
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2011/024864.0 A1 

US 20110248640A1 

Welten (43) Pub. Date: Oct. 13, 2011 

(54) LED BASED LIGHTINGAPPLICATION Publication Classification 

(76) Inventor: itythane Maria Welten, (51) Esi", 7/02 (2006.01) 

(21) Appl. No.: 13/062,588 (52) U.S. Cl. ......................................... 315/210; 315/224 

(22) PCT Filed: Sep. 3, 2009 (57) ABSTRACT 

(86). PCT No.: PCT/NL2009/000170 The present invention relates to a lighting application, the 
lighting application can e.g. comprise an LED assembly com 

S371 (c)(1), prising a serial connection of two or more LED units, each 
(2), (4) Date: Jun. 14, 2011 LED unit comprising one or more LEDs, each LED unit being 

O O provided with a controllable switch for substantially short 
Related U.S. Application Data circuiting the LED unit. The lighting application further com 

(60) Provisional application No. 61/120,585, filed on Dec. prises a control unit for controlling a drive unit and arranged 
8, 2008. to receive a signal representing a Voltage level of the Supply 

s Voltage, and control the Switches in accordance with the sig 
(30) Foreign Application Priority Data nal. The invention further provides for an LED driver that 

Sep. 5, 2008 (NL) ...................................... 2001959 
Sep. 5, 2008 (NL) ...................................... 2OO1960 

W T . 
s 

sua la a 88 848 X8. ada silk Sea a. al ins 

r 

enables to operate a TRIAC based dimmer at an optimal 
holding current and an LED driver comprising a Switchable 
buffer, e.g. a capacitor. 

5 O 

      



Patent Application Publication Oct. 13, 2011 Sheet 1 of 12 US 2011/0248.640 A1 

- - - - - - - - - - - - - - - - - - 

rer T YYY 
3. 

; 80 
8 

8 

it is is a side a use as a to | 

Figure 1a : 

  

  



Patent Application Publication Oct. 13, 2011 Sheet 2 of 12 US 2011/0248.640 A1 

Vsup 

LED 

Figure 1b 

Figure 2a 

  

  



Patent Application Publication Oct. 13, 2011 Sheet 3 of 12 US 2011/0248.640 A1 

Figure 2b 

Vf 

T2 310 vik-le/i"...is--> C. 

t1 t2 

Figure 3a 

  

  

    

  



Patent Application Publication 

- - - - - - - - - - - 

3 
s 

Oct. 13, 2011 Sheet 4 of 12 

- - - - - 

If) ISIS 

T4 

S 
3 

US 2011/0248.640 A1 

  

  

    

    

  

    

  

  

  

  
  

    

  

  

  

  

  

  

  



Patent Application Publication Oct. 13, 2011 Sheet 5 of 12 US 2011/0248.640 A1 

560 
520 550 50 58O 

- - - - 

Figure 5 

10 198 

Figure 6 

  



Patent Application Publication Oct. 13, 2011 Sheet 6 of 12 US 2011/0248.640 A1 

Figure 7a 

  



Patent Application Publication Oct. 13, 2011 Sheet 7 of 12 US 2011/0248.640 A1 

3. W 

b. 

C W 

A/ A- / 705 
702 703 704 A/ 

d 

709 

Figure 7b 
707 708 

  

  



Patent Application Publication Oct. 13, 2011 Sheet 8 of 12 US 2011/0248.640 A1 

... . . . . . . 

-- 

  



US 2011/0248.640 A1 Oct. 13, 2011 Sheet 9 of 12 Patent Application Publication 

42 
Kasa A. A. A was awa-k 

- i. 
97 408 s: 

******g, * • ******** 

--------------- as aede-xe &r M&Ms a 4& 4&-A- a & sk-K & &w & wet-Sassai w w w w wo 

  

  



Patent Application Publication Oct. 13, 2011 Sheet 10 of 12 US 2011/0248.640 A1 

Figure 10 

  



Patent Application Publication Oct. 13, 2011 Sheet 11 of 12 US 2011/0248.640 A1 

903 

- 900 

911 

Figure 11 

  



Patent Application Publication Oct. 13, 2011 Sheet 12 of 12 US 2011/0248.640 A1 

54 
2- - 

a 

A - -- 

B , sis. 

* - - 

5DS f 

Figure 12 

  



US 2011/0248.640 A1 

LED BASED LIGHTINGAPPLICATION 

FIELD OF THE INVENTION 

0001. The invention relates to LED based lighting appli 
cations, such as lighting applications that are Supplied by a 
current driver that is powered by a varying Supply Voltage 
such as provided by a TRIAC dimmed electronic transformer. 

BACKGROUND OF THE INVENTION 

0002 State of the art efficient and cost effective LED 
drivers are not dimmable in a retrofit situation secondary to 
electronic transformers e.g. in the case of being dimmed 
using a standard TRIAC dimmer. In general, an LED driver is 
understood as comprising a power converter Such as a Switch 
ing regulator or a linear regulator for powering an LED or 
assembly of LEDs and a control unit arranged to control the 
power converter and/or the LED assembly. LED drivers gen 
erally are powered from a DC inputsource where dimming of 
the light (in response to a user interface action) is typically 
realised by adjusting the duty cycle of the LED or LEDs of the 
application. As such, conventional LED drivers are not suited 
for being powered by a Voltage source such as provided by a 
standard TRIAC dimmer. The reason being that the waveform 
after an electronic dimmer can vary Substantially. As such, the 
instantaneous voltage available as input to the LED driver 
may be momentarily insufficient to power the LED or LEDs 
of the lighting application. A normal halogen light will aver 
age out the power received and will not be induced to flicker, 
although even with halogens, the low output levels are cum 
berSome and flicker is seen in many cases. 
0003. When conventional LED drivers are powered by a 
voltage source such as provided by a standard TRIAC dim 
mer, light flicker may equally occur when the current required 
by the LED driver falls below a minimum value of the holding 
current of the TRIAC. A standard TRIAC design may e.g. 
require a holding current (after firing each 100 Hz, cycle in a 
50 Hz, mains frequency example) of between 30-50 mA. In 
order to ensure the required holding current when a Voltage 
needs to be provided to the LED driver, it has been proposed 
in literature to provide a load in parallel to the LED driver in 
order to ensure that the minimum holding current is being 
supplied by the TRIAC dimmer. Maintaining such a current 
(in order for the TRIAC to maintain its conducting state) may 
result in an important dissipation, adversely affecting the 
efficiency of the lighting application. 
0004. Often, state of the art LED drivers to be powered 
from e.g. a mains AC Supply, apply a comparatively large 
input filter capacitance (over 1 to 10 uF). Such capacitance 
can e.g. be applied after a unit for EMI filtering and rectifi 
cation and before a power converter, e.g. an efficient Switch 
ing regulator: There are some significant draw backs to a large 
(over 0.1 uP) capacitance in this location. The capacitor's 
size, weight, cost, reduced life expectancy, and its negative 
impact on Power Factor Correction (PFC) all lead to serious 
drawbacks in existing driver designs when the capacitor is 
significantly over 0.1 uF. 
0005. Another drawback of existing solutions is that sig 
nificant size, weight, cost, reduced life expectancy of PFC 
circuitry is prohibitive for applying low power direct mains 
current drivers. 
0006. A further drawback of existing solutions is that in 
many cases the 100 Hz line frequency is found in the light 
output. For certain people a 100 Hz frequency may easily lead 
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to nausea. In addition, moving the lighting application and the 
eyes of an observer relative to each other may lead to flicker 
and/or stroboscopic effects at such comparatively low fre 
quencies. 
0007. It is an object of the invention to at least partially 
eliminate at least one of the above-mentioned drawbacks or to 
at least provide a usable alternative. 
0008. It is an object of the present invention to provide i.a. 
an LED based lighting application that is better suited for 
dealing with a power source differing from a DC power 
SOUC. 

SUMMARY OF THE INVENTION 

0009. According to a first aspect of the invention, there is 
provided a lighting application comprising 

0.010 an LED assembly comprising two or more LED 
units, each LED unit comprising one or more LEDs, the 
LED assembly further comprising a switch assembly 
comprising one or more controllable Switches for modi 
fying a topology of the LED assembly, 

0.011 a drive unit for powering the LED units, the drive 
unit, in use, being powered from a Supply Voltage, 

0012 a control unit for controlling the drive unit, the 
control unit comprising an input terminal arranged to 
receive a signal representing the Supply Voltage, and an 
output terminal for providing a control signal to the 
Switchassembly to control the Switchassembly inaccor 
dance with the signal. 

0013 The lighting application according to the first aspect 
of the invention comprises two or more LED units, each LED 
unit comprising at least one LED. In accordance with the 
present invention, an LED is understood as including any 
electroluminescent diode that is capable of generating radia 
tion in response to an electrical signal. An LED unit according 
to the invention may comprise one or more LEDs. In case an 
LED unit comprises more than one LED, the LEDs may be 
connected in series or in parallel or a combination thereof. 
The LED units as applied in the lighting application accord 
ing to the invention are arranged in a serial connection. 
0014. The lighting application according to the first aspect 
of the invention further comprises a switch assembly for 
modifying a topology of the LED assembly. As an example of 
Such a modification, short circuiting one or more of the LED 
units can be mentioned. The Switchassembly can e.g. provide 
each LED unit with a controllable switch for substantially 
short-circuiting the LED unit. The switch assembly may, as 
an example, comprise a FET or MOSFET connected in par 
allel with one or more of the LED units. By controlling a state 
of the FET or MOSFET, (i.e. conducting or non-conducting), 
the one or more LED units may be short-circuited. In accor 
dance with the invention, modifying the topology of the LED 
assembly is understood to include, but not being limited to: 

0.015 connecting or disconnecting one or more LED 
units such that they are no longer powered by the drive 
unit; 

0016 short-circuiting one or more LED units such that 
a supply current from the drive unit flows through a 
parallel path to the LED unit and no longer through the 
LED unit itself 

0017 modifying how the LED units are interconnected. 
0018. As an example of the latter, changing a series con 
nection of two LED units of the LED assembly to a parallel 
connection of the LED units can be mentioned. The lighting 
application according to the first aspect of the invention fur 
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ther comprises a drive unit for providing power to the LED 
units. Within the meaning of the present invention, a drive unit 
is also referred to as a converter or power converter. As an 
example, the drive unit may comprise a buck converter or a 
boost converter. Such a converter can convert an input power 
Source (e.g. a Supply Voltage from a dimmer circuit) to an 
appropriate current source for powering one or more LED 
unit. Converters such as a Buck or Boost converter are 
examples of Switching regulators. It is worth noting that the 
drive units as applied in the lighting applications or LED 
drivers according to the various aspects of the present inven 
tion can also be linear regulators such as Voltage or current 
regulators. The use of such linear regulators is often discour 
aged because of a poor efficiency in case of an important 
mismatch between the Supply Voltage and the required load 
Voltage. In accordance with an aspect of the present invention, 
the topology of an LED assembly can be modified based on a 
signal representing the Supply Voltage. By doing so, a better 
match between the Supply Voltage and the required load volt 
age can be realised, as will be illustrated in more detail below. 
As such, in a lighting application according to the present 
invention, a linear regulator can be applied in a more efficient 
way. As an example, a rectified AC mains Voltage (e.g. 230 V. 
50 Hz) can be used as a Supply Voltage for a linear regulator 
powering an LED assembly. Assuming each LED unit of the 
LED assembly to have a forward voltage of approx. 4V and 
a minimal Voltage drop of the regulator being 1.5 V, the 
control unit controlling the Switch assembly can modify the 
LED assembly topology by adding a series connected LED 
unit to the LED assembly when the voltage difference 
between the Supply Voltage and the load Voltage (i.e. the 
voltage over the LED assembly) exceeds 5.5 V. When the 
Supply Voltage reduces and the Voltage difference approaches 
1.5V, one of the LED units can e.g. be short-circuited, e.g. by 
closing a switch of the switch assembly by the control unit. As 
an alternative, the topology can be changed by connecting 
LED units in parallel rather than in series. 
When and how to change the LED assembly topology can be 
determined by the control unit based on a signal representing 
the Supply Voltage, in general representing a property of the 
Supply Voltage. The signal can e.g. represent the difference 
between the Supply Voltage and a required load Voltage, e.g. 
the required forward voltage over the LED assembly. In an 
embodiment, the signal can, as an alternative, represent the 
load current as provided by the power converter to the LED 
assembly. 
As a result of the described way of controlling the LED 
assembly topology (and thus the required load Voltage) by 
appropriate Switching of the Switchassembly, the losses in the 
regulator will approx. vary between 1.5 times the applied 
current and 5.5 times the applied current. 
0019. In accordance with the first aspect of the invention, 
the lighting application further comprises a control unit for 
controlling the switch assembly. The control unit can be 
implemented in various ways such as with dedicated hard 
ware, using one or more microprocessors or digital control 
lers that are programmed using software. The control unit as 
applied in the present invention may also be implemented as 
an FPGA or an FPGA with a soft-core processor or as an 
analogue or digital controller. 
0020. The control unit as applied in the lighting applica 
tion according to the invention is arranged to control the 
Switch assembly based on a signal representing the Supply 
Voltage (or one or more characteristics, e.g. a Voltage level, of 
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the Supply Voltage) as applied to the drive unit (i.e. the power 
converter (e.g. a Buck converter) of the lighting application). 
As an example, the control unit may determine a maximum 
number of LED units or which LED units that can be powered 
(e.g. based on the available Supply Voltage and information 
regarding the required forward voltage of the different LED 
units) and control the Switch assembly in accordance. The 
signal representing the Supply Voltage (or one or more char 
acteristics of the supply voltage) can be derived directly from 
the supply voltage provided to the drive unit or may be 
derived from a different access point on the lighting applica 
tion. The lighting application according to the invention can 
e.g. be powered from a mains AC power Supply. In Such case, 
the AC power Supply may undergo various transformations 
prior to being used as a Supply Voltage to the drive unit. Such 
transformations may e.g. include an actual transformation to 
a different voltage level, a rectification by a rectifier, filtering, 
reduction via a dimmer circuit such as an external TRIAC 
dimmer circuit. In between Such transformations, the Voltage 
can be accessed and can be used to derive a signal represent 
ing the Supply Voltage of the drive unit from. 
0021. The lighting application according to the first aspect 
of the invention thus facilitates the application of a varying 
Voltage source as a Supply Voltage for a drive unit for power 
ing two or more LED units. In case the Supply Voltage as 
provided to the drive unit drops below a required value for 
powering all LED units when connected in series (i.e. the 
required forward voltage over the serial connected LED 
units), the control unit can e.g. determine the maximum num 
ber of LED units that can be powered at the same time and 
control the switch assembly to short circuit one or more LED 
units to secure that the required forward Voltage can be pro 
vided by the Supply Voltage. Instead of short circuiting one or 
more LED units, changing the interconnecting of the LED 
units from a series connection to a parallel connection can be 
considered as well. In order to comply with a requirement of 
providing a certain average light intensity, a momentarily 
lower intensity, due to a reduced Supply Voltage, can be com 
pensated later by providing an increased intensity. 
0022 AS Such, the lighting application according to the 
first aspect of the invention is particularly suited for retrofit 
applications. At present, different types of lighting applica 
tions are applied in e.g. domestic environments. Such appli 
cations e.g. include light bulbs which can e.g. be supplied 
directly from an AC mains power supply (e.g. 230V, 50 Hz) or 
a dimmed AC Supply (e.g. an output Voltage from a TRIAC 
dimmer). Other known lighting applications are e.g. Supplied 
from a comparatively low AC voltage (e.g. 12 V or 24V) 
which can equally be dimmed. Known lighting applications 
also include light sources powered by a DC voltage or a DC 
Voltage having an AC component Superimposed to it. The 
lighting application according to the present invention can be 
powered from a variety of power sources as the lighting 
application is arranged to adjust the effective number of seri 
ally connected LED units (and thus the required forward 
voltage of the serially connected LED units) based on the 
momentarily amplitude of the power Supply Voltage that is 
available. The lighting application according to the present 
invention can thus be Supplied from an output Voltage of a 
dimmer circuit such as a TRIAC dimmer. 

0023. In an embodiment, the control unit as applied in the 
lighting application is arranged to determine a dimming level 
from the Supply Voltage. As explained in more detail below, 
this can be accomplished in different ways; The required light 
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intensity (or dimming level) can e.g. be determined from an 
average value of the dimmer output signal. The lighting appli 
cation can e.g. be arranged to assess Such average value and 
provide a signal representing such average value to the con 
trol unit. The control unit may, in response to the signal, 
control the switch assembly to obtain the required light inten 
S1ty. 
0024. As an alternative, the dimming level can be deter 
mined or estimated from a duty cycle at which a Switching 
element of the drive unit or power converter (assuming a 
Switching regulator is applied) is operating. As will be 
explained below, the duty cycle of Such a Switching element 
can vary depending on the difference between the available 
Supply Voltage (e.g. a dimmer output Voltage) and the 
required load Voltage. As such, the observed duty cycle or a 
signal representing this duty cycle may equally be applied to 
control the topology of the LED assembly. 
0025. In an embodiment, the lighting application accord 
ing to the invention further comprises a rectifier for rectifying 
the dimmer output Voltage and outputting the rectified Voltage 
as a Supply Voltage for the drive unit. 
0026. In an embodiment, the lighting application com 
prises a waveform analyser arranged to assess the Supply 
Voltage and/or any internal Voltage and provide the signal (i.e. 
the signal representing a Voltage level of the Supply Voltage) 
to the control unit. Such a waveform analyser can e.g. com 
prise an ND converter for converting a signal representing the 
Supply Voltage. The waveform analyser may e.g. comprise 
one or more comparators for determining a voltage level of 
the Supply Voltage. The waveform analyser can e.g. be 
arranged to determine a Zero crossing of the Supply Voltage. 
As such, the waveform analyser may facilitate a synchroni 
sation between a periodic Supply Voltage (e.g. a (rectified) AC 
voltage or TRIAC dimmer output voltage) and the control 
signals of the control unit as applied in an embodiment of the 
lighting application according to the first aspect of the inven 
tion, 
0027 Note that a one-to-one correspondence between the 
Supply Voltage (input for the drive unit) and the required 
forward Voltage may require some Scaling: relevant for the 
determination of the (number of) LED units that can be pow 
ered is the output voltage that can be generated by the drive 
unit given a momentary Supply Voltage. This output Voltage 
can e.g. be somewhat Smaller than the Supply Voltage (e.g. due 
to Voltage drops inside the drive unit. . . . ) 
0028. When supplied from an AC power source, the input 
AC wave form (or the wave form that is outputted by an 
(electronic) transformer Such as a dimmer) can, in an embodi 
ment of the present invention, be used by the LED driver to 
synchronise a number of control and feedback methods (e.g. 
by the control unit) that allow for a cost effective, power 
efficient, dimable, and retrofit-able LED driver. 
0029. As knownto the skilled person, in order to changean 
intensity of an LED or change the colour of the light gener 
ated by an LED assembly, the duty cycle at which the LED is 
operated can be altered. As an example, when an LED is 
provided with a current during 25% of the time (i.e. operating 
at a 25% duty cycle), the intensity of the light is reduced to 
substantially 25%. In practice, the on and off cycling of the 
current (resulting in either generating light or not) can be 
performed at a sufficiently high frequency such that it 
becomes unnoticed by a person. In order to achieve this, in 
general, a duty cycle period is predetermined and the required 
duty cycle is applied within said period. Within the meaning 
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of the present invention, the term duty cycle period is used to 
denote the period over which a required duty cycle is applied. 
As an example, a duty cycle of 25% can be realised in a 
predetermined duty cycle period of e.g. 4 ms by providing a 
current during 1 mS and Subsequently turning off the current 
during 3 ms and repeating this process. By selecting the duty 
cycle period Sufficiently small and thus having a Sufficiently 
high frequency content for the current, no intensity variations 
will be observed by the human eye. In this respect, it is worth 
noting that the ON and off times of the duty cycle need not be 
continuous within the duty cycle period as meant here. See, 
for example, WO 2006/107199 for a more elaborate build-up 
of the ON time within the duty cycle period. In general, the 
applied duty cycle period is predetermined and e.g. based on 
the possible (minimal) pulse width of the current that can be 
provided and/or the resolution required. Assuming a current 
pulse having a duration of 2 microsecondora multiple thereof 
can be generated, the selection of a duty cycle period of 4 ms 
would then allow the intensity to be varied in 2000 steps 
between full intensity and Zero intensity. In case an LED 
assembly is powered from a substantially constant power 
Source (e.g. a DC power Supply), the selection of duty cycle 
period can be done arbitrarily and varying the duty cycle 
period slightly would not affect the illumination as observed. 
0030. However, when an LED assembly is powered from 
a periodic Supply Voltage, it has been observed that a particu 
lar selection of the applied duty cycle period with respect to 
the period of the supply Voltage can provide certain advan 
tages. In order to avoidaliasing effects due to the interaction 
of the frequency content of the Supply Voltage and the duty 
cycle modulation as e.g. applied by the control unit to the 
LED assembly, it has been found that a duty cycle period 
should be selected such that the division of the supply voltage 
period by the duty cycle period results in an integer number. 
0031. As such, according to an embodiment, the control 
unit is arranged to apply a duty cycle modulation to the LED 
assembly by controlling the switch assembly, whereby the 
duty cycle modulation is applied with a duty cycle period 
selected Such that a division of a Supply Voltage period by the 
duty cycle period results in an integer number. 
0032. As an example, for 50 Hz applications (the period of 
the rectified Voltage being 10 ms), the duty cycle period can 
be selected to be 5 ms, for 60 Hz applications (the period of 
the rectified voltage being 8.333 ms), the duty cycle period 
can be selected to be 4.165 ms. Inayet preferred embodiment, 
the duty cycle period is selected such that the division of a first 
Supply Voltage period by the duty cycle period results in an 
integer number and the division of a second, different Supply 
Voltage period by the duty cycle period also results in an 
integer number. By doing so, the lighting application can be 
powered from power supplies with a different frequency 
while maintaining the advantages of avoiding aliasing effects. 
As an example, selecting the duty cycle period equal to 833 
microseconds results in both the 50 and 60 Hz period being so 
divisible by the duty cycle period. By selecting a duty cycle 
period as indicated, the Switching of the Switch assembly 
enabling the duty cycle modulation becomes in fact synchro 
nised with the Supply Voltage. 
0033. In accordance with the invention, the switch assem 
bly (i.e. one or more switches such as MOSFETs, FETs, 
GTOs, IGBTs or the like that are controlled by a control unit) 
can serve two purposes: 
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0034 the switches can either be applied to modify the 
topology of an LED assembly as described above, and/ 
Or, 

0035 the switches can enable the LED units of the LED 
assembly to operate at a desired duty cycle thus obtain 
ing a duty cycle modulation of the current through the 
LED units, e.g. PWM or the like. 

0036. As explained in more detail below, the lighting 
application according to the first aspect of the invention may 
further comprise additional modules such as an EMI filtering 
module, a Power Factor Correction (PFC), an input filter to 
the LED driver optionally including a (switchable) buffer and 
an output filter optionally including a (switchable) buffer 
arranged (i.e. electrically connected) between the LED driver 
and the LED assembly of the lighting application. 
0037. The first aspect of the invention can also be imple 
mented without the use of a specific drive unit such as switch 
ing regulator or a linear regulator. As such, according to the 
first aspect of the invention, there is provided a lighting appli 
cation comprising 

0038 an LED assembly comprising two or more LED 
units, each LED unit comprising one or more LEDs, the 
LED assembly further comprising a switch assembly 
comprising one or more controllable Switches for modi 
fying a topology of the LED assembly, the LED assem 
bly, in use, being powered from a Supply Voltage, 

0039 a control unit for controlling the switch assembly, 
the control unit comprising an input terminal arranged to 
receive a signal representing the Supply Voltage or a load 
current to the LED assembly, and an output terminal for 
providing a control signal to the Switch assembly to 
control the Switch assembly in accordance with the sig 
nal, thereby modifying the topology of the LED assem 
bly. 

In such an embodiment, the LED assembly can directly be 
coupled to the Supply Voltage, whereby the topology of the 
LED assembly can be adjusted or modified depending on the 
available Voltage. By changing the way the LED units are 
interconnected (e.g. either in series or in parallel), the 
required load Voltage (i.e. the forward Voltage required by the 
LED unit or units) can be altered and adjusted in accordance 
with the available supply voltage. 
0040. In an embodiment of such a lighting application, the 
control of the Switch assembly is based on a signal represent 
ing the Supply Voltage. Such a signal can e.g. be a digital 
signal proportional to the instantaneous amplitude of the Sup 
ply Voltage. As an alternative, the signal could e.g. indicate 
when a certain Voltage level occurs. The signal could thus e.g. 
be a pulsed signal comprising a pulse when the Supply Voltage 
equals Zero. Such a signal can e.g. be applied in case the 
Supply Voltage is a periodic Voltage with a fixed frequency 
and amplitude. As such, the notion when a certain Voltage 
level occurs (e.g. a Zero-crossing) can be sufficient for a 
control unit controlling the switchassembly to determine how 
to modify the topology. As an example, in case the Supply 
voltage is a rectified 230V, 50 Hz AC mains voltage, the 
control unit can determine at any instance the available Volt 
age when e.g. the instance of Zero Voltage is known. Based on 
the available Voltage, the control unit can control the load (i.e. 
the LED assembly) such that the required load voltage sub 
stantially matches the Supply Voltage. 
0041. It is worth noting that, when relying on a voltage 
measurement in order to determine when and how the LED 
assembly topology should be modified, measures are prefer 
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ably taken to limit or control the current as provided to the 
LED assembly. As will be understood by the skilled person, 
the current vs. forward voltage characteristic of an LED is 
very steep beyond a certain forward voltage over the LED. In 
order to avoid excessive currents which could damage the 
LED, a current limiter or current limiting measures as known 
in the art can be implemented in the lighting application. 
0042. In another embodiment of such a lighting applica 
tion, the control unit controls the Switch assembly based on a 
signal representing a load current to the LED assembly. As 
will be understood by the skilled person, when an LED is 
provided with a voltage above it's nominal forward voltage 
(e.g. 4 V), an important increase of the current through the 
LED can be observed. Equally, when an LED is provided with 
a Voltage below it's nominal forward Voltage (e.g. 4 V), an 
important decrease of the current through the LED can be 
observed. As such, the current as provided to the LED assem 
bly, provides a clear indication of the relationship between the 
available Voltage and the required load Voltage. As such, the 
control unit can control the Switch assembly accordingly and 
thus change the LED assembly topology. As an example, the 
control unit can control the Switch assembly to add a series 
connected LED unit to the LED assembly when the load 
current increases above a certain level and to short-circuit an 
LED unit (or modify the interconnection of an LED unit from 
being series connected to parallel connected) of the LED 
assembly when the load current drops below a certain level 
(both levels can either be different but could also be the same). 
0043 Controlling the switch assembly based on a signal 
representing the load current to the LED assembly can be 
advantageous as it provides a more direct approach to deter 
mining whether or not to add or remove a LED unit, in 
general, modify the LED assembly topology, compared to 
e.g. assessing a difference between the Supply Voltage and the 
load Voltage and control the Switch assembly using this dif 
ference. 

The load current as applied to control the switch assembly 
(via the signal representing the load current) can either be the 
total current provided to the LED assembly or the current 
provided to one or more of the LED units. In case the total 
load current is used to control the Switch assembly, the actual 
topology (in case two or more LED units are operating in 
parallel) of the LED assembly may need to be taken into 
account. As such, the level (or levels) used to trigger a change 
in topology may need to take the number of parallel branches 
of the LED assembly into account to assess whether the 
current supplied to the LED units is above or below a certain 
level. 

0044 As adding or removing LED units to or from the 
LED assembly (due to a change in topology of the LED 
assembly) can affect the load current provided to the LED 
assembly and can thus cause current variations, the present 
invention proposes different measures to mitigate the current 
variations. 

As an example, the duty cycle at which the LED units are 
operated can be adjusted Such that brightness variations due 
to load current variations are mitigated. As an example, the 
duty cycle can be gradually reduced in case the load current 
increases above the nominal current thereby maintaining the 
brightness Substantially constant. Such an adjustment of the 
duty cycle can e.g. be realised by appropriate control of the 
Switch assembly or, when applied, the drive unit for powering 
the LED units. 
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0045. As a further example, current variations can be miti 
gated by applying the Voltage difference to charge a capacitor 
prior to adding a series connected LED unit (when the Supply 
Voltage increases) and discharging the capacitor to maintain 
the voltage over the LED assembly when the supply voltage 
decreases. 
0046. The first aspect of the invention further provides a 
method of powering an LED assembly by an LED driver 
connectable to a power source, the LED assembly comprising 
a serial connection of two or more LED units, each LED unit 
being provided with a controllable switch for short-circuiting 
the LED unit, the method comprising the steps of 

0047 detecting a voltage output level of the power 
Source, 

0048 compare the voltage output level to a required 
Voltage for powering the LED units to determine a maxi 
mum number of LED units that can be powered by the 
power source, 

0049 control the switches of the LED units in accor 
dance with the maximum. 

The method for powering an LED assembly according to the 
first aspect of the invention enables to power an LED assem 
bly taking into account the available Supply Voltage of a 
power source. As explained in more detail below, further 
constraints such as a colour or intensity set point can be taken 
into account as well. Therefore, in an embodiment, the 
method further comprises the step of adjusting a duty cycle of 
the LED units in accordance with the voltage output level 
While maintaining a colour set point. As explained in more 
detail below, to accommodate for a reduced input Voltage, the 
LED assembly topology can be adjusted. By adjusting the 
duty cycles of the LED units (thereby e.g. reducing the inten 
sity of the light output) a colour set point can e.g. be main 
tained, even at a reduced Voltage output level. 
0050. The method of powering an LED assembly accord 
ing to the first aspect of the invention can be generalised to a 
method of powering an LED assembly connectable to a 
power source, the LED assembly comprising two or more 
LED units, the LED assembly further comprising a switch 
assembly comprising one or more controllable Switches for 
modifying a topology of the LED assembly, the LED assem 
bly, in use, being powered by the power source, the method 
comprising the steps of 

0051 detecting a voltage output level of the power 
Source, 

0.052 providing a control signal to the switch assembly 
to control the switch assembly based on the voltage 
output level, thereby modifying the topology of the LED 
assembly. 

0053. In an embodiment, the method, as described above, 
can be applied to power an LED assembly by a power source 
via an LED driver such as a switched or linear regulator. 
0054. In an embodiment, the switch assembly includes 
switches for short-circuiting the LED units. 
0055. In the lighting application according to the first 
aspect of the invention, i.e. a lighting application comprising 
multiple LED units the power factor can be improved by 
utilising multiple LED units and reducing the required con 
verter output voltage (which is determined by the forward 
voltages of the different LED units) by, temporarily, closing a 
Switch over one or more LED units. By doing so, a larger 
portion of an AC input voltage can be applied for powering the 
converter. Preferably, the operation of the switch assembly is 
synchronised with the Supply Voltage (e.g. an AC Voltage or 
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TRIAC dimmer output Voltage). Such a synchronisation can 
include, as mentioned above, an appropriate selection of the 
duty cycle period. 
0056. According to a second aspect of the invention, there 

is provided an LED driver for powering an LED assembly that 
is Suited for being Supplied from a dimmer circuit such as a 
TRIAC dimmer. The LED driver according to the second 
aspect of the invention comprises a converter for converting a 
periodic input Voltage to a Supply current for powering the 
LED assembly, the LED driver further comprising a control 
unit arranged to determine a minimal holding current by, in 
use, gradually reducing the Supply current until a value of the 
input voltage Substantially reduces to Zero and Subsequently 
control the converter to operate at a Supply current at least 
equal to the minimal holding current. 
0057. When an LED driver is being powered by a TRIAC 
dimmer or the like, it is important to ensure that the TRIAC 
remains in a conductive state during the time an output Volt 
age needs to be provided. Such a TRIAC dimmer may e.g. 
convert an AC input Voltage to a suitable (reduced) periodic 
input Voltage (e.g. by phase orangle modulation) for conver 
sion to the Supply current. In order to provide Such a periodic 
input voltage, it may be required to maintain the TRIAC in a 
conductive state. As will be acknowledged by the person 
skilled in theart, in order to maintain a TRIAC in a conductive 
state after triggering, a minimum current, also referred to as 
the holding current, should pass through the mainterminals of 
the TRIAC. 

0058 When the power demands of the LED assembly are 
such that the current as provided by the TRIAC dimmer is 
lower than the minimum value, the TRIAC leaves its conduc 
tive state. As a consequence, the input Voltage as provided 
may become equal to Zero. The LED assembly according to 
the second aspect is arranged to ensure that, when a certain 
supply voltage is required by the LED driver, the LED driver 
load is such that a sufficiently high current is supplied by the 
dimmer to ensure the Supply Voltage being provided. 
0059. In an embodiment, the LED driver according to the 
second aspect of the invention is applied in a lighting appli 
cation, the lighting application comprising an LED assembly 
comprising at least one LED, the lighting application further 
comprising a variable load, in use controlled by the control 
unit, the variable load being connected in series with the LED 
assembly. 
0060. As an example, the variable load can comprise a 
resistor and a controllable switch (such as a FET or MOS 
FET) for short circuiting the resistor. Similar to the LED or 
LEDs of the LED assembly, the resistor can be operated at a 
certain duty cycle thus requiring a certain amount of power 
from the LED driver. When the LED assembly (e.g. compris 
ing a serial connection of a plurality of LED units such as the 
LED assembly as applied in the lighting application accord 
ing to the first aspect of the invention) is operating at a certain 
duty cycle (e.g. the LED units of the assembly operating at a 
certain duty cycle corresponding to a (user defined) set point 
of intensity and/or colour), a certainamount of power needs to 
be provided by the LED driver to the LED assembly. In order 
to supply this power to the LED assembly, this power needs to 
be received by the LED driver, e.g. from a TRIAC dimmer 
circuit. The LED driver according to the second aspect of the 
present invention is arranged to determine, based on a Voltage 
measurement at the input terminals of the LED driver, 
whether the power requested by the LED driver is sufficient to 
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maintain a TRIAC of the dimmer circuit in a conductive state 
and, based on the Voltage measurement, adjust the load char 
acteristic of the variable load. 
0061. In order to determine the required variable load for 
maintaining a TRIAC of the dimmer circuit in a conductive 
state, a current vs. Voltage characteristic can be determined 
e.g. during part of the periodic input Voltage of the LED 
driver. Based on the characteristic, a minimum power (and 
current) can be determined in order to maintain the TRIAC in 
a conductive state. 
0062. The LED driver according to the second aspect of 
the invention enables a Substantially continuous assessment 
of the required (load)current to maintain a TRIAC dimmer 
that can be used to power the LED driver in an operating 
(conducting) state. As such, the LED driver is capable to, 
almost instantaneously, adapt to varying operating conditions 
and can ensure an optimal (a.o. with respect to efficiency) 
operation of the LED driver. 
0063. In an embodiment, the load characteristic of the 
variable load as provided in the LED driver is varied during 
part of the periodic input voltage of the LED driver while the 
voltage at the supply terminals is monitored. When the load is 
varied to such an extent that the Voltage at the terminals drops 
to Zero, the load as presented by the LED driver is too small to 
maintain the TRIAC in a conductive state. Based on this, a 
control unit can determine a minimum load requirement for 
maintaining the TRIAC in a conductive state. 
0064. In an embodiment, a substantially continuous 
assessment of the minimum required holding current for 
maintaining a TRIAC of an external dimmer in a conductive 
state can be obtained. As such, the LED driver is capable of 
Substantially continuously setting an optimal load current 
(i.e. a current Sufficient to provide the required lighting output 
and sufficient to maintain the TRIAC in a conductive state. 
0065. In an embodiment, a trailing end of the periodic 
input Voltage is used to make the above mentioned load VS. 
Voltage analysis. The outcome of the analysis can be applied 
during a Subsequent period of periodic input voltage to set the 
required LED assembly load and variable load. When assess 
ing the minimal holding current in a trailing end of the peri 
odic input Voltage, the impact on the light intensity is com 
paratively small or non-existent, as is explained in more detail 
below. 
0.066. In an embodiment, the control unit of the LED driver 
according to the second aspect of the invention is arranged to 

0067. 1. control the converter to reduce the supply cur 
rent 

0068 2. measure a value of the input voltage at the 
reduced Supply current 

0069. 3. repeat steps 1 and 2 during subsequent periods 
of the input Voltage until the Supply Voltage substantially 
reduces to Zero, 

0070 4. controlling the converter to increase the supply 
current during a Subsequent period. 

(0071. In order to power an LED unit, the LED driver 
according to the second aspect of the present invention com 
prises a converter (e.g. a Buck or Boost converter) for con 
Verting an input voltage to a Supply current for powering the 
LED unit. Such an LED unit comprises at least one LED but 
may equally correspond to an LED assembly as applied in the 
lighting application according to the first aspect of the inven 
tion. The converter as can be applied in the LED driver 
according to the second aspect of the invention can e.g. cor 
respond to a drive unit (or power converter) as e.g. applied in 
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the lighting application according to the first aspect of the 
invention. So, eithera Switching regulator or a linear regulator 
could be applied. 
0072. As will be acknowledged by the skilled person, 
maintaining a certain holding current may result in an impor 
tant power dissipation in the converter. In order to mitigate 
Such dissipation, the LED driver according to the second 
aspect of the invention comprises a control unit that enables to 
find, e.g. in an iterative manner, which Supply current is 
required to maintain the input Voltage. It can be noted that the 
minimum holding current may vary Substantially, depending 
on the operating temperature of the TRIAC. At -40C, a mini 
mum holding current of approx. 30-50 mA may be required, 
while at +25C an average TRIAC only requires 5-10 mA. In 
order to determine a minimum value of the Supply current 
(required to maintain the input Voltage), the control unit of the 
LED driver is arranged to control the converter to reduce the 
Supply current and to measure a value of the input Voltage at 
the reduced supply current. As long as the input Voltage is 
maintained, the Supply current is Sufficient to maintain the 
converter from providing the input Voltage. The control unit is 
further arranged to repeat the steps of controlling the con 
Verter to reduce the Supply current and to measure a value of 
the input Voltage at the reduced supply current until the input 
Voltage Substantially reduces to Zero, e.g. due to a TRIAC 
aborting it's conductive state. 
0073. In an embodiment, the minimum holding current 
can be determined substantially without being visually 
detectable as flicker. At the end of a period of the input voltage 
(e.g. Synchronised to the line phase) a test can be performed to 
lower the supply current even further while keeping the over 
all holding current at a higher level with a hysteresis for 
stability. Only losing power for a small part of the supply 
Voltage period is something that can be corrected by a mar 
ginally bigger input capacitor (<5%). 
0074. In an embodiment, an input capacitance is provided 
to the LED driver according to the second aspect of the 
present invention. Such an input capacitance can be applied as 
a buffer for providing a supply voltage to the LED driver 
when the Supply Voltage is comparatively low. Such a capaci 
tance may equally serve as a filtering element. 
0075. In an embodiment of the LED driver according to 
the second aspect of the invention, a comparatively small 
input capacitance can be provided before the power converter 
by making use of a non-linear transfer curve between the 
Supply Voltage (e.g. provided by a TRIAC dimmer)phase cut 
and the output level: When a TRIAC dimmer is provided to 
power an LED driver, an angle modulated AC Voltage can be 
provided as the Supply Voltage. By applying a non-linear 
relation between the angular modulation of the dimmer and 
the light output, e.g. a Zero degrees phase cut resulting in 
100% of the nominal light while an 90 degrees phase cut 
resulting in only 30% of the nominal light (rather than 50% of 
the nominal light), the input capacitance Supplying the LED 
driver when the Supply Voltage is comparatively low (or Sub 
stantially Zero due to the angle modulation) the capacitance 
can be almost a factor of 2 smaller. The user experience while 
dimming would remain Substantially unaffected by Such a 
non-linear implementation, as the typical TRIAC dimmer has 
no scale and users operate a dimmer “until satisfied with the 
result. 

0076. In an embodiment, the LED driver according to the 
second aspect of the invention comprises an input buffer, e.g. 
a Switchable capacitor, as explained in more detail below. 
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0077. In such an embodiment, it can be decided to limit the 
energy intake of an input buffer, e.g. a capacitance to the time 
it takes to fill a capacitor or other storage element to the extend 
that it can power the remaining part of the cycle (this can e.g. 
be obtained by application of a switchable storage element or 
buffer, as is explained in more detail below). This can be to the 
benefit of power efficiency. 
0078. When an input capacitance, in general a storage 
element or buffer, is applied to power the LED driver during 
part of a period of the Supply Voltage, it may be cumbersome 
to determine a required dimming level as the powering of the 
LED driver by the capacitance may result in a TRIAC of a 
dimmer dropping out of its conductive state i.e. without any 
additional measures, such an implementation may prohibit 
determining the dimming level since this information is lost 
because of the TRIAC switching off for lack of holding cur 
rent. 

0079. In order to resolve this, in an embodiment of LED 
driver according to the second aspect of the invention, the 
control unit of the LED driver is arranged to maintain at least 
the minimal holding current during at least an entire period of 
the Supply Voltage, e.g. once every 5, 10 or 50 cycles. As an 
example, in case a 50 Hz AC voltage is provided as input for 
a TRIAC dimmer, and the dimmer output voltage is subse 
quently rectified by a full bridge rectifier, a Supply Voltage 
having a period of 10 ms is obtained. In this manner each 50. 
100 or 500 ms the holding current (e.g. 50 mA) is maintained 
during an entire period thus enabling the actual dimmer set 
ting to be determined while still gaining 4/5, 9/10 or 49/50 of 
the dissipation advantage of not having to hold the TRIAC 
current for an entire period of the Supply Voltage. In an 
embodiment, the LED driver according to the invention is 
powered from an electronic transformer. In general. Such an 
electronic transformer converts an input power source (e.g. an 
230 V, 50 Hz, mains supply) to a pulsed power supply, e.g. 
providing a pulsed voltage of 11.5V at 35 kHz. In practice, a 
plurality of LED units or LED assemblies are often powered 
from a single electronic transformer. In Such an arrangement, 
similar problems can occur with respect to loss of power (i.e. 
the transformer ceasing to provide power to the load) when 
the total power drawn by the plurality of LED assemblies 
descends below a minimum holding current of the electronic 
transformer. In general, an electronic transformer will 
attempt, when a certain period has expired, to output power 
again in case of a loss of power. Said period, e.g. 400 micro 
second, may depend on the operating conditions prior to the 
loss of power. When the power drawn by the LED units or 
LED assemblies is too small, the output voltage of the elec 
tronic transformer can drop to Zero. In order to maintain the 
output Voltage of the transformer to the required Voltage, the 
control unit of the LED drivers/units or lighting applications 
according to the invention can be arranged to increase the 
power consumption of the LED drivers, by adding an extra 
load. However, as it is a-priori unknown with how many LED 
assemblies (say in a case: N) the electronic transformer is 
loaded, the extra load may rise to N times the load which is 
minimally necessary for all types of electronic transformers 
to stay outputting power. This follows from the observation 
that Such an extra load can only be determined at design-time 
of the LED driver and/or LED assembly. With certain types of 
load (f.e. capacitive). Such a high load may damage the elec 
tronic transformer, thus limiting N to only 1 or 2 nodes. By 
making the LED driver adapting to the situation, that is to the 
number of LED assemblies N, a situation can be reached that 
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only the bare minimum of extra load is added over the entire 
system (that is over all NLED assemblies) to keep the elec 
tronic transformer alive. 

0080 Assuming the additional load needed to keep the 
electronic transformer operating to be a capacitor of X nF. In 
case more than one lighting application is powered from the 
transformer, it may be sufficient to add to each lighting appli 
cation a load which is only a fraction of X nF, namely sub 
stantially 1/N times X nF. As N is a priori unknown, it is 
proposed according to the invention, to gradually increase the 
additional load whereby an assessment is made whether the 
added load is sufficient, each time a load, e.g. X/Y nF is 
added. Each time a load is added, the electronic transformer 
will, as indicated above, attempt to output power again. In 
case the load of the transformer is insufficient, the transformer 
will cease to output power indicating that further additions of 
the load are required. As such, it may typically take a few 
periods before the total added load by the NLED assemblies 
equals or exceeds the minimal extra load. As an example, 
assuming a minimal load requirement to be 15 nF whereby 
the load represented by each LED application can be 
increased in steps of 2 nE during each period. In Such a 
situation, it would take three periods to obtain or exceed the 
minimal load when 6 LED assemblies are powered by the 
transformer. In case 10 LED assemblies are powered, it would 
only take one period to obtain or exceed the minimal load. As 
Soon as the minimal load required is added, the lighting 
applications can stop adding load. Using this approach, one 
can avoid that the total load to be powered by the electronic 
transformer increases to a level that would cause damage to 
the electronic transformer. 

I0081. According to a third aspect of the invention, there is 
provided an LED driver for powering an LED assembly com 
prising at least one LED, the LED driver comprising a con 
Verter for converting a periodic input Voltage to a Supply 
current for powering the LED assembly, the converter having 
input terminals for receiving the periodic input Voltage, the 
LED driver further comprising an input buffer for providing a 
current to the terminals and a control unit, the LED driver 
further comprising a Switching element for opening and clos 
ing a current path from the input buffer to the terminals and 
wherein the control unit is further arranged to control the 
Switching element based on an input signal representing the 
periodic input voltage. 
I0082. By applying an LED driver according to the third 
aspect of the invention, a significantly smaller input buffer 
(e.g. a capacitor) is enabled by only connecting the capacitor 
to the periodic input voltage, e.g. a rectified Voltage when 
either the rectified voltage is higher than the current capacitor 
Voltage value or the input Voltage is too low to Supply the 
power convertor, it is therefore coupled to the line input 
phase. Unlike the traditional filter capacitance e.g. applied 
with a rectifier, the LED driver according to the third aspect of 
the invention enables the capacitor's Voltage to be kept high 
until the stored power is actually needed instead of the capaci 
tor's Voltage decreasing with the input Voltage decreasing. 
Using this method, an input capacitor size can for example be 
reduced by a factor of 10. 
I0083. In an embodiment of the LED driver according to 
the third aspect of the invention, the Switching instances or 
moments of the power convertor are synchronised with the 
line phase. Due to the synchronisation a more reproduce-able 
LED current flow is achieved while EMI is reduced since the 
Switch moment can be chosen optimal for this. In addition, 
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since the 50, 60,400 or 480 frequencies are very precise over 
multiple cycles, the synchronisation of all Switching and 
feedback elements to the line phase in an intelligent mains 
voltage LED driver leads to a more stable light output regard 
less of temporary variations which are abundant on an aver 
age mains Supply. 
0084 As an example of such a synchronisation, the selec 
tion of the duty cycle period relative to the supply voltage 
period as described above, can be mentioned. 
In an embodiment, the input buffer as applied comprises a 
capacitor assembly comprising a plurality of capacitors and 
wherein the Switching element is further arranged to controla 
topology of the capacitor assembly based on the input signal. 
As an example, the capacitor assembly comprises two capaci 
tors whereby the Switching element is arranged to connect the 
capacitors either in series or in parallel. By connecting the 
capacitors in parallel when charging, the charging can be 
done with a comparatively low voltage. When the charged 
capacitors are Subsequently connected in series, a compara 
tively large Voltage becomes available for powering the con 
verter and thus the LED assembly. In order to modify the 
topology of the capacitor assembly or modify the intercon 
nection of the capacitor assembly to either the periodic input 
Voltage or the power converter, the Switching element as 
applied in the LED driver according to the third aspect of the 
invention can comprise more than one Switch. By controlling 
the Switching element based on an input signal representing 
the periodic input Voltage, it is possible to choose the time of 
connecting the capacitors for charging at times enabling 
drawing a current from the Supply that is larger than the 
minimum current needed to keep an electronic transformer or 
a TRIAC dimmer alive during a needed amount of time. As 
Such, by using several capacitors in a capacitor assembly, the 
charging of the capacitors can be performed at times when the 
power requirements of the load are insufficient to maintain an 
electronic transformer or a TRIAC dimmer providing an out 
put power. As such, the capacitor or capacitor assembly as 
described, in general the input buffer, can be use as a variable 
load as applied in an embodiment of the LED driver accord 
ing to the second aspect of the invention. 
0085. In another embodiment of the LED driver according 
to the third aspect of the invention, a smaller storage element 
or buffer (e.g. a capacitor) is enabled by introducing an on/off 
duty-cycle to the current provided by the LED driver to an 
LED assembly, the on/off duty cycle being synchronised with 
the Supply Voltage (e.g. an AC mains Voltage or TRIAC dim 
mer output voltage). Preferably, the on/off duty cycle has a 
frequency content above 500 Hz to reduce flicker and nausea 
effects. The off-part of the duty-cycle can be chosen to align 
with the line phase where the capacitor is feeding the power 
convertor. Using this method, e.g. a 75% duty-cycle at 500 Hz 
would allow halving the capacitor in an example case. 
I0086. In an embodiment of the LED driver according to 
the third aspect of the invention, the periodic input Voltage 
which, in use, is applied to the converter (or drive unit) is a 
TRIAC dimmer output Voltage. In Such an arrangement, the 
control unit of the LED driver should be arranged to deter 
mine a required dimming level for the LED assembly in 
accordance with the TRIAC dimmer output voltage This can 
e.g. be done by determining an average value of the Supply 
voltage over a predetermined period of time. Based on the 
determined dimming level, a set point can be determined by 
the control unit for powering the LED units (e.g. a duty cycle 
of the LED units) for obtaining the required dimming level. 
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I0087. In an embodiment, the required dimming level is 
derived from the available voltage at the end of a boost stage 
(i.e. a discharge stage orphase of the input buffer discharging 
its energy into the load, thus powering the load). This avail 
able Voltage can be considered a measure for the average 
available Voltage and thus of the required dimming level. As 
an alternative, the required dimming level can be derived 
from the operation of the converter. This can be illustrated as 
follows: assuming the converter as applied in the LED driver 
is a Switched mode power Supply such as a Buck or Boost 
converter. Such a converter is, in general, controlled to main 
tain a Substantially constant output current for powering the 
LED assembly. In order to maintain such a constant output 
current, a Switching element of the converter will operate at a 
certain duty cycle. In case the input voltage of the converter 
would change, this change would affect the duty cycle of the 
Switching element. A larger input Voltage would require the 
Switching element to operate at a smaller duty cycle in order 
to maintain the output current. This mechanism can be 
applied to adjust the brightness of an LED assembly in the 
following way. Rather than maintaining the output current to 
a substantially constant level, the converter of the LED driver 
according to the invention is controlled in Such way that a 
Switching element of the converter is operating at a Substan 
tially constant duty cycle or within a duty cycle range. An 
increase of the input Voltage would lead to a smaller duty 
cycle of the Switching element. By, in response to Such a 
Smaller duty cycle, setting the brightness setpoint higher 
(and/or change the topology of the LED assembly), the power 
drawn from the regulator/drive unit is increased causing the 
duty cycle to increase again. So by changing the setpoint of 
the brightness (and thus the dimming level), the duty cycle 
can be kept Substantially constant, and the dimming level 
oubserved will follow the incoming average voltage leveland 
thus the TRIAC dimmer setting. 
0088. In such an embodiment, no additional hardware 
Such as an ADC (analogue to digital converter) for providing 
a signal to the control unit representing the input Voltage is 
needed. Generalising this principle, the duty cycle at which a 
switch of the power converter of the LED driver is operating, 
can be considered a measure for the available Supply Voltage 
or the difference between the available supply voltage and the 
required load Voltage and can thus be applied to control the 
topology of the LED assembly, by controlling the switch 
assembly. 
I0089. In another embodiment of the LED driver according 
to the third aspect of the invention, a smaller capacitor is 
enabled by introducing a current-setting duty-cycle whereby 
the current supplied to the power converter by the capacitor 
during part of the input Voltage period is lower than the 
current Supplied when the capacitor is not discharged to the 
power converter. Phrased differently, the control unit of the 
LED driver can be arranged to control the LED driver to apply 
a reduced current to the LED assembly when the LED assem 
bly is powered from the input buffer. Using this method a 
reduction of the input buffer (e.g. a capacitor) of up to 30-40% 
can be achieved without negative impact to visible flicker. 
Preferably the current setting is coupled to the line input 
Voltage. In such an arrangement, in order to maintain a certain 
brightness, a larger current or an increased duty cycle can be 
applied when the power converter is not supplied from the 
buffer. 

0090. In another embodiment of the LED driver a signifi 
cantly smaller input capacitor is enabled by charging a larger 
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capacitance at the output of the power convertor which can be 
discharged when the rectifier output voltage is insufficient for 
the power convertor. In an additional embodiment, the volt 
age stored is doubled by a diode/capacitor network before 
being used. 
0091. As mentioned above, the switchable input buffer can 
e.g. comprise a capacitance or an inductance. By combining 
both in an LED driver, the LED driver can be arranged to 
operate as either a substantially capacitive load or a Substan 
tially inductive load. By alternating operating the LED driver 
as a capacitive load, e.g. during multiple periods of the input 
Voltage (thereby applying the capacitance as input buffer) and 
as an inductive load e.g. during multiple periods of the input 
Voltage (thereby applying the inductance as input buffer), the 
power factor of the LED driver can be adjusted and improved. 
In case multiple LED drivers are applied, e.g. in a lighting 
application comprising multiple LED assemblies, each pow 
ered by an LED driver, a power factor compensation or 
adjustment can be realised by applying both LED drivers 
having a capacitive buffer and LED drivers having an induc 
tive buffer. 

0092. In an embodiment, the LED driver according to the 
third aspect of the invention comprises an EMI filter compris 
ing a filter capacitor connected to the terminals, in parallel to 
the switched input buffer. In an embodiment whereby the 
input buffer comprises a capacitor connectable to the termi 
nals by the Switching element, an additional Switch is pro 
vided in a conductor between the filter capacitor and the 
capacitor. By appropriate operation of the additional Switch 
Such that the capacitor is not charging the filter capacitor, an 
improved behaviour with respect to audible noise and EMI 
can be obtained as is explained in more detail below. Apply 
ing the Switch in a ground wire or conductor rather than in a 
live wire, the control of the switch can be facilitated. 
0093. Further details and advantages of the LED drivers 
and lighting applications according to the present invention 
are provided in the description below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0094 FIG. 1a schematically depicts a first embodiment of 
the lighting application according to the first aspect of the 
invention. 
0095 FIG.1b schematically depicts a second embodiment 
of the lighting application according to the first aspect of the 
invention. 

0096 FIG. 2a schematically depicts a third embodiment 
of the lighting application according to the first aspect of the 
invention. 
0097 FIG.2b schematically depicts two possible arrange 
ments of an LED assembly directly powered from a rectified 
Supply Voltage. 
0098 FIG.3a schematically depicts the required forward 
voltage when three LED units are powered at different duty 
cycles, as a function of time. 
0099 FIG. 3b schematically depicts how to power a plu 

rality of LED units when a variable supply voltage is avail 
able. 
0100 FIG. 4 schematically depicts how a plurality of LED 
units can be powered by a Substantially sinusoidal Voltage. 
0101 FIG. 5 schematically depicts an embodiment of an 
LED driver according to a second aspect of the present inven 
tion. 
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0102 FIG. 6 schematically depicts a lighting application 
according to the invention comprising an embodiment of an 
LED driver according to the second aspect of the invention. 
(0103 FIG. 7a schematically depicts a TRIAC dimmer 
output voltage and time intervals for assessing a minimal 
holding current for the TRIAC. 
0104 FIG. 7b schematically depicts controlling a time 
interval wherein a minimal holding current is Supported. 
0105 FIG. 8 schematically depicts a possible effect on 
light output when powering an LED driver by a rectified 
sinusoidal Voltage when no input buffer is applied. 
0106 FIG. 9 schematically depicts voltage and current 
waveforms of an LED driver applying a switchable buffer. 
0107 FIG. 10 schematically depicts a first embodiment of 
a switchable buffer as can be applied in the present invention. 
0.108 FIG. 11 schematically depicts a second embodiment 
of a switchable buffer as can be applied in the present inven 
tion. 
0109 FIG. 12 schematically depicts the switchable buffer 
of FIG. 11 applying switches rather than diodes. 

DESCRIPTION 

0110. The present invention provides, in a first aspect, a 
lighting application comprising a plurality of serial connected 
LED units which can e.g. be powered from a dimmer output 
signal, in general, from a power Supply source. FIG. 1a sche 
matically depicts a first embodiment of the lighting applica 
tion according to the invention. FIG.1a schematically depicts 
a serial connection of three LED units 10, 20 and 30. The 
embodiment further comprises a Switch assembly comprising 
three switches T1, T2 and T3 that can substantially short 
circuit the respective LED units 10, 20 and 30. The switches 
can e.g. comprise a FET or a MOSFET FIG. 1a further 
depicts a drive unit (also referred to as power converter)50 for 
powering the LED units and a control unit 40 for controlling 
the drive unit 50. The drive unit can e.g. be, as shown in FIG. 
1a, a buck converter or can be another type of converter that 
enables the application of a current I to the LED units. The 
drive unit 50 is supplied from a voltage source V. In general, 
Such a buck converter is Supplied from a Substantially con 
stant DC voltage. When the supply voltage V is not constant 
(e.g. comprising an AC component), the Supply Voltage may, 
at Some instances, be insufficient to power the LED units as 
the LED units each require a certain forward voltage Vf. In 
order to enable the application of a varying Supply Voltage as 
input for a drive unit for an LED based lighting application, 
the lighting application according to the invention is provided 
with a Switch assembly and is arranged to provide a signal 60 
to the control unit 40, the signal representing the Supply 
voltage V that is provided to the converter 50. The signal 60 
can e.g. represent a property of the Supply Voltage V Such as 
a Voltage level or a Zero-crossing instance or can e.g. the 
voltage difference between the supply voltage V and the load 
voltage Vf. As shown in FIG. 1a, the control unit 40 can 
further be equipped to provide an On/Off signal to the con 
verter 50 in order to turn the current source on or turn it down. 
The control unit 40 may further be arranged to control the 
switching element T of the converter by providing a control 
signal S to the drive unit 50. Also a voltage over resistance Rs 
(representing the current through the LED assembly) can be 
applied as a feedback to the control unit 40 and to the con 
verter 50 (inputted at a terminal FB of the converter) and can 
be applied to control the switching element T of the converter 
or the switch assembly. 
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0111. The signal 60 as provided to the control unit and 
representing at least a property of the Supply Voltage V can be 
applied by the control unit to determine a required dimming 
level (e.g. in case the Supply Voltage originates from a TRIAC 
dimmer circuit). This can e.g. be done by determining an 
average value of the Supply Voltage over a predetermined 
period of time. Based on the determined dimming level, a set 
point can be determined by the control unit for powering the 
LED units (e.g. a duty cycle of the LED units) for obtaining 
the required dimming level. In this respect, it is worth noting 
that in some lighting applications which comprise multiple 
light sources such as LED assemblies, it is considered impor 
tant that each light Source provides at the same intensity 
and/or the same colour. In order to achieve this in a lighting 
application comprising multiple LED assemblies, it is thus 
important that each LED assembly is operated at substantially 
the same set point for intensity and/or colour. As the required 
set point is e.g. derived from an input signal (e.g. signal 60 as 
shown in FIG. 1a), it may occur that due to tolerances, the 
control units of the multiple LED assembly derive a different 
set point from the input signal. In order to overcome this, it 
can be arranged to assign a set point (either an intensity or 
colour set point) corresponding to the input signal when the 
input signal is within a certain bandwidth or margin. It will be 
clear to the skilled person that, by doing so, a trade-off is made 
between the resolution that can be realised with respect to 
colour and/or intensity and the requirement to have the same 
output with respect to colour and/or intensity. It can further be 
noted that this way of deriving a set point for an intensity 
and/or colour of an LED assembly may also be implemented 
in control units as applied in LED drivers according to the 
second or third aspect of the invention. 
0112. As an alternative, it can be arranged that the control 
unit of one of the LED assemblies operates as master and 
derives an intensity and/or colour set point of the input signal 
representing the Supply Voltage and provides the set point to 
the other control units controlling the other LED assemblies 
of the multiple LED assemblies. By doing so, an improved 
resolution of the intensity and/or colour can be maintained 
while ensuring that the same set point is applied by all LED 
drivers associated with the multiple LED assemblies. 
0113. The switch assembly allows changing the topology 
of the serial connected LED units by short circuiting one or 
more of the switches T1, T2 and T3. In the embodiment as 
shown, each LED unit can be shorted by turning on an appro 
priate Switching element, which can e.g. be controlled by the 
control unit 40, thereby effectively lowering the minimum 
voltage input Vfrequired by the drive unit 50 to still provide 
a current to the remaining LED units. In order for the control 
unit 40 to determine the number of LED units that can be 
powered, the control unit 40 is arranged to receive a signal 
representing the available voltage for powering the LED 
units. Such a signal can e.g. be obtained directly from the 
drive unit input voltage V. Based on the available voltage for 
powering the LED units and the required voltage by the 
different LED units, the control unit can determine which 
topology or topologies can be powered by the available Volt 
age. The control unit may then control the Switching assem 
bly in Such manner (e.g. by controlling the Switches that 
bridge the LED units) that the required topology is obtained. 
Reducing the number of LED units that are on in the low 
voltage ranges of the supply voltage V of the drive unit 50 
allows e.g. a buck convertor to Support a larger range of the 
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Supply Voltage, especially interesting for (temporarily) low 
ering required output Voltage depending on available input 
Voltage. 
0114. The embodiment as shown in FIG. 1a further com 
prises a diode 70 and capacitor 75 connected between the 
supply voltage V and the LED assembly. In FIG. 1a, the 
capacitor is connected to a node between the LED units 10 
and 20 but may equally be connected between other LED 
units or connected to ground. As will be acknowledged by the 
skilled person, the capacitor 75 as implemented can be 
charged by the Supply Voltage V. As such, it provides a Voltage 
Source that, in case the Supply Voltage V is Small or Zero (in 
case the Supply Voltage e.g. comprises an AC component or 
comprises a rectified AC voltage or a TRIAC dimmer output 
Voltage) can be applied for various purposes. The available 
voltage can e.g. be applied to drive the switches T1, T2 and T3 
in case the supply voltage V is too low. The available voltage 
can also be applied as a Supply Voltage for the control unit. As 
the control unit, only requires a small operating current (~1 
mA), a comparatively small capacitor may suffice to tempo 
rarily Supply the control unit when the Supply Voltage V is too 
low. When a comparatively large capacitor 75 is applied, the 
stored energy may even be sufficient to power the LED units 
during a certain period when the Supply Voltage V is too low. 
0115 The embodiment as shown in FIG. 1a and the 
embodiments discussed further on can, optionally, be pro 
vided with a rectifier or a rectifier element. Sucharectifier can 
rectify the incoming AC waveform (i.e. the dimmer output 
Voltage) thereby e.g. generating a pulsed DC waveform that 
can be used to Supply the drive unit of the lighting application. 
In its simplest form it consists of a single diode which then 
leads to a single phase output with a large off-period. A 
further embodiment can e.g. comprise a diode bridge com 
prising 4 diodes that use both AC phases and can lead to a 
fully rectified output. Due to the minimum forward voltage 
drops the diodes cause Some current and Voltage distortion 
and also account for Some dissipation. Most of the dissipation 
and distortion can be removed by using low voltage drop 
Switching elements (e.g. FETs) instead of the diodes. In appli 
cations using a comparatively small Voltage (e.g. 12 or 24V 
AC), the application of Switching elements may provide an 
important gain in available Voltage. 
0116. In an embodiment, the lighting applications as 
depicted in FIG.1a comprise a linear regulator as a drive unit 
instead of a Switching regulator Such as the Buck converter 
shown. Due to a comparatively low efficiency of Such a con 
verter, it is important to maintain the difference between the 
Supply Voltage V and the load Voltage Vf as Small as possible. 
The Switch assembly as applied in the present invention can 
be used for this. Based on the signal 60, the control unit CU 
can determine an optimal configuration for the LED assembly 
Such that a mismatch between the Supply Voltage V and the 
load Voltage Vf is as Small as possible. 
0117. In an embodiment, the drive unit of the lighting 
application further comprises a so-called current mirror com 
bined with a linear regulator. Such an arrangement is sche 
matically depicted in FIG. 1b. FIG. 1b schematically depicts 
an AC supply voltage 81 connected to a rectifier 82 thus 
obtaining a Supply Voltage V Sup. The arrangement further 
comprises a regulator 83 arranged to Supply a current Iref to 
one side of the current mirror 84 comprising two transistors 
Ta and Tb in a well known mirror arrangement. Using Such an 
arrangement, the current lied through the LED assembly 85 
can be controlled to the same value as Iref. FIG. 1b further 
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shows a control unit 40 (comparable to the control unit as 
shown in FIG.1a) receiving a feedback signal Vice represent 
ing a Voltage difference between the Supply Voltage Vsup and 
the voltage over the LED assembly 85. This feedback signal 
can be applied by the control unit 40 (in a similar manner as 
described with respect to FIG. 1a) to control the switch 
assembly comprising controllable switches T1, T2 and T3. 
0118 FIG.2a schematically depicts another embodiment 
of the lighting application according to the first aspect of the 
invention. The lighting application as shown comprises an 
LED assembly 110 comprising a plurality of LED units and a 
Switch assembly 106 arranged to, a.o. short circuit one or 
more of the LED units, in general, modifying the topology of 
the LED assembly, as discussed above. The embodiment 
further comprises a controller (or control unit) 108 arranged 
to control the switch assembly 106 and the power converter 
(or drive unit) 104 that, in use, powers the LED assembly 110. 
Reference number 99 denotes, in general, the voltage as pro 
vided to the lighting application. As such, it can e.g. corre 
spond to an AC mains Voltage or a dimmer output voltage 
(e.g. a TRIAC dimmer output Voltage). In an embodiment, the 
lighting application can comprise an EMI Filter (100) which 
can be applied to comply, if required, with legislature require 
ments on EMI, common-mode, and differential mode filter 
ing. When switching effects of the power convertor (104) are 
not strong enough to require attenuation of the signal level to 
meet regulatory emission requirements, it can be omitted. 
Such an EMI filter can e.g. comprise an inductor and capaci 
tor (LC) filter to suppress a switching frequency of the power 
convertor 104. In an earthed situation, a common mode choke 
can be used e.g. consisting of two distinct coil windings on a 
single core in combination with a small capacitance. Various 
examples of EMI filters both for earthed and non-earthed 
situations are known and can be applied in a lighting appli 
cation or in combination with an LED driver as provided by 
the invention. 

0119. In the embodiment of the lighting application as 
shown in FIG. 2a, the lighting application further comprises 
a waveform analyser 112. Such a waveform analyser 112 is 
intended to provide information on the available voltage to 
the controller 108. Such information may e.g. relate to the 
Voltage level available and/or the timing when the Voltage is 
available. As an example, such a waveform analyser can e.g. 
sample the available Voltage at a certain rate and store the 
information, e.g. after an A/D (analogue to digital) conver 
sion. The waveform data may also be retrieved via a com 
parator, e.g. a comparator having multiple levels thus retriev 
ing information when a certain Voltage level is exceeded or 
not. In an embodiment, such a waveform analyzer can e.g. 
enable a synchronisation between the Supply Voltage that is 
provided as an input voltage to the drive unit or to the rectifier 
and the control unit thereby enabling the control unit to syn 
chronise its control actions with the available input Voltage. 
As an example, the waveform analyser can, preferably over 
multiple cycles, determine anas accurate as possible synchro 
nisation of the control unit to the Supply Voltage, e.g. to the 
line and/or (electronic) transformer frequency. This can for 
example be done by (Software) PLL locking to compensate 
for cycle-local line Voltage distortions. The control unit may 
then e.g. base its control moments in time on the line phase 
detection. In an embodiment, the waveform analyser is 
arranged to detect a Zero crossing of the dimmer output Volt 
age. By doing so, a synchronisation between the dimmer 
output Voltage and the control unit controlling the drive unit 

Oct. 13, 2011 

can be realised. As an example, the dimmer output Voltage as 
can be applied to power the drive unit can e.g. correspond to 
an AC voltage which is dimmed using a TRIAC based dimmer 
and rectified. In order to know which voltage is available at a 
given moment in time, the available Voltage can be sensed by 
the waveform analyser and a Zero crossing can be detected. 
The waveform analyser may further be arranged to provide a 
synchronisation signal to the control unit based on the 
detected Zero crossings. In case of a TRIAC based dimmer, 
the firing times of the TRIAC (which can e.g. be expressed by 
a modulation angle) may further provide information regard 
ing the available voltage for powering the LED units. When 
the dimmer input voltage is known (e.g. 230 V, 50 Hz), a 
detection of the Zero crossings and information regarding the 
applied modulation angle may provide sufficient information 
to the controller or control unit 108 to determine/predict, at 
any given time, the available Voltage. As an alternative to the 
application of Zero-crossings to synchronise the control unit 
108 operation with the supply voltage, a detection of a peak 
value (or top value) of the Supply Voltage can equally be 
applied. Such peak value detection can e.g. be implemented 
by sampling the Supply Voltage (e.g. by using an ND con 
Verter), storing the results of n (e.g. 10) latest samples and 
determining whether a peak value is observed within the n 
samples. 
I0120 In the example as shown, the prediction of the avail 
able Voltage relies, to a certain extend, on the Voltage shape 
(e.g. a sinusoidal shape) being preserved when the TRIAC is 
conducting. In case the dimming action results in a less pre 
dictable Voltage shape, the available Voltage for powering the 
LED units can e.g. be derived in the following manner. In 
addition to or as an alternative to the detection of the Zero 
crossings, the waveform analyser 112 can be arranged to 
register and store the waveform into a memory unit. When the 
waveform has been stored, the waveform analyzer 112 may 
thus provides the control unit 108 with information of one or 
more of the previous cycles. The waveform analyser 112 can 
e.g. store in a memory unit where in time which Voltage was 
available (e.g. as a time-voltage curve or table) which can be 
used to determine which moments in time are effective in the 
next cycle to use for actual power Supply to an LED assembly 
having a particular LED topology (which may e.g. be 
adjusted based on the assembly forward Voltage require 
ments). Based on Such a time-voltage curve or table, the 
control unit 108 can determine the maximum number of LED 
units that can be powered or which LED units can be powered 
at a given time. It will be appreciated that such an arrange 
ment does not pose any limitation on the waveform shape 
provided that the voltage should have a substantially repeti 
tive nature. In case of a rectified (e.g. by a full bridge rectifier) 
AC Voltage that is Subsequently altered by a dimmer circuit, 
the dimmer output Voltage may e.g. have a Substantially non 
sinusoidal shape but still periodically, the waveform may e.g. 
repeat at a 100 HZ rate in case of a 50 Hz AC input voltage. In 
order to determine the rate of repetition of the waveform, the 
detection or determination of Zero-crossings of the Supply 
Voltage can e.g. be applied. 
In general, the waveform analyser 112 provides information 
on the available voltage to the control unit 108, in order for the 
control unit to determine which and/or how many LED units 
can be powered. 
The information on the waveform can be retrieved from a 
number of access points on the lighting application. Depend 
ing on the access point applied, the information that can be 
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retrieved may vary. As an example, in case only Zero-cross 
ings of the voltage available to the LED units need to be 
determined, these Zero-crossing can e.g. be determined from 
the input voltage of the drive unit or, in case a rectifier 102 is 
applied, even from the voltage 99 that is supplied to the 
rectifier, e.g. an AC mains or TRIAC dimmer output Voltage. 
0121. In an embodiment, the lighting application is pro 
vided with a filter causing a delay between the dimmer output 
Voltage and the drive unit input Voltage. Such a delay, e.g. 
provided by a filtering capacitance, can be applied to deter 
mine the voltage available to power the LED units in advance. 
0122) The waveform analyser 112 can e.g. acquire an 
input voltage of a transformer with some limited filtering (to 
reduce input capacitance) in one 100 Hz (or 120 Hz, or 400 
HZ, etc.) cycle and map the input Voltage to an appropriate 
voltage and current domain to be used in the next 100 Hz 
cycle: e.g. by determining for each 1 ms the Voltage available 
of a 12 V AC output, an rms voltage between 0 and 12 V is 
found. The next cycle in that particular 1 ms period the maxi 
mum it of LEDs that can be powered by the available voltage 
level can be turned on. In this manner the output Voltage (of 
the converter 104) may substantially follow the available 
input Voltage over time with some margin. This may provide 
in a, for the human eye stable light output at comparatively 
low input capacitor values, thus avoiding the use of electro 
lytic capacitors which tend to be comparatively big, costly, 
and have a limited life time. 

0123. In the embodiment shown, the lighting application 
may further comprise an input filter and a switched buffer 103 
as indicated in FIG.2a. Such optional element may serve to 
supply the drive unit (or power converter) 104 when an output 
voltage of the dimmer circuit or the rectifier has fallen below 
a minimum level usable for the drive unit (104). The optional 
input filter may comprise a fixed input filter, operating as a 
buffer, which can be connected directly to the rectified volt 
age. The embodiment as illustrated may further comprise a 
secondary (optional) buffer arranged to momentarily connect 
a buffer element (e.g. a capacitance) to the rectified Voltage 
thereby charging the buffer and, at a later time, connect the 
bufferelement to the input of the drive unit (also referred to as 
the power converter 104) thereby discharging the buffer in 
order to supply power to the power convertor when the recti 
fied voltage has fallen too low. Further details and embodi 
ments of such a switched buffer are disclosed below. The 
advantage of providing a switchable buffer is to save the 
stored high voltage in the buffer for optimal use at the time it 
is needed. The timing of connecting and disconnecting such a 
Switchable buffer can be done autonomously by e.g. always 
accepting charging and saving discharging only when the 
input voltage of the power convertor 104 drops below a mini 
mum level. A preferred embodiment however would e.g. 
enable the controller (108) to control the (dis)-connecting of 
the Switchable element and e.g. Synchronise the (dis)-connec 
tion with a line phase thus enabling a more robust buffer 
charging during each power cycle independent from momen 
tary distortions of the line voltage. The buffer (or storage) 
element normally comprises a capacitor but can also take the 
form of an inductor. 

(0.124. The drive unit 50 (of the embodiment of FIG. 1a) or 
the drive unit 104 (of the embodiment of FIG. 2a) as applied 
in the lighting application according to the invention can e.g. 
be a buck regulator out of cost, efficiency and size consider 
ations, but can also consist of a buck-boost, boost, SEPIC, 
CUK, etc., or any multiples or any combinations thereof. 
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Instead of a Switching regulator Such as a Buck or Boost 
regulator, a linear regulator can also be applied as a drive unit 
SO. 

0.125. The embodiment of the lighting application as 
shown in FIG.2a may further, optionally, comprise an output 
filter and switched buffer 105. The optional output filter can 
be used to reduce current and Voltage ripple to the connected 
LED load, i.e. the LED assembly 110 and can e.g. comprise a 
capacitor. The optional Switched buffer is an energy storage 
element that can be used to store energy during Sufficient 
rectified Voltage being available and can be tapped during the 
interval that the rectified voltage is not sufficient. The stored 
energy can be fedback to the input of the power convertor 104 
when needed. 

I0126. In an embodiment, the drive unit switching element 
or elements (e.g. switch T of the drive unit 50 of the embodi 
ment as shown in FIG.1a) can e.g. be synchronised to the line 
phase under control of the controller (108) and can e.g. com 
prise FETs, bipolar transistors, etc. The drive unit may use 
capacitors or inductors as storage elements that are Switched. 
The power convertor may be direct off-line (not galvanically 
isolated) or galvanically isolated by e.g. a flyback transformer 
and accompanying Switching element. 
I0127. The control unit or controller (108) is the compo 
nent of the lighting application that, based on a Supply Voltage 
based input signal (e.g. provided by the waveform analyser 
(112)) may align its control actions relative to the actual line 
phase. To enable this, the input signal to the controller may 
e.g. comprise synchronisation information such as the timing 
of the Zero crossings of an AC input Voltage. The controller or 
control unit 108 may optionally control the switched buffer 
103 and thus enable a reduction of the buffer and filter capaci 
tor's size: Constraints on the controlling of the switched 
buffer and the required available supply voltage can be 
applied as design input data to e.g. choose the capacitor size. 
This is explained in more detail below. The controller 108 
may optionally control the power convertor 104 to reduce 
light output flicker caused by momentary line Voltage fluc 
tuations, it can (optionally) also set an on/off duty-cycle over 
time for the converter. The controller 108 may optionally 
control the output switched buffer (105) to allow storing 
energy when the Supply Voltage is Sufficiently high for use 
when the voltage is insufficient to power the LED assembly. 
The controller 108 may also control the LED topology 
switches or switch assembly 106 to set a mix-colour point, or 
reduce an input Voltage requirement of the power convertor 
104 by reducing the # of LED units on. This is e.g. achievable 
by substantially short circuiting one or more of the LED units 
(by the switch assembly 106) thereby reducing the required 
forward voltage of the LED assembly 110. In the embodiment 
as shown in FIG. 2a, the controller 108 may take as input a 
feedback value 109 that may be use to achieve a light output 
colour and/or brightness set point. The controller 108 may 
furthermore be given a Software algorithm Such that it opti 
mises power efficiency, light output or colour stability, and 
sufficient power factor correction. The controller 108 may use 
the waveform analyser's 112 data on a previous cycle wave 
form Voltage data to set & optimise power conversion for the 
next cycle. The feedback 109 may give the controller 108 
feedback on the actual light output and/or colour and may e.g. 
comprise a current sensing resistor or other method of mea 
Suring current. Another embodiment would be an optical 
feedback using an LED and photodiode as feedback in e.g. a 
galvanically isolated flyback convertor. Another embodiment 



US 2011/0248.640 A1 

would be to use direct light output feedback from a suitably 
mounted photo diode or other optical sensor. 
0128. In an embodiment, the control unit 108 can further 
be arranged to determine an average of the dimmer output 
Voltage. Such average may e.g. be applied by the control unit 
to determine a set point for the intensity to be realised by the 
lighting application. In a retrofit application of the present 
invention (where a conventional lighting application is 
replaced by a lighting application according to the present 
invention), this can be applied to mimic the response of the 
replaced lighting application to a dimmer action. When a 
filtering is applied to the dimmer output voltage, the filtered 
Voltage may directly be applied as a signal representing the 
average dimmer output Voltage and may thus be applied to 
determine an intensity set point for the lighting application. 
0129. The LED assembly 110 as shown in FIG.2a can e.g. 
be a network of serial connected LED units wherein each 
LED unit can comprise parallel and/or serially connected 
LEDS. 

0130. In an embodiment, the waveform analyser 112 may 
continuously analyse the incoming, e.g. (electronic) trans 
former's output, waveform in order to recover a line fre 
quency (with the purpose of synchronising a controller 108 to 
it) and may also determine over a (synchronised) e.g. 10 ms 
supply voltage period (in case of 50 Hz) when and which 
number of LED units can be powered by the drive unit 104, 
e.g. a buck convertor. 
0131 The application of a waveform analyser 112 that can 
retrieve and store information on a previous cycle waveform 
voltage and supplies the information to a controller 108, can 
facilitate the controller in controlling both the intensity and 
colour as generated by the lighting application. 
0.132. According to the present invention, there is also 
provided an embodiment of an LED based lighting applica 
tion which is more directly supplied from an AC or periodic 
Supply Voltage. Rather than using a power converter or drive 
unit Such as a Switched mode power Supply or a linear regu 
lator, the lighting application according to the embodiment 
comprises an LED assembly comprising two or more LED 
units, each LED unit comprising one or more LEDs (such as 
LED units T1, T2 and T3 as shown in FIG. 1a) whereby the 
LED assembly is powered from a period Voltage, e.g. a rec 
tified AC voltage. The LED assembly further comprising a 
Switch assembly comprising one or more controllable 
switches for modifying a topology of the LED assembly and 
a control unit comprising an input terminal arranged to 
receive a signal representing a Voltage level of the Supply 
Voltage or a load current of the LED assembly, and an output 
terminal for providing a control signal to the Switch assembly 
to control the Switch assembly in accordance with the signal, 
thereby modifying the topology of the LED assembly. 
0133. Instead of electrically connecting a power converter 
between a Supply Voltage (e.g. Voltage V as shown in FIG.1a) 
and the LED assembly, the LED assembly is powered from 
the Supply Voltage without the use of Such a converter. 
Instead, the control unit of the lighting application is arranged 
to adjust the topology of the LED assembly such that the load 
Voltage substantially matches the Supply Voltage. Compared 
to the arrangement shown in FIG.2a, the power converter 104 
can thus be omitted. In order to control the switch assembly 
and thus controlling the load Voltage, the control unit can 
receive, similar to the arrangements shown in FIG. 1 or 2, a 
signal representing the Supply Voltage (e.g. a rectified AC 
Voltage)and control the Switch assembly based on this signal. 
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I0134. As a more direct approach, the control unit can rely 
its control operations on a signal representing the load cur 
rent, i.e. the current provided to the LED assembly. Based on 
the current provided to the LED assembly, i.e. the load cur 
rent, the control unit of the lighting application can determine 
how the topology of the LED assembly should be. As an 
example, the LED assembly can comprise a serial connection 
of n LEDs, each LED being provided with a parallel switch 
enabling a short-circuiting of the LED (as e.g. shown in FIG. 
1a), whereby the LED assembly is e.g. powered from a rec 
tified AC voltage. Starting from an instance whereby the 
supply voltage is substantially Zero. 1 LED can be switched 
on (by opening the switch of the switch assembly that is 
parallel to the LED. By doing so, a current will flow through 
the LED according to the well known forward voltage (Vf) vs. 
current (I) characteristic of an LED. When the available Sup 
ply voltage exceeds the nominal Vf of the LED, an important 
increase of the current through the LED (according to the Vf 
vs, I characteristic) can be observed. The current through the 
LED can e.g. be derived from a feedback signal e.g. originat 
ing from a sense resistor, such as resistor RS in FIG. 1a. A 
signal representing the load current (i.e. the current through 
the LED) could also be derived from an optical sensor as the 
intensity of the light generated can be considered a measure 
for the current through the LED. Based on the signal repre 
senting the load current, the control unit of the lighting appli 
cation can e.g. in case the current exceeds a certain value, 
control the Switch assembly to open a Switch in parallel to a 
second LED thereby obtaining two series connected LEDs. 
As a result, the available voltage will be distributed over both 
LEDs resulting in a reduced load current. Continuing this 
process, the control unit can e.g. control the load current to 
remain within a certain bandwidth by adding or removing 
LEDs to/from the LED assembly. 
I0135. As will be understood by the skilled person, adding 
or removing an LED as described can result in an important 
current variation when only a few LEDs are operated. In order 
to mitigate this, in an embodiment, the LEDs or LED units of 
the LED assembly are provided with a parallel capacitor 
which can be switched on or off by a switch connected in 
series with the capacitor. 
0.136 FIG.2b schematically depicts two possible arrange 
ments enabling the current variations due to adding or remov 
ing LEDs to be reduced. In the arrangement shown on the left 
of FIG.2b, the LED current is controlled by a switch Tx in 
parallel to the LEDs. The LEDs LX are further provided with 
a capacitance CX which can be connected in parallel to the 
LEDs by operating Switches Ty. In Such an arrangement, by 
closing switch Ty of the LED which is to be added, the 
capacitor in parallel to the LED is charged. Switch Tx is 
assumed to be opened at the same time as Ty. By doing so, the 
Voltage over the LEDs already operating can be maintained 
Substantially constant despite an increase of the Supply Volt 
age, by appropriate dimensioning of the capacitors CX. 
Phrased differently, the voltage over the capacitor can be 
designed to increase (due to the charging of the capacitor) 
with Substantially the same slope as the Supply Voltage 
increases. As such, the Voltage over the LEDs already oper 
ating can be maintained Substantially constant. Once the 
capacitor has been charged to e.g. the Vf of the LED to be 
added, the capacitor can be switched off, i.e. switch Ty can be 
opened. During a decrease of the Supply Voltage, the charge 
stored in the capacitor can be applied to, in a similar manner, 
maintain the voltage over the operating LEDs or LED units 
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Substantially constant. An alternative arrangement is shown 
on the right of FIG.2b, whereby a switch TZ is provided for 
connecting an LED LX, which can either connect a terminal 0 
to either terminal 1 (thereby disconnecting the LED LX), 
terminal 2 (thereby connecting a capacitor CX) or terminal 3 
(thereby connecting the LED Lx). When the switch TZ is 
connecting terminal 0 to terminal 1, LED LX is not provided 
with a load current. In case the available Supply Voltage 
increases, the switch Tzofan LED LX to be added is operated 
to, in a first step, connect terminal 0 to terminal 2 thereby 
charging the capacitor CX. Similar to the arrangement on the 
left, charging the capacitor can result in the Voltage provided 
to the operating LEDs to remain substantially constant. Once 
the capacitor is charged, e.g. to the forward Voltage Vf of the 
LED to be connected, switch TZ can be operated to connect 
terminal 0 to terminal 3, Substantially without causing any 
current variations. 

0.137 It is worth noting that the application of the switch 
able capacitors as illustrated in FIG.2b can also be applied in 
combination with a power converter or drive unit as applied in 
the other lighting applications according to the invention. 
0.138. In an LED based application, a colour set point is, in 
general, realised by operating a plurality of LEDs having a 
different colour (e.g. a red, a green and a blue LED) each at a 
specific duty cycle Such that, on average, the colour set point 
is obtained. When a substantially constant Supply Voltage is 
available, which is sufficient to power the serial connection of 
LED units, a controller or control unit may easily determine 
the required duty cycles of the different LED units. When the 
Supply Voltage is sufficient to power all LED units at the same 
time, the Supply Voltage does not pose a limitation to the 
application of the different duty cycles. When however, e.g. 
due to the application of a dimmer, the Supply Voltage as 
provided to the drive unit, is at Some instances, too low to 
power all LED units at the same time, the control unit may 
need to take the available Voltage into account when deter 
mining at which instances which LED units are powered. This 
is illustrated in the following FIGS. 3a-3b, schematically 
depicting operating sequences of multiple LED units using a 
duty cycle modulation, e.g. PWM or the like. Assuming an 
LED assembly comprising three LED units, each comprising 
one LED of a different colour. In order to provide, on average, 
a predetermined colour set point, the LED units are operated 
at a different duty cycle, e.g. determined by a control unit. 
FIG. 3a schematically depicts when the three LED units are 
powered, indicated by the required forward voltage Vf of the 
LED units, as a function of time t. The operation of the LED 
units is indicated by rectangular shaped blocks, e.g. block 
300, wherein the width of the block corresponds to the time an 
LED unit is powered and the height of a block represents the 
required forward voltage for providing a current to the LED 
unit. As can be seen, in order to operate the LED units at a 
specific duty cycle, the LED units are only operated part of 
each period T. also referred to as the duty cycle period. 
Within the meaning of the present invention, the term duty 
cycle period is used to denote the period over which a 
required duty cycle is applied. The duty cycle periods Ti as 
shown in FIGS. 3a and 3b can, in general, be selected in an 
arbitrary manner and could even be varied during operation. 
0.139. It has been observed however that, in case a periodic 
Supply Voltage is available, it may be advantageous to Syn 
chronise the Switching operations of the Switch assembly 
controlling the topology of the LED assembly with the peri 
odic Supply Voltage. Such a synchronisation can advanta 
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geously be achieved by selecting the duty cycle period Such 
that a period of the periodic supply voltage divided by the 
duty cycle period results in an integer value. As an alternative, 
in case the duty cycle period is not constant (as e.g. illustrated 
by periods T2, T3 and T4 as indicated in FIG. 4), a sequence 
of successive duty cycle periods should form a pattern which 
is synchronised with the period of the supply voltage. By 
synchronising the duty cycle period with the period of the 
Supply Voltage, aliasing effects can be reduced. 
0140. By operating the LED units at a specific duty cycle, 
a specific colour set point can be realised. When the three 
LED units are powered at the same time, the sum of the 
required forward voltages of the LED units should be avail 
able. As such, at titl, the Supply Voltage needs to be larger 
than the sum of the forward voltage of the three LED units 
(i.e. Vt). At t=t2, only the forward voltage of the LED unit 
indicated by block 330 needs to be available. The supply 
voltage available for powering the LED units is schematically 
indicated by the dotted line 310. When the intensity of the 
lighting application needs to be reduced, while maintaining 
the colour set point, the duty cycles of the LED units can e.g. 
be reduced proportionally. In case a substantially constant 
Supply Voltage is available, the reduced intensity can be rea 
lised by operating the LED units as indicated during period 
T2. 

In case a variable Supply Voltage is available, powering the 
LED units may not be possible in the same manner. This is 
illustrated in FIG. 3b. The left part of FIG. 3b (covering 
periods indicated by T1) substantially corresponds to the left 
part of FIG. 3a. During period T2, a reduced intensity is 
required, due to the lower available Supply Voltage, while 
maintaining the same colour set point. (it can be noted that the 
human eye is more sensitive to short colour variations than to 
intensity variations.) Due to a reduction of the Supply Voltage, 
indicated by the dotted line 340, the supply voltage available 
during period T2 is less than the sum of the forward voltages 
of the three LED units. Phrased differently, during period T2, 
the three LED units cannot be powered at the same time. It 
will be clear that solving this by merely powering only the 
LED units indicated by blocks 350 and 360 would affect the 
colour that is generated. In order to operate the lighting appli 
cation at the reduced intensity and maintaining the colour set 
point, the LED units can be powered with the required duty 
cycle, but sequential powering of the LED units may be 
required. This is illustrated during period T3 of FIG. 3b. As 
can be seen, rather than powering the three LED units at the 
start of period T3, only two units are powered, the third unit 
(indicated by block 370) is powered, at the appropriate duty 
cycle, when the first unit (indicated by block 380) is no longer 
powered. As such, the reduced intensity can be realised while 
maintaining the colour set point. As will be clear to the skilled 
person, a further reduction of the available Supply Voltage 
(e.g. indicated by dotted line 390 during period T4) may result 
in the requirement that only one LED unit can be powered at 
the same time. In Such a situation, the powering of the three 
LED units can e.g. be as indicated during period T4 of FIG. 
3b. In general. Such a sequential powering of the different 
LED units within a certain period rather than powering the 
LED units simultaneously should be feasible since the 
required duty cycles of the different units can be reduced, i.e. 
to mimic the effect of a reduced Supply Voltage of a conven 
tional lighting application on the intensity of the lighting 
application. In order to maintain Substantially the same colour 
output, the duty cycles of the different LED units can be 
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reduced proportionally. So, in order to respond to changed 
dimmer output Voltage (i.e. due to a user action on a dimmer 
in order to reduce the light intensity), the control unit may 
reduce the duty cycle of the LED units thus realising a 
reduced light intensity. Operating the different LED units at 
reduced duty cycles enables the powering of the LED units in 
a more sequential manner (see the operation during periods 
T3 and T4) rather than powering the LED units at the same 
time. By operating the LED units in a sequential manner, the 
Voltage requirement for powering the LED units is reduced. It 
may further be noted that an average light intensity over 
multiple periods T can e.g. be maintained by compensating 
for a reduced intensity in periods having a comparatively low 
Supply Voltage in periods having a comparatively high Supply 
Voltage. 
0141 Regarding the selection of the duty cycle period or 
periods as applied, in a preferred embodiment, the duty cycle 
period is selected such that the division of a first supply 
Voltage period by the duty cycle period results in an integer 
number and the division of a second, different Supply Voltage 
period by the duty cycle period also results in an integer 
number. By doing so, the lighting application can be powered 
from power supplies with a different frequency while main 
taining the advantages of avoiding aliasing effects. As an 
example, selecting the duty cycle period equal to 833 micro 
seconds results in both the 50 and 60 Hz period being divis 
ible by the duty cycle period. 
0142. When the available supply voltage is known in 
advance, e.g. by Sampling and storing a previous waveform of 
the Supply Voltage, the control unit of the lighting application 
according to the invention can determine in advance an opti 
mal sequence of powering the LED units such that an optimal 
use is made of the available Voltage while at the same time, 
taking a required colour set point into account. As an 
example, FIG. 4 illustrates how the powering of three LED 
units can be performed as a function of time given a Substan 
tially sinusoidal supply voltage for the drive unit. The dotted 
lines 450 schematically indicate the required voltage for pow 
ering 1, 2, resp.3 LED units. As can be seen, during periodT1, 
no LED units are powered because the Supply Voltage (indi 
cated by the curve 400) is too low. During period T2, the 
available voltage is sufficient to power one LED unit. As in 
FIGS. 3a and 3b, the LED units are indicated by rectangular 
shaped blocks, wherein the width of the block corresponds to 
the time an LED unit is powered and the height of a block 
represents the required forward Voltage for providing a cur 
rent to the LED unit. By sequentially powering the 3 LED 
units, (whereby each LED unit may have a different duty 
cycle), a user defined colour set-point can be realised. During 
period T2, two LED units can be powered at the same time, 
e.g. as indicated. During period T3, three LED units can be 
powered at the same time. The control unit (e.g. the control 40 
as shown in FIG. 2a) of the lighting application according to 
the first aspect of the invention can be arranged to determine 
the appropriate duty cycles of the LED units for operating the 
LED units during the periods T2, T3 and T4. As such, the 
voltage available for powering the LED units (i.e. the voltage 
available at the terminals of the power converter that powers 
the LED units) can be applied in an efficient manner by 
adjusting the LED assembly topology in Such manner that the 
required forward Voltage can be provided by the (instanta 
neously) available Supply Voltage at the terminals of the 
power converter or drive unit. As will be acknowledged by the 
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skilled person, the principle as described in FIGS. 3a, 3b and 
4 can be applied to an arbitrary Supply Voltage available to the 
power converter. 
0143. The lighting application according to the first aspect 
of the present invention can thus be applied to retrofit a 
number of different lighting applications that are currently 
available on the market. Such lighting applications include, 
but are not limited to, conventional light bulbs that are pow 
ered from a mains Supply or halogen light applications that 
require a low Voltage DC Supply. When Such applications are 
provided with a dimmer circuit, the output voltage of the 
dimmer circuit which is applied to the lighting application 
may vary Substantially. The lighting application according to 
the present invention is arranged to accept such varying Sup 
ply Voltage and adjust the topology of the LED assembly (e.g. 
by short circuiting one or more LED units) based on the 
available Voltage. 
0144. In an embodiment, the LED driver according to the 

first aspect of the invention is arranged to diagnose the avail 
able Supply Voltage autonomously and adjust the control of 
the LED driver based on the diagnosis. As an example, the 
waveform analyser as applied in a LED driver according to 
the first aspect of the invention, can be arranged to determine 
certain characteristics of the Supply Voltage (such as average 
value, mean value, top value, frequency (content), etc.) and 
determine, based on the information the appropriate way to 
control the LED driver and/or LED assembly. Further details 
on this aspect of the present invention are provided below. 
0145 According to a second aspect of the invention, an 
LED driver is provided for powering an LED assembly. FIG. 
5 schematically depicts such an LED driver 500, the LED 
driver can e.g. be arranged to receive an input Voltage 510 
Such as a TRIAC dimmer output Voltage, e.g. obtained from a 
mains AC voltage 530, for powering the LED driver 500. In 
order to provide the dimmer output voltage 510, the TRIAC of 
the dimmer (not shown) needs to be operable in a conduction 
state, which, as known to the skilled person, requires a current 
(holding current) to flow through the terminals of the TRIAC. 
AS Such a current may pose an important dissipation, it may 
be important to keep this current preferably as low as pos 
sible. The LED driver according to the second aspect of the 
invention is arranged to determine, e.g. in an iterative manner, 
the required holding current. In addition to the LED driver, 
FIG. 5 schematically depicts an (AC) power source 530 and a 
dimmer 520 (e.g. a phase controlled dimmer such as a TRIAC 
dimmer). The dimmer output signal 510 can, in general, 
directly be applied to the LED driver. In the arrangement as 
shown however, the dimmer output voltage 510 is rectified by 
a rectifier 540, the rectifier output voltage 550 being applied 
as supply voltage for the LED driver. The LED driver as 
shown in FIG. 5 can e.g. comprise a Buck or Boost converter 
560 or the like for providing power to an LED assembly 580. 
As an example, the converter 560 may correspond to the 
converter 50 as depicted in FIG. 1a. The LED driver further 
comprises a control unit 570 for controlling a.o. the converter 
560 of the LED driver. The control unit 570 may equally be 
applied to control the operating conditions of the LED assem 
bly. In an embodiment, the LED assembly as powered by the 
LED driver according to the second aspect of the invention 
can e.g. be controlled by a Switch assembly (not shown) that 
can e.g. comprise one or more Switches (such as FETs or 
MOSFETs) to control the current through the one or more 
LED units of the LED assembly. The LED assembly as shown 
in FIG. 5 can e.g. correspond to an LED assembly as applied 
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in an embodiment of the lighting application according to the 
first aspect of the invention. The LED driver as shown is 
further arranged to determine the required current for main 
taining a TRIAC of the dimmer in a conductive state. In the 
embodiment of FIG. 5, this is implemented as follows: The 
control unit 570 of LED driver 500 is arranged to gradually 
decrease the current as provided to the load, i.e. the LED 
assembly. This can e.g. be established by controlling the 
Switching operation of the Switching element of the converter 
570. By varying the duty cycle of such a switching element 
(e.g. the switching element T of converter 50 as shown in FIG. 
1a), the current as provided by the dimmer 520 and thus the 
current as provided through a TRIAC of the dimmer, can be 
varied. As an alternative, the control unit 560 can be arranged 
to control the load as presented by the LED assembly 580 to 
the LED driver. In general, the variation of the current as 
drawn by the LED driver from the dimmer can be realised by 
varying the load that is powered by the LED driver or by 
controlling the LED driver directly. FIG. 6 schematically 
depicts an embodiment of a lighting application 600 compris 
ing an LED driver (comprising a power converter or drive unit 
104 and a control unit 108) according to the second aspect of 
the invention. The power converter 104 preferably comprises 
a buck regulator, e.g. out of cost, efficiency and size consid 
erations, but may also comprise a buck-boost, boost, SEPIC, 
CUK, etc., or any multiples or any combinations thereof. 
Such a power convertor generally comprises one or more 
Switching elements (as e.g. Switching element T of converter 
50 of FIG. 1a) which can, in the embodiment as shown, be 
synchronised to the line phase voltage 99, e.g. by control of 
the control unit 108. Such Switching elements can e.g. com 
prise FETs, bipolar transitors, MOSFETs, etc. The (switched 
mode) convertor 104 may, in an embodiment, apply capaci 
tors or inductors as storage elements that are Switched. Such 
embodiments are discussed in more detail below. The power 
convertor may be direct off-line (not galvanically isolated) or 
galvanically isolated by e.g. a flyback transformer and 
accompanying Switching element. 
0146 In the embodiment as shown, the variation of the 
current requirement of the LED driver (i.e. the current pro 
vided to the converter 104) is enabled by a variable load 111. 
As a variable load, the LED driver in the embodiment as 
shown, is arranged to provide a current to a resistor which is 
arranged in series with the LED assembly. The load as pro 
vided by the resistor can be varied by operating a Switch (e.g. 
a FET or MOSFET) that is provided to short circuit the 
resistor. The Switch can be operated at a comparatively high 
frequency at a variable duty cycle. As such, the resistor can 
represent a variable load which can Substantially continu 
ously be varied. By varying the load that is powered by the 
LED driver, the current that is e.g. provided by a TRIAC 
dimmer to the LED driver will vary as well. As such, by 
varying the duty cycle at which the resistor is operated, the 
current provided by the TRIAC dimmer can be gradually 
reduced. In accordance with an embodiment of the LED 
driver according to the second aspect of the invention, the 
control unit 108 of the LED driver can be arranged to control 
the variable load (represented by the switchable resistor 111) 
in order to reduce the Supply current (i.e. the current as Sup 
plied by the TRIAC dimmer to the LED driver) and to mea 
Sure a value of the input Voltage (e.g. at an input terminal of 
the LED driver) in relation to the supply current. When the 
load is varied to such extend that the voltage at the terminals 
of the LED driver drops to Zero, the load as presented by the 
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LED driver is too small to maintain the TRIAC in a conduc 
tive state. Based on this, the control unit 108 can determine a 
minimum load requirement (or minimum supply current) for 
maintaining the TRIAC in a conductive state. Based on this 
information, the control unit 108 can be arranged to ensure 
that this minimum current is required by the LED driver's 
converter 104 during the time a voltage is required at the 
terminals of the LED driver. By doing so, the LED driver 
according to the second aspect of the present invention, 
enables a TRIAC dimmer to be operated at a minimum hold 
ing current as required by the TRIAC dimmer, the minimum 
current being based on the actual operating conditions rather 
than being set to a fixed holding current. By doing so, an 
important improvement of the efficiency of a lighting appli 
cation comprising the LED driver can be realised: The mini 
mum holding current of a TRIAC may vary substantially 
depending on the operating temperature of the TRIAC. At 
-40C, a minimum holding current of approx. 30-50 mA may 
be required, while at +25C an average TRIAC only requires 
5-10 mA. When the LED driver according to the second 
aspect of the present invention is not applied, the minimum 
load requirement of the LED assembly may need to be set 
Such that a comparatively high current (e.g. 30 mA) is pro 
vided by the TRIAC, at all times, in order to ensure the 
conductive state while, due to the operating conditions, a 
much smaller current would be sufficient (e.g. 5 mA or less) 
to maintain the TRIAC in a conductive state. As will be 
acknowledged by the skilled person, operating the TRIAC 
dimmer at the actual minimum holding current (i.e. based on 
the operating conditions) can provide an important efficiency 
improvement of the lighting application applying the LED 
driver. As, due to varying operating conditions, the minimal 
holding current may also increase over time, it may be advan 
tageous to operate the LED driver at an elevated minimum 
current (e.g. 10% above the minimum Supply current as deter 
mined by the control unit). In Such an embodiment, the con 
trol unit can thus be arranged to adjust the load of the LED 
driver (i.e. the LED assembly and/or the switchable resistor) 
to the control unit can be arranged to ensure that the minimum 
current as provided to the LED driver during the time a 
voltage is required at the terminals of the LED driver is above 
the minimum holding current of the TRIAC. 
0147 By providing a variable load in series with the LED 
assembly and controlling the load in a similar manner as the 
duty cycle of an LED unit of the LED assembly is controlled 
(e.g. by providing a switch (e.g. a FET or MOSFET) in 
parallel, as illustrated in FIG.1a), use is made of the already 
available topology of the LED assembly and switching 
assembly. In addition, the embodiment as illustrated provides 
the advantage that the load can be varied with a comparatively 
high resolution, e.g. the same resolution as can be applied to 
the duty cycle of the LED unit. As such, the minimal holding 
current can be determined with a high accuracy. 
0.148. The lighting application 600 as schematically 
depicted in FIG. 6 may further comprise the following com 
ponents which can e.g. correspond to similarly numbered 
components of the lighting application as shown in FIG. 2a. 
As such, the lighting application can e.g. comprise, when 
required, an EMI Filter 100 as discussed in more detail above. 
A further optional element is the power factor correction 
(PFC) element 101 that can e.g. compensate for current dis 
tortions (e.g. due to capacitive and inductive loading versus 
purely resistance) to meet regulatory requirements on PFC. 
When the driver properties are sufficient to meet these 
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requirements no PFC parts are added. For low power appli 
cations from 1 to about 30 W it is, in general, sufficient to 
apply a solution comprising diodes and capacitors for com 
pensation. For higher power levels, an active mode for PFC 
can e.g. be used, often consisting of an additional boost mode 
power convertor, buck or buck-boost convertors are other 
options for active mode PFC as well. 
As already discussed above, the input voltage 99 of the light 
ing application can e.g. correspond to a TRIAC dimmer out 
put voltage. Optionally, a rectifier element 102 can be applied 
to rectify the incoming waveform thereby generating a pulsed 
DC waveform that can be applied to supply the power con 
vertor 104. In its simplest form it consists of a single diode 
which then leads to a single phase output with a large off 
period. The preferred embodiment is a diode bridge consist 
ing of 4 diodes that use both AC phases and lead to a fully 
rectified output. Due to the minimum forward voltage drops 
the diodes cause some current and Voltage distortion and also 
account for Some dissipation. Most of the dissipation can be 
removed by using low Voltage drop Switching elements (e.g. 
FETs) instead of the diodes. As discussed above, the lighting 
application can be provided with an input filter and/or swit 
chable buffer 103 having the purpose of supplying the power 
convertor 104 when the voltage at the rectifier 102 output is 
below a minimum level suitable for the power convertor 104. 
As an example, the input filter can e.g. be a fixed input filter 
buffer directly connected to the rectified voltage (i.e. an out 
put voltage of the rectifier 102. As an example of the switch 
able buffer, such a buffer can comprise a buffer element that 
can be temporarily connected to the rectified voltage in order 
to the buffer and, at a later time, connect the buffer element to 
the input of the power converter in order to discharge the 
buffer in order to supply power to the power convertor when 
the rectified voltage has fallen too low. The advantage of 
(dis-)connecting the buffer is to save the stored high Voltage 
in the buffer for optimal use at the time it is needed. The 
moments for (dis-)connecting can be done autonomously in 
this element by always accepting charging and saving dis 
charging only when the input Voltage drops below the mini 
mum level of the power convertor. A preferred embodiment 
however would give control to the controller (108) which can 
synchronise the (dis)-connection time-frames with the line 
phase which gives a more guaranteed buffer charging of each 
power cycle independent from momentary distortions of the 
line Voltage. The buffer (or storage) element can e.g. com 
prise a capacitor but can also take the form of an inductor. The 
embodiment of the lighting application 600 as shown in FIG. 
6 may further, optionally, comprise an output filter and 
switched buffer 105 as described in more detail in FIG. 2a. 
Further details on a switchable buffer as e.g. applied in ele 
ments 103 or 105 of FIG. 6 are provided below. 
0149 Determining the actual minimal holding current can 
be done periodically in accordance with the period of the AC 
supply voltage of the TRIAC dimmer. It can be done each 
period, or less frequent, e.g. every 10 or more periods. The 
process of determining the minimal holding current as per 
formed by the control unit of the LED driver according to the 
second aspect of the invention can preferably start from a 
minimum holding current as applied during a previous 
period. The lighting application 600 as shown in FIG. 6 fur 
ther comprises a phase detector 107. Such a phase detector, 
can e.g., preferably over multiple cycles, determine a syn 
chronisation of the controller to the line frequency. This can 
for example be done by (software) PLL locking to compen 
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sate for cycle-local line voltage distortions. The control unit 
108 may then base all its control moments in time on the line 
synchronisation. It can be noted that a waveform analyser as 
e.g. applied in a lighting application according to the first 
aspect of the invention can be applied as a phase detector 107. 
0150. In an embodiment, the process of determining the 
minimal holding current to be provided to the LED driver is 
done during a part of the input voltage period when the LED 
units are not emitting light. This can e.g. be a trailing end of 
the periodic signal as provided by the TRIAC dimmer to the 
LED driver. This is schematically indicated in FIG. 7a. FIG. 
7a schematically depicts an output voltage V of a TRIAC 
dimmer circuit having a periodT, as a function of time t. Due 
to phase control of the TRIAC, only part (T1) of an e.g. 
sinusoidal input Voltage is available at the output terminals of 
the TRIAC dimmer. In principle, the output voltage of the 
TRIAC dimmer (optionally after rectification by a rectifier) 
can be applied for powering an LED assembly during the 
entire part T1 of the period T, i.e. during the time when the 
TRIAC is conducting. As will be acknowledged by the skilled 
person, in order to power an LED or LED unit, a minimum 
Voltage is required. As will be clear, such a minimum Voltage 
requirement may depend on the actual topology of the LED 
assembly; when the LED assembly comprises multiple LEDs 
connected in series, the minimum Voltage requirement for 
powering the multiple LEDs substantially corresponds to the 
sum of the forward voltage of the individual LEDs. In FIG. 
7a, such a minimum Voltage is indicated by the dotted line 
700. As a consequence, part T2 of the Voltage is insufficient to 
power an LED unit. Part T2 of the output voltage period T 
may however be applied to determine the minimal holding 
current. During this part of the period T, the control unit can 
(as discussed above) gradually reduce the Supply current to 
the LED driver e.g. by varying the load e.g. represented by a 
switchable resistor untila voltage drop to Zero is observed and 
thus the minimal holding current is found. As the analysis is 
performed during part of the period wherein the LED or LED 
units of the LED assembly are not emitting light, a load flicker 
due to the TRIAC losing its conductive state will not be 
observed by the user. In general, the entire part T1 of the 
period T could be subdivided into a part T3 dedicated to be 
applied to power the LED assembly and apart T4 dedicated to 
determine the minimal holding current. The part dedicated to 
determine the minimal holding current is preferably selected 
to be the trailing part of T1 (i.e. trailing to the part applied to 
power the LED assembly) as determining the minimal hold 
ing current may result in the TRIAC losing its conductive 
state, which could e.g. be observer as load flicker. 
0151. The minimum holding current as determined, can 
Subsequently be applied during a next period of the dimmer 
output voltage to set the required LED assembly load and, if 
required, a variable load. 
0152. In case only part of the available voltage part T1 is 
applied to power the LED assembly, a further efficiency 
improvement can be obtained as follows: when the process of 
determining the minimal holding current during part T4 of the 
voltage T1 is only applied during one period every 5 or 10 
periods, the load current as provided by the dimmer circuit to 
the LED driver may be reduced to Zero during the other 
periods. As such, the minimum holding current is only Sup 
ported during that part of the voltage period T1 that is used to 
power the LED assembly, i.e. part T3. The dissipation asso 
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ciated with maintaining the minimum holding current during 
part T4 of the voltage period T1 may thus be reduced signifi 
cantly. 
To illustrate this, FIG. 7b schematically depicts how a mini 
mal holding current is Supported in a selected interval for 
power efficiency reasons. In FIG. 7b, graph a depicts a recti 
fied idealised voltage input as e.g. provided by a TRIAC 
dimmer. Graph b shows the intervals where the holding cur 
rent needs to be drawn in order for the TRIAC to stay on when 
a Voltage V as shown in grapha is available (i.e. not equal to 
Zero). Graph c of FIG.7b schematically depicts the available 
Voltage (thick line) in case a buffer capacitor is applied (more 
details of Such an arrangement are provided below). It is 
assumed that the buffer capacitor is used to Supply the load as 
from instance 703. As such, it can be noted that current is 
actually only drawn from the dimmer between instances 702 
and 703. As such, the TRIAC may abort its conducting phase 
too early which can be considered improper behaviour for 
stable light output. In graph d of FIG.7b, curve 705 shows a 
chosen (e.g. by the control unit 108 as shown in FIG. 6) 
segment of time where the holding current will be supported. 
In graphe of FIG.7b, the resulting waveform from the TRIAC 
input Voltage can be seen. As a result of the controlled Support 
of the minimal holding current, between 707 and 709 the 
holding current is guaranteed. By the methods mentioned 
above it is still possible to determine the required dimming 
level by regularly testing a full or half period of the supply 
Voltage for the appropriate TRIAC dimming level setting. 
0153. The LED driver according to the second aspect of 
the invention can e.g. be applied in a lighting application 
comprising an LED assembly and a Switch assembly. 
0154) In an embodiment, the LED driver according to the 
second aspect of the invention is provide with an input buffer 
Such as a capacitance. Such an input capacitance can be 
applied as a buffer for providing a supply voltage to the LED 
driver when the Supply Voltage is comparatively low. Such a 
capacitance may equally serve as a filtering element. 
0.155. When an LED driver such as an LED driver accord 
ing to the second aspect of the invention, is powered by a 
TRIAC dimmer output voltage, the LED driver should adjust 
the brightness of the LED assembly that is powered when the 
dimmer is operated, thereby e.g. mimicking the dimming of a 
light bulb that is powered by a dimmer circuit. In order to 
adjust the brightness, the LED or LED units of the LED 
assembly can e.g. be operated at a different duty cycle. In 
order to assess the dimmer level, various options exist: 
0156. As a first example, the average dimmer output volt 
age can be determined and provided as an input signal to the 
control unit. In order to obtain Such an input signal, the 
dimmer output voltage can be rectified and filtered such that 
a DC signal is obtained. 
0157. As a second example, the LED driver can be 
arranged to analyse the dimmer output Voltage and determine 
a brightness set point based on the analysis. In an embodi 
ment, the LED driver is provided with a phase analyser for 
analysing the dimmer output Voltage. The phase analyser can 
e.g. determine, based on the dimmer output Voltage or a signal 
representing the dimmer output Voltage, the Zero crossings of 
the dimmer output Voltage. As such, a phase analyser may 
equally determine the phase angle describing the phase cut 
made by the dimmer circuit. Based on this, the control unit 
can determine a set point for the brightness. 
It can further be noted that the waveform analyses as e.g. 
applied in the lighting application according the first aspect of 
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the invention may equally be applied to facilitate the deter 
mination of a brightness set-point for the control unit of the 
LED driver. 
0158. As a third example, in case a switching converter 
Such as a Buck or Boost converter is applied for powering the 
LED assembly, monitoring the duty cycle of the Switching 
converter can be used to determine the required dimming 
level. This can be understood as follows with reference to 
FIG.1a: When a switched converter as the Buck converter 50 
shown in FIG. 1a is applied to power an LED assembly, the 
converter 50 is, in general, controlled to provide a substan 
tially constant output current to the LED assembly. In order to 
maintain such a constant output current, a Switching element 
of the converter, e.g. switchT of converter 50 in FIG. 1a, will 
operate at a certain duty cycle. In case the input Voltage V of 
the converter would change, this change would affect the duty 
cycle of the Switching element. A larger input Voltage V 
would require the Switching element T to operate at a smaller 
duty cycle in order to maintain the output current I at the same 
level. Note that the output current I (or load current) can be 
determined from the Voltage drop over the sensing resistor Rs. 
This mechanism can be applied to adjust the brightness of an 
LED assembly in the following way. Assuming that an 
increase of the input Voltage would lead to the Switching 
element T operating at a smaller duty cycle. By setting the 
brightness setpoint higher (and/or change the topology of the 
LED assembly), the power drawn from the regulator/power 
converter 50 is increased causing the duty cycle of the switch 
ing element to increase again. So by changing the setpoint of 
the brightness (and thus the dimming level), the duty cycle of 
the converter Switching element is kept Substantially con 
stant, and the dimming level will substantially follow the 
incoming average Voltage level and thus the TRIAC dimmer 
Setting. 
In Such an embodiment, no additional hardware Such as an 
ADC (analogue to digital converter) for providing a signal to 
the control unit representing the input Voltage. 
0159. As a fourth example, which will be explained in 
more detail below, the required dimming level can be derived 
from a voltage available over a buffer or switchable buffer as 
e.g. applied in an LED driver according to a third aspect of the 
invention, 
0160. It is worth noting that the assessment of the appro 
priate dimming level as described by the above examples, 
may be applied in any of the drive units or converters as 
applied in the present invention. 
0.161. As already discussed above, in order to remain in a 
conductive state, a current that is equal or larger than the 
holding current (depending on operating conditions such as 
temperature) needs to flow through the terminals of the 
TRIAC. 
LED drivers as generally applied to power LED assemblies 
comprise a converter for providing a substantially continuous 
DC current to an LED assembly. Such a converter can e.g. be 
a Buck converter as schematically depicted in FIG. 1a. 
Depending on the state of the switching element T of the 
converter, the current as provided to the LED assembly is 
provided via the diode D or via the switching element T. As 
such, the actual current that is drawn by the LED driver e.g. 
from a dimmercircuit is a pulsed current. As an examples, the 
switching element T of the converter can operate at a 500 kHz 
frequency. 
Due to input filtering before the LED driver, e.g. by an input 
filter as discussed above or the application of an EMI filter, the 
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current as provided by the TRIAC dimmer is a substantially 
continuous current (when the TRIAC is conducting) rather 
than a pulsed, e.g. at 500 kHz, current. It can be noted that, in 
practice, an actual input filter is not required to ensure that the 
TRIAC dimmer provides a substantially continuous current 
rather than a pulsed current due to the wiring that is available 
between the dimmer and the light source, i.e. the LED assem 
bly. 
0162. As explained above, the LED driver according to the 
second aspect of the invention enables an energy efficient 
application of a TRIAC dimmer in that the LED driver can 
determine the minimal required holding current and operate 
the LED driver in such way that, when a supply voltage is 
required, the minimal holding current is drawn by the LED 
driver. 
0163 The LED driver according to the second aspect of 
the invention is particularly Suited to be applied in a lighting 
application having multiple LED assemblies, each LED 
assembly being powered by an LED driver, the multiple LED 
drivers being powered by a common TRIAC dimmer. In such 
an arrangement, the required minimal holding current can e.g. 
be drawn by only one of the LED drivers or as the sum of a 
minimal current drawn by two or more of the LED drivers. 
0164. As explained above, an LED driver can e.g. be pro 
vided with a so-called input buffer (e.g. a capacitance) which 
can be applied for providing a Supply Voltage to the LED 
driver when the Supply Voltage is comparatively low. Such a 
capacitance may equally serve as a filtering element. Such an 
input buffer can be significantly reduced when a switching 
element is provided, e.g. controlled by a control unit of the 
LED driver, for connecting and disconnecting the buffer to 
the Supply Voltage. Therefore, according to a third aspect, the 
present invention provides an LED driver for powering an 
LED assembly comprising at least one LED, the LED driver 
comprising a converterfor converting a periodic input Voltage 
to a supply current for powering the LED assembly, the LED 
driver comprising a converter having input terminals for 
receiving the periodic input voltage, the LED driver further 
comprising a control unit and an input buffer connectable to 
the terminals by a switching element, the control unit further 
being arranged to control the Switching element to connect 
and disconnect the input buffer to the terminals. 
0.165. The LED driver according to the third aspect of the 
invention can be e.g. be applied in an application as e.g. 
shown in FIG. 2a, 5 or 6. 
When an LED driver is powered by a periodic input voltage 
(e.g. a rectified AC voltage or a dimmer output Voltage), it 
may occur that the input Voltage is insufficient to power a 
LED assembly. Such a situation is illustrated in FIG. 8. 
In FIG. 8, a rectified sinewave 601 as e.g. obtained as output 
voltage of a rectifier (e.g. recifier 102 as shown in FIG. 2a, 5 
or 6) is shown. During a certain interval, the output Voltage 
may drop below a minimum Supply level 602, e.g. required by 
a power converter (e.g. power converter 104 as shown in FIG. 
2a, 5 or 6). The resulting waveform 601 is the supply wave 
form as received by a power converter (e.g. converter 104 of 
FIG. 2a, 5 or 6) and is shown as a bold line. The converter may 
provide a current through an LED assembly (e.g. assembly 
110 of FIG. 2a, 5 or 6) at a certain duty-cycle as e.g. depicted 
at 603 and 604. It can be noted that, to obtain a varying light 
output, the duty cycle and frequency thereofmay change over 
time. A controller or control unit (e.g. control unit 108 of FIG. 
2a, 5 or 6) can e.g. control the power conver and/or a Switch 
assembly such as switch assembly 106 of FIG. 2a, 5 or 6 to 
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provide the required current (e.g. amplitude, duty cycle or 
frequency). As illustrated in FIG. 8, when the timing of 
switching the LED current on and off is not synchronized to 
the frequency of the Supply Voltage (e.g. a mains Supply 
Voltage), a certain amount of light output can be lost (indi 
cated by the grey surfaces at 606). The size of the grey 
Surfaces may depend on a number of factors. Under the 
assumption that the Switching of the LED current is not syn 
chronised to the Supply Voltage, the control unit is unaware of 
the interval when the supply voltage is too low. Further, there 
may be uncertainty with respect to the timing when the volt 
age drops to Zero (608) due to variation in the Supply Voltage 
at moment 608 as well as an uncertainty in the level 607 where 
the power converter and control unit are ineffective in pro 
viding a current to the LED assembly. Such uncertaintly may 
even be increased by disturbances 609 which can be present 
on the Supply Voltage and are usually only partially filtered. 
All these effects may cause an undesirable fluctuation of the 
light output of several percent, which can be easily observed 
by humans. In general. Such uncertainty may have a base 
frequency which is double (in case of a full bridge rectified 
Voltage) the Supply Voltage frequency, e.g. 50 or 60Hz in case 
of a mains Supply. 
0166 To substantially remove these effects, the LED 
driver according to the third aspect of the invention can be 
synchronised to the frequency of the periodic Supply Voltage 
and/or be provided with a switchable buffer for, at least partly, 
bridging an insufficient Voltage Supply. By Synchronising the 
power supply to a LED assembly with the periodic supply 
voltage, a window 610 could e.g. be created in which no LED 
current is allowed to flow. By doing so, an uncontrolled light 
output can be avoided. 
The application of a switchable buffer (embodiments of 
which are discussed in more detail below) is illustrated in the 
following FIG.9. 
In FIG. 9, a full bridge rectified waveform 401 (thin line) is 
shown as e.g. provided by a rectifier such as the rectifier 102 
of FIG.2a, 5 or 6, in case the rectifier is not loaded. The dotted 
line 402 indicates a minimum level of Supply Voltage as 
required by a load of the rectifier. Such a load can e.g. com 
prise any combination of components 103 to 110 as depicted 
in FIG. 2, 5 or 6. In case the voltage waveform 401 would be 
supplied to the load, the load would not be powered properly 
between instances 405 and 406 since the available voltage 
401 is lower than the required level 402. 
By applying a switchable buffer, it is feasible to deliver a 
voltage higher than the 404 level between instances 405 and 
406 without significantly compromising the power factor. To 
that end, a Switchable buffer Such as a capacitor can be con 
nected to the available voltage 401 as long as voltage over the 
capacitor is lower than the available voltage 401 (f.e. through 
a diode). From instances 403 through 404, an initial charging 
of the capacitor is shown, for example after an initial power 
up. As soon as the 401 Voltage diminishes at instance 404, the 
capacitor can be disconnected from Voltage 401 (e.g. by oper 
ating a Switch connected in series to the capacitor, see further 
on) and the voltage over the capacitor can remain at level 409. 
At instance 405 the capacitor can be re-connected to voltage 
401 thereby raising the Voltage provided to the load (e.g. any 
combination of components 103 to 110 as depicted in FIG. 2, 
5 or 6) to the capacitor Voltage at level 409 as the diodes of the 
rectifier (e.g. rectifier 102 of FIG. 2, 5 or 6) will reverse 
(indicated by the waveform in bold). Due to the load drawing 
current from its supply Voltage (see 413), the capacitor Volt 
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age will drop accordingly as indicated by the part of the 
waveform at 410. At instance 406, the capacitor can be dis 
connected again and at instance 407 the charge/discharge 
scheme can be repeated. In general, the buffer can be con 
nected to the voltage 401 when the voltage exceeds the volt 
age over the capacitor. The capacitor can e.g. be disconnected 
from the voltage 401 as soon as the voltage 401 starts dimin 
ishing. The discharging of the capacitor can e.g. be triggered 
by the Supply Voltage dropping below a certain level, e.g. the 
minimum Voltage for powering the load. In this way, while the 
Supply Voltage towards the load is kept above the minimum 
level, the amount of energy stored in the capacitor is used as 
little as possible between instances 405 and 406 and repeti 
tions thereof, causing the capacitor to be recharged only mini 
mally from instance 405 until instance 406. A lower charge 
current may results, thus compromising the power factor less. 
Further improvement is possible by distributing the load in 
time so that the least current is drawn at the times the capacitor 
Supplies it. This can e.g. be established by e.g. lowering the 
current as provided to the load (i.e. providing a current with a 
Smaller amplitude) or by changing (reducing) the duty cycle 
of the current when the Supply Voltage originating from the 
rectifier is comparatively low. The latter solution is illustrated 
in FIG.9 as can be seen from the load difference between 411 
and 412 and the resulting capacitor currents at 413, 414 
versus 415 and 416. 

By redistributing the load in accordance with the available 
Voltage, as illustrated, the energy drawn from the capacitor 
can be minimised thus optimising the power factor. 
0167 A first example of how such a switchable buffer can 
be realised is schematically depicted in FIG. 10. In FIG. 10, 
an AC supply voltage is provided at terminals 801 and 802. A 
double rectifier (Graetz-bridge) comprising diodes 803, 804, 
810 and 811 may deliver a waveform comprising equal half 
sine-waves at a frequency that is double that of the AC input. 
This waveform can be influenced by the load to the rectifier 
bridge. Typically this load comprises a permanently con 
nected capacitor and the actual load, e.g. a power converter of 
a LED driver. In the embodiment as shown, the load com 
prises a switchable capacitor 805 (that can be connected and 
disconnected to the rectified voltage 812 through a switch 806 
(e.g. a FET or a MOSFET) and a load 808 controlled by a 
control unit 809. The load can e.g. be any of the lighting 
applications as described above. By providing a Switchable 
capacitor rather than a fixed capacitor, the following objec 
tives may be pursued. By providing a Switchable capacitor, a 
comparatively small capacitance may be sufficient to bridge a 
gap (in time) where the Supply Voltage is insufficient. As such, 
non-electrolytic types of capacitors can be applied, which, in 
general, have a longer life-time compared to electrolytic 
capacitors. A further objective that can be realised is to 
improve the power factor by diminishing current peaks due to 
charging of buffer capacitors. 
(0168 The embodiment of FIG. 10 further shows an 
optional filter capacitor 820 which can e.g. be applied for EMI 
reduction. In an embodiment, the capacitance of the filter 
capacitance 820 can be comparatively small (e.g. a few 
microfarad) compared to the switchable capacitor 805. In 
case a filter capacitor 820 is applied, it may be advantageous 
to provide a switch 816 which can e.g. be opened when 
capacitor 805 is discharging thereby avoiding the capacitor 
805 to provide energy to the filter capacitor rather than to the 
load 808. By doing so, apart from an efficiency improvement, 
an EMI improvement and audible noise improvement can be 
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realised as well. Preferably, the switch 816 is provided 
between nodes E and F of the ground conductor 814, rather 
than between nodes C and D of the live wire or conductor 
having the Supply Voltage 812. 
(0169. A second embodiment of a switchable buffer is 
schematically depicted in FIG. 11. The terminals A (901) and 
B (902) as shown can e.g. correspond to the live and neutral 
wire respectively of a mains network at f.e. 230V, or 
120V, or to any AC source. Diodes 903,904,910 and 911 
are arranged to form a Graetz bridge for double sided recti 
fication of the AC waveform. To explain the operation of the 
arrangement as shown, it is assumed that the Voltage at A is 
higher than the Voltage at B. The same description can be 
applied for the case where B is higher in voltage than Aby 
using B where A is written and A where B is written. As 
depicted, a load L (908) is connected directly to the doubly 
rectified Voltage. Assuming that the load requires a minimum 
Voltage Vmin (e.g. corresponding to Voltage level 402 in FIG. 
9) to operate, the load may sometimes not function properly 
e.g. when the voltage 912 drops below Vmin. It is often seen 
that a capacitor is placed across the load to buffer the energy 
to Supply the load during the times that the AC Voltage Sup 
plied to A and B has too low an amplitude. By applying the 
topology as schematically depicted in FIG. 11, the Voltage 
across the capacitor can be summed to the Voltage on the A 
terminal during the period in time that the load would other 
wise be supplied with a voltage lower than Vmin. To achieve 
this the capacitor 905 is made switchable. In a first state, the 
capacitor can be connected to terminal Busing switch907 to 
charge it until it has Substantially the maximum amplitude of 
the applied AC voltage between A and B across its terminals. 
The bottom terminal of capacitor 905 can be disconnected by 
opening switch 907 when the maximum charge voltage has 
been reached. As a result, the Voltage across the capacitor can 
Substantially stay at the same value, which is Substantially 
equal to the maximum amplitude of the Supplied AC Voltage 
at terminals A and B. Subsequently, the Voltage across the 
load may diminish from a maximum amplitude to 0. Before 
reaching 0, at Vimin, the topology as shown enables the 
capacitor's Voltage to be added to the Voltage at terminal Aby 
closing switch 906. As a result, the voltage across the load 
may rise to the sum of the Voltage at A and the Voltage across 
the capacitor. Diode 903 will reverse. When the load’s current 
can thus be delivered by the capacitor, the AC voltage may 
reverse so that the voltage at A will be lower than that on B. 
When the voltage difference between B and A is higher than 
the voltage on the capacitor, diode 904 may become conduc 
tive and the capacitor may charge again. In case the Voltage at 
A is Smaller than the Voltage at B, the above description can 
now be repeated reading B where A is written and reading A 
where B is written. As will be acknowledged by the skilled 
person, other topologies of Switchable capacitors enabling 
the Voltage available over a charged capacitor to be added to 
the Supply Voltage (orrectified Supply Voltage) can be devised 
as well. The embodiment of FIG. 11 is merely serving to 
illustrate the principle. It can be noted that more advanced 
schemes of switching the capacitor (in general the buffer) can 
be used. Such schemes can e.g. apply one of the following 
approaches: The first approach is to use knowledge about the 
form of the sine wave combined with the value of its period 
(f.e. 20 ms). This can be called a time based approach. Using 
Such an approach, the Switches can be operated on a certain 
moment in time relative to the starting of a new half-period. 
The second approach is to monitor the Voltage levels and 
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behaviour at certain nodes in the topology. The following 
situations can be distinguished. In situation 1, the Voltage 
waveforms at terminal A (901) is measured f.e. using an ADC 
(analogue/digital converter). In situation 2 the Voltage is mea 
sured at 912. In situation3 the voltage Vm (915) is measured. 
For low voltages like for example 12VAC, the peak value of 
the rectified voltage would be approximately 17V. Subtract 
ing 2 times a diode forward voltage (for example when A-B 
the diodes 903 and 911 would conduct), the peak value of the 
Supply Voltage as seen by the load would be approximately 
15V or even lower. To supply a typical 4 LED RGBW serial 
topology, a voltage of between 11.5V and 16V is required, 
depending on the LED type used. Considering also the Volt 
age loss across the converter or drive unit (e.g. a Buck con 
verter), the final voltage across the LEDs would be even 
lower. In order to mitigate the Voltage loss across the diodes, 
the following embodiment can be applied: 
(0170 The diodes 903 and 904, and the diodes 910 and 911 
in FIG. 11 may cause a lower supply voltage to the load 908 
because of their forward voltage drop. A method of avoiding 
this is to replace the diodes by switches that are controlled by 
a microcontroller (in general, a control unit) LLC to close and 
open Substantially at the same times a diode would Switch 
from conducting state to non-conducting state and vice versa. 
In an embodiment of the invention (schematically depicted in 
FIG. 12) such a switch can e.g. be a FET with a built-in diode 
as schematically indicated by 503, 504,505, 506, 507,511 
and 512. In this way, a FET can be controlled by the mains 
Voltage itself. When for example a FET is not conducting in a 
certain half-period and the AC Supply Voltage reverses, the 
diode in the corresponding FET will start conducting so that 
the flow of the current is guaranteed. By connecting the gate 
of that FET to the opposite AC connection (when the FETs 
Source is connected to A, the gate would be connected to B 
and vice versa), the FET would start conducting when the 
difference between B and A would have grown to approxi 
mately 2.5V. From that moment on, the voltage loss would be 
only in the order of a few tenths of a volt. For higher AC 
Voltages, a protection circuit could be placed in the gate 
control path that would limit the Vgs to a value below the 
maximum allowable Voltage. Note that the circuit comprising 
FETs 511 and 512 can function for all kinds of input voltage, 
AC as well as DC. 

(0171 When FETs instead of diodes are used, the switch 
ing to the appropriate phase resulting in the rectified Voltage, 
does not occur automatically. In order to attain Substantially 
the same rectified output Voltage (apart from the Voltage drop 
over the diodes) as when a full bridge rectifier is used, the 
following rules should be implemented (e.g. in the controller 
or control unit controlling the FETs): 
0172. In order to ensure proper operation, the following 
rules for controlling the FETs should be obeyed: 
Rule1: The FETs 503.1 and 503.2 may not conduct simulta 
neously. 
Rule2: The FETs 511 and 512 may not conduct simulta 
neously. 
Rule 3: Gates 503.1 and 503.2 may not put the corresponding 
FET in conduction mode when the capacitor is used to pro 
vide the supply voltage, i.e. when in FIG. 12 the FETs 504/ 
505 or FETs 506/507 are conducting). 
In order to realise these rules, the gates of FETs 503.1/503. 
2/511 and 512 should be controllable rather than being con 
nected to the AC terminals A and B. 
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Also the FETs 503.1 and 503.2 could be chosen to not contain 
a diode. In that case, the gate control signal must obey some 
rules which can be implemented in the micro-controller. 
Also the FETs 503 and 504 could be chosen to be N-FETs 
instead of P-FETs. In the latter case the control is more 
difficult as the gates need a Voltage higher than the maximum 
voltage available anywhere in the circuit. Some kind of boost 
circuit known in literature could be used. This would form a 
cost advantage. 
Note that, in case the Switchable buffer as shown in FIG. 10, 
is used, it can equally be implemented by FETs, replacing 
diodes 803,804, 810 and 811 by FETs 503.1, 503.2,511 and 
512. In this case, the gates of FETs 503.1503.2, 511 and 512 
can be connected as shown in FIG. 11. 

0173 FIG. 12 further schematically indicates a more 
detailed implementation for the switches 906 and 907 as 
indicated in FIG. 11. As a switch, two FETs (e.g. 504 and 505 
for connecting to A and 506 and 507 for connecting to B) are 
connected back to back and controlled with 1 mutual gate 
connection (509 and 510 respectively). The gates can be 
controlled from the micro-controller 514 but also by hard 
ware-only solutions. Note that the 906 and 907 switches of 
FIG. 11 could also be replaced by 1 FET per switch when 
FETs without internal diodes are used. It can however be 
noted that FETs without internal diodes are rarely used. 
0.174. It is worth noting that, in order to obtain an imple 
mentation of a control unit (or controller) as e.g. shown in 
FIG. 1a, 2a, 5 or 6, use can be made of a finite state machine 
or similar control concept known to those skilled in the art, in 
order for the control unit to respond to one or more varying 
conditions. Referring to FIG. 2a, the control unit can e.g. be 
arranged to respond to (changes in) signals of the (external) 
power supply of a LED driver, e.g., measured at terminals 99 
or in between components (e.g. components 102 and 103) or 
measured inside one of the components. Such signals can e.g. 
be provided to a control unit (e.g. via an analogue to digital 
conversion in case of a digital controller) and can be inter 
preted by the controller in order to assess if certain conditions 
are fulfilled. Such conditions, e.g. measured on the Supply 
Voltage or on the Supply Voltage between components 103 
and 104 can e.g. be “top of Voltage reached”, “Zero crossing 
detected, “waveform trend is positive', “time passed since 
top, is larger than X milliseconds”, “voltage is above or below 
a certain threshold”, etc. It will be clear to the skilled person 
that other conditions as obtained from other components 
(such as the LED assembly or the waveform orphase analyzer 
can also be used as input for the control unit in order for the 
control unit to determine if certain conditions are met or not. 

0.175. The present invention encompasses, as explained 
above, various aspects. The present invention e.g. discloses 
various embodiments of LED drivers that can e.g. be applied 
to retrofit existing lighting applications to LED lighting appli 
cations. It will be clear the skilled person that the functional 
ity as provided by the different LED drivers and lighting 
applications according to the invention can be combined. As 
an example, the lighting application according to the first 
aspect of the invention, which enables the topology of an LED 
assembly to be changed in accordance with a Supply Voltage 
may be arranged to include the functionality of an LED driver 
according to the second aspect of the invention (i.e. determin 
ing a minimal holding current) or may be expanded with a 
switchable buffer as e.g. provided in an LED driver according 
to the third aspect of the invention. 
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0176). In order to facilitate a retrofitting, it is worth noting 
that in an embodiment, an LED driver according to the 
present invention can determine, by applying a diagnostics 
program, which form of Supply Voltage is available at the 
LED driver terminals when the LED driver is connected to the 
power Supply providing the Supply Voltage. As known by the 
skilled person, various ways of powering lighting applica 
tions are applied on the market at present. The following list 
is merely intended to be illustrative rather than being limited: 
A power Supply for a lighting application can e.g. provide one 
of the following voltage forms: 
XV AC (at different frequencies such as 50/60/400 or 480 Hz) 

XV DC 

0177 XV as provided by an electronic transformer 

0.178 When a LED driver according to the present inven 
tion is connected to such a Voltage source, a waveform analy 
Seror phase analyser may (when applied) determine, based on 
the Voltage available (e.g. based on the minimum/maximum/ 
average Voltage/frequency spectrum of the Voltage) deter 
mine the nature of the Supply Voltage. Depending on the 
outcome of the analysis or diagnosis, an optimal Switching for 
a switchable buffer can be applied. 
It can further be noted that Such diagnoses of the Supply 
Voltage can be applied as an initialisation or can be applied 
Substantially continuously, in order to adjust a control scheme 
of e.g. a Switchable buffer depending on the available Supply 
Voltage. 
0179. It should further be mentioned that the embodiments 
of the LED drivers and lighting applications as described are 
mere illustrations of the various aspects of the invention, the 
invention only being limited by the scope of the claims as set 
forth. 

1. A lighting application comprising 
an LED assembly comprising two or more LED units, each 
LED unit comprising one or more LEDs, the LED 
assembly further comprising a Switch assembly com 
prising one or more controllable Switches for modifying 
a topology of the LED assembly, the LED assembly, in 
use, being powered from a Supply Voltage, 

a control unit comprising an input terminal arranged to 
receive a signal representing a Voltage level of the Supply 
voltage or a load current of the LED assembly, and an 
output terminal for providing a control signal to the 
Switchassembly to control the Switch assembly in accor 
dance with the signal, thereby modifying the topology of 
the LED assembly. 

2. The lighting application according to claim 1 further 
comprising 

a drive unit for powering the LED assembly, the drive unit, 
in use, being powered from the Supply Voltage. 

3. The lighting application according to claim 2 wherein 
the drive unit comprises a linear regulator or a Switching 
regulator for powering the LED assembly. 

4. A lighting application according to claim 1 wherein 
the LED assembly comprises a serial connection of two or 
more LED units and wherein the switch assembly com 
prises two or more controllable switches for substan 
tially short-circuiting the resp. two or more LED units, 

5. The lighting application according to claim 1 wherein 
the control unit is further arranged to 
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determine a maximum number of LED units and/or which 
LED units that can be powered by the supply voltage 
based on the signal, 

control the Switches according to the maximum. 
6. The lighting application according to claim 1 wherein 

the Supply Voltage comprises a dimmercircuit output Voltage. 
7. The lighting application according to claim 1 wherein 

the Supply Voltage comprises a periodic Voltage. 
8. The lighting application according to claim 7 wherein 

the control signal is synchronized with the periodic Voltage. 
9. The lighting application according to claim 1 further 

comprising a waveform analyser arranged to assess the Sup 
ply Voltage and provide the signal to the control unit. 

10. The lighting application according to claim 9 wherein 
the waveform analyser is arranged to determine a Zero cross 
ing of the Supply Voltage. 

11. The lighting application according to claim 7 further 
comprising a memory unit for storing waveform information 
obtained, in use, by the waveform analyser. 

12. The lighting application according to claim 8 wherein 
the control unit is arranged to apply a duty cycle modulation 
of a current provided to the LED assembly by controlling the 
Switch assembly. 

13. The lighting application according to claim 12 wherein 
a duty cycle period of the duty cycle modulation is selected 
such that a period of the supply voltage divided by the duty 
cycle period results in an integer value. 

14. A method of powering an LED assembly connectable 
to a power source, the LED assembly comprising two or more 
LED units, the LED assembly further comprising a switch 
assembly comprising one or more controllable Switches for 
modifying a topology of the LED assembly, the LED assem 
bly, in use, being powered by the power source, the method 
comprising the steps of 

detecting a Voltage output level of the power source, 
providing a control signal to the Switchassembly to control 

the switch assembly based on the voltage output level, 
thereby modifying the topology of the LED assembly 

15. The method according to claim 14, the method further 
comprising the steps of 

comparing the Voltage output level to a required Voltage for 
powering the LED assembly to determine a maximum 
number of LED units that can be powered by the power 
Source, 

control the switch assembly of the LED assembly in accor 
dance with the maximum. 

16. The method according to claim 14 further comprising 
the step of adjusting a duty cycle of the LED units in accor 
dance with the Voltage output level while maintaining a 
colour set point. 

17. An LED driver for powering an LED assembly com 
prising at least one LED, the LED driver comprising a con 
Verter for converting a periodic input Voltage to a Supply 
current for powering the LED assembly, the LED driver fur 
ther comprising a control unit arranged to determine a mini 
mal holding current by, in use, gradually reducing the Supply 
current until a value of the input Voltage Substantially reduces 
to Zero and Subsequently control the converter to operate at a 
Supply current at least equal to the minimal holding current. 

18. The LED driver according to claim 17 wherein the step 
of determining a minimal holding current comprises 

1. operating the converter to reduce the Supply current 
2. measuring a value of the input Voltage at the reduced 

Supply current 
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3. repeating steps 1 and 2 until the Supply Voltage Substan 
tially reduces to Zero. 

19. The LED driver according to claim 17 wherein the 
control unit comprises an output terminal for outputting a 
control signal to the converter for gradually reducing the 
Supply current and an input terminal for receiving a signal 
representing the value of the input Voltage. 

20. The LED driver according to claim 17 wherein the 
Supply Voltage comprises a TRIAC dimmer output Voltage. 

21. The LED driver according to claim 17 wherein the LED 
driver comprises input terminals for receiving the Supply 
Voltage. 

22. The LED driver according to claim 17 further compris 
ing an input capacitance arranged between the input termi 
nals. 

23. The LED driver according to claim 17 wherein the 
control unit is arranged to determine a dimming level from the 
Supply Voltage. 

24. The LED driver according to claim 17 wherein the 
minimal holding current is maintained during at least an 
entire period of the input voltage in order to determine the 
dimming level. 

25. The LED driver according to claim 17 wherein the 
control unit is arranged to determine the minimal holding 
current at least once every 10 periods of the input Voltage. 

26. The LED driver according to claim 17 wherein a trail 
ing end of a period of the periodic input voltage is applied to 
determine the minimal holding current. 

27. A lighting application comprising an LED driver 
according to claim 17, the lighting application further com 
prising an LED assembly comprising at least one LED, the 
lighting application further comprising a variable load, in use 
controlled by the control unit, the variable load being con 
nected in series with the LED assembly. 

28. The lighting application according to claim 27 wherein 
the variable load comprises a Switchable resistance. 

29. The lighting application according to claim 27 wherein 
a load characteristic of the variable load is varied during a part 
of the periodic input voltage of the LED driver while the input 
Voltage is monitored. 

30. The lighting application according to claim 29 wherein 
the part is a trailing part. 

31. An LED driver for powering an LED assembly com 
prising at least one LED, the LED driver comprising a con 
Verter for converting a periodic input Voltage to a Supply 
current for powering the LED assembly, the converter having 
input terminals for receiving the periodic input Voltage, the 
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LED driver further comprising an input buffer for providing a 
current to the terminals and a control unit, the LED driver 
further comprising a Switching element for opening and clos 
ing a current path from the input buffer to the input terminals 
and wherein the control unit is further arranged to control the 
Switching element based on an input signal representing the 
periodic input voltage. 

32. The LED driver according to claim 31 wherein the 
input buffer comprises a capacitor or capacitor assembly. 

33. The LED driver according to claim 31 wherein the 
Switching element comprises a first Switch for connecting and 
disconnection a first terminal of the input buffer to a first 
terminal of the input terminals. 

34. The LED driver according to claim 31 or wherein the 
Switching element is further arranged to open and close a 
current path from the input buffer to a Supply terminal, in use, 
connected to the periodic Supply Voltage. 

35. The LED driver according to claim 31 further compris 
ing a rectifier for rectifying an AC input Voltage to obtain the 
periodic input Voltage, the rectifier having AC input terminals 
for receiving the AC input Voltage, the Switching element 
comprising a first Switch for connecting a terminal of the 
input buffer to either a first or a second terminal of the AC 
input terminals. 

36. The LED driver according to claim 35 wherein the 
Switching element comprises a second Switch for connecting 
a further terminal of the input buffer to an input terminal of the 
converter. 

37. The LED driver according to claim 31, wherein the 
control unit is arranged to synchronise synchronize an on/off 
duty-cycle of the supply current with the periodic input volt 
age. 

38. The LED driver according to claim 31, wherein the 
control unit is arranged to control the LED driver to apply a 
reduced supply current to the LED assembly when the LED 
assembly is powered from the input buffer. 

39. The LED driver according to claim 31, wherein the 
input buffer comprises a capacitor and wherein the Switching 
element enables the periodic Supply Voltage and a Voltage 
over the capacitor to be added. 

40. The LED driver according to claim 31, further com 
prising a filter capacitor. 

41. The LED driver according to claim 40 wherein the 
Switching element is arranged to interrupt a current path from 
the input buffer to the filter capacitor thereby disabling, in 
use, the input buffer to discharge to the filter capacitor. 
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