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Executive Summary

The primary goal of this program was to develop a ballast system for plug-in CFLs (compact fluorescent
lamps) that will directly replace standard metal shell, medium base incandescent lampholders (such as
Levition # 6098) for use with portable lamp fixtures, such as floor, table and desk lamps. A secondary
goa wasto identify a plug-in CFL that is optimized for use with this ballast. This Plug-in CFL Ballast-
in-a- Socket system will allow fixture manufacturers to easily manufacture CFL-based high-efficacy
portable fixtures that provide residential and commercia consumers with attractive, cost-effective, and
energy-efficient fixtures for use wherever portable incandescent fixtures are used today. The advantages
of this proposed system over existing CFL solutions are that the fixtures can only be used with high-
efficacy CFLs, and they will be more attractive and will have lower life-cycle costs than screw-in or
adapter-based CFL retrofit solutions. These features should greatly increase the penetration of CFL’sinto

the North American market.

Our work has shown that using integrated circuits it is quite feasible to produce a lamp-fixture ballast of a
Size comparable to the current Edison-screw 3-way incandescent fixtures. Asfor price points for BIAS
based fixtures, end-users polled by the Lighting Research Ingtitute at RPI indicated that they would pay as
much as an additional $10 for alamp containing such a ballast.

The ballast has been optimized to run with a 26 W amalgam triple biax lamp in the base-down position,
yet can accept non-amalgam versions of the lamp. With afew part aterations, the ballast can be
produced to support 32 W lamps aswell. The ballast uses GE'sexisting L-Comp[1] power topology in
the circuit so that the integrated circuit design would be a design that could possibly be used by other CFL
and EFL products with minor modifications. This gives added value by reducing cost and size of not only
the BIAS, but also possibly other integral CFL and future dimmable integral and plug-in versions of the
EFL products.
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1 Program Goalsand Benefits

The overall god of this program has been to reduce energy consumption and concurrent pollution from
fossil fuel power plants in the United States by increasing the use of compact fluorescent lamps (CFLS) in
commercial applications (such as hotel rooms) as well as residentia applications. Incandescent lamps,
the most common type of lamp used in U.S. portable luminaire applications, are very inefficient light
sources. They convert only about 3-5% of the electrical energy they use into visible light. CFLsare
three to four times as efficient as incandescent lamps of equivalent light output and can be used in many
sockets that are currently fitted with incandescent lamps. 1n spite of the opportunity to save substantial
amounts of energy (and therefore to cut operating costs), CFLs have replaced only a small fraction of
incandescent lamps in portable luminaire applications. Studies by the Department of Energy, the Electric
Power Research Ingtitute, and others have identified high initial cost as the major impediment to greater
use of CFLsin commercia and residential applications. Additionally, with the commonly available
integral CFL’ s, the chance for the user to revert to using incandescent lamps is quite high, especialy if
the user’ s first experience with CFLs is negative due to poor lamp quality or reliability.

To make CFL use more attractive in hotels and residential applications, the Ballast-in-a-Socket (BIAS)
program has designed and prototyped a dedicated CFL ballast contained within a portable luminaire
socket. By integrating the ballast into the luminaire, the user will not have to incur cost of the ballast
each time the lamp burns out - making the replacement cost of the CFL lamps competitive with traditional
incandescent lamp and overcoming one of the main impediments to greater market penetration. A
dedicated fixture on the lamp means additionally that the user will be far less likely to revert to the use of
incandescent lamps, as that would involve retrofitting the lamp or purchasing a new one.

Compact Fluorescent Ballast-in-a-Socket 7 21 January 2002
Final Report



GE Corporate Research

q & Development

2 Technical Approach

21 Lamp Choice

One of the obstacles to widespread penetration of a dedicated CFL lamp into commercia and residential
spaces is the perception that CFL’s give poor quality light. To determine what lamp would provide the
optimal light for aBIAS lamp, the CR&D team examined the characteristics of two types of lamps at two

common wattages.

211 Background

Amagam and Non-Amalgam lamps were characterized to determine basdline lamp CTQs such asinitia
lumen output at start-up, time it took to reach 90% of full light output, color rendering index (CRI) over
dimming range, correlated color temperature (CCT) over dimming range, and efficacy over dimming
range. Three lamps of the 26W Triple Biax? (26W TBX), 28W 2-Dimensiona (28W 2D), and 26W
Double Biax? (26W DBX) were tested for initial specifications. The set-up used to take these
measurements utilized a RF power amplifier to supply power to the wire lamps. Thisway the lamp
characteristics could be tested independently of the different integral ballasts normally used to power
them. The frequency was set at 40 kHz and remained constant over the dimming range. The power was
decreased in 10% steps and data was recorded. Figure 2.1-1 gives a summary of the lamps tested and
their lumen output and efficacy at full power. Three lamps of each lamp type were tested. Figure 2.1-1
represents data from one lamp of each type. The lumens and efficacy data was taken at full power. The
28W 2D and 26W DBX were non-amagam lamps and the 26W TBX was an amalgam lamp.

Lamp Type | Amalgam Power Lumens | Efficacy
26 Watt TBX Yes 26 1800 69.2
28 Watt 2D No 28 2050 73.2
26 Watt DBX No 26 1710 65.8

Figure2.1-1 Lamps tested with specifications
212 Lumen Output

A comparison of initia lumen output and start-up time for the 26W TBX and the 28W 2D are shown in
Figure 2.1-2. As can be seen the time to reach 90% of total lumen output and the initial lumen output for
the non-amalgam 28W 2D meet the specifications of the system CTQs (see Appendix A). The 26W TBX
amalgam lamp not only took twice as long (120seconds) to reach 90% of total light output, but more

Compact Fluorescent Ballast-in-a-Socket 8 21 January 2002
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importantly, the initia lumen output was considerably lower (30% of total lumen output) than the 28W

2D non-amalgam. Thiswas expected to be the case for the amalgam lamp vs. the non-amalgam lamp.
Additional power at start-up will be required for the BIAS prototype if an amalgam lamp is utilized in the
system to meet the CTQs of start-up time and initial lumen output. Thiswill add complexity and cost to
the circuit design, yet the amalgam lamp is currently more readily available off the shelf in the US and the
shift in CCT is expected to be less drastic than for a non-amagam lamp. Therefore, the use of an
amagam lamp used in the system is expected to negatively impact the CTQs on size and cost while
positively impacting the CTQs on availability of bulb replacement and CCT.

26W TBX AMALGAM

% of Peak Light

0 1 2 3 4 5 6

Time (Minutes)

@)
28W 2D Non-Amalgam

120%
100%

80%

% of Peak Light
g

40%

Time (Minutes)

(b)
Figure2.1-2 A comparison of initial lumen output & start-up time for the 26W TBX amalgam lamp & the
28W 2D.
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Figure 2.1-3 represents the lamp efficacy and lumen output data taken for the dimming characteristics for
the 28W 2D lamp. The set-up utilized was only able to take data down to 30% of initial power before the

lamp shut off. This was because the voltage required to keep the lamp lit at the lower dimmed levels was
higher than what the RF amplifier could supply (when reducing power for dimming, current is reduced
and the voltage which is needed by the lamp to remain lit increases). The change in efficacy and the
linearity of the lumen vs. power reduction curve were considered acceptable over the entire dimming

range.

28 W 2D Dimming Characteristics

2500.0 85.0

80.0

2000.0
75.0

70.0

1500.0
65.0

Lumens
Efficacy

60.0
1000.0

55.0

50.0
500.0 =&=| ight Output

=== | amp Efficac
45.0

40.0
0% 20% 40% 60% 80% 100% 120%
Dimming Level (% Power)

0.0

Figure 2.1-3 Light ouput and lamp efficacy as a function of percentage power reducti on from total power.

213 Color Rendering Index & Color Temperature M easurements

Initial results of color rendering index (CRI) change during dimming determined that dimming would
introduce a noticeable color change. The degree of color change was dependent on the lamp type used.
Results are shown in Figure 2.1-4— Figure 2.1-6. A perceptible color change was defined as greater than
two steps. Even though a color change will be noticeable, it was determined that the CRI shifted more
towards the black body curve, which is more esthetically pleasing to the eye. Since the CRI shift was
considered to be in the preferred direction, it was determined that one lamp would be sufficient for the
dimming range from 1710 lumens to 342 lumens. This reduced the complexity required of the power
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circuit topology and the ASIC design. The LRC's human factor study on the acceptance of the color

change while dimming in mid March confirms that this color range is acceptable, though the LRC noted
that most people preferred lamps with higher color temperatures (i.e. ~3500K) (see section 4, of this
report - Market Analyss).

3000 K

0.45 -
044 1
0434

= ooazt
0411

0.4 +

4.2 Steps

0.39 + + + J
0.42 0.44 0.46 0.48 05

28 Watt 2D Non-Amalgam

Power % CCT CRI
28.02 100 2759 81.66
25.22 90 2726 82.78
22.42 80 2704 83.22
19.62 70 2693 83.72
16.83 60 2687 84.04
14.01 50 2668 83.34
11.19 40 2694 84.19

8.41 30 2704 84.03

Figure2.1-4 Color change while dimming for the 28W 2D lamp.

The correlated color temperature (CCT) was used for sources that do not fall on the black body curve and
was defined as the temperature of the black body radiator whose perceived color most closely resembles
that of the source. According to the CIE (Commission Internationale de |’ Eclairage) 29.2, there are three
color appearance groups. For interior lighting, the CIE (CIE1986b) considers a correl ated color
temperature below 3300K to have awarm color appearance. Lamps with lower CCT appear to be on the
warm side of white whereas lamps with higher CCT appear to be cooler. The desired CTQ parameter for
CCT for the BIAS prototype is 2800K, which correlates to the color temperature of a soft white
incandescent bulb. The acceptable CCT range for the BIAS prototype was defined to be 2800K +/- 200K .
The CCT was determined to remain within the CTQ specifications for the BIAS prototype for two of the
three lamps tested. The CCT variation over the entire dimming range was most significantly for the 26W
DBX ranging from above 3000K to around 2600K. The 28W 2D held its color temperature to within
2700K +/-60K over the dimming range of 100% to 30% of the total lamp output power and the 28W TBX
CCT ranged from 2947K at 100% power to 2624K at 40% power.
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Color rendering capability is specified by the color rendering index (CRI). Thisisan important CTQ for
both residential consumers and hospitality industry. Thisindex is unity for a standard incandescent lamp
corresponding to a point on the black body curve. The higher the CRI, the closer its color matches the
color of asource at the same temperature on the black body curve. The CIE (CIE1986b) specifies a CRI
of 80 or above to be used in homes. The CTQ range for the CRI for the BIAS prototype is required to be
above 80.

0.39 +

11.6 Steps
0.38 1

0.41 0.43 0.45 0.47 0.49
CcCcX

26 Watt Triple Biax Amalgam
Power % CCT CRI
26.03 100 2947 77.69
23.41 90 2883 78.87
20.81 80 2798 80.2
18.22 70 2722 81.34
15.62 60 2670 82.29
13.03 50 2641 83.16
10.43 40 2624 83.25

Figure2.1-5 Color change as a function of dimming for 26W Triple Biax? Lamp.

26W DBX

Figure2.1-6 Color change asa function of dimming for the 26W Double Biax? Lamp.
214 Summary: Amalgam vs. Non-Amalgam Lamps

Figure 2.1-7 - Figure 2.1-10 illustrate the performance differences between the 26W and 32W Amalgam

and non-Amagam lamps. The non-Amagam lamps provide more lumens at a given dimming level, and
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show roughly the same color temperature distribution over the dimming range. In both kinds of lamps,

however, the color temperature over the dimming range, while noticeable, is still considered acceptable.

Dimming| VI(V) | 11(mA) | Pl (W) |1ct mA)|ic2 (mA)| Lumens | cCT (K) |CRI (RA) L‘)f:’r':gs
100% | 847 320 | 269 | 185 | 242 | 1677 | 2663 | 820 100.0
0 | 894 274 | 242 | 462 | 472 | 1480 | 2618 | e28 883
8% | 937 233 | 215 | 870 | 869 | 1329 | 2600 | 830 793
% | 973 198 | 188 | 1260 | 1189 | 1100 | 2577 | 835 66.2
6% | 1003 | 165 | 161 | 1526 | 1520 | 915 | 2571 | 837 545
5% | 1046 | 133 | 135 | 1895 | 1888 | 704 | 2557 | 839 420
A% | 1088 | 102 | 108 | 2195 | 2107 | 521 | 2548 | 841 311
% | 1192 | 71 81 | 2504 | 2514 | 359 | 2550 | e4l 214
2% | 1380 | 40 54 | 2814 | 2809 | 214 | 2577 | 837 128
10%

5%

Figure2.1-7 26W Triple Biax® Amalgam Lamp Average. Data wastaken in base down position.

Dimming| VI(V) | 11(mA) | Pl (W) |1ct mA)|ic2 (mA)| Lumens | cCT (K) [CRI (RA) L‘)f:’r':gs
100% | 900 320 | 285 | 247 | 295 | 1934 | 2655 | 8L9 100.0
0% | 95 271 | 256 | 498 | 491 | 1798 | 2630 | 823 930
8% | 1028 | 224 | 228 | 99 | 98 | 1628 | 2598 | 829 842
70% | 1009 | 184 | 199 | 1370 | 1368 | 1445 | 2582 | 833 747
60% | 1175 | 148 | 171 | 1724 | 1728 | 1240 | 2564 | 833 64.1
5% | 1252 | 116 | 142 | 2032 | 2040 | 1014 | 2556 | 836 524
A% | 1357 | 86 114 | 2347 | 2348 | 807 | 2553 | &38 418
0% | 1462 | 60 85 | 2617 | 2612 | 597 | 2556 | 838 3209
0% | 1599 | a7 57 | 2840 | 2634 | 389 | 2567 | 837 20.2
1% | 1665 | 18 28 | 3045 | 3047 | 179 | 2583 | &7 9.3
5 | 1688 9 14 | 3141 | 3139 | 73 2582 | 837 38

Figure2.1-8 26W Triple Biax® Non-Amalgam Lamp Average. Data was taken in base down position.

0,
Dimming| VI(v) | 11mA) | P (W) |Icl (mA)|1c2 (mA) | Lumens | CCT (K) [CRI (RA) Lﬁ’;ﬂf‘ﬁ
100% | 991 320 | 3130 | 205 | 273 | 2099 | 2724 | 8L5 100.0
0% | 1070 | 267 | 2820 | 5900 | 565 | 1840 | 2675 | 823 879
8% | 1124 | 227 | 2503 | 91 | 957 | 1653 | 2651 | 828 791
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Dimming| VI (V) I (mA) | P (W) |Icl(mA)|Ilc2 (mA)| Lumens | CCT (K) [CRI (RA) Loﬁ)rit:rks
70% 119.0 187 21.90 134.4 134.0 1442 2627 82.7 69.0
60% 126.0 152 18.77 169.1 167.9 1208 2618 83.3 57.9
50% 134.3 120 15.67 201.7 201.3 971 2606 83.5 46.6
40% 139.3 A 12.53 229.3 230.5 704 2593 83.7 33.9
30% 148.9 66 941 255.7 255.4 485 2600 83.7 235
20% 164.2 40 6.27 282.0 281.7 272 2617 834 132
10% 177.8 19 3.00 300.3 300.4 189 2613 83.3 9.8
5%

Figure2.1-9 32W Triple Biax® Amalgam Lamp Average. Data was taken in base down position.

Dimming| VI (V) I (mA) | P (W) |Icl(mA)|Ilc2 (mA)| Lumens | CCT (K) [CRI (RA) Loﬁ)rit:rks
100% 9.1 320 315 214 26.1 2182 2723 81.1 100.0
9N0% 106.2 269 28.3 50.9 50.9 2051 2677 817 94.0
80% 117.0 217 25.2 100.1 99.5 1879 2630 82.6 86.1
70% 127.6 175 220 1455 145.6 1682 2604 82.9 77.2
60% 143.3 134 18.9 185.9 182.9 1440 2577 83.5 66.1
50% 155.9 103 15.7 219.9 219.2 1184 2568 83.6 54.4
40% 168.1 7 126 242.3 2435 938 2562 83.7 432
30% 181.4 53 9.4 266.7 267.4 665 2566 83.8 30.6
20% 190.6 A 6.3 287.9 288.1 411 2569 83.8 19.0
10% 190.1 17 3.1 301.9 302.6 174 2576 83.9 8.3
5% 191.2 9 1.6 311.7 312.0 101 2559 837 5.0

Figure2.1-10 32W Triple Biax® Non-Amalgam Lamp Average. Data was taken in base down position.

Startup time for the different lamps also affectstheir appropriateness for usein a BIAS fixture. The LRC
study indicates that any noticegble startup time (i.e. > 20 seconds) was considered too long by the focus
group participants. Figure 2.1-11 shows that with higher wattage, the Non-Amalgam lamps start much
more quickly than the Amagam, but that much of that effect is lost on the 26 W lamps - their startup

curves are very similar.
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CFL Starting

—*—32W Amagam
—&—32W Non

26W Non
26W Amalgam
—*—32W Spira

% of Max Lumens

0 100 200 300 400 500 600
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Figure2.1-11 Amalgam vs. non-Amalgam lamp startup times

It was decided that the BIAS prototype should be able to accept two different plug-in lamps with minimal
component changes, a 26W triple Biax® and a 32W triple Biax®, since the keying on both lampsis the
same. It was aso decided that the BIAS prototype would be optimized for the 26W amalgam triple biax
lamp, yet would be able to accept the 32W plug-in lamps, as well as, non-amalgam versions of the each
wattage. The amagam was chosen since it is areadily available lamp to the US consumer, yet
measurements were necessary on the amalgam vs. non-amalgam to determine the benefits to the fina
product if a non-amalgam lamp were made readily available.

2.2  Circuit Requirements

The ballast must meet severa requirements to be useful in atypical US household or commercial
environment as a replacement for standard incandescent lamps. The requirements listed below are
necessary to develop the ballast.
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221 LineVoltage

The ballast and lamp combination must operate with a line voltage of 120VAC (+10, -15%), at a
frequency of 60Hz+/-1Hz. Nomina lumen output is to be achieved under nomind line conditions. The
ballast must operate correctly over the specified range, albeit the lumen output may be reduced.

222 Lamp Starting

The ballast should be able to consistently start a good lamp. The lamp should be able to meet the

specified number of starts.

2.2.2.1 Cathode Preheat

The ballast should preheat the lamp cathodes prior to lamp starting to reduce the starting damage as the

lamp ignites.

2.2.2.2 Starting Voltage

The ballast should provide adequate voltage to start the lamp.

2.2.3 DimmableOperation

The balast isto have a user input, e.g. aknob that allows the user to dim the lamp to 20% of full lumen
output. Operating in adimmed condition must not significantly degrade the life of the lamp.

2.2.3.1 User Input

The user must be able to control the lamp power such that the lamp may be dimmed from 100% to 20%
of rated lumen output. The dimming range should be continuous.

2.2.3.2 Power Control

The ballast must trandate the user input into control of lamp power such that the range of rated lumen
output is met.

2.2.3.3 CathodeHeating

The ballast must provide supplemental heating to the lamp cathodes as the lamp is dimmed, so that the
lamp life is not degraded.
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Figure2.2-1 Specification Limits for 26W Hex CFL
224 Lamp Failure Protection

Since the ballast is intended to operate a removable, replaceable lamp, it must not fail under lamp failure
conditions.

2.2.4.1 No-lamp startup

The ballast should sense the absence of alamp upon power-up, and shut down the ballast if no lamp is
present, without damage to the ballast.

2242 Lamp dart failure

If the lamp does not start, the ballast must detect this and shut itself down, without damage to the ballast.
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2.24.3 Lamp Removal or Breakage

If the lamp is removed or broken while operating, the ballast must detect this and shut itself down,
without damage to the ballast.

2.3 L ow-Risk Path

2.3.1 Initial Tradeoffs

The development of the BIAS ballast had numerous possible approaches, ranging from low to high risk.
Early in the program, severa approaches were examined to determine the technique which best balanced
pay-off and risk. The circuit can be split into two main parts: the ballast block and the inverter-control

block. Tradeoffs were performed on each of these two blocks to decide on the main path.

2.3.1.1 Ballast topologies

The mgjority of modern ballast topologies consist of some sort of reactive network that connects a high-
frequency AC voltage source and the lamp. The purpose of the network is to add enough impedance to
the lamp’ s negative impedance so that the AC voltage source sees a positive impedance. This prevents
the current from running away until one of the components is catastrophically destroyed. In principle,
modern ballasts differ from older “magnetic” ballasts by the fact that the operating frequency is much
higher than the line frequency.

At the beginning of the project, the team decided to look at aternative low-cost ballast topologies that
minimized resonant component usage. It was found that the majority of these approaches had high
associated risks, particularly in implementing the control required for dimmable operation and in potential

generation of high levels of electromagnetic interference (EMI).

After many aternatives were considered, the final candidate emerged, based on the 29W 3-way CFL
initially developed by GE Lighting. Although the lamp power was actually less than 24W, the lamp
differed substantialy from the target lamp in impedance, and had cathode resistances greater than twice
those of the target lamp, it was felt that there was enough commonality to adapt the basic concept to the
BIAS lamp.

The basic topology consists of a series-paralel LCC topology driven by a haf-bridge MOSFET inverter
(Figure 2.3-1). It differs from the more typical resonant tank ballast two ways. Firgt, the series capacitor
appears after the parallel capacitor. The benefit of thisis that the lamp impedance is better matched to the
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paralle resonant tank over awider dimming range, which alows smaller circulating currents, lower

losses, and smaller components. This placement precludes the practical use of shunt-cap control of
cathode heating, so that the cathodes are heated when necessary by deriving an additional cathode current
source from the resonant inductor. This results in a dightly more complex inductor, but provides a large
dividend in the form of an additional degree of freedom for controlling the cathode current.
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Figure2.3-1 Basic ballast topology.

This approach had a number of benefits. First, GEL has substantial experience with this topology and the
team at CR& D could benefit from their experience. Second, we could make use of custom-GEL parts
that would otherwise be difficult for usto obtain. Third, the use of the common topology would make
possible the development of a more genera control 1C that could be migrated into other product lines,
vastly increasing commercialization potential and promising cost reduction as a result of higher
component volumes. Fourth, the circuit has the potentid to be very low cogt.

2.3.1.2 Inverter

The ballast shown in Figure 2.3-1 must be driven by high-frequency voltage source. As the frequency of
this source is varied, the reactive components of the ballast regulate the amount of energy into the lamp
load. To minimize the size of the resonant components, the operating frequency must be kept relatively
high. An upper limit on frequency is determined by considering EMI. If the maximum frequency is kept
below 150kHz, the third harmonic will be below the 450kHz FCC limit and smplify the design. Thus,
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the maximum frequency should be close to 150kHz  This requires MOSFETSs as switches due to their
high speed switching capability.

MOSFETSs require a control signal to turn on and off, which is provided by a gate drive circuit. Several
gate drive methods were examined, including transformer drives and commercia gate drive integrated

circuits. After some consideration, GEL’s proprietary L-comp gate drive was chosen.

The L-comp has the following key benefits: Firg, it has the potential for very low cost. Second, it is salf-
oscillating, and its oscillation is very robust and therefore resistant to disturbances. Third, it
automatically maintains the frequency of oscillation above resonance, simplifying control. Fourth, it can
automatically start and then run a lamp, without external control. Fifth, it can be designed to work under
alarge variety of conditions, from ultra-low-cost integrated CFL s to high-end electrodel ess fluorescent
lamps such as Genura.

The L-comp does have some drawbacks. Firg, its design can be quite complex due to interaction of
components in a non-linear manner. Changes in one component can require changes in many others.
Second, it requires the use of a P-channel power MOSFET. Versons of such parts suitable for
fluorescent lamp ballasts are less common than their N-channel counterparts, and this limits the ballast to
power levels under 50W unless complexity or cost isincreased. Third, it requires a more complex
magnetic component. While the more complex transformer is a dight drawback, it has the advantage of

additional degrees of freedom in the design of the gate drive and the cathode heating control.

It was felt that the benefits of the L-comp outweighed the drawbacks; hence, it was used for the BIAS
design.

2.3.1.3 Control

Several requirements of the BIAS ballast dictated that there be some means of controlling the ballast
(Sections2.2.2.1,2.2.3.1,2.2.3.2,2.2.4.1,2.2.4.2, and 2.2.4.3). Severa approacheswere considered:

?? Discrete control

?? Commercia ballast ICs

?? GE-developed ASIC with conventiona gate drive
?? GE-developed ASIC for L-comp gate drive

Discrete control of the ballast was quickly ruled out based on simple considerations of cost and space.
There was smply not enough room in the balast envelope to fit al the required features at a reasonable

Compact Fluorescent Ballast-in-a-Socket 20 21 January 2002
Final Report



GE Corporate Research

q & Development

cost. While specia manufacturing techniques (for example, flex-circuits and high-density interconnect)
may have made it possible to implement the ballast, the cost would have been prohibitive.

A discrete version of the BIAS balast was built in the first year, but no lamp protection was implemented

init. 1t was built primarily to test the ballast topology.

Several commercial ballast ICswere also investigated. These initidly appeared quite attractive, but no
single IC provided all the features necessary. Furthermore, many of the |Cs with additional features were
costly, some of them completely exceeding the budget for the entire ballast. The most promising of the
commercial |Cswas used in an early prototype, but the sensitivity of the circuit to component variations
meant that expensive, tight-tolerance components would have to be used in the resonant tank. This would

have raised the cost of the tank severa fold, assuming that such parts could actualy be obtained.

Dissatisfaction with commercial designs put us on the path of developing our own ASIC with all
necessary features. We first considered aconventional gate drive type of control 1C, whereby the IC
would drive the MOSFET gates directly or through a transformer. However, once this path was
investigated further, it was realized that this would require a great ded of silicon area as well as requiring
older or non-standard proprietary |C processes. This approach would mean that the IC cost would be
high, and that GE would be hostage to whatever supplier owned the process, i.e. GE could not shop
around for the best price and quality.

After lengthy discussions with GE Lighting (GEL), it was decided to develop an IC that would be
compatible with GEL’s L-comp gate drive. It appeared possible to design such an IC, which would be
compatible with standard | C processes, and which would have avery small silicon area  Furthermore, it
was redlized that the IC could be put in avery smal, low-cost package. Findly, it was determined that
the 1C could also be made compatible with existing GE products, in particular, the GEL 3-way lamp.
This last point was very important, since it maximized the chance that some of the work would be useful
no matter the outcome of the program. Furthermore, the initial volumes of the 3-way lamp are high, and

giving a cost-saving opportunity for the IC.

The details of the control |C are discussed in Section 2.3.2.5.

2.3.2 Ballast Design

The overall ballast was designed via a combination of smulation and experiment. Simulation tools are

useful for trying out new idess, or estimating variables that are impractical or impossible to measure.
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However, smulations are only as good as the component models. Accurate models for all components
are difficult to obtain, and often are too complex to simulate with usable speed. Experimental

development is required in this case.
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Figure 2.3-2 Block diagram of ballast.

We can begin the discussion at the power input. The AC lineis connected to the AC-DC front end, which
consists of a conventional full bridge rectifier with capacitive filter. The filter supplies the DC bus
voltage, which has an average nominal value of about 155VDC. Three terminals are shown becausethe

design is also compatible with the GEL 3-way. The BIAS only requires two of these.

The DC bus provides power to both the inverter and the IC. The inverter is supplied through the input
filter, which prevents high-frequency energy from the inverter from gettingto the AC line. Thisis
necessary to meet EMI regulations. The IC power supply derives alow-voltage to supply the ballast
controller ASIC.

The inverter with L-comp gate drive converts the DC bus voltage to a high-frequency square wave to the
series-resonant paralel tank. The gate driveis controlled by the ASIC via a specia frequency control
circuit and a shutdown circuit, which work independently of each other.

The resonant tank filters the high-frequency square wave and provides a high-impedance source to drive
the lamp, i.e. it provides the actua ballasting function. Asthe frequency of the inverter signd varies, so
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does the impedance of the resonant tank circuit. This gives control over the lamp current and thus the
lamp power.

The lamp current is sensed and fed back to the ASIC controller so that the lamp current may be regulated
under closed-loop control. This provides more stable dimming, the ability to easily accommodate
different lamps, and reduction of lamp crest factor, which is required for long life.

The series capacitor voltage is sensed to determine information about the lamp. In particular, it can be
used to help sense the presence or absence of the lamp so that the controller can shut down the ballast
when necessary.

The entire ballast is under the control of the BIAS ASIC controller. The ASIC isdescribed in detall in
Section 2.3.2.5, but the basic functions are described here. It provides a preheat-start for the lamp when
the power isfirst applied. It then sensesthe user input either from a knob and potentiometer (in the case
of BIAYS) or the 3:way sense circuit (in the case of the 3-way CFL). The ASIC is designed so that it
automatically senses which circuit it isin, so the same IC is compatible with either ballast at no additional
cost or complexity. The user input is used to control the reference to the lamp current regulator, thus
controlling the lamp lumen output via the L-comp frequency control. 1f no lamp is present on power-up,
the ASIC senses this and does not attempt to start the lamp. If the lamp fails to start, or the lamp fails
during operation, the ASIC senses this and shuts down the ballast before it overheats and fails

2.3.2.1 Lamp Modding

In order to properly use simulation tools, it was necessary to develop a suitable model for lamp
simulation. This model was based on the mode of [3]; however, certain changes were necessary. Inthe
original model, a quadratic curve fit was used to mode the lamp I-V characteristic, but this was found to
present problems at the extremes of practical operation. After much experimentation, an exponentia
curve fit was found to fit the data well and present benign behavior beyond the normal operating bounds
of the ballast. Thisdlowed reliable simulations to proceed.

The data used to fit the curve was based on 10 lamps. Each lamp |-V characteristic was measured, and
the group of curves averaged. The average curve for the 26W lamp is shown in Figure 2.3-3. A genera
Saber model was developed that alows the input of the three curve-fitting parameters kO, k1, and k2, as
well as a fourth parameter that models to first order the dynamic lamp behavior due to plasma
recombination. This mode is shown in Figure 2.3-4. The dashed blue line shows the curve derived from
the average lamp data, and the red line shows the curve fit.
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Figure 2.3-3 Three-parameter exponential curvefit for averaged 26W lamp data.
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Figure 2.3-4 Saber model of lamp arc with test circuit.

2.3.2.2 L-Comp Ballast Operations

Basic operation of L-comp ballast with control

2.3.2.3 Ballast Design and Operation

The physical construction of the ballast is shown in Figure 2.3-5, Figure 2.3-6, Figure 2.3-9, and Figure

2.3-10. Figure 2.3-5 showsthe pieces of the BIAS balast fina prototype. Note that the circuit itself
consists of two printed circuit boards, mounted back-to-back. The boards divide up the circuit into high-
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frequency and low frequency sections. These will be discussed in more detail below. Figure 2.3-6 shows
how the actua circuit board assembly fits into the ballast shell.

Figure2.3-5 Main components of BIAS assembly.

Figure 2.3-6 Photograph of BIAS assembly with lamp socket and bottom plate removed for clarity.

Figure 2.3-7 shows the final BIAS schematic. Figure 2.3-8 show a schematic with each of the blocks
described in Section 2.3.2 delineated. The board in Figure 2.3-9 isthe Inverter/Ballast board, which
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contains the L-comp gate drive and inverter, the series-parallel resonart tank, and the L-comp shutdown
circuit. Theboard in Figure 2.3-10 isthe Input/Control board, which contains everything else.
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Figure 2.3-8 Ballast schematic with blocks corresponding to functionality.
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Figure2.3-9 Inverter/Ballast printed circuit board.
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Figure 2.3-10 Input/Control printed circuit board.
2.3.24 Commentson BIAS design

The circuit basically performs as desired. There are acouple of key pointsto notes about the design to
consider.

First, some functions were not integrated, namely the lamp removal protection and the lamp shutdown
control. Thelamp removal protection uses a discrete circuit with very fast response to bypass the current
regulator loop. Thisisrequired in order to clamp the resonant tank voltage so that the ballast will not fail
before the ASIC can shut it down. This approach results in lower ballast cost and size overall, since it
alows the use of lower voltage components. It islikely that an improved implementation of the ASIC
could integrate this function. The shutdown circuit is aso unable to be integrated due to a high-voltage
trangistor required to force the gate drive off. Thiswas an unexpected side-effect of the robustness of the
L-comp sdlf-oscillating behavior. There were aternate solutions, but these required additional windings,
which did not fit on the desired magnetic core. Again, it may be possible to add this to the ASIC, but this
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change will aso require more extensive changes to the rest of the ballast, with currently unknown
ramifications.

Second, the prototype circuit draws a small amount of power when connected to the AC line, athoughthe
ballast is off. The original discrete prototype used a control pot with an AC line switch, but this was
developed for halogen lamps with large inrush currents. this meant that the switch itself was very large.
The final version of the BIAS for the consumer market will need to have a new switch made to eliminate
thisloss. Thiswas explored briefly with some switch and control manufacturers, who said that this was
relatively simple, but would require tooling and NRE costs that were not in the development budget.

2.3.25 ASIC Controller

Overview:

The GEN-lalC isalow-voltage control I1C developed for cost and component reduction in the integral 3-
way and bdlast-in-a-socket (BIAS) compact fluorescent lamps (CFLS) at GE-Lighting (GEL). The
system diagram below overviews the application, where the 8-pin IC performs dimming control of a CFL
lighting ballast, which consists of arectifier, input filter, inverter (GEL proprietary L-Comp), and
resonant tank.

Thisfirst iteration (1a) is atest-chip that includes afully functional core (as envisioned for the production
part) along with additional circuitry and test points for design validation. 1t was packaged in both a 28-
lead ceramic SOIC package for IC design validation and characterization and an 8-lead plastic SOIC
package for pre-production system testing and demonstration. The test-chip was implemented in the AMI
C5 0.5u double-poly, double-metal process, with dimensions of 1.7mm x 1.7mm. If the testing circuitry
and pads were removed, the core along with the required eight 1/0O pads would have dimensions of 1.0mm

X 0.5mm.
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Figure2.3-11 BIAS IC Pin Diagram

Features:

?? Closed-loop dimming control of GEL L-comp based CFL ballasts

?? On-chip 3-way sense circuitry for 3-way dimming -- significantly reduces components for
integral 3-way product

?? Reference input for continuous (or multi-level) dimming and setting nominal lamp current
level

?? Digital state-machine control for pre-heat and shutdown modes

3

Lamp failure (or no-lamp condition) protection via failure sensing and shutdown -- dual-
purpose SD pin used for no-lamp/bad cathode detection and gate-drive shutdown (optional)
?? Compatible with standard 3-way socket, designed for low-high-med sequence to match
current integral GEL 3-way product

Package Design:

Two package designs. (1) 8LEAD SOIC, 0.150", (2) 28-LEAD CSORP (for testing), as shown below.
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System Functional Diagram:
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Pin Description:
28-Lead | 8-Lead | Symboal Description
Pin # Pin #
5 1 Sl 3-way input 1: To betied directly to J1 (on 3-way schematic) viaalarge
resistor (i.e. IMOhm), must have a peak current between 10uA<Ipk<200uA
6 S1 OUT Monitor 3-way detection of s1: HIGH=(Ipk>10uA), LOW=(Ipk<10uA);
sampled via 500ms on-chip clock
7 2 2 3-way input 2: To betied directly to J3 (on 3-way schematic) viaalarge
resistor (i.e. IMOhm); must have a peak current between 10uA<Ipk<200uA
8 S2 OUT Monitor 3-way detection of s2: HIGH=(Ipk>10uA), LOW=(Ipk<10uA);
sampled via 500ms on-chip clock
9 3 REF Voltage reference for feedback opamp: used for continuous dimming (BIAS)
or nominal lamp current (3-way) reference input; 0.2V<Vref<3.5V; for
Vref<0.2V IC enters OFF state
10 VDD Secondary Vdd input for 28-lead package
11 4 GND Primary ground pin
12 BIAS Dual purpose test pin for on-chip current bias: SEL=HIGH & p-channel
current mirror input for setting 1C bias current (lin=4* Ibias); SEL=LOW & p-
channel current mirror output for sensing on-chip current bias (Iout=4* | bias)
13 BIAS SEL Sets BIAS pin operation; on-chip pull-down sets SEL=LOW if no connection
14 OFF_B Monitor output of Off Detector, active low; OFF_B=LOW for Vref<0.2V
15 BOOT Input for forcing boot of state machine (enter INIT state)
16 BOOT_SEL | Enable for BOOT input; BOOT_SEL=HIGH « off-chip boot control; on-chip
pull-down default to LOW
17 VREF Analog output for monitoring the reference input to the feedback op-amp
18 VREF_SEL | Enablessensing of VREF; on-chip pull -down default to LOW (disable)
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28-Lead | 8-Lead | Symbal Description
Pin # Pin #
19 5 FB Feedback input: inverting input to feedback op-amp
20 SD B Monitor state-machine output for shutdown, active low
21 6 DIM Feedback op-amp output to drive exernal control FET and compensation;
shorted to Gnd during Pre-Heat state; performs dimming control in Normal
Operation state
2 T_SD Monitor nominal 500ms Shut-Down on-chip timer output
23 7 SD Dual purpose pin: (1) during normal operation, shorts SD to < 1V (sinks up to
+1mA, -500uA) while sensing current input to pin (for determining no-lamp or
bad cathode condition), and (2) during shutdown, makes pin high-impedance
to allow passive L-comp shutdown. For sensing no-lamp condition, pinistied
to positive series capacitor nodeviaa(i.e. 500K Ohm).
24 GND Secondary ground pin for 28-lead package
25 8 VDD Primary VDD pin, 5V; estimate 3mW power consumption
26 PH Monitor state-machine output for driving pre-heat
27 T_PH Monitor nominal 1sec pre-heat timer output
28 X0 Monitor internal operating state
1 X1 Monitor internal operating state
2 NO_LAMP | Monitor SD Block output for no-lamp detection
3 CLK Dual purpose: monitor/drive on-chip clock
4 CLK_SEL Select CLK function: HIGH = drive IC clock; LOW = monitor / use on-chip
clock; on-chip pull-down for default LOW

IC Functional Diagram:

On/Off off
> State- SD_b
Detector . —,| SD e SD
boot »|  Machine > Block
Controller
Power-Up
“| Detector PH
no_lamp
o5 |
FB -
6o Dim
+
Ref o 3 »| Reference
1 Generator
sle P 3-Way Detector » 3-Way I Clock-Gen
M
s2 ¢ 2 »{ 3-Way Detector > ap Db s
:
A t_ph
Vdd 2 | Supply & IC Bias bt
Distribution N -
4
L
Gnd
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General Description:

The |C uses the same analog op-amp based compensation approach as the current 3-way integral product.
The op-amp is integrated along with a state-machine controller and supporting detector circuitry to
perform the functions of preheat, closed-loop dimming control, 3-way dimmer socket position sensing,
and shutdown (for lamp failure or removal).

Functional Description:

Sate-Machine Diagram:

@
off

tph no_lamp

Normal
Operation

Sate-Machine Inputs:

I nput Description

t_ph Output from pre-heat timer

no_lamp output from SD block

off output from on/off detector

boot (not shown): asynchronous reset for SM to force OFF state on power-up

Sate-Machine Outputs:

Output Description

PH drive ballast into pre-heat mode by forcing “DIM” pin low

SD_b control operating mode of SD pin—HIGH = short SD to ground and sense current, LOW = SD
pin to high impedance

Sate Output Table (Moore Design):
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State\ Output
[X1 XO0]

Pre-Heat [0 1]
Normal Op [1 Q]
Shutdown [1 1]
Off (Init) [0 Q]

PH

o|lo|r|r]| SD b

RlRr|o]r

Sate Description:

State

Description

Off (Init) State

At power-up or turn-off the | C entersthe OFF state. While in the OFF state, PH is set high
(setting DIM low and driving ballast into preheat), and SD_b is set low to allow the (optional)
shutdown circuit to force the ballast to stop oscillating. The power-up condition is determined
through a detection circuit that monitorsthe “VDD” input and outputs a“boot” command tothe
state-machine. The BOOT signal istied to an asynchronous reset for the state-machine, forcing
the OFF state. Turn on/off isused for the BIAS product to turn the CFL on and off through the

dimming control in the socket. An on/off detector senses the analog REF input and outputs a high
on OFF when the reference is below the minimum value (0.2V).

Pre-Heat State:

When in the OFF state and alow is detected on the OFF input, the | C entersthe PRE-HEAT state.
In this state, the pre-heat timer is enabled (through SD_b) and the PH output is used to force the
op-amp DIM output low, driving the ballast to its maximum (or cathode pre-heat) frequency. The
pre-heat timer is used to set the cathode heating time (nominal 1 sec.). For the Integral CFL

product, the IC enters the OFF state at power-on, then immediately transitionsinto the PRE-
HEAT state.

Normal
Operation
State:

When the pre-heat cycle is complete, the pre-heat timer output goes high, and the IC entersthe
NORMAL-OP state. ThelC remainsin this state until the SD block outputsa“no_lamp”
condition, at which point the |C entersthe SHUTDOWN state. The SD block functions as alamp
detector during normal operation by sensing the peak positive voltage on the series power stage
capacitor (one node tied to ground, in serieswith thelamp). A large resistor (i.e. 500K) is
connected between the cap and the SD pin. A resistor may also be placed in parallel with the lamp
(such that current flowing through parallel resistor must flow through lamp cathodes) to prevent
shutdown when lamp extinguishes prematurely and cathodes are still good. The SD block senses
the current through the SD pin and outputs ahigh “no_lamp” condition if the current is ever
continually below the reference (Iref=100uA) for the sample period (500ms). If the optional
shutdown circuit is being used (BIAS product), then during normal operation both the SD self -
biasing current and the capacitor voltage sensing current flow through the SD pin. The scaling of
these currents should be sel ected to achieve the desired noise margin for shutdown detection. One
possibility for the 32W/26W BIAS product isto use Isd_bias = 40uA (4MEG resistor from Vbus,
120Vac supply), Rcap_sense = 500K, resulting in total peak SD pin currents ranging from 650uA
to 185uA over the worst case dimming range (300mArmsto 25mArms). The additional margin
allows normal operation under continuous low-line conditions (initial experimental results show
ballast and lamp operating down to Vac=45Vrms, resulting in total peak SD current in above
scenario of 122uA). The 500ms sampling window allows rejection of momentary extreme low-
line conditions (exp. results show Vhbus and lamp current decaying to zero in ~60ms, and IC
supply decaying to 1.5V in 300-500ms). If the brown-out / black-out exceeds 500ms in duration,
then the 1C supply will drop and the power-up/boot circuit will reset the state-machine when the
AC power isrestored. In the event of alamp failure or removal, the SD pin current will drop (to
zero or Isd_bias, typically within 200-300ms) continually below the reference and the 1C will
enter the SHUTDOWN state. The ballast must be designed to operate continually open-circuit for
up to one second (interval could be adjusted in next | C iteration or for production run).
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State Description
Shutdown Inthe SHUTDOWN state, the PH output is high (forcing the ballast to the pre-heat frequency) and
State: the SD_b output islow (allowing the optional shutdown circuit to stop L-comp gate-drive

oscillations). The next state is always the OFF state, which can be entered by turning the BIAS
control off (OFF=1) or by cycling the power (BOOT=1). The SD_b output is also used to reset
the pre-heat/SD timer.

Off (Init) State: | The outputs areidentical to the previous state. The purposeif this stateisto allow direct on/off
control of the BIAS product (through the min threshold on REF). Tore-start theintegral CFL
product, the power must be cycled. In addition, for the BIAS product, if the lamp is removed and
re-inserted, either the power or on/off switch must be cycled to re-start the lamp.

Circuit Description (Implementation)

The complete schematics of the prototype IC are attached to this datasheet, along with physical package

descriptions from AMI. Each of the circuit schematic blocks is described briefly below:
Top Levd:

The top-level schematic combines the functional blocks aong with I/O pad drivers and testing circuitry
for external monitoring and control. The MUX circuit (MUX1) near the Clock Gen block (upper-l€ft) is
used to select on or off chip clock and allow monitoring of the on-chip clock through the CLK and
CLK_SEL pads. The circuitry surrounding the I-Bias block (lower-left) is used to control on or off chip
current bias. P-channel device Mp7 is configured as a current-mirror input or output, with current scaled
to 4*Ibias (Ibias=10uA, nominal). A resistor can be used from BIAS pin to ground for sensing or
controlling on-chip current bias, according to setting of BIAS_SEL pin. Mp8 and Mn2 (lower-center)
are used to allow sensing of on-chip voltage reference (output of Ref Gen, input to fb_opamp). Sensing
can be turned on/off via VREF_SEL so loading and noise coupling of VREF pad can be removed. BOOT
and BOOT_SEL pins, along with tri-state buffer ITD1 allow off-chip forced state-machine reset. All
testing selection pads are default to LOW via on-chip resistors to allow open-circuit operation with only

eight core padsin use.
State Machine:

The state machine was designed using the Moore approach, with the outputs determined by the current
statealone. The state trangition table is given shown below in Figure 2.3-12.
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Inputs Outputs

Q.
S
< o
5 o |l A
Current State CurrentState | | & Sl a o | Next-State
Off (Init): 00 Xx x 1|11 o0 00
X x 0 01
Pre-Heat: 01 0O x 01 1 01
x x 1 00
1 x O 10
Normal Op: 10 x 0 0]J0 1 10
X x 1 00
x 1 0 11
Shutdown: 11 X x 0]1 o 11
X x 1 00
X1 X0 11 12 13 01 02 X1 X0

Figure2.3-12 BIAS IC Prototype State Transition Table

Clock Generator:

The clock generator uses an on-chip oscillator (fosc = 131kHz) followed by 12 flip-flops to generate a
32Hz on-chip clock. Thisclock is used to drive the state machine and timer blocks. The oscillator is
derived from a bi-directional current source that supplies +/- Ibias/5 = +/- 2uA to an integration capacitor, Cosc,
followed by a schmitt trigger with 2V hysterisis.

Pre-Heat / SD Timer:

The oscillator frequency was selected so that the two timer outputs (t_ph=1sec, t_sd=0.5sec) would be
powers of two from the clock to reduce components to smple flip-flopsvs. full counters. Four flip-flops
are used to generate t_sd, and three additional flip-flops are used to generate t_ph with proper timing.

The state-machine output SD_bis used as areset (reset during shutdown and off states), and thet_ph
output is guaranteed to stay LOW after res_b goes HIGH for the pre-heat duration (vs. t_sd which ripples
HIGH on first clock).

Feedback Op-Amp:

In the application, the feedback op-amp is used as a compensator for the lamp current feedback loop. In
the current 3-way CFL product, the compensation is a low-pass-filter with low frequency gain Acl=30

and crossover frequency of fc=1.13kHz The highest frequency with significant harmonic content is at
the ballast operating frequency, ~100kHz As arule-of-thumb, the op-amp was designed to have an open+

loop gain significantly greater than the closed-loop filter gain at the maximum frequency of interest, or

Compact Fluorescent Ballast-in-a-Socket 36 21 January 2002
Final Report



GE Corporate Research

q & Development

Aol(100kHz) > 50* Acl(100kHz) = 15 = 23dB, which requires GBW>1.5MHz The resulting design has
Ao = 60dB, GBW=3.4MHz, PH=55 degrees at unity feedback configuration. Additionally, the other
specs were anayzed for the CFL application as summarized below:

Feedback Op-Amp Specs:

?? (Vcm) range: OV <Vem < 3.5V

?? (Vo) range: 1.5V < Vo < 5V (assuming external short to ground for preheat)

?? GBW >3MHz

?? Ao >60dB

?? SR>0.1V/us

?? (lo)max > 300uA

?? Stability: PM>50 deg at unity-feedback configuration (also test at current 3-way
configuration)

?? (Voffset)max = 5mV

Reference Generator:

The feedback reference is generated using a unity-gain op-amp to buffer the voltage reference input
(REF), followed by aresistive divider and analog MUX for controlling 3-way settings.

Vref Op-Amp:

The reference op-amp was designed for very large DC gain, very low offset voltage (likely much more so
than necessary), and low bandwidth for stable operation and filtering of noise from reference input. A
symmetrical OTA design was used with cascade current mirrors and common drain output. The predicted
Specs are given below:

Reference Op-Amp Specs.

?? Ao=77dB

GBW = 250kHz

Vemrange: OV <Vem < 3.8V

(lo)max > 1mA (only require 35UA max, positive)
Vorange: OV <Vo< 3.8V

PM ~ 90 deg at unity-feedback configuration

Voffset < 1ImV (but up to 25mV would be acceptable)

33 33 I3
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The reference op-amp area could be reduced in future iterations using a smpler voltage buffer with
reduced requirements (current design is pad limited for area).

SD Block:

The shutdown block uses a current mirror to sense the current through the SD pin (while maintaining an
input voltage below Vsd < 1V) and compare it to a current reference (Ibias=10uA, Mpl). The flip-flops
(ff1, fff2) are used to sample the current comparison over the clk interval (clock tied to t_sd=500ms in top
level). The sampling is such that the current through the shutdown pin must be below the reference (Isd <
10* Ibias=100uA) continually for an entire sample period (500ms) for the no_lamp signal to go HIGH.
The SD_b input and devices Mn3 and Mn4 are used to determine whether the input is a current mirror

(for pre-heat and normal op states) or a high impedance node (shutdown and off states).
Off Detector:

The Off Detector was designed to sense the REF input and output alow on Off_b (active low) when REF
was below 0.25V. In addition, a 0.2V hysterisis was added for noise immunity and tolerance of the
externa potentiometer. The function of the Off Detector alows a single low-power potentiometer to be
used for dimming and on/off control of the BIAS CFL product, where a detent near the setting that
delivers 0.25V to the REF input could be added for tactile feedback to the user that the lamp is off. The
circuit is designed around a differentid pair input (OV to 3.5V Vcm) with 0.34V reference, a differentia
decision circuit for 0.2V hysterisis, and symmetrical OTA to drive the outpui.

3-Way Detect:

The 3-way detector compares the input current to a reference current (1bias=10uA), and samples the
output over aclock interva (t_sd=500ms). The sampling is such that the input current must be below the
reference for the entire sampling interval for the output Sx_OUT to go LOW. Thiscircuit allowsasingle
resistor to be tied from the input Sx to a respective AC Phase input to the rectifier (follows positive AC
sine wave for half-cycle, one diode drop below ground for haf-cycle). Input device Mnl was designed
for Vsx = 2.5V a 200uA input; maximum expected input current is 170uA with IMEG Ohm resistor tied
between line and Sx.

Current Bias;
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The current biasis a V't reference bias with startup circuit. The bias resistor Rb=64K isimplemented in a
high-resistance poly layer (1000 Ohm/sg). Thiscircuit could be changed for a smaller resistor if this

layer were not available in another process.
Power-up (Boot):

The boot circuit is a fixed-current source based design, where a capacitance (viaMn3) is charged after
Vdd exceeds the combined threshold of Mn1 and Mn2. The combination of fixed threshold and charge
time guarantee that the boot signal will rise dow enough to provide the (active low) reset to the state-
machine, assuring the INIT state on power-up. The circuit dissipates a quiescent current of ~ 5uA during
normal operation. The reverse body diode of Mp2 diss pates the charge on Mn3 when Vdd decreases.

I/0 Pad Cells— BID, IN, and OUT:

These bi-directional, input, and output digital cells were used to drive / buffer the IC pads. The pad cells
used were standard ESD pads from AMI, and pads with built in digital 1/0 drivers were not available.

Packaging Diagrams and I nfor mation:

The bonding diagrams and package descriptions supplied by AMI are attached for the 8-lead and 28-lead
packages

2.3.3 Conclusonsfrom Low-Risk Path

The design of the ballast was successfully completed. It employs a custom ASIC that works to control al
low-cogt, high-performance ballast. Section 3 covers performance tests in detail.

During the development of the ballast, several new ideas came to mind that have the potential to further
improve ballast performance/cost ratio. Many of these ideas had substantial risk associated with them,
but the potential benefits were great enough that some time was spent exploring them. These are
discussed in Section 2.4
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24  HighRisk, Very Low Cost Path

241 Overview

As discussed previoudy, several ideas with potential for much improved ballast performance and cost
were briefly examined. While these ideas did not make it into this version of BIAS, they offer possible
benefits not only to a commercia version of BIAS but other lighting products as well. 1n this section we
will discuss some of the technologies which were discussed but not fully developed due to scope and time

constraints.

24.2 PWM Method of Continuous Frequercy Control for L-Comp
2.4.2.1 Background

Sdf-oscillating resonant inverters, such as commonly used in compact fluorescent electronic ballast,
typically operate by deriving atransistor switching waveform from one or more windings that are
magnetically coupled to aresonant inductor. When the need arises to control the converter output to the
load, one method to accomplish thisis discussed in U.S Patent # 5,965,985 (Nerone)[1], whereby the
effective reactance of areactive element is controlled by a variable resistance that may be in series or
parallel with said reactive e ement, as determined by the needs of the circuit. This variable resistanceis
commonly implemented with an active element such as a transistor, where the effective resistance across
two terminals is a continuous function of the magnitude of the control signa. The applied control signal
is aso continuous, and has a maximum frequency component substantialy lower than the switching
frequency of the converter. Thisisshown in Figure 2.4-1.

Transistor Q formsthe active element. The diode bridge network alows the typically unipolar Q to act as
abipolar resistive element. In this case, the reactive element to be controlled is an inductor L, which is
implemented in this case as a coupled inductor. This implementation in not necessary in principle, but is
beneficial in practice.
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Figure2.4-1 Current implementation of variable reactance control element for self-oscillating control. Actual
circuit shown in (A), and equivalent circuit shown in (B).

Applications for the aforementioned converters, such as CFL ballasts, typicaly require small size and low
cost. In order to achieve these goals, it is desirable to integrate as much of the electronics as possible onto
a semiconductor integrated circuit (ASIC). Furthermore, digita eectronics have the potential for lower
cost and decreased senditivity to parameter variations compared to analog electronics. It thereforeis
desirable to implement as much of the circuitry in digital form as possible. However, the aforementioned
digital approach requiresa D/A converter which adds substantially to the complexity of the system.
Another difficulty in integrating the above approach is the fact that substantial power may be dissipated in

the control element, which makes it more difficult to integrate on the chip.

A possible solution is to control the switch such that it turns on and off for part of each switching cycle.
This approach, its many variations, and its properties are well described in the literature, but it has a
serious drawback in that the switch control waveform must be synchronized to the power waveformsin
the converter tank circuit. In the case of the self-oscillating converter, this requires even more complexity

in the form of a frequency-tracking circuit such as a zero-crossing detector or phase-locked loop.

Another approach that does not require synchronization is described in a patent application by Louis R.
Nerone of GE Lighting (GEL). In thisinvention, the switch is turned on and off at a rate much sower
than the switching frequency. The ratio of time spent in each of the two states controls the average power
to theload. However, this control method necessarily lowers the response speed, or control bandwidth, of
the converter. Furthermore, this may present other difficulties for some applications of the switching

converters.

The objective of thisinvention isto control a self-oscillating switching power converter by means of an
active controlling device that is implemented by turning a switch either fully on or fully off in a manner
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that does not require the control switch waveform to be synchronized with the converter switching
frequency. Thisisto be accomplished without compromising the response speed of the converter. The
basic implementation of the controllable reactance is shown in Figure 2.4-2 for controlling the effective
reactance of an inductor. The diode network serves to make a bi-directional application practical with
commonly used active devices, which are usualy unidirectional The switch Q1 is turned completely on
and off at afrequency F, , which is substantially greater that the maximum frequency F imposed on the
terminals A and B. In the simplest implementation, the switch is Q, which is controlled by a pulse-width
modul ated waveform with a duty cycle D, as shown in Figure 2.4-3. The effect of this waveform isto
vary the average resistance seen in paralel with the inductance L between nodes A and B, where the
average resistance is given by R,=R/D. Thisrelies on the assumption that the value of R is substantially
greater that the on-resistance of switch QL Thisin turn varies the effective inductance between A and B
in amanner well known to those versed in the art.

Control Q1

I nput ( may Pul se
be digital) MXul at or

Req L

f

(A) (B)

Figure 2.4-2 Switched resistor control (A) and equivalent circuit (B).

Vtest <v(>=v(t)

r Itest
control Q1

Input (nmay PV Vtest i(t)
be C) Itest

digital)

<i(t)>=
~<v(t)>/(D*R)
] ft

t

Figure2.4-3 PWM control and effectiveresistance. Transistor Q1 iscontrolled via conventional pulse-width
modulation.

This approach has several major advantages over other approaches. First, because the Q1 control
frequency is substantially greater than the switching frequency, the intrinsic bandwidth of the switching
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converter is not compromised. Second, because no synchronization is required, the complexity is
reduced. Third, this approach increases the digital portion of the control ASIC and reduced the analog
portion. This adds the benefits of increased robustness, lower cost, and reduced ASIC support

components, the latter being difficult or expensive to implement on an IC.

Fourth, since R is substantially greater than the on-resistance of switch Q1, the mgority of the power
dissipation occursin R. This component can be left off the ASIC, and the reduced dissipation in Q1
allows it to be integrated on the IC. Finally, the effective resistance generated by this method shows a
very small dependence on the transistor parameters Therefore the effect is more consistent and
predictable even in the face of large transistor parameter variations.

Other modulation methods besides PWM are aso possible. One such method would be to modulate the
control signal with a band-limited pseudo-random binary stream. This would have the additional benefit
of spreading the frequency spectrum of the switching converter and thereby reduce the effective
electromagnetic interference generated by the circuit.

Saber smulations verify the validity of this concept, as applied to a compact fluorescent lamp electronic
ballast, shown in Figure 2.4-4. The results of the ssimulations based on an eectronic ballast are shown in
Figure 2.4-5 and Figure 2.4-6. Figure 2.4-5 shows startup waveforms for a CFL ballast with where the
aforementioned PWM control has been substituted for the analog control. After startup, it can be seen
that the lamp current and power are regulated quite well. Figure 2.4-6 is from the same simulation data
set, but a small section of time. The output of the PWM is shown in this figure, and its variation is
apparent as the control loop starts to regulate the lamp current. In addition, Figure 2.4-6 shows the
waveforms on the control inductor T1. The pulsed current in T1 occurs when the switch Q1 ison. While
the peak current is high, the average current is such that the equivalent average resistance is the same as
the resistance produced by the original circuit of Figure 2.4-1. The change in duty-cycle as the control
loop brings the lamp current into regulation is readily apparent.

The invention has not been reduced to practice.
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vvvvv

R 3 PWM

Figure 2.4-4 Schematic for simulation of CFL ballast application of invention. The area within the dashed
lineincludes the pulse-width modulator, switch Q3a (same as Q1 in Fig. 2), coupled inductor T2
(sameasL in Fig.2),and resistor R. The curved linelinking T2A and T2B explicitly showsthe

coupling.
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Medium Power L-comp with PWM resistor control
Startup waveforms
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Figure 2.4-5 Startup waveforms of CFL ballast circuit of Figure2.4-4. After an initial transient, the control
loop isregulating thelamp current as shown, indicating the proper operation of the control loop
and the PWM controller. Without an control loop, thisballast isunstable and the lamp
extinguishes (lamp current goesto zer o).
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Medium power L-comp with PWM resistor control
PWM and control inductor waveforms
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Figure 2.4-6 Detailed view of same ballast showing operation when control loop beginsto regulatethe
current. Thetop waveform showsthe PWM signal to the switch, and the 2" from the top shows
the value of the corresponding duty cycle. The lower two wavefor ms show the voltage and
current of the control inductor T2. The spikesin the current waveform occur when Q3A is
turned on.

243 Dynamic Analysisof Frequency-Controlled Electronic Ballast
2.4.3.1 Introduction

With the growing demand for more intelligent and universal lighting products, there exists a significant
need for improved design-oriented tools for the development of lighting electronic ballasts. This report
presents design tools for analyzing the dynamic behavior of dimming fluorescent ballasts, which aid the
design of feedback controllers and give an intuitive understanding of the effects of component and load
changes on the loop stability.
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Generally, dimming ballast designs rely on the stable open-loop “ current-source” characteristics of the

resonant tank to assure stability over the complete dimming range when a simple low-frequency feedback
loop is added for dimming control. However, in practice, oscillations can result at low power levels due
to the high Q of the resonant circuit and negative incremental resistance of the fluorescent lamp. In order
to predict and compensate for these phenomena, dynamic analysis of the control to output transfer
function is needed. Asshownin Figure 2.4-7, the control input can be bus voltage variations (amplitude
modulation, AM) or frequency control (frequency modulation, FM), and the desired output is the
resulting envelope variations in the lamp current. These issues were investigated and modeled using a
time-varying phasor transformationin [5] for the special case of operation at resonance with AM In [3],
[4] a SPICE modd was developed using the phasor transform to enable envelope transient smulation of
AM and phase modulation (PM). Additionally, AC analysis was performed through repeated transient
simulations while adjusting the modulation frequency.

+V
[+

v?V?v

s TR

£2R2f,

L
T

—
!

Figure2.4-7 The high-frequency ballast driven by AM/FM input

In this report we present a complete large and small-signal model of the frequency controlled (FM)
dimming ballast through a modification of the phasor transform used in [3] [4][5]. A SPICE-compatible
model is then described for direct AC analysis of the ballast system. Finally, a closed-form solution of
the frequency-to-output transfer function of the ballast is given, along with key observations that facilitate
smple and intuitive solution of the transfer function low-frequency gain and system poles, which can be
used for development of the feedback network.

2.4.3.2 Modified phasor transformation and its application to the ballast
The object in performing the phasor transformation is to remove the switching frequency components of

the waveforms and analyze the dynamics of the signal envelopes. The transformation approach was first

proposed in [1], where any sinusoidal signal can be represented by a complex phasor:
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x(t) ? Re[ X ()el**],
Equation 2.4-1

and X (t) isthetime-varying phasor corresponding to X(t) . The transform was intended for systems

operating with constant frequency ? ., but avery significant case for dimming ballastsis varigble

frequency control. In order to accommodate FM, we propose a modified phasor transformation:

xm?Rqué?@ﬁ,

Equation 2.4-2

which removes the FM component from the phasor X (t) . By applying Equation 2.4-2 to the basic

circuit elements, we can get the phasor models for the basic circuit elements as shown in Figure 2.4-8.
These models are similar to those in [1], except that here the imaginary resistors can be time varying.
Perturbing and linearizing the e ements yields the small-signal phasor models, which are a'so shown in
Figure 2.4-8.

v(t) cos(7® (H)dt ??) v(t)(cos? ? jsin?) v(cos? 2 jsin?)
R R R
o—AANNV—20 ..’ o—AANN—-o0 ... o—AAN—0
o r—— L i? (L . PR
V.C?s

—— = T L

Figure2.4-8 Large signal and small signal phasor modelsfor basic circuit elements

The transformation of any resonant topology can then be found by simply replacing the basic elements
according to Figure 2.4-8, as shown in Figure 2.4-9 for typical LCC resonant ballast. Once the phasor of
any signal is obtained by solving the phasor model, the original signal envelope can be recovered by
finding the magnitude of the phasor as [3] [4]

Compact Fluorescent Ballast-in-a-Socket 48 21 January 2002
Final Report



GE Corporate Research

q & Development

|X(1) [24/%" 2%

Equation 2.4-3

Its small-signal relationship is:

? 1 ? ?
X P (X1 %2 X, xz)
Equation 2.4-4

where X, X; and X, represent the steady-state values of x(t) and itsreal sand imaginary parts.

jVsCs? s
J cs s
o =
L j? L i?7 L Cs
— YIS AN n | {
— [ I | T
i
’ AVAVAY ?
v(cos ? ?|jsin ?) 1 i
J? C out

© = C”;:l et 2

Ves

Figure 2.4-9 Small-signal phasor model for L CC ballast
2.4.3.3 SPICE-Compatible Model and Experimental Verification

Due to the existence of imaginary resistors, the model in Figure 2.4-9 cannot be directly redized in a
SPICE-compatible smulator. However, using the same approach presented in [3], this complex circuit
can be split into real and imaginary parts, as shown in Figure 2.4-10, then implemented in a SPICE
simulator for transent and AC analysis. Figure 2.4-11 compares PSpice simulation and experimental
results of the transfer function from frequency control to output current. After the gains of the V/F
converter (which is used to generate the switching frequency modulation) and the current sensors are
taken into account, the actual measured low-frequency gain is—97db, which is in good agreement with
the smulation results. The large-signa transient analysis has aso been conducted, which is shown in
Figure 2.4-12 . It can be seen that the model accurately predicts the envelope of the origind AM signdl.

In the discussion above, the simulation and experimental results are found using aresistive load. For
more accurate results, the lamp mode can be incorporated into the ballast model, as shown in Figure
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2.4-13[4]. The simulation and experimental results are compared in Figure 2.4-14, where a 26W

compact fluorescent lamp (CFL) was used as the load.

R

100 EA " B ey

Figure2.4-11 Simulation (top) and measurement (bottom) results of frequency-to-output current transfer
function
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Figure2.4-12 Transient analysis given by the model (top) and the original LCC ballast (bottom)
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Figure 2.4-13 Spice model for fluorescent lamp frequency-to-output transfer function using a 26W CFL load
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Figure 2.4-14 Simulation (top) and measurement (bottom) results for frequency-to-output transfer function
using a 26W CFL load

2.4.3.4 Design-Oriented Analysis

The SPICE models of Section 2.4.3.3 facilitate dynamic analysis of dimming ballasts, but still lack
intuitive design-oriented aids useful for the development of ballast systems. In this section, we highlight
afew key observations from the theoretical analysis that give a more intuitive feel for the system
operation. By solving the modd in Figure 2.4-9, the phasor transfer function from frequency to output
current can be manipulated into the following closed form:

?

G () 7 o, NS 02)  N(S? 2 )D(s?)?.)

Equation 2.4-5

Gf ?ph_re(s) ? ij?ph_im(S) !

where D(s) represents the characteristic equation of the original LCC tank, and N(s) is a second order
polynomial Then, the transfer function from frequency to output current envelope of the origina circuit
can be expressed as.

?

i, 1
Gf (S) ? | ot | ? (I outhf?ph_re(S) ? Ioutsz?ph_im(S))

: 2 2
f \/I outl 7 I out2
Equation 2.4-6
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Although the resulting closed-form solution is an intimidating sixth-order transfer function, when put in
the form of Equation 2.4-5 and Equation 2.4-6, it can be seen that the poles of the system are simply the

poles of the original LCC tank D(s) shifted up and down by j? .. Thisisaniceintuitive result, asit

agrees with a classica communications style approach to the problem, which would see the input as a
frequency modulated carrier that is passed through the LCC tank. Asthe bdlast is generally operated
near and above the resonant frequency, this creates complex pair of poles at low frequencies, which
dominate the opertloop response over the bandwidth of atypical feedback controller. The pole diagram
for atypica balast is shown in Figure 2.4-15, where “*” represents the poles of the ballast, and “?”
represents the poles of the small-signal model. The low-frequency gain of the transfer function can aso
be determined from the closed-form solution, although it may be even smpler to determine the DC gain
directly from the steady-state solution of the ballast, as the slope of the output current-to-frequency curve,
asshown in Figure 2.4-14.

Figure 2.4-15 L ow-frequency gain of the model

VAN
—A—— -] j?
*
i VAN
*
N —{2
VAN
Figure 2.4-16 Poles of the ballast and the small-signal model
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2.4.35 Conclusons

In this report, we have presented tools useful for dynamic analysis of dimming electronic ballasts and
development of feedback compensation networks. A SPICE-compatible model was presented for direct
AC analysis of the effects of frequency control on the lamp current envelope. This model has also been
used for envelope transient simulations, resulting in significantly reduced smulation times. Toaid
development, key observations were presented that give intuitive analytical results on the low-frequency

gain and pole locations of the control-to-output transfer function.
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3 Ballast Performance

31 Electronics Perfor mance

Figure 3.1-1 shows the final BIAS prototype operating with a standard 26W plug-in CFL. The overal
ballast performance has been verified by independent testing at the LRC (Section 3.4). Thissection

shows waveforms that verify the main performance of the ballast.

Figure3.1-1 Final version of BIAS with 26W lamp operating at full power.
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Figure3.1-2 Cathode preheat waveforms.

Figure 3.1-2 shows the preheat interval. The black trace is the DC bus voltage, and the green trace is the
lamp current. As can be seen, the lamp starts about 1.1 seconds after the bus voltage comes up, very

close to the nominal preheat interval of 1 second. The preheat current is somewhat lower than optimum,
but adequate for reliable lamp starting. The preheat current had been optimized, but changes to the ballast
design required to reduce temperatures resulted in a lower preheat current. Thisisasimple adjustment
due to the degree of freedom provided by using heater current derived from resonant inductor windings.
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Figure 3.1-3 Lamp starting waveforms.

Figure 3.1-3 shows the lamp current (green) and voltage (pink) at lamp startup. These are very clean
startup waveforms. Theinitial small current occurswhile the lamp glows, transitioning to a clean start as

time progresses.
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Figure3.1-4 Full power waveforms.

Figure 3.1-4 shows the lamp current (green) and voltage (pink) with the lamp running at full power.
Some 120Hz ripple is evident in the waveforms. This could be eliminated by increasing the rectifier filter
capacitor, but the main effect would merely be prettier waveforms. The dight improvement in crest

factor would have negligible impact on lamp life.
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Figure3.1-5 Medium power waveforms.

Figure 3.1-5 shows the lamp current (green) and voltage (pink) at medium power (50%). Note the
reduced ripple due to the lower line current draw.
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Figure3.1-6 Low power waveforms.
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Figure 3.1-6 shows the lamp current (green) and voltage (pink) at medium power (20%).
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Figure3.1-7 BIAS power on with no lamp in socket.

Figure 3.1-7 shows ballast startup with no lamp in the socket. The DC bus (purple trace) comes up, and
the ballast attempts to preheat the lamp (black trace). After the preheat interval, the ballast shuts down.
The pink trace shows the parallel capacitor voltage. This component is the one most prone to failure
when the lamp is out of the circuit. It iswell within ratings, and never sees starting voltage in this case.
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Figure3.1-8 BIAS with lamp removed from circuit under full power.

Figure 3.1-8 shows lamp removal while the ballast is operating at full power. Thisisthe most stressful
condition for the ballast. The black trace shows the resonant inductor current and the pink trace shows
the parallel capacitor voltage. The latter is the one most prone to failure when the lamp is out of the
circuit. Itiswdl within its DC rating (1kV, and operates at its AC rating for a brief interval before the
ballast shuts down. Without the protection circuit, failure was seen every time as the capacitor voltage
exceeded 900V AC, and the part failed before the ASIC could shut down the circuit. The protection
circuit has been tested numerous times without ballast failure.
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3.2 Thermal Performance

Dr. Erwin Liang and Leon LaGalles completed an evaluation of the thermal performance of the prototype
bdlasts in late October 2001. Their preliminary results below indicate the need for further investigation,
as severd of the component temperatures are approaching the point at which reliability would be

compromised.

321 Thermal Measurement Setup

Infrared imaging and thermocouple (TC) are the two most common methods for investigating
temperatures of eectronics. Infrared measurements are not only accurate but also the fastest available
and offer the least disturbance to the point being measured. They provide the entire picture of how the
heet is distributed over the part and how it is changing in real time. However, most electronics are
enclosed by meta or plastic shells, which prevents infrared camera from making thermal imaging with no
viewing window. The component temperatures without the housings will be very different from those
with. Therefore, thermocouple became the method of choice for measuring the temperatures of major
ballast components.

When a TC is attached to a surface, heat flows from the measured components into the TC, and the heat
flow depresses the local temperature. The time dependent depression is influenced by the pertinent
parameters including: thermal conductivity of the surface and the thermocouple, orientation of the
thermocouple relative to the surface, air flow velocity, thermocouple diameter and junction thickness, and
any material used to reduce the thermal contact resistance between the thermocouple and the surface.
Consequently, the measured temperature always appears lower than the “true” temperature. To minimize
this ingtadlation error, Jtype thermocouples of small diameter (~ 0.25 mm OD including sheath) were
used and an epoxy of high thermal conductivity (1.4 W/m-K) was applied to mount thermocouples onto
the component surfaces and as paralldl to the surfaces as possible.

All the thermocouples from the electronic components were connected to A/D boards and then to a
computer on which LABTECH data acquisition software was running in 0.1 Hz to convert voltages to
digital temperature data and then record them as shown in Figure 3.2-1. The power to the light bulb was
supplied and regulated by a 120VAC, 60Hz, AC power source (Pacific Smart Source). Three power
levels: 100%, 50%, 25% corresponding to ballast input powers of 29.4W, 15.5W, and 10.5W,were
selected to test the thermal performance. Power level was monitored by a wide band spectral power
analyzer (Vahalla Scientific) and was digitally recorded in the data acquisition system. Light bulbs were
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given at least an hour of initial warm-up before tests commenced. Measurements always started at full
power, then shifted to the lower powers There were at least 15 minutes for the bulb to reach its new
equilibrium when changing power levels. Steady-state temperature at each specified power was obtained
by averaging the temperatures over a period of 1 hour or more. Temperature variation over the same
period was also computed for references For the purpose of repeatability and reproducibility, two lamps
were tested and each lamp had multiple runs.

Figure 3.2-1 Thermal measurement setup.

322 Component Temperature Profiles

Thermal ratings of electronic components are critical to the CTQ parameters of lifetime and reliability of
the product, and thus the system performance. Temperatures of 13 components in the prototype ballast
including FET, diode, capacitor and transformer were examined in addition to the Aluminum housing and
ambient temperature monitoring. For the purpose of identification, the locations where the thermocouples
attached are illustrated in Figure 3.2-2 and Figure 3.2-3 with labels.
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Figure 3.2-2 Components on the topside of the board.
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Figure 3.2-3 Components on the bottom side of the board.

The typical temperature traces of FET Q1, capacitor CB, diode D3, and transformer T1 in one of the many
thermal tests conducted are shown in Figure 3.2-4. Apparently, it took at least an hour for dl the
components to reach steady states at 100% power and the subsequent two steady-state temperatures were
obtained at 50% and 25% power levels for long enough periods for averaging. It appeared that the
fluctuation of signals taken by the data acquisition system increased with decreased power and it was the
worst at 25% power level. The variations from the average could be as high as 20% of the average value
at thislow power level. These variations were contributed to the electrical noise resulting from the
electromagnetic interference (EMI) of the components with the sensor circuits. Among the component
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monitored, transformers had the worst noise level. To reduce this kind of noise, the TC wires have to be
kept inside ametal shield that is grounded at one point only.
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Figure 3.2-4 Typical temperaturetracesin athermal test.

The averaged steady-state temperature of each component as a function of averaged ballast input power is
plotted in Figure 3.2-5. Among al the components and power levels, the maximum temperatures
occurred at diodes D2, D3, and D6 at full power and were about 140 °C. For most the components the
average temperatures at 50% and 25% power levels were fairly close to each other and they were
substantially lower than the temperature at full power. For some components, the averaged temperatures
were actudly higher at 25% power level than at 50%. Some of the components such as FETs tend to
have higher thermd dissipation at the lower power level since the phase of the inductor current is larger at
the low dimming point. Aluminum housing temperature is about 21 °C above the ambient temperature at

lower powers and reaches 48 °C (or 29 °C above the ambient temperature) at full power.
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Figure 3.2-5 Aver aged component temperaturesin terms of ballast input power.

Figure 3.2-6 lists the average and standard deviation for the steady-state temperatures of each component
a each power level obtained from a particular test on one of the two lamps. The ambient temperature was
the temperature measured from a TC in the air less than 1" from the aluminum housing. The far-field
room temperature was 18.6 °C on the average. The ballast input power was clearly under very tight
control. The standard deviations of the transformer temperatures (TO and T1) were the largest among all
at 25% power level, but these are much more electrical than therma. Therma measurement variations
were a redigtic levels for dl the other components. Diode D3 appeared to have exceptionally higher
thermal variation than other diodes (D2, D4, D5 and D6).

The average and standard deviation of the steady-state temperatures for every component at each power
level acquired from four tests (two lamps and two runs for each lamp) are summarizedin . The
differences between the corresponding results in Figure 3.2-6 and mainly resulted from part to part
variation, different numbers of thermocouple, and ambient temperature variation, but they were within
5%. The consistent thermal results indicate that the measurements were very repeatable between lamps

and from run to run.
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Figure 3.2-6 Averages and standard deviations of the steady-state temperaturesat three ballast input powers
for the components at the (a) topside and (b) bottom side of the boar ds obtained from one test.

POWER W] o1 Qz CB CR T0 TI D2 D4 D& Al Housing | Ambient
2955 139.08 127 52 79.85 100.21 131.85 131.23 138.37 113.11 136.57 47.05 =
0.02 0.83 0.49 022 0.558 226 233 031 023 0.38 0.77 071
15.43 102.56 895.70 6227 7242 92.60 92.43 91.25 g7 .94 g7.55 35.62 19.63
0.10 0.44 0.23 0.50 1.48 424 488 0.36 0.63 0.38 0.56 053
10.54 108.80 104.15 62.43 75.44 103.51 103.04 93.79 90.44 83.81 3957 20.08
0.02 4.12 1.42 3.22 4.56 17.87 18.51 2.10 1.46 2.41 3.08 0.56

Figure 3.2-7 Averages and standard deviations of the steady-state component temperatures at 3 input powers
measur ed from four tests.

It is clear from the thermal testing that miniaturization to meet size requirements has forced temperatures
of severa key components to reach the point at which product reliability/life would be compromised.
Preliminary testing of an optimized ballast indicates that temperatures of severa key components can be
reduced by as much as 10-15 degC with smply the substitution of new values. Reliability estimates
reflect these measurements.

3.3  Rdiability Predictions

This section of the report was prepared by Dr. Ljubisa Stevanovic. Rdiability isthe probability that an
item will perform its intended function without failure for a specified period of time and under stated
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conditions. In other words, reliability is“meeting customer performance expectations over timein real

world conditions’. It isa prime measure of quality - as viewed by the customer.

33.1 Causesof Electronic System Failures

Failures can generally be divided between intrinsic and extrinsic. Intrinsic failures are inherent to the
components. Examples of intrinsic failures are:
?? Electro-migration of electrica connections on a circuit board, or on a semiconductor chip,
?? Contact wear in electrica relays
?? Contamination effects, such as: corrosion, deposition of contaminants (e.g., ail, sdt, dust,...)
?? Solder joint fatigue

Extrinsic failures occur due to external factors, such as:

?? Electrodtatic discharge

?? Electrical overstress (voltage, current, power, ...)
?? Mechanica shock and vibration

?? Humidity or condensable water
»

Mishandling

Wear out failures are typically caused by intrinsic failures, while most “random” failures of components
aretypicaly caused by extrinsic factors.

The failure rate over time in most systems, including electronic ballast, tends to follow a so-called bathtub

curve. Thefailurerateistypicaly higher at the beginning and the end of the product life, as shown in
Figure 3.3-1.

Failures

infant mortality constant failure rate wearout

Time
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Figure 3.3-1 Reliability Bathtub Curvelnfant mortality istypically caused by manufacturing defects and

can be reduced by application of quality processes in manufacturing, supplier screening and component
qualification. After the infant mortaity period, the failure rate becomes lower and relatively constant.
During the constant failure rate period, failures tend to be extrinsic and can be reduced by understanding
externa factors and by addressing them in the design phase. Wear out failures are typicaly intrinsic and
can be predicted through accelerated testing and Weibull analysis. Electrical devices susceptible to wear
out are: relays, eectrolytic capacitors, fans, connectors, solder joints. Semiconductor devices are less
susceptible to wear out.

332 Rdiability Modeling

There are two widely used standard models for predicting failures under constant failure rate conditions:
?? Béllcore TR-332, Issue 5, Dec ' 95, Method I (parts count), Case 3 (general case): Reliability
Prediction Procedure for Electronic Equipment
?? MIL-HDBK-217F, Notice 2: Reliability Prediction of Electronic Equipment

A comparison of the Bellcore and the MIL-HDBK-217F models follows:

?? Both use generic failure rates, corrected for temperature, stress and environment
MIL-HDBK-217F has additional corrections (learning factors, package style)
Different failure rates for non hermetic parts (no penalty vs. ~10X multiplier)
Different methods for handling temperature (ambient vs. junction)

Only MIL-HDBK-217F includes solder joint fatigue

Only Béellcore has first year multiplier for infant mortality (depends on burn-in)

333 I I

Only Béellcore includes systematic way to include vendor data

Models are useful for estimating the Mean Time Between Failures (MTBF), or the reliability asafunction
of time, if no test data are available. The accuracy of either model istypically within afactor of 2to 3.
Occasionally, the accuracy can be off by as much as factor of 10 if defective parts, bad manufacturing
processes, or poor workmanship are present.

While test data is better than a predictive analysis, reliability modeling can help identify reliability issues
during design phase and prior to testing
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3.3.2.1 Béllcore Reliability Model

Bellcore reliability model is based on an assumption that failure rate of an assembly can be calculated by
adding component failure rates. If ?i represents the failure rate of a part i, then the failure rate of an

assembly is sum of failure rates of al parts multiplied by a scaling factor that accounts for application
environment:

? = environment factor * ? i

Reliability of each component is affected by following factors: temperature, eectrical stress, quality and
extrinsic factors. Failure rate for a component is calculated as follows:

?i =291 *?Qi *?S * ?Ti (failureratefor acomponent), where:
?0i represents generic failure rate (for integrated circuits it scales by trans stor/gate count)
?S iselectrical stress factor
?Ti istemperature factor (for ambient temperature at 1/2” above the component)
?Qi isquality factor

33 I I3

Single environment factor ?E applied at assembly level

?=2?E? ? (falurerate for an assembly)

Acceleration Factors. Electrical Stress
Higher stresses lead to higher failure rates. This correlation is governed by the following equation:

?2S=e ™ PP (Giress acceleration factor ), where:

?? mrepresents fitting parameter

?? pO isreference stress = 50%

?? plisapplied stress.

Figure 3.3-2 shows examples of failure acceleration due to electrical stressfor severa electronic
component types.
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Figure 3.3-2 Example of Electrical Stress Acceleration

Depending on the component type, electrical stress factors for components are calculated as follows:

?? Capacitors. Sum of applied dc voltage and ac peak voltage / rated voltage
?? Diode, rectifier: Average forward current / rated forward current

?? Diode, zener: Actua zener current or power / rated zener current or power
?? Relays: Contact current / rated current

?? Resistors. Applied power / rated power

?? Transstors: Dissipated power / rated power

In al cases, lower stress (de-ratings) will enhance component life. Therefore, the application of stress de-

ratings may be the single best way to ensure along-lived design.
Acceleration Factors. Temperature
Higher temperatures lead to higher failure rates. Thisis governed by Arrhenius equation:

?2T= e B T VT (Temperature acceleration factor ), where:

?? Eaisactivation energy
?? To isreference temperature = 40 +273 = 313 degK

?? T1 isambient temperature, in degrees K, 1/2” above the component.

Figure 3.3-3 shows examples of failure acceleration due to elevated temperature for several electronic

component types.
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Figure 3.3-3 Examples of Temperature Acceleration

333 Rdiability Modeling of BIAS Ballast

Reliability modeling of BIAS ballast was performed based on the Bellcore model. Electrical stresses of
al components were calculated over the range of nominal input voltage and output power conditions.
Highest stress values were used for reliability calculation. Component temperatures were based on
thermal measurements at three lamp power settings. Again, the highest temperature val ue was used for
caculations. Ambient air temperature inside the ballast housing was estimated at 55 degC based on
housing temperature. This temperature was used as a baseline for all components that have negligible
power dissipation and that are not in close proximity to the power components that are hot. Figure 3.3-4
is the Bellcore spreadsheet for the ballast circuit, showing electrical stresses and temperatures for al
components. Tota ballast FIT rate is calculated by adding FIT's of al components and the MTBF is
calculated assuming controlled (residentia) environment.

Notation:
FIT Rate = Failures per 10° hours
MTBF = 1x10°/ (FIT) , unitsare hours
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Electrical Electrical Tem
Part # Description Manuf Part # Qty Stress Stress (deng) FIT
#1(% rated) | #2 (% rated)
Ul BIAS8pinIC Custom ASIC 1 NA NA 55 118.8
Q1 250V Power N-FET FQU6P25 1 3 NA 139 137.1
Q2 -250V Power P-FET IRFU9214 1 2 NA 128 114.6
Q3 -50V Dimm P-FET BSS84 1 50 NA 111 541.9
Q4 Shutdown FET MMFT107T1 1 0 NA 55 26.2
D1 200V, 1A Bridge Rectif Genera Semi. DF02S 4 46 92 86 120.0
D2,3 10V, 0.5W Gate Zeners ZMM5240B 2 20 NA 138 33.0
D4 1A, 200V Ultrafast P-FET | MURS120T3 1 50 86 113 52.2
diode
D5 50V, 0.2A ilamp sense RLS4150TE-11 1 75 50 121 87.7
D6 50V, 0.2A ilamp sense RLS4150TE-11 1 75 50 137 112.9
D7 39V, 0.5W IC Supply Zener | MM SZ5259BT1 1 16 NA 82 7.6
D8 50V, 0.2A shutdown ckt RLSA150TE-11 1 0 0 55 2.9
D9 5.1V, 0.5W Vdd Zener ZMM5231B 1 1 NA 55 3.6
D10-13 | 50V, 0.2A dimm bridge RLSA4150TE-11 4 50 50 55 52.3
D14 24V, 0.5W Zener ZMM5252B 1 50 NA 55 11.6
D15 50V, 0.2A OV SD diode RLS4150TE-11 1 0 90 55 5.0
D16 10V, 0.5W Zener ZMM5240B 1 0 NA 55 35
Vi Varistor Panasonic - ECG ERZ - 1 0 NA 55 9.1
V05D242
R1-R22| SMD film resistors SM/R/**** 22 10 NA 55 25.3
R12 20k Pot Bourns3370 1 0 NA 55 50.5
C1,17 |22nF, 200V X7R 1206SMD 2 86 NA 55 28.6
Cc2 47uF, 200V Elytic Rubycon RX-20 1 86 NA 80 1565.8
C3 .22uF, 250V Polyester WIMA MKT 1 86 NA 55 324
c4 15nF, 50V X7R Kemet, 0805SMD 1 10 NA 55 0.6
C5 1.5nF, 100V NPO Mallory C1206SMD 1 11 NA 55 0.7
C6 A47nF, 200V NPO Panasonic 1206SMD 1 86 NA 55 14.3
C7 3.3nF, 630V, 5% WIMA MKP-10 1 79 NA 65 25.6
Polypropylene
C8 3.3nF, 630V, 5% WIMA MKP-10 1 48 NA 65 3.9
Polypropylene
C9 0.68nF, 1kV NPO SMD AVX1808AA681LJAINA 1 30 NA 55 14
C10-16 | X7R 0805SMD 7 20 NA 55 6.7
T1 Resonant T 4 windings. T1A,B,C,D 1 NA NA 132 201.5
T2 Gate dimming 2windings: T2A,B 1 NA NA 55 155
L1 Input Inductor Siemens B78108-S1104-J 1 NA NA 55 27.1
Base FIT Rate 3439.8
Thallast ambient@p100%= 55 MTBF in Residential Environment: 290714.7

Figure 3.3-4 Ballast reliability resultsThe ballast FIT rate is 3440 and the MTBF is approximately 290
thousand hours. Ballast reliability can now be calculated using following equation:

R= "
?? where ?=1/MTBF, with unitshr?,

?? and t represents number of hours of operation.
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Figure 3.3-5 shows predicted probability that the ballast will not fail during a certain number of run-time
hours. According to Figure 3.3-5, probability that the ballast will last 30,000 hours is 90%, while the
probability that it will last 50,000 hours is 84%.
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o
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Ballast Reliability
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o
o

10 20 30 40 50 60 70 80 90 100
Ballast Run-time (x1,000 hours)

Figure 3.3-5 Predicted Ballast Reliability

Calculated ballast rdiability representsinitia estimate and it would have to be validated and refined
through reliability testing, such as: high temperature life test, thermal cycling, power cycling, electrical
tests at extreme temperatures, etc. Ballast reliability can be improved by additional circuit optimization

and better thermal management.
34  System Performance

The Lighting Research Center (LRC) was subcontracted by GE to independently evaluate of the
performance of their ballast devel oped, against the target specification developed at the beginning of the
BIAS project. The LRC measured the electrical characteristics, light output, dimming range, color, effect
of voltage fluctuations, and warm-up time for the two BIAS lamps provided by GE. In all cases, the LRC
followed the testing protocol recommended by the IESNA Approved Method for the Electrical and
Photometric Measurements of Sngle Ended Compact Fluorescent Lamps (LM-66-00). The results show
that the lamps generally conformed to the desired specification for al parameters with the exception of
warmup time. This discrepancy can be attributed to the lamps rather than the ballasts.

34.1 Background

General Electric Corporate Research and Development (GE CR&D) is developing a miniature ballast for
plug-in CFLs that can be mounted in a package that is approximately the same size as the standard meta
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shell lamp holder currently used in portable fixtures designed for incandescent lamps. This project is
funded by the United States Department of Energy (USDOE) and GE. The Lighting Research Center
(LRC) was subcontracted by GE to support their ballast development program. One of the fina tasks of
this project is an independent evaluation of the ballast performance by LRC, against the target
specification developed at the beginning of the project. This section documents the test procedure used
for evauating the two prototype ballasts supplied by GE and the results.

342 Tes Procedure

The target specification for the system is shown in Appendix A. The LRC tested two systems, lamp and
ballast, supplied by GE for eectrical and light output characteristics. These include light output,
dimming range, color, effect of voltage fluctuations, and warm-up time. GE supplied the two lamp
systems after burning them for 100 hours. The two samples, labeled system A and system B, were tested

using the experimental setup shown in Figure 3.4-1.

PR705 Spectral-radiometer

Thermometer Picoammeter

Power Source

(exterior of sphere)
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¢
N

(interior of sphere)
Figure 3.4-1 Experimental Setup

The entire measurement system was carefully calibrated before measurement. For al the testing, the
IESNA Approved Method for the Electrical and Photometric Measurements of Single Ended Compact
Fluorescent Lamps (LM-66-00) was consulted for the measurement protocol. Lamp light output
stabilization status was monitored by the LABVIEW? automatic data collection system through the
Keithley 485 Autoranging Picoammeter. The ambient temperature was monitored, but it was not
controlled. Ambient temperature ranged from 22 °C to 27 °C. Three measurements were made for each
lamp over an eight-day period. Figure 3.4-8 summarizesthe results for system A. Figure 3.4-9
summarizes the results for system B.

343 Test Reaults
3.4.3.1 Electrical Characteristics

Figure 3.4-8 and Figure 3.4-9 in Section 3.4.4 show that both systems’ electrical characteristics meet the
GE-CRD-provided system specification (Appendix A): 120V input volts, input current of 0.485A, input

wattage of 30 +/-2W, and power factor of 0.5. Testing of the systems electrical characteristics followed
standard IESNA protocols.

3.4.3.2 Light Output
As Figure 3.4-8 in Section 3.4.4 shows, a 120V input volts lamp A has alight output of 1701 lumens. As

Figure 3.4-9 shows, lamp B has alight output of 1690 lumens for the same input voltage. The

measurement uncertainty of the lumen output measurement system used at the LRC laboratory is

Compact Fluorescent Ballast-in-a-Socket 78 21 January 2002
Final Report



GE Corporate Research
q & Development
estimated at 5%. Therefore, both lamps meet the light output specification requirement of 1710 lumens.
Testing of the lamps' light output followed standard IESNA protocols.

3.4.3.3 Dimming Range

As Figure 3.4-8in Section 3.4.4 shows, lamp A can be dimmed to 22.2% of full lumen output. Lamp B,
as described in Figure 3.4-9, can be dimmed to 19.7% of full lumen output. Beyond this dimming range,
the lamps will extinguish or flicker. Testing of the lamps dimming ranges followed standard IESNA
protocols.

Figure 3.4-2 indicates that dimming within certain ranges may actually increase the lamp's efficacy. For
example, at 80% of full lumen output, the lamp's luminous efficacy is 2.2% higher than it is a full light
output. Dimming more than 50% dramatically decreases lamp efficacy, however.

Effect of dimming BIAS lamp-A on Effect of dimming BIAS lamp-B on
luminous efficacy luminous efficacy
70 70
£ T 2o T
£ =
< 50 < 50
@ &
g 40 g w /
T 30 T 30
(2] n
> >
o 20 o 20
£ £
E 10 E 10
- -
0 . . . . . 0 . . . . .
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Percentage of full light output Percentage of full light output

Figure 3.4-2 Effect of Dimming on BIAS Lamp L uminous Efficacy

Dimming to below 25% of full light output will cause visible lamp flicker. Figure 3.4-3 shows the
lumens stabilization curve of lamp B when dimmed to 18% of full light output.
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BIAS Lamp-B dim to 18% of full light output
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Figure 3.4-3 Dimming to End Causes Visible Flicker
3.4.34 Color

Ascanbeseenin Figure 3.4-8 and Figure 3.4-9 in Section 3.4.4, a 120V input volts lamp A has a CRI of
82.8 and a CCT of 2705K whilelamp B hasa CRI of 82.1 and a CCT of 2758K. The specification
requires a CRI of 82 and CCT of 2800K at full power, so both lamps meet the CRI specification.
Although both lamp systems did not meet the CCT specifications exactly at 2800K, they are within 100K
of the target value, which is acceptable. Dimming lowers CCT and raises CRI, but even with these
effects, the lamps are still within the specification. Dimming from full power to the minimum dim level
reduces the CCT by only 40K and increases the CRI by only one.

Figure 3.4-4 shows the effect of dimming on lamp chromaticity coordinates. Lamp chromaticity
coordinates are well within the 4-step MacAdam Ellipse when dimming from full power to 25% light
output. Testing of the lamps color characteristics followed standard IESNA protocols.
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Figure 3.4-4 Effect of Dimming on Lamp Chromaticity Coordinates

3.4.35 Effect of Voltage Fluctuation on BIAS Lamp Performance

Figure 3.4-5 shows that BIAS lamp system performance in terms of color, light output, and electrical
characteristics is quite stable within a 10% voltage range. The effects of voltage fluctuation are also
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documented in Figure 3.4-8 and Figure 3.4-9 in Section 3.4.4. Testing of the effect of voltage fluctuation
on lamp performance followed standard IESNA protocols.

Impact of Voltage Fluctuation on BIAS Lamp-A
Performance
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Figure 3.4-5 Impact of Voltage Fluctuation on BIAS Lamp Performance

Compact Fluorescent Ballast-in-a-Socket 82 21 January 2002
Final Report



GE Corporate Research

q & Development

3.4.3.6 Warm-Up Time

It takes 163 seconds for lamp A and 198 seconds for Lamp B to reach their 90% light output levels.
Thesefigures are given in Figure 3.4-8 and Figure 3.4-9in Section 3.4.4. These warm-up times are
higher than the system specification of 100 seconds, so the lamps do not meet the specification in this
area. and show the three measurements of warmup curves for lamp A and lamp B, respectively. The
warm-up curve in test one was performed without any additional lamp burn-in. The other two tests were
conducted after 8 hours of additional burn-intime. IESNA protocols were followed in the testing of the

lamps' warm-up times.
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Figure3.4-6 Lamp A Warm-Up Curve

Compact Fluorescent Ballast-in-a-Socket 84 21 January 2002
Final Report



GE Corporate Research
& Development

GE BIAS Lamp-B test one full warm up
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344 DataTables

Lamp-A: Mean and Standard Deviation from three measurements

Ambient temperature | Input volts Current Input wattage Light output )
Test condition Power factor CCT CRI X y Efficacy
€] ) (A) (W) (Im)
26.0 (+1.2) 108.1 | 0.491(+0011) | 280(+03) | 053(+0.02) | 2700(+30) | 82.8(+0.5) | 0.4639 | 0.4167 | 1627 (+16) | 58.2 (+0.3)
Voltage fluctuation 25.8 (+1.5) 120.0 | 0.489 (+0.019) | 30.0(+01) | 0.51(+0.02) | 2705(+32) | 82.8(+0.5) | 0.4637 | 0.4169 | 1701 (+6) | 56.8 (+0.1)
25.2 (+2.2) 132.1 | 0.481(+40.001) 30.6 (0) 0.48 (0) 2726(+34) | 82.4(+0.6) | 0.4637 | 0.4199 | 1713 (+9) | 56.0 (+0.3)
26.2 (+1.2) 100% | 0.487(+0.019) | 29.9 (+02) | 051(+002) | 2705(+31) | 82.8(+0.5) | 0.4637 | 0.4169 | 1695 (+8) | 56.8 (+0.1)
25.7 (+0.9) 80% 0.391(40.017) | 22.7(+01) | 0.48(+0.02) | 2679(+34) | 83.3(+0.5) | 0.4645 | 0.4151 | 1345 (+6) | 59.2 (+0.2)
Dimming effect 25.6 (+0.9) 50% 0.291(+0.017) | 156(+02) | 0.45(+002) | 2665(+33) | 83.7(+0.3) | 0.4623 | 0.4093 | 836 (+11) | 53.8 (+0.1)
22.9 (#1.3) 25%* | 0.219(+0.001) | 10.6 (+0.) 0.40 (0) 2704 (+1) | 83.4(+0.1) | 0.4592 | 0.4088 | 415(+9 | 39.3 (+0.7)
25.3 (+1.0) End 0.204(40.008) | 10.0(+01) | 0.41(+002) | 2665(+33) | 83.7(+0.2) | 0.4583 | 0.4022 | 376(+8 | 37.5(+0.6)
Dimming range 22.2% Warm-up time (seconds) 163 ** Numbers in the parenthesis are standard deviations.
Lamp A: First Measurement
Ambient temperature | Input volts current Input wattage Light output |
Test condition - Power factor CCT CRI X - Efficacy
€9 [0 *) ) Y (im) Y
25.7 107.9 0.479 28.3 0.55 2681 83.1 0.4639 | 0.4140 1643 58.1
Voltage fluctuation 25.6 120.0 0.467 30.0 0.54 2686 83.0 0.4637 | 0.4142 1706 56.9
23.0 132.1% 0.481 30.6 0.48 2748 82,0 0.4636 | 0.4228 1723 56.3
26.0 100% 0.465 30.0 0.54 2686 83.0 0.4637 | 0.4142 1704 56.8
25.7 80% 0.372 226 0.51 2657 836 04646 | 0.4124 1339 59.3
Dimming effect 25.6 50% 0.271 15.4 0.47 2645 838 0.4623 | 0.4068 828 53.9
22.0 25%* 0.218 105 0.40 2704 834 0.4590 | 0.4083 406 385
25.3 End 0.195 10.1 0.43 2646 838 0.4579 | 0.3990 382 37.7
Dimming range 22.4% Warm-up time (seconds) 108.0
Lamp A: Second Measurement
Ambient temperature | Input volts Current Input wattage Light output N
Test condition Power factor CCT CRI X Efficacy
€0 ) ®) w) y (im) 4
27.3 107.9 0.498 27.8 0.52 2684 83.1 0.4633 | 0.4133 1626 58.5
Voltage fluctuation 27.4 120.0 0.499 29.9 0.50 2687 83.1 0.4632 | 0.4137 1694 56.7
27.4 132.1 0.482 30.6 0.48 2686 83.0 0.4634 | 0.4138 1709 55.9
27.4 100% 0.499 29.9 0.50 2687 83.1 0.4632 | 0.4137 1694 56.7
26.6 80% 0.401 22.8 0.47 2661 836 0.4642 | 0.4120 1350 59.2
Dimming effect 26.5 50% 0.298 155 0.43 2648 83.9 0.4615 | 0.4058 831 53.7
22.2 25%* 0.218 10.5 0.40 2703 835 0.4592 | 0.4088 417 39.7
26.3 End 0.209 10.0 0.40 2646 839 0.4579 | 0.3993 380 38.0
Dimming range 22.5% Warm-up time (seconds) 150
Lamp A: Third Measurement
Test condition Ambient temperature | Input volts current Input wattage Power factor ceT R X Light output Efficac
o ) *) w) y (im) y
25.0 107.9 0.497 27.8 0.52 2734 823 0.4646 | 0.4227 1612 58.0
Voltage fluctuation 24.5 120.1 0.500 30.0 0.50 2741 82.2 04641 | 0.4229 1702 56.7
25.1 132.0 0.481 30.6 0.48 2743 821 0.4640 | 0.4230 1706 55.8
25.1 100% 0.497 29.7 0.50 2741 822 0641 | 0.4229 1688 56.8
24.9 80% 0.402 22.8 0.47 2718 8238 04648 | 0.4200 1345 59.0
Dimming effect
imming effect 24.7 50% 0.302 15.8 0.44 2703 833 04631 | 04154 849 53.7
24.4 25% 0.220 10.6 0.40 2705 834 04594 | 0.4002 422 39.7
24.4 END 0.208 10.0 0.40 2703 835 04590 | 0.4082 367 36.8
Dimming range 21.7% Warm-up time (seconds) 232
Figure3.4-8 Lamp A Measurement Results
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Lamp-B: Mean and Standard Deviation from three measurements
- Ambient temperature | Input volts Current Input wattage Power Light output .
Test dit CCT CRI Effi
est condition o) W (A W) factor X y (im) icacy
25.0 (+1.7) 108.1 0.494 (+0.001) | 27.8 (+0.1) 052 (0) | 2749(+23) | 82.3(+0.5) | 0.4621 | 0.4200 | 1592 (+12) | 57.3 (+0.3)
Voltage fluctuation 24.8 (+1.5) 120.0 0.499 (0) 30.0 (+0.1) 050 (0) | 2758(+26) | 82.1(+0.6) | 0.4615 | 0.4205 | 1690 (+6) | 56.3 (+0.2)
25.0 (+1.6) 132.1 0.483 (0) 30.8 (+0.1) 048 (0) | 2755(+23) | 82.2(+0.5) | 0.4617 | 0.4204 | 1697 (+4) | 55.1 (+0.2)
24.8 (+1.7) 100% 0.498 (£0.001) | 29.9(x0.1) | 050() | 2757(25) | 82.1(x05) | 0.4615 | 0.4204 | 1684 (13) | 56.2 (£0.5)
24.8 (£2.0) 80% 0.403 (£0.002) | 23.0(20.2) | 048(0) | 2733(x21) | 82.8(£0.4) | 0.4624 | 0.4186 | 1343 (x4) | 58.4 (20.7)
Dimming effect 24.5 (£2.1) 50% 0.299 (£0.002) | 15.6 (:02) | 044(0) | 2720(x22) | 83.2(£0.4) | 0.4605 | 04132 | 842(+10) | 53.8 (:0.9)
22.8 (£1.0) 2596¢ 0.220 (£0.002) | 10.7 (x0.1) | 0.40(0) 2732(+1) | 83.2(£0.1) | 04576 | 0.4098 | 415(x14) | 38.9 (£1.4)
24.1 (£2.0) End 0.202 (£0.002) | 9.7 (0.1) 0.40 (0) | 2717(£23) | 83.4(£0.3) | 0.4562 | 0.4052 | 332(£29) | 34.4 (x2.7)
Dimming range 19.7% Warm-up time (seconds) 198 ** Numbers in the parenthesis are standard deviations.
Lamp B: First Measurement
. Ambient temperature | Input volts Current Input wattage Power Light output N
Test condition o) ) (A) (W) factor CCT CRI X y (im) Efficacy
26.5 108.1 0.495 27.8 0.52 2723 82.9 0.4607 0.4137 1602 57.6
Voltage fluctuation 26.1 120.0 0.499 30.0 0.50 2728 82.7 0.4602 0.414 1685 56.2
26.4 132.1 0.482 30.8 0.48 2729 82.7 0.4603 0.4141 1701 55.2
26.7 100% 0.497 29.8 0.50 2728 82.7 0.4602 0.4140 1684 56.5
26.9 80% 0.401 22.8 0.47 2709 83.2 0.4608 0.4123 1348 59.1
Dimming effect 26.8 50% 0.296 15.4 0.43 2694 83.6 0.4588 0.4067 844 54.7
22.0 25%* 0.221 10.7 0.40 2732 83.2 0.4575 0.4095 399 37.4
26.2 End 0.205 9.8 0.40 2691 83.8 0.4549 0.3994 363 37.2
Dimming range 21.6% Warm-up time (seconds) 144
Lamp B: Second Measurement
" Ambient temperature | Input volts Current Input wattage Power Light output "
Test condition ) ) A w) factor CCT CRI X y (m) Efficacy
25.2 107.9 0.496 27.8 0.52 2763 82.1 0.4627 | 0.4233 1594 57.3
Voltage fluctuation 25.2 120.0 0.499 30.0 0.50 2774 81.7 0.4622 | 0.4240 1696 56.5
253 132.0 0.483 30.8 0.48 2769 81.9 0.4622 0.4233 1697 55.1
243 100% 0.499 30.0 0.50 2774 817 0.4622 | 04240 1696 56.5
244 80% 0.403 23.0 0.48 2745 825 0.4632 0.4218 1342 58.3
Dimming effect 24.2 50% 0.301 15.8 0.44 2733 82.9 0.4613 0.4165 851 53.9
239 25% 0.219 10.6 0.40 2731 83.3 0.4576 0.4098 424 40.2
23.8 END 0.201 9.6 0.40 2731 83.2 0.4568 0.4082 306 319
Dimming range 18.0% Warm-up time (seconds) 207
Lamp B: Third Measurement
- Ambient temperature | Input volts Current Input wattage Power Light output "
Test condition o) ) ) (W) factor CCT CRI X y (im) Efficacy
232 107.9 0.493 277 052 2761 82.0 04629 | 0.4231 1579 57.0
Voltage fluctuation 23.2 120.0 0.499 30.1 0.50 2771 81.8 0.4622 0.4236 1688 56.1
233 132.1 0.482 309 0.48 2767 81.9 04626 | 0.4237 1694 54.8
23.3 100% 0.498 30.0 0.50 2769 81.9 04622 | 0.4232 1671 55.7
23.0 80% 0.405 232 0.48 2744 82.6 0.4633 0.4216 1340 57.8
Dimming effect 22.6 50% 0.300 15.7 0.44 2732 83.0 0.4613 0.4164 831 52.9
224 25% 0.222 107 0.40 2732 83.2 04577 | 0.4100 1 39.3
223 END 0.202 9.6 0.40 2730 83.2 04570 | 0.4081 328 34.1
Dimming range 19.6% Warm-up time (seconds) 243
Figure3.4-9 Lamp B Measurement Results
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345 Summary

The LRC measured the electrical characteristics, light output, dimming range, color, effect of voltage
fluctuations, and warm-up time for the two BIAS lamps provided by GE. In al cases, the LRC followed
the testing protocol recommended by the IESNA Approved Method for the Electrical and Photometric
Measurements of Sngle Ended Compact Fluorescent Lamps (LM-66-00). The results show that the
lamps generally conformed to the desired specification for al parameters with the exception of warm-up

time. This discrepancy can be attributed to the lamps rather than the ballasts.
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4 Market Analysis

4.1  Executive Summary

The market research study conducted by the Lighting Research Center (LRC) shows that a representative
sample of Unites States (U.S.) households has quite favorable feelings about compact fluorescent lamps
(CFLs) in general and the prospect of incorporating CFL technology into dedicated table or floor lampsin

particular.

The LRC study found that:

?? Based on tests with four common types of CFLs, shape of the lamp does not affect the
amount of light on the work surface.

?? Table lamps generaly require CFLs with approximately 1800 lumens.

?? Consumers very much liked having the choice of lamp illumination colors (different
correlated color temperatures [CCTS)).

?? Consumers were concerned about the high cost for CFLs relative to incandescent lamps.

3

Consumers wanted fast warm-up time.

3

Long lamp life was not a mgjor motivator for many consumers. Some who favored long

lamp life wanted some sort of guarantee.

?? A magjority of the consumers preferred dimming in their portable fixtures, and they arewilling
to pay approximately $5.00 more for this feature, within a wide range of typical luminaire
costs.

?? A magjority of the consumers used table and floor lamps in their bedrooms, family rooms and
dens, but a significant portion of them did not use CFLs in these fixtures. These facts point to
an opportunity to market both CFLs and dedicated CFL table or floor lamps for these living
areas.

?? A consumer education campaign, and reduced disparity between price and perceived vaue

will increase the use of CFLsin residential applications.

4.2  Background

Genera Electric Corporate Research and Development (GE CR&D) is developing a miniature ballast for
plug-in CFLs that can be mounted in a package that is approximately the same size as the standard metal
shell lamp holder currently used in portable fixtures designed for incandescent lamps. Use of this Ballast-
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in-a-Socket will allow fixture manufactures to very easily manufacture a wide range of portable fixtures
that use only energy-efficient compact fluorescent lamps. This project has been funded by the United
States Department of Energy (US DOE) and GE. The Lighting Research Center (LRC) was
subcontracted by GE to support their ballast development program. Transforming portable lighting
fixtures, such as table and floor lamps, to use CFLs instead of the conventional incandescent or halogen
incandescent lamps could result in significant energy savings for consumers and the country.

Although CFLs consume less energy and have longer operating life than conventional incandescent or
hal ogentincandescent light sources, their acceptance in residentia applications, especiadly in the United
States, has been low. One of the barriers for widespread acceptance has been the lack of properly
designed luminaires for CFLs. Portable lighting fixtures such as table and floor lamps are idea for
accommodating CFLs since they do not have the ventilation problem experienced by enclosed luminaires.
Here again, most portable luminaires presently have screw-base sockets  Consumers who have attempted
to use screw-base CFLs in these fixtures have often found that many screw-base CFLs are too long to fit
into the harps that hold the shades on existing fixtures. Those that do fit raise the center point of the
source relative to the shade, which changes the optics of the fixture. A second key factor is that screw-
base CFLs are rather expensive compared to the incandescent lamps they are designed to replace, while a
third factor is that some consumers object to disposing of the complete lamp and ballast system when
only the lamp has burned out. In addition, some consumers have complained about the reduced light
levels on the work surface near the table lamp where they frequently performed tasks such as reading and
writing. One of the main reasons for reduced light levelsis that, unlike incandescent lamps, the base of
screw-base CFLs is wider than the light-producing portion, therefore occluding a significant portion of
the downward directed light.

The Ballast-in-a-Socket is designed to resolve these and other issues associated with the use of CFLsin
portable fixtures. GE CR&D, in cooperation with GE Lighting, is developing miniature ballast for plug-
in CFLs that will fit within a shell that is about the same size as the incandescent lamp socket used with
table or floor lamps. Manufacturers of table and floor lamps can install the Ballast-in-a-Socket in place of
the standard Metal Shell Edison Socket on virtualy any portable fixture they now manufacture. Thiswill
convert these luminaires into dedicated CFL luminaires. It is hoped that many luminaire manufactures
would adopt this ballast to create dedicated plug-in CFL luminaires, reducing energy costs for consumers
and the country while not decreasing the choice of table and floor lamps for end users.
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43 LRC Project Goals

The LRC'srolein this project is to identify consumers preferences with regards to features and their
willingness to buy dedicated CFL luminaires and replacement CFLs. The origina prototype was
developed by CRD in paralel with the work being conducted at the LRC. We expect that asthis
prototype evolves into a product, the design will be guided by the work conducted at the LRC. TheUS
DOE will aso use this consumer preference information to help plan future R&D programs. As part of
this program, GE CR&D will retrofit one or two table lamps with this new balast and provide them to the
LRC afew months before the conclusion of this program so the LRC can evaluate their technical

performance and verify them against the performance targets established by GE.

There are four parts to the LRC' s study: a lighting industry manuf acturer/specifier survey, alaboratory

evaluation of table lamp light distribution, afocus group study, and a direct-mail consumer survey.

1. Lighting Industry Survey: The goal of the survey was to contact various groups in the

lighting industry who had infamation about or influenced the use of CFLs. These
groups were contacted in order to understand the state of the art of table lamps and the
reasons for low penetration of CFLsin residential applications.

2. Light Digtribution Study: The goa of the laboratory study was to determine how the

lamp, fixture, and shade design impacted light distribution on the work surface from a
table lamp.

3. Focus Group Study: The goal of the focus group study was to explore consumer opinions

of CFLs and dedicated CFL luminaries and develop an understanding of the key issues
that should be measured in the direct-mail survey.

4. Direct-Mail Survey: Thegoal of the direct-mail survey was to understand and measure

consumers preferences for features of a dedicated CFL luminaire and their willingnessto

buy a dedicated luminaire and replacement CFLs.

The intent of this summary chapter is to synthesize the information gathered in each of the four individua
studies and to provide GE CR&D with specific information about dedicated CFL luminaires and
recommendations for specific design features to be included into the new dedicated CFL luminaire.
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4.4 Results and Recommendations

441 TableLamp Featuresand Specifications
4.4.1.1 Dimming Control

During the lighting industry survey, one of the leading portable luminaire manufacturers commented that
dimming is not necessarily a required feature, since most customers put regular lamps into fixtures that
come with 3-way sockets In addition, they did not think there was substantial preference between 3-way
and continuous dimming. However, the LRC found that a mgjority of the consumers preferred dimming,
with either 3- way or continuous, compared to single-way switches (see Figure 4.4-1 below). This
requirement became evident during the focus group study and in the direct-mail survey. It was evident
from the direct-mail survey that a dight majority preferred continuous dimming to 3-way dimming.
However, during the focus group study, a majority of the participants preferred continuous dimming,
especially after they had a chance to experience different dimming features (see Figure 4.4-4). The
direct-mail survey indicates that consumer are willing to pay around $5.00 more for the dimming feature
regardless of the cost of the luminaire. In addition, focus group participants indirectly emphasized the
need for dimming by mentioning the requirement for different light levels to perform different tasks.

Response Percentage
3-way dimming 26.7%
Continuous dimming 374

No dimming 18.2
Not Sure 14

No Answer 16.2

Figure4.4-1 Per centage who prefer dimming type (results from direct-mail survey)
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Preference for Dimming Control
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Figure4.4-2 Per centage of respondents who preferred each type of dimming control, by all respondents, by
age, by CFL ownership, and by gender, results from focus group study.

4.4.1.2 Choiceof CFL Lamps

The conclusion drawn from the laboratory light distribution measurement study is that the color and shape
of the table lamp, i.e., the fixture, influences the amount of light reaching the work surface more than the
lamp or the shade. Therefore, any of the CFL lamps tested during this study (GE 28 watt 2D plug-in

CFL, GE 32 watt Twin BIAX (TBX) plug-in CFL, TCP 32 watt Spiral plug-in CFL) can be used in table
lamp applications. However, it isworth noting that prior experience shows that using 2D or Circline-type
CFLs can produce greater illuminance on the work surface However, if the shade diameter is not large
enough, the outline of the lamp becomes visible on the outside of the shade and results in reduced
aesthetics.

4.4.1.3 CFL Lamp Lumen Output

A leading portable luminaire manufacturer commented that a minimum output of 1750 lumens is needed
for the CFL lamp (equivalent to 100-watt incandescent). Thiswas confirmed during the focus group
study when amajority of participants found that alamp output of approximately 1800 lumensis required
for reading a newspaper located two feet from the base of the table lamp used in this study.
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4.4.1.4 Choiceof Colorsfor CFL Lamps

During the focus group study, the participants viewed a variety of CFLs with correlated color
temperatures (CCTs) of 2700K, 3000K, 3500K, and 4100K . Although the most popular lamp color was
3500K, participants liked having the choice of colors. They thought CFLs offer a benefit of color choice
not possible with incandescent lamps.  Some respondents very much liked the opportunity to vary the
color of the lamps to fit changing decor and lighting moods. Based on this, it is interesting to consider
why screw-base CFLs are available almost exclusively with a CCT of 2700K.

In addition, aleading portable luminaire manufacturer commented that good color rendition isan
important lamp characteristic, especially for the hospitality industry, because they invest alot of money in

choosing fabrics and paint colors for the rooms, and therefore, the lamps should not distort the colors.

4.4.15 Fast Warm-up

The consensus among focus group respondents was that any noticeable warm-up period for CFLs was too
long. During this same focus group study the magjority of the participants said that the warm-up time
should be 20 seconds or less. A leading portable luminaire manufacturer also commented that quick start
and warm-up is an important lamp characteristic.

4.4.1.6 Long Lamp Life

Although some of the respondents felt positively about the long lamp life characteristic, this was not a
major motivator for quite afew people. Some of those who did responded positively to long life wanted
some sort of life guarantee. Many have become very suspicious of any long-lasting claims. Many people
(mostly men) did not mind changing burnt-out lamps. Most respondents were more concerned about

price than lamp life.

442 TableLamp Marketing Issues
4.4.2.1 Willingnessto buy CFLs

Contrary to some past research that shows consumer resistance to compact fluorescent lamps, the findings
of the direct-mail survey show that a representative sample of U.S households has quite favorable
feelings about CFLsin general, and the prospect of incorporating CFL technology into dedicated table or
floor lampsin particular. When asked, “would you buy compact fluorescent lamps, 82.2% of all

respondents replied affirmatively (see Figure 4.4-2), while only 8.9% would not buy. People who aready
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use CFLsin their homes are significantly more likely to respond affirmatively to the question, reaching a
level of 92.9% (see Figure 4.4-3). However, when asked “have you ever used CFLsin your home, 41.7%
replied affirmatively, while 54.4% had not used them.

Percentage
[o1)
o

Willingness to Buy CFLs

| B Al |
| CFL Users|—]
Yes No Not Sure No Answer

Response

Figure4.4-3 Willingnessto buy CFLs, results from direct-mail survey

4.4.2.2 Willingnessto buy dedicated CFL fixtures

When asked, “Would you buy atable o floor lamp that used only CFLs,” 64.0% of all respondents
answered affirmatively (see Figure 4.4-4). Among present CFL users, 67.2% would buy, and even

among those who do not presently use CFLs, 61.1% were willing to buy a dedicated CFL table or floor

lamp (see Figure 4.4-4).
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Figure4.4-4 Willingness to buy dedicated CFL luminaire, results from direct-mail survey
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4.4.2.3 Luminaire and Replacement Lamp Price

Most focus group and direct-mail survey respondents felt that the CFLs are costly. Severa focus group
respondents mentioned that when their children had broken a CFL, they did not replace it with another
CFL because the lamps were so expensive. It was also mentioned during the focus group study that
consumers like to stockpile bulbs, and the perceived high cost would limit stockpiling. Thismay be an
issue where consumers need to be educated that they do not need to stockpile CFLs because they last

much longer than incandescent lamps.

A majority of respondents from the two surveys felt that a dedicated CFL luminaire sounds expensive.
The price for the most popular Cresswell/EMESS portable lamps is about $39. Volume falls off as the
price rises to $49 and then falls off more rapidly after that.

The focus group study found that consumers like their luminaires and are anxious about changing to new
ones. Therefore, it is suggested that areas in retail stores such as home centers, lighting stores, and
hardware stores can be created for consumersto bring in their table lamps with screw-base sockets and

have them converted to pin-base CFL sockets.

4424 Consumer Education

The responses received from the lighting industry survey, comprised of fixture manufacturers, interior
designers, and hospitdity lighting specifiers, indicate that lack of consumer information regarding the
benefits of CFLsis one of the main reasons for the low penetration of CFLsin residential applications.
They aso suggested that a consumer education campaign run by the DOE or a similar agency will
increase the use of CFLsin residential applications. The focus group report also suggests alarge

marketing campaign is necessary to overcome purchasing inertia of consumers.

4.4.25 Market sizefor CFL lamps and dedicated CFL table or floor lamps

The responses received from the direct-mail survey show that nearly al respondents have portable
fixtures in their bedrooms (90.4%) and living rooms (94.8%) and more than 61% have portable table or
floor lamps in their family rooms and dens (Figure 4.4-5). However, peopl€e s use of CFLsin these areas
are only 28.0% in their bedrooms, 23.5% in their living rooms, and 29.6% in their family rooms. These
facts point to an opportunity to market both CFLs and dedicated CFL table or floor lamps for these living

areas.
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Luminaire Location vs. CFL Location
Living Areas
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Figure4.4-5 Locations of luminaire use, results from direct-mail survey
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5 Conclusion

Our work has shown that it is quite feasible to produce dedicated CFL ballasts within the socket of a
typica table or floor lamp. Application Specific Integrated Circuits (ASIC) are key to the success of such
aproduct. Without the cost, size and control advantages provided by circuit integration, none of the
customers CTQ’swould be achievable.

This program aso included an investigation into end-users' attitudes toward CFL’s, in order to gauge the
potential for success for a product such asthe BIAS The results were positive, at least among those who
were aready integral CFL users. However, even non-CFL users showed afavorable attitude toward the
color and features CFLs offered. Thisimplies that when the high initial cost factor is mitigated, there
would be less consumer resistance to CFL s use than was perhaps expected.

A magjor part of this study was devoted to the development of new robust ASIC technology which would
be necessary to provide advanced ballast functionality when using low-cost ballast techniques such as GE
Lighting’s L-Comp topology. We have shown that the ASIC and ballast circuit does indeed provide all
the functionality currently available commercidly in integral CFLs. Additionaly, functionality such as
continuous dimming and no lamp/broken lamp protection, which are not usualy included in current CFL

offerings, are included for ease of use, energy savings and safety reasons.
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7 Appendix A: System Specification

71 GE CR&D System Specification
26W, 120 Volt, LPF TBX
Non-Amalgam, BIAS
System Description
Parameter Symbol Conditions Min [ Nom Max Units
Operating Voltage Vin 108 120 132 V rms
Line Freguency 60 Hz
Operating Temperature Range For 90% Lumen Output 5 25 50 C
CRI at full power 80 82
Time to 90% L umens 100 Sec
Starting Temperature ? C
Starting Time Rapid 15 Sec
Lumen Maintenance @ 50% of Rated Life 85% % initial
Power Factor P.F. base down at 120V, 25C 0.4 0.5
THD(fund) THD(fund) | base down at 120V, 25C
Center Beam Candle Power For Reflector Systems N/A
For Reflector Systems N/A
Beam Spread N/A
Color Temperature at full power 2800 K
Target Cost System Variable, FOB FGN 10 $
Min | Avg Max
Lumens Base Down (BD) 1710 Lumens
Lumens Base Up (BU) N/A Lumens
Input Wattage (ballast) Pin base down at 120V, 25C 28 30 32 Watts
Input Current (ballast) lin base down at 120V, 25C 0.485 0.550 A rms
Life (median) base down at 120V, 25 C, 30,000 hours
3hr/20min cycle
System Starts 30,000
nomis a population average, min and max are +/-3 ? #imits for individual systems
Regulatory
Parameter Reference Document Related Conditions
Radiated Emissions CFR 47 Part 18.305
Conducted Emissions CFR 47 Part 18.307
Transient Tolerance ANSI/IEEE62.41
Safety UL 1993
Performance Standard (FTC/IEC/EC/CSA)
Recommended Application Space
Shaded Lamp ?Yes Open Air Fixture (Track) ?Yes
Enclosed Indoor ?Yes Recessed Can (Open) ?Yes
Open Indoor ? Yes Recessed Can (Closed) ? Yes
Bare Bulb (Basedown) | ? Yes Enclosed Outdoor (Base ?Yes
Down)
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