w0 2012/110973 A1 [ I 000 00O RO O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/110973 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

23 August 2012 (23.08.2012) WIPOIPCT
International Patent Classification: (81)
HO5B 33/08 (2006.01)
International Application Number:

PCT/IB2012/050705

International Filing Date:
16 February 2012 (16.02.2012)

Filing Language: English
Publication Language: English
Priority Data:

61/443,300 16 February 2011 (16.02.2011) US
Applicant (for all designated States except US):

KONINKLIJKE PHILIPS ELECTRONICS N.V.
[NL/NL]; Groenewoudseweg 1, 5621 BA Eindhoven (NL).

Inventors; and

Inventors/Applicants (for US ornly): JANS, William,
Peter, Mechtildis, Marie [NL/NL]; c¢/o High Tech Cam-
pus Building 44, 5656 AE Eindhoven (NL). TAO, Haimin

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW,ML, MR, NE, SN, TD, TG).

[CN/NL]; c¢/o High Tech Campus Building 44, 5656 AE Declarations under Rule 4.17:

Eindhoven (NL). VAN BODEGRAVEN, Tijmen, Cor-
nelis [NL/NL]; c/o High Tech Campus Building 44, 5656
AE Eindhoven (NL). ZIJLSTRA, Patrick, John
[NL/NL]; ¢/o High Tech Campus Building 44, 5656 AE
Eindhoven (NL).

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Agents: VAN EEUWILIK, Alexander et al.; High Tech Published:

Campus Building 44, 5656 AE Eindhoven (NL).

with international search report (Art. 21(3))

(54) Title: ELECTROMAGNETIC BALLAST-COMPATIBLE LIGHTING DRIVER FOR LIGHT-EMITTING DIODE LAMP

Mains -~ 1&

FIG. 2

30

(57) Abstract: A lighting driver includes a shunt switch circuit configured to detect when an input of the lighting driver is connected
to mains power without a ballast, and in response thereto to disable the lighting driver, and further configured to detect a type of bal -
last connected to the input of the lighting driver when the input of the lighting driver is connected to the ballast, and to regulate a bus
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ELECTROMAGNETIC BALLAST-COMPATIBLE LIGHTING DRIVER FOR
LIGHT-EMITTING DIODE LAMP

Technical Field

[0001] The present invention is directed generally to a lighting driver for driving one or more
light-emitting diode (LED) light sources. More particularly, various inventive methods and
apparatus disclosed herein relate to an LED lamp and an associated lighting driver that can be

compatibly retrofit into lighting fixtures having electromagnetic (EM) ballasts.

Background

[0002] There are many commercial, industrial, and retail environments, such as factories,
stores, warehouses, and office buildings that have a large number of lighting fixtures with
installed fluorescent tubes (e.g., T8 or T12 tubes) and accompanying electromagnetic (EM)

ballasts.

[0003] FIGs. 1A-1F illustrate some typical EM ballast circuit configurations for fluorescent
tube lamps. FIG. 1A shows an uncompensated configuration which exhibits a large inductive
current and a low power factor (PF). FIG. 1B shows a parallel compensated configuration which
uses a capacitor at the input to improve PF. FIG. 1C shows a series compensated dual lamp
configuration which employs a series capacitor for compensation, where the upper lamp has a
leading current while the lower lamp has a lagging current such that the two lamps compensate
for each other, resulting in a total PF is close to unity. FIG. 1D shows a parallel compensated
dual lamp configuration. FIG. 1E shows an uncompensated two-lamps-in-series configuration,
and FIG. 1F shows a parallel compensated two-lamps-in-series configuration. The
configurations of FIGs. 1A-1F illustrate inductive ballasts, with the exception of the upper lamp

in FIG. 1C which illustrates a capacitive ballast.

[0004] Illumination devices based on semiconductor light sources, such as light-emitting
diodes (LEDs), offer a viable alternative to traditional fluorescent, HID, and incandescent lamps.
Functional advantages and benefits of LEDs include high energy conversion and optical

efficiency, durability, lower operating costs, and many others.
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[0005] Accordingly, in some cases there is a desire to replace existing traditional fluorescent
light sources with newer LED light sources. In order to eliminate labor costs associated with
installing new lighting fixtures or rewiring existing lighting fixtures, in some cases, there is a
desire to retrofit newer LED tube (TLED) lamps into the existing lighting fixtures with existing
EM ballasts in place of the exiting fluorescent tube lamps. In such cases, it is desirable to be
able to use the same TLED lamp with different ballasts having various configurations illustrated

in FIGs. 1A-1F.

[0006] One of the major challenges of TLED lamp retrofit, however, is the compatibility of

the TLED lamp with existing installed EM ballasts designed for fluorescent lamps.

[0007] A conventional switching mode driver may operate behind an EM ballast when
caution is taken in the circuit design, but it often leads to very poor power factor, and to
unbalanced light output when two TLED lamps are in series. In particular, a TLED lamp may be
driven with a switching mode power supply (SMPS), but conventional SMPS drivers lead to poor
power factor when operated behind a parallel compensated EM ballast (e.g., FIGs. 1B and 1D).
Also, conventional SMPS drivers can not operate in series because it leads to flicker and/or
unbalanced light output between the two series connected lamps. Furthermore, for a TLED
lamp having an aluminum tube-based architecture, there are safety issues which much be

addressed related to mains power.

[0008] Thus, there is a need in the art to provide a TLED lamp which can be retrofit into
existing lighting fixtures compatibly with a variety of installed EM ballasts which are designed
for fluorescent lamps. There is also a heed for a TLED lamp which can maintain a high power
factor when used in a lighting fixture with a compensated EM ballast configuration. There is
also a need for a TLED lamp which can be connected in a series configuration with another TLED
lamp without an unacceptable level of flicker and/or unbalanced light output between the two
series connected TLED lamps. There is further a need to provide a TLED lamp that can provide

safe operation in an aluminum tube based architecture.
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Summary

[0009] The present disclosure is directed to inventive methods and apparatus for a light
emitting diode (LED) tube (TLED) lamp that can be retrofit into existing lighting fixtures
compatibly with a variety of installed electromagnetic (EM) ballasts which are designed for
fluorescent lamps. For example, in some embodiments a TLED lamp as disclosed herein can
maintain a high power factor when used in a lighting fixture with a compensated ballast
configuration, can be connected in a series configuration with another TLED lamp without an
unacceptable level of flicker and/or unbalanced light output between the two series connected

TLED lamps, and can provide safe operation in an aluminum tube based architecture.

[0010] Generally, in one aspect, an apparatus comprises a light emitting diode (LED) tube
(TLED) lamp, the TLED lamp including: at least partially transparent tube having an electrical
connector configured to be installed in a fluorescent light fixture; one or more light emitting
diodes provided inside the tube; and a lighting driver provided inside the tube and connected to
the electrical connector and being configured to supply power to the one or more light emitting
diodes. The lighting driver comprises a shunt switch circuit and a switching mode power
supply. The shunt switch circuit comprises: a rectifier connected to the electrical connector, a
shunt switching device connected across an output of the rectifier, an output capacitor and a
diode connected in series across the output of the rectifier, wherein the capacitor is connected
across an output of the shunt switch circuit, a voltage sensor configured to sense a bus voltage
across the output capacitor, a current sensor configured to sense a rectifier current through the
rectifier, and a processor configured to control a switching operation of the shunt switching
device in response to the sensed bus voltage and the rectifier current. The switching mode
power supply is configured to receive the bus voltage and in response thereto to supply a lamp
current to drive the one or more light emitting diodes, and is further configured to provide

galvanic isolation between the shunt switch circuit and the one or more light emitting diodes.

[0011] In one embodiment, the processor is configured to execute an algorithm to detect
when an input of the rectifier is connected to mains power without an electromagnetic (EM)

ballast, and in response thereto to disable the lighting driver



WO 2012/110973 PCT/IB2012/050705

-4 -

[0012] According to one optional feature of this embodiment, the algorithm for detecting
when the input of the rectifier is connected to mains power without an EM ballast includes
disabling the supply of the lamp current to drive the one or more light emitting diodes; and
while the supply of the lamp current is disabled, determining at least one of: (1) a peak rectifier
current, and (2) a time delay between a zero crossing of the rectifier current and the peak
rectifier current; and comparing at least one of: (1) the peak rectifier current and a peak
detection threshold; and (2) the time delay and a time delay threshold to obtain a comparison
result; and determining when the input of the rectifier is connected to mains power without

the EM ballast based on the obtained comparison result.

[0013] In another embodiment, the processor is configured to execute an algorithm the
processor is configured to execute an algorithm to detect a type of electromagnetic (EM) ballast
connected to an input of the rectifier, and to control a switching operation of the shunt

switching device to regulate the bus voltage according to the detected type of EM ballast.

[0014] According to one optional feature of this embodiment, when the detected type of
EM ballast is a capacitive ballast, the processor controls the shunt switch to be turned on at a
zero crossing of the rectifier current, and when the detected type of EM ballast is an inductive
ballast, the processor controls the shunt switch to be turned off at a zero crossing of the

rectifier current.

[0015] According to another optional feature of this embodiment, the algorithm for
detecting the type of EM ballast includes: controlling the shunt switch to be turned off at a zero
crossing of the rectifier current and measuring a first average value of the rectifier current;
controlling the shunt switch to be turned off at an offset time period with respect to the zero
crossing of the rectifier current and measuring a second average value of the rectifier current;
comparing the first average current to the second average current; when the second average
current is less than the first average current, determining that the type of EM ballast is a
capacitive ballast; and when the second average current is not less than the first average

current, determining that the type of EM ballast is an inductive ballast.

[0016] Generally, in another aspect, a device comprises a lighting driver, including: a shunt
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switch circuit configured to detect when an input of the lighting driver is connected to mains
power without a ballast, and in response thereto to disable the lighting driver, and further
configured to detect a type of ballast connected to the input of the lighting driver when the
input of the lighting driver is connected to the ballast, and to regulate a bus voltage of the
shunt switch circuit according to the detected type of ballast; and a switching mode power
supply configured to receive the bus voltage of the shunt switch circuit and in response thereto

to supply a lamp current to drive one or more light emitting diodes.

[0017] Generally, in yet another aspect, a device includes: a rectifier connected to an input
of the device, a shunt switching device connected across an output of the rectifier, an output
capacitor and a diode connected in series across the output of the rectifier, wherein the output
capacitor is connected across an output of the shunt switch circuit, a voltage sensor configured
to sense a bus voltage across the output capacitor, a current sensor configured to sense a
rectifier current through the rectifier, and a processor configured to control a switching
operation of the shunt switching device in response to the sensed bus voltage and the rectifier
current and further configured to execute an algorithm to detect when an input of the device is

connected to mains power without an electromagnetic (EM) ballast.

[0018] Asused herein for purposes of the present disclosure, the term “LED” should be
understood to include any electroluminescent diode or other type of carrier injection/junction-
based system that is capable of generating radiation in response to an electric signhal. Thus, the
term LED includes, but is not limited to, various semiconductor-based structures that emit light
in response to current, light emitting polymers, organic light emitting diodes (OLEDs),
electroluminescent strips, and the like. In particular, the term LED refers to light emitting
diodes of all types (including semi-conductor and organic light emitting diodes) that may be
configured to generate radiation in one or more of the infrared spectrum, ultraviolet spectrum,
and various portions of the visible spectrum (generally including radiation wavelengths from

approximately 400 nanometers to approximately 700 nanometers).

[0019] For example, one implementation of an LED configured to generate essentially white
light (e.g., a white LED) may include a number of dies which respectively emit different spectra

of electroluminescence that, in combination, mix to form essentially white light. In another
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implementation, a white light LED may be associated with a phosphor material that converts
electroluminescence having a first spectrum to a different second spectrum. In one example of
this implementation, electroluminescence having a relatively short wavelength and narrow
bandwidth spectrum “pumps” the phosphor material, which in turn radiates longer wavelength

radiation having a somewhat broader spectrum.

[0020] It should also be understood that the term LED does not limit the physical and/or
electrical package type of an LED. For example, as discussed above, an LED may refer to a
single light emitting device having multiple dies that are configured to respectively emit
different spectra of radiation (e.g., that may or may not be individually controllable). Also, an
LED may be associated with a phosphor that is considered as an integral part of the LED (e.g.,
some types of white LEDs). In general, the term LED may refer to packaged LEDs, non-packaged
LEDs, surface mount LEDs, chip-on-board LEDs, T-package mount LEDs, radial package LEDs,
power package LEDs, LEDs including some type of encasement and/or optical element (e.g., a

diffusing lens), etc.

[0021] The term “light source” should be understood to refer to any one or more of a
variety of radiation sources, including, but not limited to, LED-based sources (including one or
more LEDs as defined above. A given light source may be configured to generate
electromagnetic radiation within the visible spectrum, outside the visible spectrum, or a
combination of both. Hence, the terms “light” and “radiation” are used interchangeably herein.
Additionally, a light source may include as an integral component one or more filters (e.g., color
filters), lenses, or other optical components. Also, it should be understood that light sources
may be configured for a variety of applications, including, but not limited to, indication, display,
and/or illumination. An “illumination source” is a light source that is particularly configured to
generate radiation having a sufficient intensity to effectively illuminate an interior or exterior
space. In this context, “sufficient intensity” refers to sufficient radiant power in the visible
spectrum generated in the space or environment (the unit “lumens” often is employed to
represent the total light output from a light source in all directions, in terms of radiant power or
“luminous flux”) to provide ambient illumination (i.e., light that may be perceived indirectly and

that may be, for example, reflected off of one or more of a variety of intervening surfaces
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before being perceived in whole or in part).

[0022] The term “lighting unit” is used herein to refer to an apparatus including one or more
light sources of same or different types. A given lighting unit may have any one of a variety of
mounting arrangements for the light source(s), enclosure/housing arrangements and shapes,
and/or electrical and mechanical connection configurations. Additionally, a given lighting unit
optionally may be associated with (e.g., include, be coupled to and/or packaged together with)
various other components (e.g., control circuitry) relating to the operation of the light
source(s). An “LED-based lighting unit” refers to a lighting unit that includes one or more LED-
based light sources as discussed above, alone or in combination with other non LED-based light

sources.

[0023] The term “lamp” should be interpreted to refer to a lighting unit that includes
connector(s) for receiving electrical power and for generating radiation (e.g., visible light) from
the received electrical power. Examples include bulbs and tubes, including incandescent bulbs,

fluorescent bulbs, fluorescent tubes, LED bulbs, LED tube (TLED) lamps, etc.

[0024] The term “lighting fixture” is used herein to refer to an implementation or
arrangement of one or more lighting units in a particular form factor, assembly, or package, and
may be associated with (e.g., include, be coupled to and/or packaged together with) other

components, for example an electromagnetic (EM) ballast, in particular for supplying power .

[0025] The term “controller” is used herein generally to describe various apparatus relating
to the operation of one or more light sources. A controller can be implemented in numerous
ways (e.g., such as with dedicated hardware) to perform various functions discussed herein. A
“processor” is one example of a controller which employs one or more microprocessors that
may be programmed using software (e.g., microcode) to perform various functions discussed
herein. A controller may be implemented with or without employing a processor, and also may
be implemented as a combination of dedicated hardware to perform some functions and a
processor (e.g., one or more programmed microprocessors and associated circuitry) to perform
other functions. Examples of controller components that may be employed in various

embodiments of the present disclosure include, but are not limited to, conventional
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microprocessors, application specific integrated circuits (ASICs), and field-programmable gate

arrays (FPGAs).

[0026] Asused herein, “galvanic isolation” refers to the principle of isolating functional
sections of electrical systems preventing the moving of charge-carrying particles from one
section to another. There is no electric current flowing directly from a first section to a second
section when the first and second sections are galvanically isolated from each other. Energy
and/or information can still be exchanged between the sections by other means, e.g.

capacitance, induction, electromagnetic waves, optical, acoustic, or mechanical means.

[0027] Asused herein, an “optocoupler” is an electronic device designed to transfer
electrical signals by utilizing light waves to provide coupling with electrical isolation between its
input and output, and may sometimes also be referred to as an opto-isolator, photocoupler, or

optical isolator.

[0028] Asused herein, “mains” refers to the general-purpose alternating current (AC)
electric power supply from the public utility grid, and may sometimes also be referred to as
household power, household electricity, domestic power, wall power, line power, city power,

street power, and grid power.

[0029] In various implementations, a processor or controller may be associated with one or
more storage media (generically referred to herein as “memory,” e.g., volatile and non-volatile
computer memory such as RAM, PROM, EPROM, and EEPROM, floppy disks, compact disks,
optical disks, magnetic tape, etc.). In some implementations, the storage media may be
encoded with one or more programs that, when executed on one or more processors and/or
controllers, perform at least some of the functions discussed herein. Various storage media
may be fixed within a processor or controller or may be transportable, such that the one or
more programs stored thereon can be loaded into a processor or controller so as to implement
various aspects of the present invention discussed herein. The terms “program” or “computer
program” are used herein in a generic sense to refer to any type of computer code (e.g.,
software or microcode) that can be employed to program one or more processors or

controllers.
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[0030] It should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below (provided such concepts are not mutually
inconsistent) are contemplated as being part of the inventive subject matter disclosed herein.
In particular, all combinations of claimed subject matter appearing at the end of this disclosure
are contemplated as being part of the inventive subject matter disclosed herein. It should also
be appreciated that terminology explicitly employed herein that also may appear in any
disclosure incorporated by reference should be accorded a meaning most consistent with the

particular concepts disclosed herein.

Brief Description of the Drawings

[0031] In the drawings, like reference characters generally refer to the same parts
throughout the different views. Also, the drawings are not necessarily to scale, emphasis

instead generally being placed upon illustrating the principles of the invention.

[0032] FIGs. 1A-Fillustrate some typical EM ballast circuit configurations for fluorescent

tube lamps known in the art.

[0033] FIG. 2 illustrates an exemplary embodiment of a light emitting diode (LED) tube
(TLED) lamp that may be retrofit in place of a fluorescent tube lamp in an existing lighting

fixture.

[0034] FIG. 3 is a block diagram illustrating one exemplary embodiment of a TLED lamp

supplied with power by an electromagnetic (EM) ballast.

[0035] FIG. 4 is a detailed diagram illustrating one exemplary embodiment of a TLED lamp

supplied with power by an electromagnetic (EM) ballast.

[0036] FIG.5 is a block diagram illustrating one exemplary embodiment of a switching mode

power supply.

[0037] FIG. 6 is a schematic diagram illustrating one exemplary embodiment of a shunt

switch circuit.

[0038] FIG. 7A illustrates a relationship between various sighals which may be employed in a

shunt switch circuit operating in one operating mode.
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[0039] FIG. 7B illustrates a relationship between various signhals which may be employed in a

shunt switch circuit operating in another operating mode.

[0040] FIGs. 8A-B plot average rectifier current versus switching control pulse timing for an
exemplary embodiment of a TLED lamp and associated lighting driver connected to two

different types of electromagnetic ballasts.

[0041] FIGs. 9A-Billustrate two embodiments of a method of detecting a type of ballast

connected to a TLED lamp and associated lighting driver.

[0042] FIG. 10 is a flowchart of one embodiment of a method of detecting a type of ballast

connected to a TLED lamp and associated lighting driver.

[0043] FIG. 11 is a functional block diagram illustrating operation of a feedback loop for

setting a bus voltage for a shunt switch circuit.

[0044]  FIGs. 12A-B illustrate lamp current signals when one exemplary embodiment of a
TLED lamp is connected, respectively to an EM ballast, and to mains power without an EM

ballast.

[0045] FIG. 13 is a detailed diagram illustrating another exemplary embodiment of a TLED

lamp supplied with power by an electromagnetic (EM) ballast.

[0046] FIG. 14 illustrates two TLED lamps connected in series with an EM ballast.

Detailed Description

[0047] Generally, Applicants have recognized and appreciated that it would be beneficial to
provide a light emitting diode (LED) tube (TLED) lamp that can be retrofit into an existing
lighting fixture for a fluorescent tube lamp with a compensated ballast configuration, and which
can maintain a high power factor, can be connected in a series configuration with another TLED
without an unacceptable level of flicker and/or unbalanced light output between the two series
connected TLED lamps, and can provide safe operation in an aluminum tube based

architecture.

[0048] In view of the foregoing, various embodiments and implementations of the present

invention are directed to a lighting driver that detects when it is connected to mains power
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without a ballast, and in response thereto disables the lighting driver, and further detects a
type of ballast when it is connected to a ballast, and regulates an output bus voltage in
response to the detected type of ballast. Further, a switching mode power supply may be
configured to receive the bus voltage and in response thereto to supply a current to drive one

or more light emitting diodes.

[0049] FIG. 2 illustrates an exemplary embodiment of a light emitting diode (LED) tube
(TLED) lamp 30 that may be retrofit in place of a fluorescent tube lamp in an existing lighting
fixture. TLED lamp 30 includes a substantially cylindrical shell or tube 32 and two end caps 34
each having a connector 35 provided therewith, and further includes a lighting driver 36 and
one or more light emitting diodes (LEDs) 38. The tube 32 is at least partially transparent or
translucent to visible light. In some embodiments, LED lamp 30 may have only one end cap 34
and/or connector 35. Connector(s) 35 of TLED 30 are connected via connector(s) 20 to an
electromagnetic (EM) ballast 10 that supplies TLED 30 with power from mains 12. In particular,
lighting driver 36 receives power from ballast 10 via electrical connector(s) 35, and is configured
to supply power to the one or more light emitting diodes 38. EM ballast 10 may be an

uncompensated ballast, an inductive ballast, or a capacitive ballast.

[0050] Insome embodiments, at least a portion of substantially cylindrical shell or tube 32 is
metallic, for example aluminum, in which case TLED lamp 30 may be said to have an aluminum
tube-based architecture. In other embodiments, substantially cylindrical shell or tube 32 is

made of glass, in which case TLED lamp 30 may be said to have a glass tube-based architecture.

[0051] FIG. 3 is a block diagram illustrating one exemplary embodiment of TLED lamp 30

supplied with power by EM ballast 10. As illustrated in FIG. 3, TLED lamp 30 includes a lighting
driver 36 and one or more LEDs 38. Lighting driver 36 has a dual stage topology and includes a
shunt switch circuit 310 and a switching mode power supply (SMPS) 320. EM ballast 10 may be

an uncompensated ballast, an inductive ballast, or a capacitive ballast.

[0052] Beneficially, in some embodiments shunt switch circuit 310 provides compatibility

with EM ballast 10, while the SMPS provides mains isolation.

[0053] To operate TLED lamp 30 behind all EM ballast configurations illustrated in FIGs. 1A-
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1F, an intelligent ballast type detection algorithm is employed in order to minimize ballast loss.
Accordingly, in some configurations shunt switch circuit 310 is configured to detect when an
input of lighting driver 36 is connected to mains power 12 without ballast 10, and in response
thereto to disable lighting driver 36, and further configured to detect a type of ballast 10
connected to the input of lighting driver 36 when the input of lighting driver 36 is connected to
ballast 10, and to regulate a bus voltage (Vgys) of shunt switch circuit 310 according to the
detected type of ballast 10. These features will be described in greater detail below, in
particular with respect to FIGs. 4, 6-11 and 12A-B. To prevent short-circuiting of EM ballast 10,

shunt switch circuit 310 may include an over-current protection circuit.

[0054] SMPS 320 is configured to receive the bus voltage Vgys and in response thereto to
supply a lamp current | gp to drive the one or more light emitting diodes 38. In some

embodiments, SMPS comprises a flyback circuit.

[0055] Beneficially, shunt switch circuit 310 is controlled is such a way that the bus voltage
Vgus is regulated. In some embodiments, Vgys is regulated to be about 150V. SMPS 320 (e.g., a
flyback stage) is fed with this constant voltage Vgys and operated in a constant output current
mode to supply power to the one or more LEDs 38. In some embodiments, SMPS delivers

about 25W to the one or more LEDs 38.

[0056] FIG. 4 is a detailed diagram illustrating one exemplary embodiment of a TLED lamp
400 supplied with power by an electromagnetic (EM) ballast 10, which may be an
uncompensated ballast, an inductive ballast, or a capacitive ballast. TLED lamp 400 is one
embodiment of TLED 30 of FIGs. 2 and 3. As illustrated in FIG. 4, TLED lamp 400 includes: a
lighting driver comprising a shunt switch circuit 410 and a switching mode power supply (SMPS)
420; and one or more LEDs 38. Shunt switch circuit 410 is one embodiment of shunt switch

circuit 310 of FIG. 3, and SMPS 420 is one embodiment of SMPS 320 of FIG. 3.

[0057]  Shunt switch circuit 410 comprises: a rectifier 411;, a shunt switching device 412
connected across an output of rectifier 411; an output capacitor 413 and a diode 414
connected in series across the output of rectifier 411, wherein output capacitor 413 is

connected across an output of shunt switch circuit 410; a gate driver 415 for driving shunt
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switching device 412; a voltage sensor 416 configured to sense a bus voltage Vyys across output
capacitor 413; a current sensor 417 configured to sense a rectifier current through rectifier 411;
a processor 418 configured to control a switching operation of shunt switching device 412 in
response to the sensed bus voltage Vgys and the rectifier current; and a protection circuit 419
for protecting ballast 10 and/or the lighting driver of TLED lamp 400 from a short circuit and/or
over-voltage and/or over-current condition under control of processor 418. Processor 418 may
include one of more associated memory devices, include volatile memory (e.g., dynamic
random access memory) and/or nonvolatile memory (e.g., FLASH memory) for storing
programming code (i.e. software) for various operations which may be performed by processor

418.

[0058] FIG. 5 is a block diagram illustrating one exemplary embodiment of switching mode
power supply (SMPS) 420. SMPS 420 includes an electromagnetic interference (EMI) barrier
510; an isolation transformer 520 that provides galvanic isolation between the bus voltage Viys
and the lamp current I gp; a switch 530 in series with a primary winding of isolation transformer
520; a controller 540 configured to control switch 530 to control a duty cycle of the lamp
current I ep; and an optical coupler 550 that provides to controller 540 a feedback signal based
on the lamp current I gp. Optical coupler 550 provides galvanic isolation between light emitting

diodes 38 and controller 540.

[0059] As illustrated in FIG. 5, controller 540 receives an enable signal (also shown in FIG. 4)
from processor 418 of shunt switch circuit 410 which selectively enables and disables operation
of SMPS 420. This feature may be used in connection with ballast type detection and detection

of abnormal operating situations, as described below.

[0060] Returning again to FIG. 4, operationally processor 418 manages the timing control of
shunt switching device 412 and regulates the bus voltage Viys, for example with a digital
proportional integrator (Pl) type compensation loop as described in greater detail below with
respect to FIG. 11. In particular, processor 418 controls the duration of a switching control
pulse supplied by gate driver 415 to shunt switching device 412 and its position with respect to
zero crossings of the rectifier current as sensed by current sensor 417. Beneficially, processor

418 is configured to execute an algorithm to detect when an input of rectifier 411 is connected
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to mains power 12 without EM ballast 10, and in response thereto to disable the lighting driver,
including shunt switch circuit 410 and/or SMPS 420. An example embodiment of such an
algorithm will be described in greater detail below with respect to FIGs. 12A-B. Also
beneficially, processor 418 is configured to execute an algorithm to detect the type of EM
ballast 10 connected to the input of rectifier 411 (e.g., a capacitive ballast or an inductive
ballast), and to control the switching operation of shunt switching device 412 to regulate the
bus voltage Vpys according to the detected type of EM ballast 10. An exemplary embodiment of

such an algorithm will be described in greater detail below with respect to FIGs. 6-10.

[0061] FIG. 6 is a schematic diagram illustrating one exemplary embodiment of shunt switch
circuit 410. In the embodiment of FIG. 6, voltage sensor 416 comprises a resistive voltage
divider, with the impedance of the resistors being much greater than that of capacitor C2 at the
switching frequency of shunt switching device 412. Also in the embodiment of FIG. 6, current

sensor 417 comprises a sampling resistor Rs.

[0062] Also shown in FIG. 6 is a low voltage supply 610 which, for example, may be derived
from an auxiliary winding of a power transformer in SMPS 420. Low voltage supply 610 supplies

the voltages for gate driver 415 and processor 418.

[0063] Asshownin FIG. 6, processor 418 includes an operational amplifier (op amp) 620, a
zero crossing detector 630, a microprocessor or microcontroller 640, and an analog-to-digital
converter (ADC) 650. Zero crossing detector 630 may include a comparator. Shunt switch
circuit 410 also includes low pass filter (LPF) 660 and negative temperature compensation (NTC)

sensor 670.

[0064] Operationally, voltage sensor 416 senses the bus voltage Vgys and supplies the
sensed voltage Vsense to processor 418. Also, current sensor 417 supplies the measured rectifier
current to op amp 620. The amplified rectifier current from op amp 620 is supplied to zero
crossing detector 630 for zero crossing detection, and is also supplied to LPF 660. Zero crossing
detector 630 detects when the rectifier current experiences a zero crossing. LPF 660 averages
the rectifier current and supplies the averaged rectifier current lays to the input of ADC 650

which converts it to a digital value.
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[0065] Processor 418 may use the sensed bus voltage Vpys, the rectifier current, and the
averaged rectifier current layg to execute various algorithms to regulate the bus voltage Vgys, to
detect a type of ballast 10 to with TLED lamp 400 is connected, and to detect when TLED lamp
400 is connected to mains 12 without a ballast, as will be explained in greater detail below with

respect to FIGs 7A-B through FIGs. 12A-B.

[0066] FIG. 7A illustrates a relationship between various signals which may be employed by
shunt switch circuit 410 when operating in a first operating mode. In particular, FIG. 7A
illustrates a relationship between the rectifier current and switching control pulses supplied to
shunt switching device 412 by processor 418 via gate driver 415 when shunt switch circuit 410
operates in a leading edge (LE) control mode. As seen in FIG. 7A, when the LE control mode is
employed, shunt switching device 412 is controlled by processor 418 to be turned off at zero-
crossings of the rectifier current. The duration of the “OFF” time of shunt switching device 412
in each period of the rectifier current determines the level of the bus voltage Vgys. Thus, by
regulating the OFF time, for example via a proportional integrator (Pl) loop, processor 418 may

regulate the bus voltage Vgys.

[0067] FIG. 7B illustrates a relationship between various signals which may be employed by
shunt switch circuit 420 when operating in a second operating mode. In particular, FIG. 7B
illustrates a relationship between the rectifier current and switching control pulses supplied to
shunt switching device 412 by processor 418 via gate driver 415 when shunt switch circuit 410
operates in a trailing edge (TE) control mode. As seen in FIG. 7B, when the TE control mode is
employed, shunt switching device 412 is controlled by processor 418 to be turned on at zero-

crossings of the rectifier current.

[0068] The loss in the EM ballast is high when a TLED lamp is connected to a capacitive
ballast and operated in the LE control mode, thus causing a risk of overheating when operated
with certain ballasts. On the other hand, when a TLED lamp that is connected to a capacitive

ballast is operated in the TE control mode, the loss is greatly reduced.

[0069] Beneficially, In order to minimize the loss in EM ballast 10, TLED lamp 400 may

employ trailing edge (TE) control when TLED lamp 400 is connected to a capacitive ballast, and
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may employ leading edge (LE) control when TLED lamp 400 is connected to an inductive ballast.

[0070]  Accordingly, TLED lamp 400, and in particular shunt switch circuit 410, and even
more particularly processor 418, may employ a ballast type detection algorithm to determine
whether TLED lamp 400 is connected to a capacitive ballast or an inductive ballast so that an

appropriate control mode can be applied.

[0071] FIGs. 8A-B plot average rectifier current versus switching control pulse timing for an
exemplary embodiment of a TLED lamp and as associated lighting driver connected to two
different types of electromagnetic ballasts. In particular, FIG. 8A illustrates a case where the
TLED lamp and associated lighting driver are connected to a capacitive ballast, and FIG. 8B
illustrates a case where the TLED lamp and associated lighting driver are connected to an

inductive ballast.

[0072] FIGs. 8A-B plot the variation of the average rectifier current when the switching
control pulse is shifted across half of one period of the mains power. In the examples of FIGs.
8A-B, the mains frequency is 50 Hz, yielding a total shift of 10ms plotted in steps of 0.5ms. As
can be seen from FIG. 8A, for a capacitive ballast the average rectifier current lays is minimal
when operated at the TE control point, and as can be seen from FIG. 8B, for an inductive ballast

the average rectifier current layg is minimal when operated at the LE control point.

[0073] From FIGs. 8A-B, it can be seen that by measuring the average rectifier current lays at
the normal LE switching point, and then measuring the average rectifier current lavssuirrep When
the timing of the switching control pulse is shifted by about 2ms (to provide adequate margin
for noise, mains voltage variation, etc.) with respect to the normal LE switching point, and then
comparing lave to lavashirrep, it is possible to detect whether the ballast is a capacitive ballast or
an inductive ballast. Specifically, if the average rectifier current laygsnirrep When the timing of
the switching control pulse is shifted with respect to the normal LE switching point is less than
the average rectifier current layg at the normal LE switching point, then the response is
following FIG. 8A and it can be concluded that the ballast is a capacitive ballast. Conversely, if
the shifted average rectifier current lavesnirrep is greater than the average rectifier current layes,

then the response is following FIG. 8B and it can be concluded that the ballast is an inductive
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ballast.

[0074] FIGs. 9A-Billustrate two embodiments of a method of detecting a type of ballast
connected to a TLED lamp and associated lighting driver. In FIG. 9A, the timing of the switching
control pulse is shifted by delaying the switching control pulse with respect to the normal LE
switching point. In FIG. 9B, the timing of the switching control pulse is shifted by advancing the

switching control pulse with respect to the normal LE switching point.

[0075] FIG. 10 is a flowchart of one embodiment of a method 1000 of detecting a type of
ballast connected to a TLED lamp and associated lighting driver. As one particular example, the

method 1000 will be described with respect to the TLED lamp 400 of FIG. 4.

[0076] The method starts at step 1010. In step 1020, TLED lamp 400 is operated with leading
edge (LE) control. More specifically, processor 418 regulates the bus voltage Vgys with LE
control of the switching control pulse provided to shunt switching device 412 by gate driver
415. It is beneficial that the method 1000 begins with LE control, since this is a safe control
method for both inductive and capacitive ballasts with no excessive ballast loss, while trailing
edge (TE) control may lead to unacceptable loss for inductive ballasts and therefore present a

risk of overheating.

[0077] Inastep 1030, processor 418 regulates the bus voltage Vgys for a given period until

the lamp power stabilizes, and then records the measured average rectifier current lays.

[0078] Then, in a step 1040, processor 418 shifts the switching control pulse by a
predetermined time shift, for example, 2ms. The time shift is selected such that the average
rectifier current will have a significant difference between the LE switching point and the
shifted switching point, while at the same time not leading to excessive loss for the shifted

pulse operation.

[0079] Inastep 1050, processor 418 again regulates the bus voltage Vgys for a given period

until the lamp power stabilizes, and then records the measured average rectifier current lays.

SHIFTED-

[0080] In astep 1060, processor 418 compares the average rectifier current layg at the
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normal LE switching point to the average rectifier current lays-snirrep When the timing of the

switching control pulse is shifted with respect to the normal LE switching point.

[0081] If the shifted average rectifier current lays-suirtep is less than the average rectifier
current layg, then processor 418 determines that the ballast is a capacitive ballast and processor
418 operates shunt switch circuit 410 and TLED lamp 400 with TE control. Otherwise processor
418 determines that the ballast is an inductive ballast and processor 418 operates shunt switch
circuit 410 and TLED lamp 400 with LE control. As a result, TLED lamp 400 is automatically

operated with minimum EM ballast loss for different fixture circuits.

[0082] FIG. 11 is a functional block diagram illustrating operation of a feedback loop 1100
for setting a bus voltage for a shunt switch circuit. In particular, FIG. 11 illustrates operation of
a proportional integrator (Pl) loop. Feedback loop 1100 includes an adder 1110, a gain block (PI
compensator) 1120, a modulator 1130, a pulse shifter 1140, a shunt switch 1150, and a
feedback gain block 1160.

[0083] Asdescribed above, TLED lamp 400 is configured to be retrofit into an existing
lighting fixture having a ballast whose type may not be known. However, it may occur that
TLED lamp 400 is misused and is connected directly to mains power 12 without any EM ballast.
In that case, beneficially processor 418 may execute an algorithm to detect when an input of
rectifier 411, and therefore of TLED lamp 400, is connected to mains power 12 without an

electromagnetic (EM) ballast, and in response thereto to disable the lighting driver.

[0084] FIGs. 12A-B illustrate rectifier current signals when one exemplary embodiment of a
TLED lamp (e.g., TLED lamp 400) is connected, respectively, to an EM ballast (FIG. 12A), and to
mains power 12 without an EM ballast (FIG. 12B). Because of much lower source impedance
when rectifier 411 is connected to mains power 12 without an EM ballast, the rectifier current
has a much higher peak as shown in FIG. 12B, compared to FIG. 12A. Also as shown in FIG. 12B,
when rectifier 411 is connected to mains power 12 without an EM ballast, then the zero-
crossing of the rectifier current is located closer in time to the peak of the rectifier current. By
monitoring the peak rectifier current and/or the time delay between a zero crossing of the

rectifier current and the peak rectifier current, misuse of TLED lamp 400 by direct connection to
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mains power 12 can be detected. Beneficially, when the absence of a ballast is detected, then
the lighting driver is disabled to protect TLED lamp 400. Beneficially, SMPS 420 is disabled while
detecting whether or not the input of rectifier 411 is connect to mains power 12 without a

ballast.

[0085] FIG. 13 is a detailed diagram illustrating another exemplary embodiment of a TLED
lamp 1300 supplied with power by an electromagnetic (EM) ballast 10. TLED lamp 1300 is the
same as TLED lamp 400, except that TLED lamp 1300 employs a non-isolated SMPS 1320. TLED
lamp 1300 may have a glass-tube based architecture that does not require mains power
isolation in the lighting driver. In that case, when the LED string voltage does not match the
optimal output voltage of shunt switch circuit 410, then SMPS driver 1330 converts the bus
voltage Vpys to match the LED string voltage. The benefit of using a non-isolated SMPS 1320 is

the lower cost and smaller size achieved by removal of the isolation requirement.

[0086] In still another embodiment where a glass tube based architecture is employed, and
mains isolation in the driver is not necessary, the SMPS driver can be left out altogether and the

shunt switch stage may then regulate the LED current instead of the bus voltage.

[0087] For a TLED lamp with a lighting driver as described above including the shunt switch
circuit, it is possible to connect two TLED lamps in series with one EM ballast. Accordingly, FIG.

14 illustrates two TLEDs 30-1 and 30-1 connected in series with an EM ballast 100.

[0088] While several inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other means and/or structures
for performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials,
and/or configurations will depend upon the specific application or applications for which the
inventive teachings is/are used. Those skilled in the art will recognize, or be able to ascertain

using no more than routine experimentation, many equivalents to the specific inventive
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embodiments described herein. Itis, therefore, to be understood that the foregoing
embodiments are presented by way of example only and that, within the scope of the
appended claims and equivalents thereto, inventive embodiments may be practiced otherwise
than as specifically described and claimed. Inventive embodiments of the present disclosure
are directed to each individual feature, system, article, material, kit, and/or method described
herein. In addition, any combination of two or more such features, systems, articles, materials,
kits, and/or methods, if such features, systems, articles, materials, kits, and/or methods are not

mutually inconsistent, is included within the inventive scope of the present disclosure.

[0089] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary

meanings of the defined terms.

[0090] The indefinite articles “a” and “an,” as used herein in the specification and in the

claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”

[0091] It should also be understood that, unless clearly indicated to the contrary, in any
methods claimed herein that include more than one step or act, the order of the steps or acts
of the method is not necessarily limited to the order in which the steps or acts of the method

are recited.

[0092] Anyreference numerals or other characters, appearing between parentheses in the
claims, are provided merely for convenience and are not intended to limit the claims in any

way.

[0093] In the claims, as well as in the specification above, all transitional phrases such as

n ity

“comprising,” “including,

n n AN (H

containing,” “involving,” “holding,

n i

carrying,” “having, composed
of,” and the like are to be understood to be open-ended, i.e., to mean including but not limited
to. Only the transitional phrases “consisting of” and “consisting essentially of” shall be closed

or semi-closed transitional phrases, respectively.

What is claimed is:
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CLAIMS

1. An apparatus comprising a light emitting diode (LED) tube (TLED) lamp, the TLED
lamp comprising:
at least partially transparent tube having an electrical connector configured to be
installed in a fluorescent light fixture;
one or more light emitting diodes provided inside the tube; and
a lighting driver provided inside the tube and connected to the electrical connector and
being configured to supply power to the one or more light emitting diodes, the lighting driver
comprising:
a shunt switch circuit, comprising:
a rectifier connected to the electrical connector,
a shunt switching device connected across an output of the rectifier,
an output capacitor and
a diode connected in series across the output of the rectifier, wherein the
output capacitor is connected across an output of the shunt switch circuit,
a voltage sensor configured to sense a bus voltage across the output
capacitor,
a current sensor configured to sense a rectifier current through the
rectifier, and
a processor configured to control a switching operation of the shunt
switching device in response to the sensed bus voltage and the rectifier current;
and
a switching mode power supply configured to receive the bus voltage and in
response thereto to supply a lamp current to drive the one or more light emitting
diodes, and further being configured to provide galvanic isolation between the shunt

switch circuit and the one or more light emitting diodes.
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2. The apparatus of claim 1, wherein the processor is configured to execute an algorithm
to detect when an input of the rectifier is connected to mains power without an

electromagnetic (EM) ballast, and in response thereto to disable the lighting driver.

3. The apparatus of claim 2, wherein the algorithm for detecting when the input of the
rectifier is connected to mains power without an EM ballast comprises:
disabling the supply of the lamp current to drive the one or more light emitting diodes;
and
while the supply of the lamp current is disabled,
determining at least one of: (i) a peak rectifier current, and (ii) a time delay
between a zero crossing of the rectifier current and the peak rectifier current; and
comparing at least one of: (i) the peak rectifier current and a peak detection
threshold; and (ii) the time delay and a time delay threshold to obtain a comparison result; and
determining when the input of the rectifier is connected to mains power without

the EM ballast based on the obtained comparison result.

4. The apparatus of claim 1, wherein the processor is configured to execute an algorithm
to detect a type of electromagnetic (EM) ballast connected to an input of the rectifier, and to
control the switching operation of the shunt switching device to regulate the bus voltage

according to the detected type of EM ballast.

5. The apparatus of claim 4, wherein when the detected type of EM ballast is a
capacitive ballast, the processor controls the shunt switch to be turned on at a zero crossing of
the rectifier current, and when the detected type of EM ballast is an inductive ballast, the

processor controls the shunt switch to be turned off at a zero crossing of the rectifier current.
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6. The apparatus of claim 4, wherein the algorithm for detecting the type of EM ballast
includes:

controlling the shunt switch to be turned off at a zero crossing of the rectifier current
and measuring a first average value of the rectifier current;

controlling the shunt switch to be turned off at an offset time period with respect to the
zero crossing of the rectifier current and measuring a second average value of the rectifier
current;

comparing the first average current to the second average current;

when the second average current is less than the first average current, determining that
the type of EM ballast is a capacitive ballast; and

when the second average current is not less than the first average current, determining

that the type of EM ballast is an inductive ballast.

7. The apparatus of claim 1, wherein the switching mode power supply comprises a
flyback circuit including:

an isolation transformer that provides galvanic isolation between the bus voltage and
the lamp current;

a switch in series with a primary winding of the isolation transformer;

a controller configured to control the switch to control a duty cycle of the lamp current;
and

an optical coupler that provides to the controller a feedback signal based on the lamp
current, wherein the optical coupler provides galvanic isolation between the light emitting

diodes and the controller.

8. The apparatus of claim 1, wherein the TLED lamp is a first TLED lamp, wherein the
apparatus further comprises a second TLED lamp connected in series with the first TLED lamp to

an output of an electromagnetic ballast.
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9. The apparatus of claim 1, wherein the tube includes at least one end cap in which the
electrical connector is provided, and a substantially cylindrical shell connected to the end cap,

and wherein at least a portion of a surface of the shell is metallic.

10. A device, comprising:
a lighting driver, including:

a shunt switch circuit configured to detect when an input of the lighting driver is
connected to mains power without a ballast, and in response thereto to disable the lighting
driver, and further configured to detect a type of ballast connected to the input of the lighting
driver when the input of the lighting driver is connected to the ballast, and to regulate a bus
voltage of the shunt switch circuit according to the detected type of ballast; and

a switching mode power supply configured to receive the bus voltage of the
shunt switch circuit and in response thereto to supply a lamp current to drive one or more light

emitting diodes.

11. The device of claim 10, wherein the switching mode power supply includes a
transformer that provides galvanic isolation between the shunt switch circuit and the one or

more light emitting diodes.

12. The device of claim 10, wherein the shunt switch circuit includes a rectifier, and a
processor configured to execute an algorithm to detect when the input of the lighting driver is
connected to mains power without a ballast, the algorithm comprising:

disabling the supply of the lamp current to drive the one or more light emitting diodes;
and

while the supply of the lamp current is disabled,

determining at least one of: (1) a peak rectifier current, and (2) a time delay
between a zero crossing of the rectifier current and the peak rectifier current; and
comparing at least one of: (1) the peak rectifier current and a peak detection

threshold; and (2) the time delay and a time delay threshold to obtain a comparison result; and
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determining when the input of the rectifier is connected to mains power without

the EM ballast based on the obtained comparison result.

13. The device of claim 12, wherein the shunt switch circuit includes a switching device
for adjusting the bus voltage, and a processor configured to execute an algorithm to detect the
type of electromagnetic ballast connected to the input of the lighting driver, and to control a
switching operation of the shunt switching device to regulate the bus voltage according to the

detected type of ballast.

14. The device of claim 13, wherein when the detected type of ballast is a capacitive
ballast, the processor controls the switching device to be turned on at a zero crossing of the
rectifier current, and when the detected type of ballast is an inductive ballast, the processor

controls the switching device to be turned off at a zero crossing of the rectifier current.

15. The device of claim 13, wherein the algorithm for detecting the type of EM ballast
includes:

controlling the switching device to be turned off at a zero crossing of the rectifier
current and measuring a first average value of the rectifier current;

controlling the switching device to be turned off at an offset time period with respect to
the zero crossing of the rectifier current and measuring a second average value of the rectifier
current;

comparing the first average current to the second average current;

when the second average current is less than the first average current, determining that
the type of ballast is a capacitive ballast; and

when the second average current is not less than the first average current, determining

that the type of ballast is an inductive ballast.
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16. The device of claim 10, wherein the switching mode power supply comprises:

an isolation transformer that provides galvanic isolation between the bus voltage and
the lamp current;

a switch in series with a primary winding of the transformer;

a controller configured to control the switch to control a duty cycle of the lamp current;
and

an optical coupler that provides to the controller a feedback signal based in the lamp
current, wherein the optical coupler provides galvanic isolation between the light emitting

diodes and the controller.

17. The device of claim 10, further comprising the one or more light emitting diodes;
wherein the lighting driver and the one or more light emitting diodes are disposed in an at least

partially transparent tube.

18. A device, comprising:

a rectifier connected to an input of the device,

a shunt switching device connected across an output of the rectifier,

an output capacitor and a diode connected in series across the output of the rectifier,
wherein the output capacitor is connected across an output of the shunt switch circuit,

a voltage sensor configured to sense a bus voltage across the output capacitor,

a current sensor configured to sense a rectifier current through the rectifier, and

a processor configured to control a switching operation of the shunt switching device in
response to the sensed bus voltage and the rectifier current and further configured to execute
an algorithm to detect when an input of the device is connected to mains power without an

electromagnetic (EM) ballast.
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19. The device of claim 18, wherein the algorithm for detecting when the input of the
rectifier is connected to mains power without an EM ballast comprises:

determining at least one of: (i) a peak rectifier current, and (ii) a time delay between a
zero crossing of the rectifier current and the peak rectifier current; and

comparing at least one of: (i) the peak rectifier current and a peak detection threshold;
and (ii) the time delay and a time delay threshold to obtain a comparison result; and

determining when the input of the rectifier is connected to mains power without the

EM ballast based on the obtained comparison result.

20. The device of claim 18, wherein the processor is configured to execute an algorithm
to detect a type of electromagnetic (EM) ballast connected to the input of the device, and to
control the switching operation of the shunt switching device to regulate the bus voltage

according to the detected type of EM ballast.
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