United States Patent

US008446109B2

(12) 10) Patent No.: US 8,446,109 B2
Yang 45) Date of Patent: May 21, 2013
(54) LED LIGHT SOURCE WITH DIRECT AC 7,708,447 B2* 5/2010 Tobleretal. ................ 362/619
DRIVE 7,843,150 B2* 11/2010 Wangetal. ... .. 315/307
8,174,212 B2* 5/2012 Tziony etal. .. ... 315/309
. 2009/0187925 Al* 7/2009 Huetal. .....ccooee 719/327
(75) Inventor: Long Yang, Livermore, CA (US) 2011/0109244 Al 52011 Grajcar
(73) Assignee: Bridgelux, Inc., Livermore, CA (US) OTHER PUBLICATIONS
(*) Notice: Subject to any disclaimer, the term of this International Search Report, PCT/US2012/021445 dated Dec. 3,
patent is extended or adjusted under 35 2012.
U.S.C. 154(b) by 0 days.
(5) by Ve * cited by examiner
(21) Appl. No.: 13/084,336 . . .
Primary Examiner — Minh D A
(22) Filed: Apr. 11, 2011 (74) Attorney, Agent, or Firm — Calvin B. Ward
(65) Prior Publication Data (57) ABSTRACT
US 2012/0091920 A1 Apr. 19, 2012 A light source and method for operating a light source are
disclosed. The present invention includes a light source and
(51) Int.CL method for using the same. The light source includes a power
GOSF 1/00 (2006.01) coupler, a reconfigurable two-dimensional LED array and a
HO5B 39/04 (2006.01) controller. The power coupler is configured to receive a power
(52) US.CL potential that varies as a function of time. The LED array has
USPC e 315/307; 315/291 a plurality of configurations of LEDs, each configuration
(58) Field of Classification Search being characterized by a minimum bias potential and a maxi-
USPC ............ 315/291, 307, 209 R, 312, 91, 185 R mum bias potential. The LED array generates light when a
See application file for complete search history. potential between first and second power terminals is greater
than the minimum bias potential. The controller varies the
(56) References Cited configuration of the array such that the power potential
remains between the minimum and maximum bias potentials
U.S. PATENT DOCUMENTS as the power potential varies.
6,670,776 B2* 12/2003 Guthrieetal. ............ 315/200 A
6,841,947 B2* 1/2005 Berg-johansen ........... 315/169.3 21 Claims, 15 Drawing Sheets

52

? 70

VOLTAGE /

LIMIk;fER — 50

53 “L_ 77
' 76
74 75 \.73
CONTROLLER LED 7
\ ARRAY ~1 —

51

VARIABLE
POWER |
SOURCE

(

Pttt

I



US 8,446,109 B2

Sheet 1 of 15

May 21, 2013

U.S. Patent

(LIV d0ordd)
CHINOId

X
NA
M YATTONINOD

134 ||
LINHEUINO

wa

3o

1<

uo

330

(LIV I0ordd)

uo

[ J4NOIA

330




US 8,446,109 B2

Sheet 2 of 15

May 21, 2013

U.S. Patent

€8 TN

(LIV MOordd)
¢ NANOIA

1

[43

)

A TTIOULNOD

6¢

HOLIMS

%3

)

YITTIOULNOD

INHIHENO

0¢



US 8,446,109 B2

Sheet 3 of 15

May 21, 2013

U.S. Patent

p TINOLA
4DdN0S
165 ™ AAMOd
TTIVIIVA
X
1S ) ¢
AVIIY )
A1 YA TTOULNOD
€S
05 = MALIAIT
ADVITOA




U.S. Patent May 21, 2013 Sheet 4 of 15 US 8,446,109 B2

5

FIGURE 5

EEEERS




U.S. Patent May 21, 2013 Sheet 5 of 15 US 8,446,109 B2

FIGURE 6

(c)

(d)

(b)

t ¥ ¥ Yoy o¥

(o,
(o

(a)



U.S. Patent May 21, 2013 Sheet 6 of 15 US 8,446,109 B2

g
. D —
o Y | DD |
S
—DH —DHDHDH L)
E o
—DH DD =
) V) _ S—) )
—DH DD i) ' -
o} (o]
—DH _
2 —
Le e
—H T
3
—oH — DD
N o
D DD
\_(‘\1
. —H e E) S-)
SCET e
NI I N \
L | —DH —lg
D+ -
D S $
o]
o (o] =

(a)



U.S. Patent May 21, 2013 Sheet 7 of 15 US 8,446,109 B2

i
v —
2
O
I I I | g
,_D,J__I_D,I o | ~
-
. Y ) Y ) e

A
) 5

| | | ! | ° 3

-

=

o \ ) \ ) ) =

76
Rl
fH
(o]
FIGURE 8(a)



U.S. Patent May 21, 2013 Sheet 8 of 15 US 8,446,109 B2

t ¥ ¥ YoY%

(o,
(e

>

s
kS
-
-
-
t

<=

FIGURE 8(d)




U.S. Patent May 21, 2013 Sheet 9 of 15 US 8,446,109 B2

FIGURE 9

/80

\_ 85

81
83
89



US 8,446,109 B2

Sheet 10 of 15

May 21, 2013

U.S. Patent

(®01 TANDOIA

Q)01 DANDOIA (®)o1 TANDIA

i
L)

801 801

—H-b—bi-bh
=Dl

LOT LOT —

Dbk

901 ] 90T —

.

.
el e

L]

-::_;_-J

—ﬂ-ﬂ—“—ﬂJ

SO j SOl —~ T SOI
X iii
v0l —~% § § pO1 — w bO1 —
i ii}
€01 % § co1~ ¥ €01
i1 fii
Ol N4 & & 01 —~ m. 01
i1 fii 101
101 —% § % 10T — W.m




US 8,446,109 B2

Sheet 11 of 15

May 21, 2013

U.S. Patent

(®01 TANDOIA

80—

Rt I
Lo

LOT

P
L]

901

Pl
L]

SOI

-
gy

mMJE:
fii
m.- TTE01
fii
m. — 701
fi}
mn — 101

(P)OT DANDOIA

801

[on]
s

LOT ™

901

SOL

YOI —

01

<0l

10T —




US 8,446,109 B2

Sheet 12 of 15

May 21, 2013

U.S. Patent

(3)01 ANOIA

; fii
801732 1130l

e EEE RN

o~ 111 e

R EE R RE S

@01 TINDOIA

801 7

LOT

—Pb—b-bh

901 ™

MO

SOI™—

s

—v01

—PD—b-bi
Di-Di—di-bk
D=~

—¢01

P i

— 01

[—.

— 101




US 8,446,109 B2

Sheet 13 of 15

May 21, 2013

U.S. Patent

(D01 LINDIA

JSHT D

I EEEEEE FEEIIE o

ool i FEIEE BEiiiE oo

j
colEEIEEL OBEIILE Lo

(o1 ANDOIA

b
D

02)%

moﬁ)%

vOl

€01

<0l

101




US 8,446,109 B2

Sheet 14 of 15

May 21, 2013

U.S. Patent

(Do1 FINOIA

gor | or | oor” [ sor” | vor” | eor” | cor” | 101’
CDoT 2INDI4
SN | QS | N | N | N L I LI 1
SOL S8 Lot 8 oot 3 SOLEE pord§ €OT 4 COl§H 101 ¥
901 7l
| \_!\’ i \/ i
1 1 1 1

o EEEEERE RREEET

LOT T % 4 EE]®

(Do1 aaNOI14

7

=
Di-Di: :'.:'.l
:H-H—H-HJ
\en

=

— 101




US 8,446,109 B2

Sheet 15 of 15

May 21, 2013

U.S. Patent

oty HILHIIE - G LTI
M L ceo T V Mﬁ
801 <0l 101
(0)01 TINDIA
[ [ [ [ [ [ [ [
EEEEE EERER RRRRE I ERREE: I RRREE  RRREE R RRE I RREEE
7 il ) il 1 1 ) Dl
801 LOT 901 SOl vOl €01 01 101
eovmnon FFPRET DD LR DI WL DM DS
801 L0190l  sol ol €I 20l o
BRI AR LR LS
(Wwol TINDIA ¥ ¥ O A ¥ ¥ ¥
\ \ \~ \ \ \ \M \M
801 LO1 901 SOl 144! €0l 0l 101




US 8,446,109 B2

1
LED LIGHT SOURCE WITH DIRECT AC
DRIVE

BACKGROUND OF THE INVENTION

Light-emitting diodes (LEDs) are an important class of
solid-state devices that convert electric energy to light
Improvements in these devices have resulted in their use in
light fixtures designed to replace conventional incandescent
and fluorescent light sources. The LEDs have significantly
longer lifetimes and, in some cases, significantly higher effi-
ciency for converting electric energy to light.

The conversion efficiency of individual LEDs is an impor-
tant factor in addressing the cost of high power LED light
sources. The conversion efficiency of an LED is defined to be
the electrical power dissipated per unit of light that is emitted
by the LED. Electrical power that is not converted to light in
the LED is converted to heat that raises the temperature of the
LED. The light conversion efficiency of an LED decreases
with increasing current through the LED.

LEDs are typically powered from a DC power source or a
modulated square wave source so that a constant current flows
through the LED while the LED is “on”. The current value is
set to provide high conversion efficiency. In light sources with
variable intensity, the intensity of the light is controlled by
changing the duty factor of the modulated square wave so that
the current flowing through the LED is at a value consistent
with providing the desired efficiency.

Conventional lighting systems for use in buildings typi-
cally must be powered from an AC power source. Hence, an
LED-based replacement light source typically includes an
AC-DC power converter. The cost of the power converter
represents a significant fraction of the cost of a typical LED
light source. In addition, the power losses in the power con-
verter reduce the overall efficiency of the light source. In
addition, such AC-DC converters are not as reliable as that of
LEDs, and hence, can limit the lifetime of the lighting system.

To avoid these costs, LED light sources that operate
directly from an AC power source without the power first
being converted to DC have been proposed. For example,
light sources that include two strings of LEDs have been
proposed. The LEDs are connected in series in each string.
One string is powered on when the AC waveform is in the
positive half of the sine wave, and the other is powered when
the AC waveform is in the negative half of the sine wave. This
simple driving scheme suffers from low efficiency and flicker.
To improve the efficiency, light sources that include a full-
wave rectifier have been proposed; however, such light
sources still have low efficiency and exhibit flicker.

Consider a single LED that is driven by an AC waveform.
In general, the LED is characterized by a turn-on voltage, V
which must be exceeded to forward bias the LED so that a
substantial current will flow through the LED. The LED will
remain off until the sine wave reaches this voltage. When the
voltage is greater than this turn-on value, the LED will gen-
erate light; however, the voltage drop across the LED must
also be maintained below a maximum value, V ,, at which the
LED will be damaged. In general, the current through the
LED increases exponentially with voltage above the turn-on
voltage until the current is limited by the series resistance of
the LED. Hence, the difference between the turn-on and
maximum voltages that characterize the allowable operating
range of the LED is relatively small. For example, V, is
approximately 2.75V and V , is approximately 3.6V for GaN
blue LEDs. Vis determined by the dominant wavelength of
the emitting light. V; is determined by the overall heat con-
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2

sumption the packaged LEDs are capable of enduring or the
highest current density allowed to the LEDs without causing
long term reliability issues.

To accommodate the maximum voltage, V, of a typical
building power source, a number of LEDs must be connected
in series. The minimum number of diodes must be greater
than V /V , to prevent damage to the LEDs unless a current
limiting mechanism is included in the drive circuitry which
consumes further power. For example, with the 110V AC
system, the peak voltage is 156V, i.e., V=156V, approxi-
mately 43 LEDs must be placed in series to withstand the
peak voltage. However, the string will cease to make light
when the voltage drops to 118V. As aresult, light is generated
approximately 30 percent of the time. This leads to a 120-
cycle flicker. In addition, the number of LEDs that must be
used to generate a predetermined average light intensity is
more than three times the number needed in a DC driving
scheme, which increases both the component and the pack-
aging costs.

Inaco-pending application, U.S. Ser. No. 12/504,994, filed
on Jul. 17, 2009, an improved AC LED light source is
described in which each LED in a series string is connected in
parallel with a switch that shorts that LED when the AC
voltage across the string is insufficient to drive all of the LEDs
in the string. By removing LEDs from the string when the AC
voltage is below the voltage needed to drive all of the LEDs,
the duty cycle is substantially increased. However, the result-
ing light intensity varies approximately sinusoidally. In addi-
tion, the light source will still cease to make light when the AC
voltage falls below V. This “dark” period further increases
the perception of a flickering source. Hence, the flicker prob-
lem remains. In addition, the average number of LEDs gen-
erating light over the cycle is still substantially less than 100
percent. Finally, the cost of the light source is increased by the
number of switches needed to implement this scheme.

SUMMARY OF THE INVENTION

The present invention includes a light source and method
for using the same. The light source includes a power coupler,
areconfigurable two-dimensional LED array and a controller.
The power coupler is configured to receive a power potential
that varies as a function of time. The reconfigurable two-
dimensional LED array has a plurality of configurations of
LEDs, each configuration being characterized by a minimum
bias potential and a maximum bias potential. The LED array
generates light when a potential between first and second
power terminals is greater than the minimum bias potential.
The controller measures the power potential when the power
is received by the apparatus and reconfigures the LED array in
response to the measured power potential such that the mini-
mum bias potential of the chosen configuration is less than the
power potential when the power potential is greater than a
predetermined threshold value and such that the measured
power potential is less than the maximum bias potential.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an LED driven by a full-wave rectified
power source.

FIG. 2 illustrates two cycles of the full-wave rectified
power source.

FIG. 3 is a schematic drawing of a light source that utilizes
a series connected string of LEDs with shorting switches.

FIG. 4 illustrates one embodiment of a light source accord-
ing to the present invention.
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FIG. 5 is a schematic drawing of a two-dimensional array
of LEDs consisting of two sub-arrays.

FIGS. 6(a)-6(d) illustrate four configurations of a six-LED
array that have different V,,,,, values.

FIGS. 7(a)-7(f) illustrate the arrangements of the two sub-
arrays that provide the V., values in question.

FIGS. 8(a)-8(e) illustrate one embodiment of a sub-array
according to the present invention in which the sub-array has
six LEDs that are connected with various switches.

FIG. 9 illustrates the basic connection arrangement utilized
in a nested two-dimensional array.

FIGS. 10(a)-10(p) and Table 1 illustrate the 15 configura-
tions of'a 96-LED light source that are needed to track a 120V
full-wave rectified power source.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS OF THE INVENTION

Normally, LEDs are driven by a constant current source
that operates from a DC power supply. As noted above, the
cost of the power source represents a significant portion of the
overall cost of the light source. To avoid this cost, it has been
suggested that LEDs could be operated directly from any AC
power source. In such a scheme, a full-wave rectified AC
power source is connected directly to the LED. Hence, the
LED is driven by a power source that is no longer a constant
current source. Since the current through an LED is an expo-
nential function of the driving voltage at voltages above the
minimum voltage, V, at which the LED will be turned on,
care must be taken to make sure that the voltage does not
reach a point at which the current through the LED will cause
damage to the LED. In addition, it is useful to maintain the
current below that at which the efficiency of the LED is
reduced and too much heat is generated.

Referring now to FIG. 1, which illustrates an LED 23
driven by a full-wave rectified power source 21. Two cycles of
the full-wave rectified power source are shown in FIG. 2. In
general, LED 23 is characterized by a minimum forward
voltage value, V,, at which the LED passes current and gen-
erates light. Since the current through an LED like any other
diode increases exponentially with the voltage across the
diode above this minimum voltage, a current controller 22 is
typically utilized to prevent the current through the LED from
reaching a value that would destroy the LED direct operation.
In operation, the LED is operated with a voltage across the
LED, which is slightly higher than V. It should be noted that
the value of V can be altered by connecting a number of LEDs
in series to produce an LED that effectively has a higher V.
That is, LED 23 could be replaced by N serial connected
LEDs in which case the effective V would be N times the V.
of the individual LEDs. Hence, a full-wave rectified 110V
source can be used for power source 21.

Refer now to FIG. 2. The LED will generate light when the
voltage of the waveform is greater than V. At the points in the
power cycle in which the voltage of the driving waveform is
less than V; no light is generated, and hence, the light source
flickers with a frequency of twice the AC line frequency. The
amount of time that the light source is off depends on the
relative values of V,, and V. Increasing V, relative to V lowers
the fraction of the time that the light source is off. However
this leads to wasted power since the voltage that is not applied
across the LED appears across the current controller to pro-
tect the LED. The power that is not converted in the LED is
converted to heat in the current controller. Hence, increasing
V,, relative to V -to increase the fraction of the time the light
source is on leads to significant power losses.
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In the above-identified co-pending application, a scheme
that reduces these power losses is described. In one of these
embodiments, the LED shown in FIG. 2 is replaced by a series
connected string of LEDs with shorting switches that effec-
tively remove LEDs from the string in response to the drops in
the power voltage of the AC waveform. Referring now to F1G.
3, which is a schematic drawing of a light source 30 that
utilizes a series connected string of LEDs. Series connected
string of LEDs 33 is powered from a fully rectified AC source
39 through a current controller 31. In the embodiment shown
in FIG. 3, the series connected string of LEDs consists of five
LEDs shown at 34 through 38. A number of shorting switches
shown at 41 through 43 are used to control which LEDs in the
string are active at any given time. For example, if shorting
switch 41 is closed, LED 34 is no longer powered. Similarly
if shorting switch 42 is closed, LEDs 34 and 35 are no longer
powered. A switch controller 32 controls which of the
switches are activated at any given time based on the voltage
of the waveform from its source 39.

In operation, the switches are operated as follows: When
the voltage from source 39 is less than two V, switch 44 is
closed and the remaining switches are in the open position. As
the voltage increases about two V, switch 44 is opened and
switch 43 is closed thereby applying the voltage across LEDs
37 and 38. When the voltage increases further to at least three
V, switch 42 is closed and the remaining switches are set in the
open position and hence the voltage is applied across LEDs
36, 37, and 38. This process continues until the voltage from
source 39 is greater than five V. At this point, all of the
switches are open and the voltage appears across the entire
series string of LEDs. As the voltage decreases from its peak
voltage, the process is repeated in reverse.

The embodiment shown in FIG. 3 suffers from flicker. The
flicker is the result of the large variations in light intensity
over the power cycle. In addition, the flicker is further
enhanced by the total lack of light when the driving voltage
falls below V. The fraction of the time that the light source is
off depends on the ratio of the peak voltage from voltage
source 39 to V.

Refer now to FIG. 4, which illustrates one embodiment of
alight source according to the present invention. Light source
50 includes a two-dimensional array of LEDs 51 that is driven
from a variable power source 54. Array 51 includes a number
of switches that allow the connection arrangement of the
LEDs within the array to be changed by controller 52 in
response to variations in the output voltage of power source
54. An optional voltage limiter 53 prevents the voltage across
array 51 from reaching a value that would damage the LEDs
within array 51.

The details of the switching system will be discussed in
more detail below. For the purposes of the present discussion,
array 51 includes N LEDs. For any given configuration of the
LEDs, the array can be viewed as a single LED with a mini-
mum voltage, V. . below which light will not be generated
and a maximum voltage, V., that must not be exceeded. The
output light intensity for any given configuration is approxi-
mated by the number of LEDs that are on in that configura-
tion. Ideally, controller 52 reconfigures the array such that
three conditions are met. First, as the voltage from the power
source varies over the power cycle, V,, ., should be adjusted
suchthatV,  is less than the output voltage of power source
54 so that light will be generated throughout the power cycle.
Ideally, for an array of identical LEDs, the array should be
capable being configured such that V., changes in incre-
ments of V from V through NV Since the array must always
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have at least one LED connected between its power terminals
if the array is to generate light, V. cannot be decreased

below V.
Second, V,,,,.. for the array should be adjusted such that
V .0 18 greater than the output voltage to ensure that the LEDs

will not be damaged. It should be noted that voltage limiter 53
could be utilized to prevent damage to the LEDs; however,
relying on voltage limiter 53 for this function results in a loss
of efficiency, since the excess power is dissipated in the cur-
rent controller.

Third, configurations in which the current through the vari-
ous LEDs in the arrays varies greatly from one LED to
another should be avoided. This problem is illustrated in FIG.
5, which is a schematic drawing of a two-dimensional array of
LEDs consisting of two sub-arrays. Sub-array 55 consists of
six-L.EDs in series, and sub-array 56 consists of six LEDs in
parallel. The two sub-arrays are connected in series. The two
dimensional array has a V=7V Each LED can be viewed
as consisting of an ideal diode in series with a resistor. The
current passing through the LEDs in sub-array 55 must be six
times the current passing through the LEDs in sub-array 56.
Hence, the resistive power loss in the LEDs in sub-array 55 is
36 times higher than that in the LEDs in sub-array 56. The
high power loss in the LEDs of sub-array 55 leads to exces-
sive heating of those LEDs, and, in addition, results in lower
efficiency of conversion of electrical power to light. Accord-
ingly, configurations in which one LED is required to carry
more than 6 times the current of another LED in the array
when both LEDs are conducting current are preferably
avoided. In one aspect of the invention, configurations in
which one LED is required to carry more than 3 times the
current of another LED in the array are avoided.

To simplify the following discussion, it will be assumed
that all of the LEDs in the array have the same V; and V.. In
this case, V,,,, must be an integer multiple of V. Hence, an
array that could be configured such that V,,,, can be set in
increments of V would be advantageous. Denote the voltage
from power supply 54 at any given time, t, by V(). Ideally,
controller 52 would configure array 51 such V<V, ()
=V, +V, For each configuration, there is a V. corre-
sponding to that configuration. As will be discussed in more
detail below, there will be cases in which V (t)>V, for
every possible configuration for some short period of time. In
such instances, voltage limiter 53 can be used to reduce the
voltage that actually appears across the array by splitting the
voltage limiter 53 and array 51 until V(1) returns to a safe
value.

In one aspect of the invention, the LED array is constructed
from a plurality of LED modules such that resulting configu-
rations can provide V,,,,,, values from Vto NV - for an array
having N LEDs. The manner in which this is achieved can be
more easily understood with reference to FIGS. 6(a)-6(d),
which illustrate four configurations of a six-LED array that
have different V,,, values. To simplify the drawing, the
switches used to configure the array have been omitted. The
switching network will be discussed in more detail below.
ThehighestV ,,,, value is 6V -and corresponds to the arrange-
ment shown in FIG. 6(a). The arrangement shown in FIG.
6(%) provides a V,,,,, of 3V; and the arrangement shown in
FIG. 6(c) provides a V,,,, of 2V . Finally, the arrangement
showninF1G. 6(d) hasaV ,, of V . It should be noted that in
all of these arrangements, all six LEDs generate light pro-
vided the voltage across the array is atleastV,,,.

It should be noted that the single six-LED array shown in
FIG. 6 cannot provide an array witha 'V, of 4V cor 5V .and
still have all of the LEDs generating light at the same time.
However, an array constructed from two such six-LED sub-
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arrays can provide all V,, ,, values from V to 6V . Refer now
to FIGS. 7(a)-7(f), which illustrate the arrangements of the
two sub-arrays that provide the V,,,,, values in question. To
provideaV,,, =V the two arrays shown at 61 and 62 are each
configured as a 1x6 LED array as shown in FIG. 7(a). To
provide V., =2V, the arrays are configured as 2x3 arrays and
connected in parallel as shown in FIG. 7(b). Similarly, the two
arrays provideaV,,, =3V when connected as 3x2 arrays and
driven in parallel as shown in FIG. 7(c). If the two arrays are
connected as 2x3 arrays and driven in series, a V,,,,, =4V is
obtained as shown in FIG. 7(d). To provide a V,,;,, =5V ; array
61 is configured as a 2x3 array, and array 62 is configured as
a 3x2 array. The two sub-arrays are then driven in parallel as
shown in FIG. 7(e). Finally, a V,,, =6V is obtained by con-
figuring the two arrays as 6x1 arrays and driving the sub-
arrays in parallel as shown in FIG. 7(f).

It should be noted that in all of these configurations, all 12
LEDs generate light whenever the input voltage is greater
than the V,,,,, value for that configuration. In all of the con-
figurations except that shown in FIG. 7(e), all of the LEDs are
driven with the same current assuming that the LEDs are
identical. In the case of the arrangement shown in FIG. 7(e),
the LEDs in sub-array 61 must pass 150 percent of the current
that flows through each of the LEDs in sub-array 62. How-
ever, this arrangement still satisfies the limitations discussed
above, and hence, this does not present a problem. The prob-
lems associated with balancing the currents through each of
the LEDs in more complicated two-dimensional arrays will
be discussed in more detail below.

Refer now to FIGS. 8(a)-8(e), which illustrate one embodi-
ment of a sub-array according to the present invention in
which the sub-array has six LEDs that are connected with
various switches. FIG. 8(a) is a schematic drawing of one
embodiment of a sub-array having six LEDs. Sub-array 70 is
constructed from a plurality of LED sections, including a first
section, a number of intermediary sections and a last section.
An exemplary intermediate section is shown at 73. Section 73
includes an LED 76 and three switches. Switch 74 connects
the anode of LED 76 to a first power rail 71. Switch 75
connects the cathode of LED 76 to a second power rail 72.
Switch 77 connects the anode of LED 75 such that section 73
can be connected in series to the section above it in the
sub-array. The first section lacks switches 74 and 76. The last
section lacks switch 75. By setting the positions of the
switches, various two-dimensional configurations of LEDs
can be obtained. FIG. 8(b) illustrates the switch positions
used to obtain six LEDs in series. Similarly, FIG. 8(c) illus-
trates the switch positions that provide two sets of three LEDs
in series that are connected in parallel to the power terminals.
FIG. 8(d) illustrates the switch positions that provide three
sets of LEDs in which each set has two LEDs in series, and the
three sets are connected in parallel across the power termi-
nals. Finally, FIG. 8(e) illustrates the switch positions that
provide six LEDs in parallel across the power terminals.

Referring again to FIG. 8(a), each of the LEDs in sub-array
70 could be replaced by another sub-array of LEDs. For
example, each LED could be replaced by a similar array
having six LEDs that can assume the configurations shown in
FIG. 6. The resulting array would have 36 LEDs, and could
withstand a voltage of approximately 130V.

As noted above, the ideal LED array would have configu-
rations that can be changed such that the minimum driving
voltage, V.. could be varied in increments of V. However,
not all of these configurations are needed in many light
sources of interest, particularly when the driving voltage is at
its highest values during the voltage cycle. Consider a voltage
source that consists of a full-wave rectified 110V AC power
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source. As noted above, approximately 44 LEDs in series are
needed to withstand the peak voltage of 156V, assuming V ,
for each LED is 3.6V. That s, at the peak voltage, the array is
configured as 44 LEDs in series (V,,, =44V, and
V ,ax=44V ;). This array will function in this configuration
between 121V and 158V. Sometime before voltage from the
source decreases below 121V, the array must be reconfigured
to have a lower 'V ,,,,.

There are a number of different configurations that can be
used for the next configuration. The next configuration must
haveaV,,  ofatleast 121V andaV,,,, thatis less than 121V.
Hence, the next configuration must present a load that has at
least 34 LEDs in series, i.e.,V,,,,, =34V and V=34V ;. Any
configuration that has V,,, between 34V .and 43V .could be
utilized. The source voltage at which the switch occurs to the
new configuration will depend on the choice of V.. In one
aspect of the invention, the choice of the configuration
depends on the array satisfying the additional rules discussed
above. For example, if one configuration does not utilize all of
the LEDs in the array and a second of the possible configu-
rations uses all of the LEDs, the second configuration would
be preferred if that configuration does not require that the
current through one of the LEDs exceed a predetermined
design current, such as the factor of six rule discussed above.

It should also be noted that when the V,,,,, value is large
compared to V; turning off one or two LEDs to provide the
desired V,,,,, results in very little loss in intensity from the
light source, and hence, may be acceptable. IfV, , is less than
20V  for the current driving voltage, turning off an LED is less
attractive, since the light source intensity would be reduced
significantly.

When'V,,,,, <V no light will be provided by any configu-
ration of the LED array. When'V, <V , there will not be any
configuration in which the LEDs are ON. WhenV,, ., is small
but greater than V , there will be periods in which no configu-
ration will satisfy all of the conditions discussed above.

Consider the case in which the LED array is configured
with V,,, =3V i.e., there are three LEDs in series, with a
number of such strings connected in parallel. For the V -and
V ;values discussed above,V,, =8.25V and V=108V for
this configuration. When the voltage from the source
decreases to below V, . the LED array must be reconfigured.
The next configuration has V,,, =2V, and V.=V, and
V. ,uax=1-2V. There are three possible choices of action in this
case. First, the array could be dark for voltage values between
8.25V and 7.2V. This would be accomplished by not switch-
ing the configuration until the voltage from the source is less
than V,, . of the next configuration, i.e., 7.2V. The second
possibility would be to violate the condition that V must be
lessthan 'V, . for the period of time in question. The damage
done to the LEDs by subjecting the LEDs to voltages in
excess of V; is the result of heating in the LEDs. In some
cases, the LEDs could be overloaded for a period of time that
is small compared to the duty cycle without permanent dam-
age, since the excess heat would be dissipated during the
remainder of the cycle.

The third possibility is to use voltage limiter 53 shown in
FIG. 4 to limit the voltage at the LED array. In this case, the
excess power is dissipated in voltage limiter 53 and all of the
LEDs will remain ON. In one aspect of the invention, the
voltage limiter 53 provides a variable voltage limiting func-
tion under the control of controller 52. Controller 52 stores a
table of V. values for each configuration. When controller
52 configures LED array 51 such thatV,, .. would be violated,
controller 52 causes voltage limiter 53 to take part of the
voltage across voltage limiter 53 to maintain the voltage at
LED array at'V,,,,, or slightly lower.
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The above-described embodiments require a two-dimen-
sional array of LEDs that can be configured in various series
and parallel arrangements to provide an array thathasa'V,,,,
andaV,,, that can be adjusted in response to changes in the
voltage across the array. In one aspect of the present inven-
tion, such an array is constructed from a nested arrangement
of sub-arrays having a topology that is analogous to that
shown in FIG. 8(a). Refer now to FIG. 9, which illustrates the
basic connection arrangement utilized in a nested two-dimen-
sional array. Array 80 is constructed from a plurality of sec-
tions including a first section 81, a last section 82, and option-
ally, a number of intermediate sections 83. Refer first to
intermediate section 83. Intermediate section 83 includes a
light source 84 and three switches 85-87. Switch 86 connects
the anode of light source 86 to power rail 89; switch 87
connects the cathode of light source 84 to power rail 88, and
switch 85 connects the anode of light source 84 to the cathode
of the light source in the adjacent stage. Section 81 differs
from section 83 in that switches 85 and 86 are omitted. Simi-
larly, section 82 differs from section 83 in that switch 87 is
omitted.

The nested arrangement can be used to connect the light
sources in various series and parallel arrangements, in a man-
ner analogous to that described above with reference to FIGS.
8(a)-8(e). In addition, one or more of the light sources could
be turned off by bypassing the light source in a manner similar
to that described above with reference to FIG. 3. In this
regard, it should be noted that the light source in FIG. 8(a) is
an example of this topology with six sections and each light
source being a single LED. However, each of the light sources
in array 80 could include another light source having the
topology of 80. Hence, the outer levels of the nested array can
be used for connecting various sub-arrays in parallel and
series combinations by utilizing the sub-arrays for the light
sources shown at 84.

Referagain to FIGS. 7(a)-(f). The various configurations of
the 12 LED light sources shown in FIG. 7 can be achieved by
using a nested light source, in which the outermost arrange-
ment has two stages, i.e., the first and last stages shown in
FIG. 9. Each light source 84 in the outermost configuration
consists of a 6-LED light source constructed from another
nested light source with six sections in which each section has
asingle LED as the internal light source in that section. These
12-LED light sources can then be used as light sources 84, a
nested light source in which the outermost arrangement has
eight stages to provide a 96-LED light source, and so on. The
resultant 96-LED light source is well adapted for use with a
full-wave rectified 120V AC power source or a 240V AC
full-wave rectified power source.

Refer now to FIGS. 10(a)-10(p) and Table 1, which illus-
trate the 15 configurations of such a 96-LED light source that
are needed to track a 120V full-wave rectified power source.
The light source can be viewed as eight sub-arrays in which
each sub-string has 12 LEDs. As noted above, the peak volt-
age of such a light source is approximately 156V. As dis-
cussed above, each configuration is characterizedby a'V,, .
andaV,,,, voltage between which the array will generate light
from the LEDs therein without damaging the LEDs. V,, .. is
N,*V; where N is the number of LEDs that are connected in
series between the power terminals of the array. Similarly
Ve 18 NJ*V . Inthe following discussion, it will be assumed
that the source voltage starts at the peak voltage. Each con-
figuration covers one voltage range characterized by the V.
and V,, .. values. The initial voltage range is shown as con-
figuration 1 in Table 1 and illustrated in FIG. 10(a). The
connection scheme for configuration consists of two 48-LED
strings connected in series. The eight sub-arrays are shown at
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101-108. The explanations of the remaining 14 configura-
tions will be evident from Table 1 and the associated figures.

TABLE 1

Configurations for 120 V AC source

Config. Ve Vuin # of LEDs in series Figure
1 172.8 132 48 10(a)
2 144 110 40 10(b)
3 115.2 88 32 10(c)
4 93.6 71.5 26 10(d)
5 72 55 20 10(e)
6 57.6 44 16 10(f)
7 46.8 3575 13 10(g)
8 36 275 10 10(h)
9 28.8 22 8 10(1)

10 25.2 19.25 7 10()

11 21.6 16.5 6 10(k)
12 18 13.75 5 10()

13 14.4 11 4 10(m)
14 10.8 8.25 3 10(n)
15 7.2 5.5 2 10(0)
16 3.6 2.75 1 10(p)

The switching between configurations can occur at any
source voltage, V, between'V,,,,. of the next configuration and
V..., of the previous configuration. Hence, the controller can
switch the array from configuration 1 to configuration 2 at any
source voltage between 132V and 144V. With the exceptions
of the transitions from configuration 14 to configuration 15,
and from configuration 15 to configuration 16, the states can
be switched without turning off the LEDs or damaging the
LEDs due to over voltage.

There are three methods for dealing with the exceptions
discussed above. The first method is to delay switching con-
figurations. For example, if the voltage from the source is
decreasing, the transition could be delayed until the voltage is
within the V,, -V, . range of the destination state. If the
voltage from the source is increasing, the transition could be
made as soon as the voltage is outside the V,,, -V, ... range of
the originating configuration. This approach will result in the
array going dark for a short period of time between transi-
tions. The length of that dark period will be discussed in more
detail below.

The second method is to use voltage limiter 53 shown in
FIG. 4 to reduce the voltage across the array such that the
transition can be made as soon as the voltage is out of the
range of the originating configuration. In this case, a small
amount of power will be dissipated in voltage limiter 53
during the transition. However, the amount of power is small
compared to the average power dissipated by the light source
over the power cycle. Hence, this arrangement is acceptable
in many applications.

Third, the LED array could be subjected to an over voltage
condition for a short time period. The damage done to the
array when V , is exceeded results primarily from the heating
of'the LEDs by the extra current that flows through the LED.
Each LED can be viewed as an ideal diode in series with a
resistor. Increasing the voltage increases the current through
the resistor, and hence, increases the heating of the photo-
diode. Hence, it is the average voltage that is important, not
the instantaneous voltage. Accordingly, if the time period
over which V, is exceeded is sufficiently small, V, can be
exceeded without significant damage to the LED:s.

The longest period over which the array must be dark is the
period in which the source voltage is below V. Fora 120V AC
source, this is 1.1 percent of the power cycle. For a 60-cycle
source, this amounts to less than 100 microseconds per “dark”
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period. For many applications, this is too short to be perceived
by a human observer. In the first scheme for dealing with the
lack of overlap between the voltage ranges in the two excep-
tional transistors, the dark periods are of substantially less
duration.

It should also be noted that the 96-LED array described
above could be configured for use with a 240V full-wave
rectified power source by adding four additional configura-
tions. The additional configurations have the eight sub-arrays
in series. The first configuration of each sub-array consists of
12 LEDs in series and covers the source voltage from the peak
voltage at 312V down to 264V. The second configuration has
five sub-arrays configured as 12 LEDs in series and three
sub-arrays configured as two strings of six LEDs in series, the
two strings being connected in parallel. This configuration
covers the source voltage from 281V down to 215V. The third
configuration has three sub-arrays configured as 12 LEDs in
series and five sub-arrays configured as two strings of six
LEDs as described above. This configuration covers the
source voltage range from 237V down to 182V. The fourth
configuration has one sub-array configured as 12 LEDs in
series and seven sub-arrays configured as two strings of six
LEDs as described above. This configuration covers the
source voltage range from 194V down to 148V. The remain-
ing voltage ranges are covered by the configurations dis-
cussed above with reference to Table 1 and FIGS. 10(a)-10
(p). Hence, the same array can be utilized for both common
AC power systems.

The above-described embodiments of the present inven-
tion have utilized the case of a variable power source that is a
full-wave rectified AC source. However, the present invention
may be used with any variable power source. Refer again to
FIG. 4. In one aspect of the present invention, controller 52
includes a table, which provides a correspondence between
each possible input voltage and a connection state for the
various LEDs and LED array 51. When controller 52 senses a
new voltage level from variable power source 54, controller
52 sets a corresponding connection state in LED array 51 such
that as many of the LEDs as possible in LED array 51 are on.
If it is not possible to have a state in which the LEDs are on
and can absorb the full magnitude of the power from variable
source 54, controller 52 causes voltage limiter 53 to reduce
the voltage across LED array 51 or sets a configuration that is
dark for a short period of time as described above. In essence,
voltage limiter 53 and LED array 51 divide the voltage from
variable power source 54 such that LED array 51 is not
subjected to a voltage that is greater than LED array 51 can
absorb in its current configuration.

While the present invention ideally provides a light source
having N LEDs in which the light output is N times the
average light output from a single LED as long as the driving
voltage is greater than V, the present invention provides an
advantage over the prior art even in those cases in which the
light output is less than N times the average light output. Ifthe
input waveform is sinusoidal, output that closely approxi-
mates this ideal can be obtained. However for other wave-
forms, the output may be less than this because there is not a
matching configuration of LEDs in which all of the LEDs are
on and all of the input waveform is applied across the LED
array. In one aspect of the present invention, the light source
provides an output that does not vary by more than 10 percent
from configuration to configuration when the driving voltage
is greater than V. In other aspects of the present invention, the
light source provides an output that does not vary by more
than 20, 30, 40, or 50 percent from configuration to configu-
ration when the driving voltage is greater than V.
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The above-described embodiments of the present inven-
tion have been described in terms of a two-dimensional array
of LEDs constructed from a nested array of sub-arrays. How-
ever, embodiments of the present invention that utilize other
forms of two-dimensional arrays could also be constructed.
For the purposes of this application, a two-dimensional array
of LEDs is defined to be an array having a plurality of differ-
ent configurations that present different numbers of LEDs in
series and parallel between two power terminals, at least two
of the configurations having different numbers of LEDs in
parallel between the two power terminals. In contrast, a one-
dimensional array of LEDs has all of the LEDs connected in
series or parallel, the number of LEDs connected in series or
parallel, respectively, changing from configuration to con-
figuration.

The above described embodiments of the present invention
utilize configurations in which all N LEDs generate light
when the driving voltage is above V. However, embodiments
in which a small number of the LEDs are off in one or more
configurations still represent a substantial improvement over
the art. For example, a sub-array of six LEDs in series could
be configured to be an array with fewer than six LEDs gen-
erating light by using the switches in the structure shown in
FIG. 8(a) to bypass one or more of the LEDs. Such an array
can be useful inprovidingaV,,,,,-V ... range that is not easily
obtained with all of the LEDs on. Consider an array having 36
LEDs. One method for providing an array withaV,,,,=35*V
would be to have 36 LEDs in series with one LED off. The
resultant light loss is less than 3 percent; hence, this configu-
ration may be satisfactory in cases where there is no other
means for providing the V,,,,, in question without violating
one of the other goals for the array. If a small fraction of the
LEDs are allowed to be off in some configurations, arrays in
which V,,,,, can be set to any integer multiple of V,can be
obtained. In one aspect of the invention, no more than 10
percent of the LEDs are off in any of the configurations of the
array.

As noted above, in principle, a sequence of configurations
of'atwo-dimensional array of LEDs can be provided in which
V,i=I¥V 4 for I=1 to N, where N is the number of LEDs in
the array. Also, as noted above, not all of these configurations
are needed to track a particular driving voltage waveform
such as a rectified AC power waveform. However, the use of
the additional configurations could be advantageous. When
the array is driven near to the V,,, ., associated with that array,
the efficiency of conversion of electrical power to light is less
than when the array is driven at voltages nearerto 'V, , since
a greater fraction of the energy is dissipated in heat. Hence,
switching schemes in which the configuration is switched
such that the driving voltage is maintained closerto the V,,,,,
value can provide a greater electrical to light conversion effi-
ciency. For example, in the scheme shown in Table 1, a
configuration state having 24 LEDs in series could be inserted
between configurations 4 and 5. This state would have
V,..,=06and V, =86.4. Hence, it would avoid the situation
in which the configuration 5 is driven near its V,, _ value
when the array switches between configurations 4 and 5 as the
driving potential is decreasing.

While the above-described embodiments contemplate a
slowly varying driving potential such as that received from an
AC source, the present invention can also compensate for
voltage transients provided the transients are slow compared
to switching time of the LED array, and provided the voltage
limiter and controller can withstand the voltage transients in
question. In this regard, the controller could include a voltage
limiter such as a zener diode in parallel with the controller to
limit the transients that must be absorbed by the LED array.
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The above-described embodiments of the present inven-
tion have been provided to illustrate various aspects of the
invention. However, it is to be understood that different
aspects of the present invention that are shown in different
specific embodiments can be combined to provide other
embodiments of the present invention. In addition, various
modifications to the present invention will become apparent
from the foregoing description and accompanying drawings.
Accordingly, the present invention is to be limited solely by
the scope of the following claims.

What is claimed is:

1. A method for operating a light source comprising a
two-dimensional reconfigurable LED array having a plurality
of configurations of N LEDs, each configuration being char-
acterized by a minimum bias potential and a maximum bias
potential, said LED array generating light when a potential
between first and second power terminals is greater than said
selected forward bias potential, said method comprising

providing a power source having a power potential that
varies as a function of time;

measuring said power potential and reconfiguring said
LED array in response to said measured power potential
such that said forward minimum bias potential is less
than said power potential when said power potential is
greater than a predetermined threshold value and such
that said measured power potential is less than said
maximum bias potential for that configuration.

2. The method of claim 1 wherein said generated light
varies in intensity by no more than 50 percent from configu-
ration to configuration when said power potential is greater
than said predetermined threshold.

3. The method of claim 1 wherein all of said LEDs generate
light in each configuration in which said LED array generates
light.

4. The method of claim 1 wherein at least 90 percent of said
LEDs generate light in each configuration in which said LED
array generates light.

5. The method of claim 1 further comprising limiting a
voltage across said LED array from exceeding a limiting
voltage, said limiting voltage being different from one of'said
configuration than said limiting voltage for another of said
configurations, wherein said limiting voltage is chosen to
prevent damage to one of said LEDs.

6. The method of claim 1 wherein said configurations are
chosen such that no LED in said LED array draws more than
6 times the current of any other LED in said LED array in any
of said configurations.

7. The method of claim 1 wherein said LED array com-
prises a plurality of identical sub-arrays, said sub-arrays
being configurable in a plurality of different configurations.

8. The method of claim 1 wherein said power potential
varies sinusoidally.

9. An apparatus comprising:

a power coupler configured to receive a power potential

that varies as a function of time;

a reconfigurable two-dimensional LED array having a plu-
rality of configurations of N LEDs, each configuration
being characterized by a minimum bias potential and a
maximum bias potential, said LED array generating
light when a potential between first and second power
terminals is greater than said minimum bias potential;
and

a controller that measures said power potential when said
power is received by said apparatus and reconfigures
said LED array in response to said measured power
potential such that said minimum bias potential is less
than said power potential when said power potential is



US 8,446,109 B2

13

greater than a predetermined threshold value and such
that said measured power potential is less than said
maximum bias potential.

10. The apparatus of claim 9 wherein said controller recon-
figures said LED array such that said generated light varies in
intensity by no more than 50 percent from configuration to
configuration when said power potential is greater than said
predetermined threshold.

11. The apparatus of claim 9 wherein said controller recon-
figures said LED array based on a measure of the electrical to
light conversion efficiency of each configuration for which
said minimum bias potential is less than said power potential
and said measured power potential is less than said maximum
bias potential.

12. The apparatus of claim 9 wherein all of said LEDs
generate light in each configuration in which said LED array
generates light.

13. The apparatus of claim 9 wherein at least 90 percent of
said LEDs generated light in each configuration in which said
LED array generates light.

14. The apparatus of claim 9 comprising a voltage limiter
that prevents a voltage across said LED array from exceeding
a limiting voltage determined by said controller, said limiting
voltage being different from one of said configuration than
said limiting voltage for another of said configurations.

15. The apparatus of claim 9 wherein said configurations
are chosen such that no LED in said LED array draws more
than 6 times the current of any other LED in said LED array
in any of said configurations.
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16. The apparatus of claim 9 wherein said LED array
comprises a plurality of identical sub-arrays, said sub-arrays
being configurable in a plurality of different configurations.

17. The apparatus of claim 16 further comprising a switch-
ing network that connects said sub-arrays in a plurality of
different configurations.

18. The apparatus of claim 17 wherein said sub-arrays
comprise a plurality of LED sections arranged in a linear
order, and first and second section buses, said LED sections
comprising a first section, a plurality of intermediate sections,
and a last section; said intermediate sections comprising first,
second, and third switches and a light-emitting element hav-
ing an anode and a cathode, said first switch connecting said
anode to said first section bus, said second switch connecting
cathode to said second section bus, and third LED connecting
said section to an adjacent section.

19. The apparatus of claim 18 wherein said first section is
connected to said first section bus and said last section is
connected to said second section bus, said first and second
sections comprising a light-emitting element and a switch for
connecting that light-emitting element to one of said first and
second section buses.

20. The apparatus of claim 9 wherein said power source
comprises a full-wave rectified AC power source.

21. The apparatus of claim 9 wherein one of said configu-
rations operates with a peak AC potential of greater than
320V and another of said configurations operates with a peak
AC potential of less than 160V.
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