per LED for what appeared to be similar quality varied from 40%
to 49% greater for the cool white than the equivalent warm white. This makes perfect sense if
both color temperatures start with blue LEDs. The phosphor for the cool white LED would
not have to do as much frequency shifting as the phosphor for the warm white, and therefore
should be more efficient.

120 VAC Bulb Tests

The test configuration for the various screw-in bulbs is shown in Fig. 5. There is a variac
to allow the applied AC voltage to be varied. This voltage is applied to an Extech 380801
Power Analyzer, which measures volts, amps, watts, and power factor. The light bulb under
test inside the ice chest is plugged into the Extech. A small PV panel (nominal Voc = 2.66V
and Isc = 22mA in full sun) is glued on the inside of the lid. I liberated it from a Living
Accents Solar LED Mini Pathway Light bought at ACE Hardware. It serves as a high speed
photo detector to measure variation in light output, both 60 (or 120) Hz and the higher
frequency variation if the bulb contains a pulse width modulation circuit. On the front of
the ice chest hangs the display of a Pyle PLMT16 light meter. Barely visible is a F. W. Bell
CG-100 current gun hanging below the variac. The wire connecting the variac to the Extech
has been wrapped through the current sensor ten times, changing the scale on the scope from
1V/10A to 1V/1A. The scope is showing the current to the ACE 100W equivalent LED bulb.
The current rises sharply to a peak of about 0.6A then more slowly declines to zero for a total
on time of about 2.5 ms. It stays at zero for the remainder of the 8.33 ms half cycle, then
repeats in the negative direction for the other half cycle.

I bought a number of bulbs and tested them in the ice chest. There are four LED bulbs
by Phillips (Home Depot), one each by Great Value (Walmart), Ecosmart (Home Depot),
ACE, Satco, and Feit, a GE compact fluorescent, two ACE incandescents, and a Sylvania
incandescent. Two of the Phillips bulbs are Daylight (DL). The remaining LED bulbs are
Soft White (SW). The nameplate lumen production is given as well as the equivalent rating
of an incandescent bulb. Voltage, current, and power are recorded from the Extech Power
Analyzer. The value of lux is recorded from the PLMT16 light meter. The next column is the
measured lux divided by the rated lumens. If we ignore the one CFL bulb, the average is 20.6
plus or minus about 10%. Part of this variation would be due to the natural variation in the
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Figure 5: Test Configuration.

manufacturing process. The manufacturer probably tests every bulb as it leaves the assembly
line. Those below some minimum go in the trash, but the occasional superior bulb would get
sold along with the lower achievers. The voltage supplied by my local utility can vary by a
volt or two over the test period, so test conditions between me and the manufacturer are not
identical. Bulbs will have some directional pattern of light output, so it is quite possible that
two bulbs of identical total lumen output will illumine my light meter somewhat differently.
Lumen output will change as the bulb heats up. There is also a lifetime effect where the
lumen output of LEDs will decrease as much as 30% after 10,000 hours of operation. So this
table should not be considered as a ‘Consumers Report’ type test, where dozens of each type
of bulb were tested under carefully controlled conditions. It is just a snapshot of thirteen
different bulbs.

However, I believe the table shows some trends that I believe would be confirmed by any
more extensive testing. One is that the ‘bang per buck’, the lumens per watt, is better with
Daylight as opposed to Soft White, perhaps between 10% and 20%.

Another observation is that there are some very real differences between manufacturers.
The Satco and the Feit produce significantly less light per watt than the other four manufac-
turers of LED bulbs. Of course, both are far better than the incandescent bulbs, and better
than the one CFL bulb tested. Replacing incandescents and CFLs with any of the tested LED
bulbs would see a significant reduction in the electric bill.

There are some other interesting differences in bulbs that might impact EHS sensitives.
The Phillips 100W and 60W equivalent bulbs use different circuits inside the bulb. Table
3 shows the input voltage, current, power, and output lux for the Phillips bulbs (and an
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Bulb rated equiv V I P lux lux/ lux/P
lumen watts lumen

Phillips DL 1500 100 121.3 .182 12.7 34000 22.7 2677
Phillips DL 800 60 120.0 .078 5.8 16090 20.1 2774
Phillips SW 1500 100 122.3 .191 13.4 31900 21.3 2380
Phillips SW 800 60 120.0 .084 6.3 15050 18.8 2251
Great Value SW 1600 100 121.3 .136 15.3 35500 22.2 2320
Ecosmart SW 1500 100 120.1 .175 13.3 28500 19.0 2143
ACE SW 1500 100 119.5 .183 13.5 30700 20.5 2274
Satco 800 60 120.0 .135 9.1 15920 19.9 1749
Feit 800 60 120.6 .102 10.5 16600 20.7 1581
GE CFL 825 60 120.6 .147 10.4 12400 15.0 1192
ACE Incan 1690 100 120.6 .840 101.7 38100 22.5 375
ACE Incan 840 60 120.9 .509 61.5 16300 19.4 265
Syl Incan 390 40 120.9 .335 40.3 7750 19.9 192

Table 2: LED bulb comparisons

incandescent for comparison) as the input voltage is varied from 100 VAC to 130 VAC. The
100W bulbs have what appears to be a constant power circuit. As the voltage increases, the
current decreases to hold the input power and the lumens produced at a nearly constant value.
By way of comparison, the bottom entry of Table 3 shows the power and lux variation for
the ACE 100W incandescent over a similar 30 VAC variation in input voltage. (Incandescent
bulbs have a very short life above 125 VAC, so, not wanting to destroy my test bulb, I looked
at an input range of 90 to 120 VAC rather than 100 to 130 VAC.) A 30 VAC swing to a
Phillips 100W LED bulb produces perhaps 1% or 2% change in the output lux, far below the
ability of the human eye to detect, while the same swing to an incandescent bulb causes a
factor of three difference in measured lux. If the lux output of an LED bulb remains the same,
then the current through the individual LEDs must be the same, an important consideration
for a long life. There is no 60 or 120 Hz variation in the lux output of the Phillips 100W
LED bulb above 90 VAC input, unlike what can be easily seen with a fluorescent bulb. The
lux does have a 58 kHz ripple of magnitude less than 1% of the average lux value. The bulb
evidently has a 58 kHz oscillator or pulse width modulator inside. This circuit is well filtered
since the bulb makes no noticeable difference in the output of a Stetzer meter plugged into
the same circuit. These 100W Phillips bulbs appear to be an almost ideal bulb for the general
population, and should work for most EHS people as well.

On the other hand, the Phillips 60W bulbs exhibit a strong increase in current, power, and
lux output as voltage is increased. The increase is non uniform, being greater at lower voltages
than at higher voltages. This is a place where a scope is useful in trying to discover the circuit
operation. Figure 6 shows a photo of the scope screen with the upper trace showing the
lux output of the bulb with 115 VAC applied, and the lower trace showing the input current
waveform. The input current is zero for part of the 60 Hz cycle until the instantaneous voltage
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rises above some threshold value. Current then increases rapidly to a peak and then declines
back to zero, flowing for 2.52 ms and being off for 5.81 ms in this case. Lux output increases
with the current to the current peak at which point the circuit clamps the lux output to
maintain a constant light output. The declining current continues to charge an energy storage
element (most likely a capacitor). This storage element continues to supply energy to maintain
a constant light output for the next 2 or 3 ms until it starts to run dry. The lux output then
declines until the input voltage again exceeds some threshold. The lux output has a strong
120 Hz variation, similar to that of many fluorescent bulbs. Those with EHS who cannot go
to Walmart or other big box stores because of the fluorescent lighting will very likely not be
able to be around the Phillips 60W bulbs either.

The notch in the lux output disappears as the input voltage is increased. Figure 7 shows the
waveforms for the same bulb at an input voltage of 125 VAC. The notch is barely noticeable.
The peak current is greater and the current pulse is slightly longer. If operated at 125 VAC
or greater, the 60W bulbs might work for those with EHS. This could be done by running the
lighting circuits of a house through an autotransformer, a solution that would be awkward at
best.

All LED bulbs would have a full wave rectifier input, so the bulbs can be operated on
DC as well as AC. Table 4 compares most of the LED bulbs while operating on DC. This
is of interest to those who might be interested in operating the household lighting circuits
on DC. The Phillips 100W bulb develops a notch below about 100 VDC, lowering the lux
output, but above about 108 VDC the lux output is constant. The lux and the power then
remain constant up to 165 VDC, an impressive feat. The 60W bulb does not reach full lux
output until 143 VDC. The current is constant above that point but the power increases in
proportion to the applied voltage. The efficiency is therefore declining as VDC increases. If
we normalize to the 143 VDC case as 100%, the 165 VDC case would be about 60% efficient.

The ACE, Ecosmart, and the Phillips 100W bulbs all appear to have the same basic circuit
(constant power in, constant lux out over a voltage swing of at least 50 volts). The Satco
bulb is very similar to the Phillips 60W bulb (input power and output lux both increase with
voltage, voltage swing only about 20 volts). The Great Value bulb has a similar increase in
input power and output lux with voltage, but will function over a wider voltage range, perhaps
up to a 40 V swing.

Operating LED bulbs on DC would add an interesting option for off-grid houses. In
the past, off-grid houses would use 12 VDC or 24 VDC wiring in the house, and luminaires
built for recreational vehicles, or install an inverter to supply 120 VAC and use standard 120
VAC household luminaires. Backup was by frequent operation of a small gasoline powered
generator. A house with more batteries has more stored energy and needs a backup generator
less frequently. A total of 120 VDC of batteries (ten of the 12 VDC variety or twenty of
the 6 VDC type) is not unreasonable for powering a modern house with very minimal use
of a backup generator. The same wires used for 120 VAC work just as well for 120 VDC
(wall switches are another story!) so it would be conceivable to convert an old house built for
120/240 VAC to an off-grid house on nominal 120 VDC without replacing the wiring. The
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Bulb VAC IAC P lux
Phillips 100W DL 100 .207 12.3 34400

110 .191 12.2 34200
120 .178 12.2 34000
130 .168 12.2 33900

Phillips 60W DL 100 .017 0.8 3400
110 .050 3.4 11030
120 .076 5.8 16090
130 .085 6.9 17300

Phillips 100W SW 100 .223 13.8 32900
110 .205 13.5 32300
120 .191 13.4 31900
130 .180 13.3 31600

Phillips 60W SW 100 .028 1.7 5200
110 .059 4.1 10770
120 .083 6.3 15050
130 .089 7.3 15730

100W incandescent 90 .716 65.0 13180
100 .754 75.3 18440
110 .797 88.3 28900
120 .838 101.3 39200

Table 3: Phillips and incandescent bulbs on AC

problem is that the voltage of this 120 VDC battery varies substantially. A fully charged
12 VDC car battery has a terminal voltage of about 12.6 VDC. The terminal voltage during
charge is closer to 14.4 VDC. That means that the lights need to function on DC voltages
between perhaps 120 VDC (at night, batteries getting empty) to perhaps 144 VDC while
being charged. This is far too great a range for incandescent bulbs. A 120 VAC incandescent
bulb would burn out in seconds at 144 VDC. It is also too great a range for the LED strips
discussed earlier. Five 24 VDC LED strips in series will perform well at 120 VDC. But at
144 VDC the current is too high, the strips are getting hot, and the efficiency has dropped
substantially. But the Phillips 100W and the ACE 100W LED bulbs have no problem at all
between 120 VDC and 144 VDC. (They actually work well between 100 VDC and 160 VDC.
There might be some life expectancy issues at either end of this extended range.) All we have
to do is develop a wall switch, probably power MOSFET based, that will turn off small direct
currents reliably in a 150 VDC circuit.
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Bulb VDC IDC P lux
Phillips 100W DL 101.0 .1126 11.37 30500

109.5 .1103 12.08 32100
119.5 .0997 11.90 31800
129.5 .0912 11.82 31700
140.4 .0840 11.79 31600
150.0 .0783 11.74 31600

Phillips 60W DL 138 .025 3.5 12100
140 .035 4.9 16320
143 .041 4.2 19470
151 .042 6.3 19360
165 .042 6.9 19320

Phillips 100W SW 101.2 .1335 11.51 30700
109.2 .1208 13.19 30700
120.3 .1081 13.00 29800
130.4 .0990 12.91 29600
140.1 .0918 12.86 29600
150.4 .0853 12.83 29500

ACE 100W 100.3 .1363 13.67 29700
110.0 .1225 13.47 29600
121.0 .1101 13.32 29500
130.3 .1016 13.24 29400
141.0 .0933 13.16 29400
150.0 .0875 13.12 29300

Satco 5000K 130.6 .0423 5.52 12650
135.2 .0580 7.84 16640
140.2 .0602 8.43 17080
150.0 .0600 9.00 16970

Great Value 100W SW 80.2 .1013 8.12 20800
90.4 .1333 12.05 29200
101.1 .1622 16.40 37600
110.3 .1851 20.24 44900
121.3 .2086 25.30 52200

Ecosmart 100W SW 79.3 .1759 13.98 29600
90.0 .1506 13.55 29000
100.4 .1327 13.32 28800
109.9 .1200 13.19 28600
120.6 .1084 13.07 28500
130.7 .0995 13.00 28400
140.2 .0922 12.93 28300
150.4 .0858 12.90 28200

Table 4: Bulbs on DC
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Figure 6: Input current and lux output, 60W DL 115VAC.

Figure 7: Input current and lux output, 60W DL 126VAC.
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