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LOAD CONTROL DEVICE FOR A 
LIGHT-EMITTING DODELIGHT SOURCE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a non-provisional application of 
commonly-assigned U.S. Provisional Application No. 
61/452,867, filed Mar. 15, 2011, entitled LOAD CONTROL 
DEVICE FOR A LIGHTEMITTING DIODE LIGHT 
SOURCE, the entire disclosure of which is hereby incorpo 
rated by reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to a load control device 
for a light-emitting diode (LED) light source, and more par 
ticularly, to an LED driver for controlling the intensity of an 
LED light source. 
0004 2. Description of the Related Art 
0005 Light-emitting diode (LED) light sources are often 
used in place of or as replacements for conventional incan 
descent, fluorescent, or halogen lamps, and the like. LED 
light sources may comprise a plurality of light-emitting 
diodes mounted on a single structure and provided in a Suit 
able housing. LED light sources are typically more efficient 
and provide longer operational lives as compared to incan 
descent, fluorescent, and halogen lamps. In order to illumi 
nate properly, an LED driver control device (i.e., an LED 
driver) must be coupled between an alternating-current (AC) 
Source and the LED light source for regulating the power 
supplied to the LED light source. The LED driver may regu 
late either the voltage provided to the LED light source to a 
particular value, the current supplied to the LED light source 
to a specific peak current value, or may regulate both the 
current and Voltage. 
0006. The prior art dealing with LED drivers is extensive. 
See, for example, the listing of U.S. and foreign patent docu 
ments and other publications in U.S. Pat. No. 7.352,138. 
issued Apr. 1, 2008, assigned to Philips Solid-State Lighting 
Solutions, Inc., of Burlington, Mass., and U.S. Pat. No. 6,016, 
038, issued Jan. 18, 2000, assigned to Color Kinetics, Inc., of 
Boston, Mass. (hereinafter “CK). 
0007 LED drivers are well known. For example, U.S. Pat. 
No. 6,586.890, issued Jul. 1, 2003, assigned to Koninklijke 
Philips Electronics N.V., of Eindhoven, the Netherlands 
(hereinafter “Philips'), discloses a driver circuit for LEDs 
that provide power to the LEDs by using pulse-width modu 
lation (PWM). Other examples of LED drivers are U.S. Pat. 
No. 6,580,309, published Sep. 27, 2001, assigned to Philips, 
which describes Switching an LED power Supply unit on and 
offusing a pulse duration modulator to control the mean light 
output of the LEDs. Moreover, the aforementioned U.S. Pat. 
No. 6,016,038 also describes using PWM signals to alter the 
brightness and color of LEDs. Further, U.S. Pat. No. 4,845, 
481, issued Jul. 4, 1989 to Karel Havel, discloses varying the 
duty cycles of supply currents to differently colored LEDs to 
vary the light intensities of the LEDs so as to achieve con 
tinuously variable color mixing. 
0008 U.S. Pat. No. 6,586.890 also discloses a closed-loop 
current power supply for LEDs. Closed-loop current power 
Supplies for Supplying power to other types of lamps are also 
well known. For example, U.S. Pat. No. 5,041.763, issued 
Aug. 20, 1991, assigned to Lutron Electronics Co., Inc. of 
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Coopersburg, Pa. (hereinafter “Lutron'), describes closed 
loop current power Supplies for fluorescent lamps that can 
Supply power to any type of lamp. 
0009 U.S. Pat. No. 6,577,512, issued Jun. 10, 2003, 
assigned to Philips, discloses a power supply for LEDs that 
uses closed-loop current feedback to control the current Sup 
plied to the LEDs and includes means for protecting the 
LEDs. Likewise, U.S. Pat. No. 6,150,771, issued Nov. 21, 
2000, assigned to Precision Solar Controls Inc., of Garland, 
Tex., and Japanese patent publication 2001093662A, pub 
lished Apr. 6, 2001, assigned to Nippon Seiki Co., Ltd., 
describe over-current and over-voltage protection for drivers 
for LEDs and other lamps. 
0010 LED drivers that may be dimmed by conventional 
A.C. dimmers are also known. Thus, aforementioned U.S. 
Pat. No. 7,352,138, and U.S. Pat. No. 7,038,399, issued May 
2, 2006, assigned to CK, describe LED-based light sources 
that are controlled by conventional A.C. phase control dim 
mers. The aforementioned U.S. Pat. No. 6,016,038 discloses 
a PWM controlled LED-based light source used as a light 
bulb that may be placed in an Edison-mount (screw-type) 
lightbulb housing. Control of lamps, such as LED lamps, by 
phase control signals are also described in U.S. Pat. No. 
6,111.368, issued Aug. 29, 2000, U.S. Pat. No. 5,399,940, 
issuedMar. 21, 1995, U.S. Pat. No. 5,017,837, issued May 21, 
1991, all of which are assigned to Lutron. U.S. Pat. No. 
6,111.368, for example, discloses an electronic dimming 
fluorescent lamp ballast that is controlled by a conventional 
A.C. phase control dimmer. U.S. Pat. No. 5,399,940 discloses 
a microprocessor-controlled “smart” dimmer that controls 
the light intensities of an array of LEDs in response to a phase 
control dimming voltage waveform. U.S. Pat. No. 5,017,837 
discloses an analog A.C. phase control dimmer having an 
indicator LED, the intensity of which is controlled in 
response to a phase control dimming Voltage waveform. The 
well-known CREDENZAR in-line lamp cord dimmer, 
manufactured by Lutron since 1977, also includes an indica 
tor LED, the light intensity of which is controlled in response 
to a phase control dimming Voltage waveform. 
0011 Applications for LED illumination systems are also 
shown in U.S. Pat. No. 7,309,965, issued Dec. 18, 2007, and 
U.S. Pat. No. 7,242,152, issued Jul. 10, 2007, both assigned to 
CK. U.S. Pat. No. 7.309,965 discloses smart lighting devices 
having processors, and networks comprising Such Smart 
lighting devices, sensors, and signal emitters. U.S. Pat. No. 
7.242,152 discloses systems and methods for controlling a 
plurality of networked lighting devices in response to lighting 
control signals. Such systems are also used in the 
RADIORAR) product, which has been sold since 1996 by 
Lutron. 

0012. In addition, there are known techniques for control 
ling current delivered to an LED light source. LED light 
sources are often referred to as “LED light engines.” These 
LED light engines typically comprise a plurality of individual 
LED semiconductor structures, such as, for example, Gal 
lium-Indium-Nitride (GainN) LEDs. The individual LEDs 
may each produce light photons by electron-hole combina 
tion in the blue visible spectrum, which is converted to white 
light by a yellow phospher filter. 
0013. It is known that the light output of an LED is pro 
portional to the current flowing through it. It is also known 
that LEDs suffer from a phenomena known as “droop” in 
which the efficiency is reduced as the power is increased. For 
LEDs of the GalnN type (used for providing illumination), a 
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typical load current is approximately 350 milliamps (mA) at 
a forward operating voltage of between three and four volts 
(V) which corresponds to approximately a one watt (W) 
power rating. At this power rating, these LEDs provide 
approximately 100 lumens per watt. This is significantly 
more efficient than other conventional light sources. For 
example, incandescent lamps typically provide 10 to 20 
lumens per watt and fluorescent lamps, 60 to 90 lumens per 
watt. As discussed, LED light sources can provide larger 
ratios of lumens per watt at lower currents, thus avoiding the 
droop phenomena. Further, it is expected that, as technology 
improves, the efficiency of LED light sources will improve 
even at higher current levels than presently employed to pro 
vide higher light outputs per diode in an LED light engine. 
0014 LED light sources typically comprise a plurality of 
individual LEDs that may be arranged in both a series and 
parallel relationship. In other words, a plurality of LEDs may 
be arranged in a series string and a number of series strings 
may be arranged in parallel to achieve the desired light output. 
For example, five LEDs in a first series string each with a 
forward bias of approximately 3 volts (V) and each consum 
ing approximately one watt of power (at 350 mA through the 
string) consume about 5 W. A second string of a series of five 
LEDs connected in parallel across the first string will result in 
a power consumption of 10W with each string drawing 350 
mA. Thus, an LED driver would need to supply 700 mA to the 
two strings of LEDs, and since each string has five LEDs, the 
output voltage provided by the LED driver would be about 15 
volts. Additional strings of LEDs can be placed in parallel for 
additional light output, however, the LED driver must be 
operable to provide the necessary current. Alternatively, more 
LEDs can be placed in series on each sting, and as a result, the 
LED driver must also be operable to provide the necessary 
voltage (e.g., 18 volts for a series of six LEDs). 
0015 LED light sources are typically rated to be driven via 
one of two different control techniques: a current load control 
technique or a Voltage load control technique. An LED light 
Source that is rated for the current load control technique is 
also characterized by a rated current (e.g., 350 milliamps) to 
which the peak magnitude of the current through the LED 
light source should be regulated to ensure that the LED light 
Source is illuminated to the appropriate intensity and color. In 
contrast, an LED light source that is rated for the Voltage load 
control technique is characterized by a rated Voltage (e.g., 15 
volts) to which the voltage across the LED light source should 
be regulated to ensure proper operation of the LED light 
Source. Typically, each string of LEDs in an LED light Source 
rated for the Voltage load control technique includes a current 
balance regulation element to ensure that each of the parallel 
legs has the same impedance so that the same current is drawn 
in each parallel string. 
0016. In addition, it is known that the light output of an 
LED light source can be dimmed. Different methods of dim 
ming LEDs include a pulse-width modulation (PWM) tech 
nique and a constant current reduction (CCR) technique. 
Pulse-width modulation dimming can be used for LED light 
Sources that are controlled in either a current or Voltage load 
control mode. In pulse-width modulation dimming, a pulsed 
signal with a varying duty cycle is Supplied to the LED light 
Source. If an LED light source is being controlled using the 
current load control technique, the peak current Supplied to 
the LED light source is kept constant during an on time of the 
duty cycle of the pulsed signal. However, as the duty cycle of 
the pulsed signal varies, the average current Supplied to the 
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LED light source also varies, thereby varying the intensity of 
the light output of the LED light source. If the LED light 
Source is being controlled using the Voltage load control 
technique, the Voltage Supplied to the LED light Source is kept 
constant during the on time of the duty cycle of the pulsed 
signal in order to achieve the desired target Voltage level, and 
the duty cycle of the load voltage is varied in order to adjust 
the intensity of the light output. Constant current reduction 
dimming is typically only used when an LED light source is 
being controlled using the current load control technique. In 
constant current reduction dimming, current is continuously 
provided to the LED light source, however, the DC magnitude 
of the current provided to the LED light source is varied to 
thus adjust the intensity of the light output. 
0017. There is a need for an LED driver that that is able to 
provide smooth, flicker-free dimming of the LED light source 
using constant current reduction dimming, particularly, in the 
event of changes in the desired intensity of the LED light 
SOUC. 

SUMMARY OF THE INVENTION 

0018. According to an embodiment of the present inven 
tion, a load control device for controlling the intensity of an 
lighting load comprises a power converter circuit operable to 
receive a rectified AC voltage and to generate a DC bus 
voltage, a load control circuit operable to receive the bus 
Voltage and to control the magnitude of a load current con 
ducted through the lighting load, and a controller operatively 
coupled to the power converter circuit and the load control 
circuit. The load control circuit comprises a controllable 
impedance circuit adapted to be coupled in series with the 
lighting load. The controller adjusts the magnitude of the bus 
Voltage to a target bus Voltage, so as to control the magnitude 
of a controllable-impedance Voltage generated across the 
controllable-impedance circuit. The controller generates a 
drive signal for controlling the controllable-impedance cir 
cuit to thus adjust the magnitude of the load current through 
the lighting load. The controller is operable to control both the 
magnitude of the load current and the magnitude of the con 
trollable-impedance voltage to adjust the intensity of the 
lighting load. The controller controls the magnitude of the 
controllable-impedance Voltage by simultaneously maintain 
ing the magnitude of the drive signal constant and adjusting 
the bus Voltage target. 
0019. In addition, an LED driver for controlling the inten 
sity of an LED light source is also described herein. The LED 
driver comprises a power converter circuit operable to receive 
a rectified AC Voltage and to generate a DC bus Voltage, an 
LED drive circuit operable to receive the bus Voltage and to 
control the magnitude of a load current conducted through the 
LED light source to thus control the intensity of the LED light 
Source, and a controller operatively coupled to the power 
converter circuit and the LED drive circuit. The LED drive 
circuit comprises a controllable-impedance circuit adapted to 
be coupled in series with the LED light source. The controller 
adjusts the magnitude of the bus Voltage to a target bus Volt 
age, so as to control the magnitude of a regulator Voltage 
generated across the controllable-impedance circuit. The 
controller generates a drive signal for controlling the control 
lable-impedance circuit to thus adjust the magnitude of the 
load current through the LED light source. If the magnitude of 
the load current is below a load current threshold and the 
magnitude of the regulator Voltage is below a regulator Volt 
age threshold, the controller maintains the magnitude of the 
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drive signal constant and increases the target bus Voltage, so 
as to increase the magnitude of the regulator Voltage. Accord 
ing to another embodiment of the present invention, if the 
magnitude of the load current is above a load current thresh 
old and the magnitude of the regulator Voltage is above a 
regulator Voltage threshold, the controller maintains the mag 
nitude of the drive signal constant, and decreases the target 
bus Voltage, so as to decrease the magnitude of the regulator 
Voltage. 
0020. Other features and advantages of the present inven 
tion will become apparent from the following description of 
the invention that refers to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021. The invention will now be described in greater detail 
in the following detailed description with reference to the 
drawings in which: 
0022 FIG. 1 is a simplified block diagram of a system 
including a light-emitting diode (LED) driver for controlling 
the intensity of an LED light source according to an embodi 
ment of the present invention; 
0023 FIG. 2 is a simplified block diagram of the LED 
driver of FIG. 1; 
0024 FIG.3 is a simplified schematic diagram of a flyback 
converter and an LED drive circuit of the LED driver of FIG. 
1; 
0025 FIG. 4 is a simplified schematic diagram showing 
the LED drive circuit of FIG. 3 in greater detail; 
0026 FIG. 5 is a simplified control diagram of the LED 
driver of FIG. 1; 
0027 FIG. 6 is a simplified flowchart of a target intensity 
procedure executed by a controller of the LED driver of FIG. 
1; 
0028 FIG. 7 is a simplified flowchart of a PWM dimming 
procedure executed by the controller of the LED driver of 
FIG. 1: 
0029 FIG. 8 is a simplified flowchart of a bus voltage 
control procedure executed by the controller of the LED 
driver of FIG. 1; 
0030 FIG. 9 is a simplified flowchart of a load control 
procedure executed periodically by the controller of the LED 
driver of FIG. 1; 
0031 FIG. 10 is a simplified flowchart of a load current 
control procedure executed by the controller of the LED 
driver of FIG. 1; and 
0032 FIG. 11 is a simplified flowchart of a regulator volt 
age control procedure executed by the controller of the LED 
driver of FIG. 1. 

DETAILED DESCRIPTION OF THE INVENTION 

0033. The foregoing summary, as well as the following 
detailed description of the preferred embodiments, is better 
understood when read in conjunction with the appended 
drawings. For the purposes of illustrating the invention, there 
is shown in the drawings an embodiment that is presently 
preferred, in which like numerals represent similar parts 
throughout the several views of the drawings, it being under 
stood, however, that the invention is not limited to the specific 
methods and instrumentalities disclosed. 
0034 FIG. 1 is a simplified block diagram of a system 
including a light-emitting diode (LED) driver 100 for con 
trolling the intensity of an LED light source 102 (e.g., an LED 
light engine) according to an embodiment of the present 
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invention. The LED light source 102 is shown as a plurality of 
LEDs connected in series but may comprise a single LED or 
a plurality of LEDs connected in parallel or a suitable com 
bination thereof, depending on the particular lighting system. 
In addition, the LED light source 102 may alternatively com 
prise one or more organic light-emitting diodes (OLEDs). 
The LED driver 100 is coupled to an alternating-current (AC) 
power source 104 via a dimmer switch 106. The dimmer 
Switch 106 generates a phase-control signal V (e.g., a 
dimmed-hot voltage), which is provided to the LED driver 
100. The dimmer switch 106 comprises a bidirectional semi 
conductor Switch (not shown), Such as, for example, a triac or 
two anti-series-connected field-effect transistors (FETs), 
coupled in series between the AC power source 104 and the 
LED driver 100. The dimmer Switch 106 controls the bidirec 
tional semiconductor Switch to be conductive for a conduc 
tion period Ty each half-cycle of the AC power source 104 
to generate the phase-control signal V. 
0035. The LED driver 100 is operable to turn the LED 
light source 102 on and off in response to the conduction 
period Ty of the phase-control signal V, received from 
the dimmer switch 106. In addition, the LED driver 100 is 
operable to adjust (i.e., dim) the intensity of the LED light 
Source 102 to a target intensity Liz, which may range 
across a dimming range of the LED light source, i.e., between 
a low-end intensity L, (e.g., approximately 1%) and a high 
end intensity L. (e.g., approximately 100%) in response to 
the phase-control signal V. The LED driver 100 is able to 
control both the magnitude of a load current I through the 
LED light source 102 and the magnitude of a load voltage 
V, across the LED light source. Accordingly, the LED 
driver 100 controls at least one of the load Voltage V, 
across the LED light source 102 and the load current I 
through the LED light source to control the amount of power 
delivered to the LED light source depending upon a mode of 
operation of the LED driver (as will be described in greater 
detail below). 
0036. The LED driver 100 is adapted to work with a plu 
rality of different LED light sources, which may be rated to 
operate using different load control techniques, different dim 
ming techniques, and different magnitudes of load current 
and voltage. The LED driver 100 is operable to control the 
magnitude of the load current I, through the LED light 
Source 102 or the load Voltage V, across the LED light 
Source using two different modes of operation: a current load 
control mode (i.e., for using the current load control tech 
nique) and a Voltage load control mode (i.e., for using the 
voltage load control technique). The LED driver 100 may also 
be configured to adjust the magnitude to which the LED 
driver will control the load current I, through the LED 
light source 102 in the current load control mode, or the 
magnitude to which the LED driver will control the load 
Voltage V, across the LED light Source in the Voltage load 
control mode. When operating in the current load control 
mode, the LED driver 100 is operable to control the intensity 
of the LED light source 102 using two different dimming 
modes: a PWM dimming mode (i.e., for using the PWM 
dimming technique) and a CCR dimming mode (i.e., for 
using the CCR dimming technique). When operating in the 
voltage load control mode, the LED driver 100 is only oper 
able to adjust the amount of power delivered to the LED light 
source 102 using the PWM dimming technique. 
0037 FIG. 2 is a simplified block diagram of the LED 
driver 100 according to an embodiment of the present inven 
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tion. The LED driver 100 comprises a radio-frequency (RFI) 
filter and rectifier circuit 110, which receives the phase-con 
trol signal V, from the dimmer switch 106. The RFI filter 
and rectifier circuit 110 operates to minimize the noise pro 
vided on the AC power source 104 and to generate a rectified 
voltage V. The LED driver 100 further comprises a 
power converter, e.g., a buck-boost flyback converter 120, 
which receives the rectified Voltage V and generates a 
variable direct-current (DC) bus Voltage V's across a bus 
capacitor Cs. The flyback converter 120 may alternatively 
comprise any Suitable power converter circuit for generating 
an appropriate bus Voltage, such as, for example, a boost 
converter, a buck converter, a single-ended primary-inductor 
converter (SEPIC), a Cuk converter, or other suitable power 
converter circuit. The bus Voltage Vs may be characterized 
by some Voltage ripple as the bus capacitor Cs periodically 
charges and discharges. The flyback converter 120 may also 
provide electrical isolation between the AC power source 104 
and the LED light source 102, and operate as a power factor 
correction (PFC) circuit to adjust the power factor of the LED 
driver 100 towards a power factor of one. 
0038. The LED driver 100 also comprises an LED drive 
circuit 130, which receives the bus Voltage Vs and controls 
the amount of power delivered to the LED light source 102 so 
as to control the intensity of the LED light source. The LED 
drive circuit 130 may comprise a controllable-impedance 
circuit, such as a linear regulator, as will be described in 
greater detail below. Alternatively, the LED drive circuit 130 
could comprise a switching regulator, such as a buck con 
verter. Examples of various embodiments of LED drive cir 
cuits are described in U.S. patent application Ser. No. 12/813, 
908, filed Jun. 11, 2010, entitled LOAD CONTROL DEVICE 
FOR A LIGHT-EMITTING DIODE LIGHT SOURCE, the 
entire disclosure of which is hereby incorporated by refer 
CCC. 

0039. The LED driver 100 further comprises a controller 
140 for controlling the operation of the flyback converter 120 
and the LED drive circuit 130. The controller 140 may com 
prise, for example, a microcontroller or any other Suitable 
processing device. Such as, for example, a programmable 
logic device (PLD), a microprocessor, an application specific 
integrated circuit (ASIC), or a field-programmable gate array 
(FPGA). The LED driver 100 further comprises a power 
Supply 150, which receives the rectified Voltage V and 
generates a plurality of direct-current (DC) supply Voltages 
for powering the circuitry of the LED driver. Specifically, the 
power supply 150 generates a first non-isolated supply volt 
age V (e.g., approximately 14 volts) for powering the 
control circuitry of the flyback converter 120, a second iso 
lated supply Voltage V (e.g., approximately 9 volts) for 
powering the control circuitry of the LED drive circuit 130, 
and a third non-isolated Supply Voltage V (e.g., approxi 
mately 5 volts) for powering the controller 140. 
0040. The controller 140 is coupled to a phase-control 
input circuit 160, which generates a target intensity control 
signal Voz. The target intensity control signal Voz com 
prises, for example, a square-wave signal having a duty cycle 
DC, which is dependent upon the conduction period 
Ty of the phase-control signal V, received from the dim 
mer switch 106, and thus is representative of the target inten 
sity L of the LED light Source 102. Alternatively, the 
target intensity control signal V could comprise a DC 
Voltage having a magnitude dependent upon the conduction 
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period Ty of the phase-control signal V, and thus repre 
sentative of the target intensity L of the LED light Source 
102. 

0041. The controller 140 is also coupled to a memory 170 
for storing the operational characteristics of the LED driver 
100 (e.g., the load control mode, the dimming mode, and the 
magnitude of the rated load Voltage or current). Finally, the 
LED driver 100 may also comprise a communication circuit 
180, which may be coupled to, for example, a wired commu 
nication link or a wireless communication link, such as a 
radio-frequency (RF) communication link or an infrared (IR) 
communication link. The controller 140 may be operable to 
update the target intensity L of the LED light source 102 
or the operational characteristics stored in the memory 170 in 
response to digital messages received via the communication 
circuit 180. For example, the LED driver 100 could alterna 
tively be operable to receive a full conduction AC waveform 
directly from the AC power source 104 (i.e., not the phase 
control signal V, from the dimmer switch 106) and could 
simply determine the target intensity L, for the LED light 
Source 102 from the digital messages received via the com 
munication circuit 180. 

0042. As previously mentioned, the controller 140 man 
ages the operation of the flyback converter 120 and the LED 
drive circuit 130 to control the intensity of the LED light 
source 102. The controller 140 receives a bus voltage feed 
back signal Vs., which is representative of the magnitude 
of the bus voltage Vs from the flyback converter 120. The 
controller 140 provides a bus Voltage control signal Vs. 
CNTL to the flyback converter 120 for controlling the magni 
tude of the bus Voltage Vs to a target bus Voltage Vs. 
(e.g., from approximately 8 volts to 60 volts). When operating 
in the current load control mode, the LED drive circuit 130 
controls a peak magnitude Ik of the load current Ilo, con 
ducted through the LED light source 102 between a minimum 
load current Ilour-atty and a maximum load current Iloa. 
MAX in response to a peak current control signal Vik (pro 
vided by the controller 140. The controller 140 receives a load 
current feedback signal V, which is representative of an 
average magnitude I of the load current I, flowing 
through the LED light source 102. The controller 140 also 
receives a regulator Voltage feedback signal V- that is 
representative of the magnitude of a regulator Voltage V. 
(i.e., a controllable-impedance Voltage) across the linear 
regulator of the LED drive circuit 130 as will be described in 
greater detail below. 
0043. The controller 140 is operable to control the LED 
drive circuit 130, so as to control the amount of power deliv 
ered to the LED light source 102 using the two different 
modes of operation (i.e., the current load control mode and 
the Voltage load control mode). During the current load con 
trol mode, the LED drive circuit 130 regulates the peak mag 
nitude I of the load current I, through the LED light 
Source 102 to control the average magnitude I to a target 
load current I in response to the load current feedback 
signal Vo (i.e., using closed loop control). The target load 
current I may be stored in the memory 170 and may be 
programmed to be any specific magnitude depending upon 
the LED light source 102. 
0044) To control the intensity of the LED light source 102 
during the current load control mode, the controller 140 is 
operable to control the LED drive circuit 130 to adjust the 
amount of power delivered to the LED light source 102 using 
both of the dimming techniques (i.e., the PWM dimming 
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technique and the CCR dimming technique). Using the PWM 
dimming technique, the controller 140 controls the peak mag 
nitude I of the load current I, through the LED light 
source 102 to the target load current I and pulse-width 
modulates the load current I to dim the LED light Source 
102 and achieve the target load current I. Specifically, the 
LED drive circuit 130 controls a duty cycle DC of the 
load current I, in response to a duty cycle DC, of a 
dimming control signal V, provided by the controller 140. 
Accordingly, the intensity of the LED light source 102 is 
dependent upon the duty cycle DC of the pulse-width 
modulated load current I. Using the CCR technique, the 
controller 140 does not pulse-width modulate the load current 
I, but instead adjusts the magnitude of the target load 
current ISO as to adjust the average magnitude I of the 
load current I, through the LED light source 102 (which 
is equal to the peak magnitude Ik of the load current I, in 
the CCR dimming mode). 
0045. During the voltage load control mode, the LED 
drive circuit 130 regulates the DC voltage of the load voltage 
V, across the LED light source 102 to a target load volt 
age V. The target load Voltage V, may be stored in the 
memory 170 and may be programmed to be any specific 
magnitude depending upon the LED light source 102. The 
controller 140 is operable to dim the LED light source 102 
using only the PWM dimming technique during the Voltage 
load control mode. Specifically, the controller 140 adjusts a 
duty cycle DC of the load Voltage V, to dim the 
LED light source 102. An example of a configuration proce 
dure for the LED driver 100 is described in greater detail in 
U.S. patent application Ser. No. 12/813,989, filed Jun. 11, 
2010, entitled CONFIGURABLE LOAD CONTROL 
DEVICE FOR LIGHT-EMITTING DIODE LIGHT 
SOURCES, the entire disclosure of which is hereby incorpo 
rated by reference. 
0046 FIG. 3 is a simplified schematic diagram of the 
flyback converter 120 and the LED drive circuit 130. The 
flyback converter 120 comprises a flyback transformer 210 
having a primary winding coupled in series with a flyback 
switching transistor, e.g., a field-effect transistor (FET) Q212 
or other suitable semiconductor switch. The secondary wind 
ing of the flyback transformer 210 is coupled to the bus 
capacitor Cs via a diode D214. The bus Voltage feedback 
signal Vs is generated by a Voltage divider comprising 
two resistors R216, R218 coupled across the bus capacitor 
Cs. A flyback control circuit 222 receives the bus Voltage 
control signal Vs., from the controller 140 via a filter 
circuit 224 and an optocoupler circuit 226, which provides 
electrical isolation between the flyback converter 120 and the 
controller 140. The flyback control circuit 222 may comprise, 
for example, part number TDA4863, manufactured by Infin 
eon Technologies. The filter circuit 224 may comprise, for 
example, a two-stage resistor-capacitor (RC) filter, for gen 
erating a filtered bus Voltage control signal Vesy, which 
has a DC magnitude dependent upon a duty cycle DCs of 
the bus Voltage control signal Vesy. The flyback control 
circuit 222 also receives a control signal representative of the 
current through the FET Q212 from a feedback resistor R228, 
which is coupled in series with the FET. 
0047. The flyback control circuit 222 controls the FET 
Q212 to selectively conduct current through the flyback trans 
former 210 to thus generate the bus Voltage Vs. The flyback 
control circuit 222 is operable to render the FET Q212 con 
ductive and non-conductive at a high frequency (e.g., 
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approximately 150 kHz or less) to thus control the magnitude 
of the bus Voltage Vs in response to the DC magnitude of 
the filtered bus Voltage control signal Vs. and the magni 
tude of the current through the FET Q212. Specifically, the 
controller 140 increases the duty cycle DCs of the bus 
Voltage control signal Vs. Such that the DC magni 
tude of the filterbus Voltage control signal Vs., increases in 
order to decrease the magnitude of the bus Voltage Vs. The 
controller 140 decreases the duty cycle DCs of the bus 
Voltage control signal Vasy to increase the magnitude of 
the bus Voltage Vs. The filter circuit 224 provides a simple 
digital-to-analog conversion for the controller 140 (i.e., from 
the duty cycle DCs of the bus Voltage control signal Vs. 
CNTL to the DC magnitude of the filtered bus voltage control 
signal Vs.). Alternatively, the controller 140 could 
comprise a digital-to-analog converter (DAC) for directly 
generating the bus Voltage control signal Vasy having 
an appropriate DC magnitude for controlling the magnitude 
of the bus Voltage Vs. 
0048 FIG. 4 is a simplified schematic diagram showing 
the LED drive circuit 130 in greater detail. As previously 
mentioned, the LED drive circuit 130 comprises a linear 
regulator (i.e., a controllable-impedance circuit) including a 
power semiconductor Switch, e.g., a regulation field-effect 
transistor (FET). Q232, coupled in series with the LED light 
source 102 for conducting the load current I. The regu 
lation FET Q232 could alternatively comprise a bipolar junc 
tion transistor (BJT), an insulated-gate bipolar transistor 
(IGBT), or any suitable transistor. The peak current control 
signal V provided by the controller 140 is coupled to the 
gate of the regulation FET Q232 through a filter circuit 234, 
an amplifier circuit 236, and a gate resistor R238. The con 
troller 140 is operable to control a duty cycle DC of the 
peak current control signal V to control the peak magni 
tude I of the load current I conducted through the LED 
light source 102 to the target load current I. The filter 
circuit 234 (e.g., a two-stage RC filter) provides digital-to 
analog conversion for the controller 140 by generating a 
filtered peak current control signal V, which has a DC 
magnitude dependent upon the duty cycle DC of the peak 
current control signal V, and is thus representative of the 
magnitude of the target load current I. Alternatively, the 
controller 140 could comprise a DAC for directly generating 
the peak current control signal Vehaving an appropriate DC 
magnitude for controlling the peak magnitude I of the load 
current I. The amplifier circuit 236 generates an ampli 
fied peak current control signal V, which is provided to 
the gate of the regulation transistor Q232 through the resistor 
R238, such that a drive signal at the gate of the regulation 
transistor Q232, e.g., a gate Voltage V, has a magnitude 
dependent upon the target load current I. The amplifier 
circuit 236 may comprise a standard non-inverting opera 
tional amplifier circuit having, for example, a gain C. of 
approximately three. 
0049. A feedback circuit 242 comprising a feedback resis 
tor 8244 is coupled in series with the regulation FET Q232, 
Such that the Voltage generated across the feedback resistoris 
representative of the magnitude of the load current I. For 
example, the feedback resistor R244 may have a resistance of 
approximately 0.0375C2. The feedback circuit 242 further 
comprises a filter circuit 246 (e.g., a two-stage RC filter) 
coupled between the feedback resistor 8244 and an amplifier 
circuit 248 (e.g., a non-inverting operational amplifier circuit 
having a gain B of approximately 20). Alternatively, the 
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amplifier circuit 248 could have a variable gain, which could 
be controlled by the controller 140 and could range between 
approximately 1 and 1000. The amplifier circuit 248 gener 
ates the load current feedback signal V, which is pro 
vided to the controller 140 and is representative of an average 
magnitude It, of the load current Io, e.g., 

IAWE-roAD (BRFB), (Equation 1) 

wherein R is the resistance of the feedback resistor R244. 
Examples of other feedback circuits for the LED drive circuit 
130 are described in greater detail in U.S. patent application 
Ser. No. 12/814,026, filed Jun. 11, 2010, entitled CLOSED 
LOOP LOAD CONTROL CIRCUIT HAVING A WIDE 
OUTPUTRANGE, the entire disclosure of which is hereby 
incorporated by reference. 
0050. When operating in the current load control mode, 
the controller 140 controls the regulation FET Q232 to oper 
ate in the linear region, such that the peak magnitude I of 
the load current It is dependent upon the DC magnitude of 
the gate Voltage V at the gate of the regulation transistor 
Q232. In other words, the regulation FET Q232 provides a 
controllable-impedance in series with the LED light source 
102. If the magnitude of the regulator Voltage V drops too 
low, the regulation FET Q232 may be driven into the satura 
tion region, such that the regulation FET Q232 becomes fully 
conductive and the controller 140 is no longer able to control 
the peak magnitude Ik of the load current Io. Therefore, 
the controller 140 adjusts the magnitude of the bus voltage 
Vs to prevent the magnitude of the regulator Voltage V. 
from dropping below a minimum regulator Voltage threshold 
V-ty (e.g., approximately 0.4 Volts). In addition, the 
controller 140 is also operable to adjust the magnitude of the 
bus Voltage Vs to control the magnitude of the regulator 
Voltage V to be less a maximum regulator Voltage thresh 
old V (e.g., approximately 0.6 Volts) to prevent the 
power dissipated in regulation FET Q232 from becoming too 
large, thus increasing the total efficiency of the LED driver 
100. Since the regulator Voltage V may have some ripple 
(due to the ripple of the bus voltage Vs), the controller 140 
is operable to determine the minimum value of the regulator 
Voltage V during a period of time and to compare this 
minimum value of the regulator Voltage V to the regulator 
Voltage threshold V-y and the maximum regulator Volt 
age threshold VReo-tax. 
0051. When operating in the voltage load control mode, 
the controller 140 is operable to drive the regulation FET 
Q232 into the saturation region, such that the magnitude of 
the load Voltage V is approximately equal to the magni 
tude of the bus Voltage Vs (minus the Small Voltage drops 
due to the on-state drain-source resistance Rsy of the FET 
regulation Q232 and the resistance of the feedback resistor 
R244). 
0052. The LED drive circuit 130 also comprises a dim 
ming FET Q250, which is coupled between the gate of the 
regulation FET Q232 and circuit common. The dimming 
control signal V, from the controller 140 is provided to the 
gate of the dimming FET Q250. When the dimming FET 
Q250 is rendered conductive, the regulation FET Q232 is 
rendered non-conductive, and when the dimming FET Q250 
is rendered non-conductive, the regulation FET Q232 is ren 
dered conductive. While using the PWM dimming technique 
during the current load control mode, the controller 140 
adjusts the duty cycle DC of the dimming control signal 
V, (to adjust the length of an on time toy that the regulation 
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FET Q232 is conductive) to thus control the when the regu 
lation FET conducts the load current I and thus the inten 
sity of the LED light source 102. For example, the controller 
140 may generate the dimming control signal V, using a 
constant PWM frequency f(e.g., approximately 500 Hz). 
Such that the on time toy of the dimming control signal V, 
is dependent upon the duty cycle DC, i.e., 

toN-(1-DCDIM) ?pWAf. (Equation 2) 

As the duty cycle DC, of the dimming control signal V, 
increases, the duty cycle DC, DC of the corre 
sponding load current Ilo, or load Voltage V, decreases, 
and vice versa. 
0053. When using the PWM dimming technique in the 
current load control mode, the controller 140 is operable to 
control the peak magnitude Ik of the load current Ilo, in 
response to the load current feedback signal V, to main 
tain the average magnitude I of the load current Ilo, 
constant (i.e., at the target lamp current Li). Alternatively, 
the controller 140 could be operable to calculate the peak 
magnitude I of the load current I, from the load current 
feedback signal V (which is representative of the aver 
age magnitude I of the load current I) and the duty 
cycle DC, of the dimming control signal V, i.e., 

Ipklatz (1-DCDIAr). 

When using the CCR dimming technique during the current 
load control mode, the controller 140 maintains the duty cycle 
DC, of the dimming control signal V, at a high-end 
dimming duty cycle DC (e.g., approximately 0%, such that 
the FET Q232 is always conductive) and adjusts the target 
load current Izz (via the duty cycle DC of the peak 
current control signal Ve) to control the intensity of the 
LED light source 102. 
0054 The regulator Voltage feedback signal V is 
generated by a sample and hold circuit 260 of the LED drive 
circuit 130 and is representative of the regulator Voltage V. 
generated across the series combination of the regulation FET 
Q232 and the feedback resistor R244 when the regulation 
FET is conducting the load current I. The sample and 
hold circuit 260 comprises a sampling transistor, e.g., a FET 
Q261, that is coupled to the junction of the LED light source 
102 and the regulation FET Q232. When the FET Q261 is 
rendered conductive, a capacitor C262 (e.g., having a capaci 
tance of approximately 1 uF) charges to approximately the 
magnitude of the regulator Voltage V through a resistor 
R263 (e.g., having a resistance of approximately 1092). The 
capacitor C262 is coupled to the controller 140 through a 
resistor R264 (e.g., having a resistance of approximately 12.1 
kS2) for providing the regulator Voltage feedback signal 
V to the controller. The gate of the FET Q261 is 
coupled to circuit common through a second FET Q265 and 
to the second isolated Supply Voltage V through a resistor 
R266 (e.g., having a resistance of approximately 20 kS2). The 
gate of the second FET Q265 is coupled to the third non 
isolated Supply Voltage V through a resistor C267 (e.g., 
having a resistance of approximately 10 kS2). 
0055. The controller 140 generates a sample and hold 
control signal Vs. that is operatively coupled to the control 
input (i.e., the gate) of the second FET Q265 sample and hold 
circuit 260 for rendering the FET Q261 conductive and non 
conductive to thus controllably charge the capacitor C262 to 
the magnitude of the regulator Voltage V. Specifically, 
when using the PWM dimming mode, the controller 140 is 
operable to render the FET Q261 conductive during each on 

(Equation 3) 



US 2013/006.3047 A1 

time toy of the dimming control signal V, (i.e., when the 
dimming FET Q250 is non-conductive and the regulation 
FET Q232 is conductive), such that the regulator voltage 
feedback signal V- is representative of the magnitude of 
the regulator Voltage V when the regulation FET is con 
ducting the load current I. Alternatively, when the con 
troller 140 is using the CCR dimming mode, the FET Q261 is 
rendered conductive at all times. 

0056. The LED drive circuit 130 also comprises an over 
Voltage protection circuit 270 that is responsive to the mag 
nitude of the bus Voltage Vs and the magnitude of the 
regulator feedback Voltage V. The difference between 
the magnitudes of the bus Voltage Vs and the regulator 
feedback Voltage V is representative of the magnitude 
of the load Voltage V, across the LED light Source 102. 
The overvoltage protection circuit 270 comprises a compara 
tor U271 having an output coupled to the gate of the regula 
tion FET Q232 for rendering the FET non-conductive if the 
load voltage V, exceeds an overvoltage threshold. The 
overvoltage protection circuit 270 also comprises a resistor 
divider that receives the regulator feedback Voltage V 
and has two resistors R272, R273. The junction of the resis 
tors R272, R273 is coupled to the non-inverting input of the 
comparator U271 through a resistor R274. The non-inverting 
input is also coupled to the third non-isolated Supply Voltage 
V through a resistor R275, and to circuit common through 
a filtering capacitor C276 (e.g., having a capacitance of 
approximately 10 uF). Another resistor divider is coupled 
between the bus Voltage Vs and circuit common, and com 
prises two resistors R278, R279. The junction of the resistors 
R278, R279 is coupled to the inverting input of the compara 
tor U271, such that the magnitude of the voltage at the non 
inverting input of the comparator is responsive to the regula 
tor feedback Voltage V and the magnitude of the 
Voltage at the inverting input is responsive to the bus Voltage 
Vs. The comparator U271 operates to render the regulation 
FETQ232 non-conductive if the difference between the mag 
nitudes of the bus Voltage Vs and the regulator feedback 
Voltage V-1 exceeds the overVoltage threshold. 
0057 The resistances of the resistors R272, R273, R274, 
R275, R278, R279 of the overvoltage protection circuit 270 
are chosen Such that the Voltage at the non-inverting input of 
the comparator U271 is proportional to the magnitude of the 
regulator feedback Voltage V-1. Accordingly, the mag 
nitude of the bus Voltage Vs that is required to cause the 
voltage at the inverting input of the comparator U271 to 
exceed the Voltage at the non-inverting input increases in 
proportional to the magnitude of the regulator feedback Volt 
age V. Such that the overvoltage threshold that the load 
Voltage V, must exceed to render the regulation FET 
Q232 non-conductive remains approximately constant as the 
magnitude of the regulator feedback Voltage V 
changes. In addition, the resistances of the resistors R275, 
R274 must be much greater than the resistances of the resis 
tors 8272, 8273 to avoid loading the regulator feedback volt 
age VREG-FB. 
0058 FIG. 5 is a simplified control diagram of the LED 
driver 100. The controller 140 implements three control loops 
for control of the magnitude of the bus Voltage Vs, the peak 
magnitude I of the load current I, and the target bus 
Voltage Vs., (to thus control the magnitude of the regu 
lator Voltage V). The controller 140 is operable to control 
the bus Voltage control signal Vasy to thus control the 
magnitude of the bus Voltage Vs to the target bus Voltage 
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Vs, using a Software implementation of a transfer 
function H(s) that has an analog representation of for 
example, 

K. (S + 11) 
S. (S + 100) 

H(s) = (Equation 4) 

where K is a compensator gain, which may be adjusted to 
provide the correct compensation of the PFC control loop of 
the flyback control circuit 222 as is well known in the art. 
Specifically, the controller 140 adjusts the magnitude of the 
bus Voltage Vs in response to the product of the transfer 
function and a bus Voltage errores between the target bus 
Voltage Vs., and the actual bus Voltage Vs. The con 
troller 140 freezes the control of the bus voltage Vs by 
maintaining the duty cycle DCs of the bus Voltage control 
signal Vasy constant in the event of a line Voltage drop 
Out. 

0059 Under stable conditions, the controller 140 is oper 
able to adjust the duty cycle DC of the peak current control 
signal V to control the average magnitude I of the load 
current Io, to be equal to the target load current I. 
Specifically, the controller 140 adjusts the duty cycle DC 
of the peak current control signal V, in response to a current 
error e between the actual peak magnitude I of the load 
current I, and the target load current I using a loop 
tuned proportional-integral (PI) control algorithm. However, 
in the event of transient changes in the conduction period 
Ty of the phase-control signal V, and thus the target 
intensity L of the LED light Source 102, the controller 
140 is able to freeze (i.e., lock) the PI control algorithm (to 
thus maintain the duty cycle DC of the peak current control 
signal V, constant) and to quickly control the target bus 
Voltage Vs to thus adjust the magnitude of the regu 
lator Voltage V and the peak magnitude I of the load 
current I. The controller 140 will only adjust the target 
bus Voltage Vs., if line Voltage (i.e., the phase-control 
signal Ve) is present and the magnitude of the bus Voltage 
Vs is within predetermined limits with respect to the target 
bus Voltage Vs (indicating that the bus Voltage has 
settled to a steady state value after a previous change in the 
target bus Voltage Vs) to prevent Windup of the fly 
back control circuit 222 or overshooting of the bus voltage 
VBUs. 
0060. If the magnitude of the regulator Voltage V is 
less than the minimum regulator Voltage threshold V-ty 
and the average magnitude It, of the load current I 
needs to be increased to be equal to the target current I 
the regulator Voltage V may be in danger of collapsing 
towards Zero volts, such that the controller 140 will no longer 
be able to control the peak magnitude I of the load current 
I. Therefore, if the average magnitude I, of the load 
current It is less than the target load current Izz and the 
magnitude of the regulator Voltage V is less than the 
minimum regulator Voltage threshold V-ty, the control 
ler 140 maintains the duty cycle DC of the peak current 
control signal V constant, and increases the target bus 
Voltage Veszcz by a predetermined amount AVs (e.g., 
approximately 2V) to quickly increase the magnitude of the 
regulator Voltage V and prevent the regulation FET Q232 
from being driven into full conduction. The controller 140 
adjusts the target bus Voltage Vs. Such that the target 
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bus Voltage Vs is only adjusted, for example, every 25 
msec when the controller 140 is increasing the target bus 
Voltage Vaus-TRGT. 
0061 Similarly, if the average magnitude I of the load 
current It is greater than the target load current Izz and 
the magnitude of the regulator Voltage V is greater than 
the maximum regulator Voltage threshold V, the con 
troller 140 is operable to freeze the PI control algorithm by 
maintaining the duty cycle DC of the peak current control 
signal V constant, and decrease the target bus Voltage 
Vastroit by a predetermined amount AVs (e.g., 
approximately 0.1 V) to prevent the regulation FET Q232 
from dissipating too much power. When the controller 140 is 
decreasing the target bus Voltage Vs., the controller 
140 controls the target bus Voltage Vs. Such that the 
target bus Voltage Vs., is only adjusted, for example, 
every 125 msec, which prevents undershoot of the magnitude 
of the bus Voltage Vs. 
0062. When the LED driver 100 is operating in the PWM 
dimming mode, the controller 140 uses a predetermined con 
stant value (e.g., approximately 0.6 volts) for the maximum 
regulator Voltage threshold V. However, when the 
LED driver 100 is operating in the CCR dimming mode, 
changes in the target bus Voltage Vs (caused by 
changes in the load voltage V) may result in modifica 
tions in the peak magnitude I of the load current I. 
which may cause flickering in the LED light source 102. 
Therefore, the controller 140 is operable to adjust the maxi 
mum regulator Voltage thresholdV-in response to the 
average magnitude I of the load current I. Such that 
the power dissipated in the regulation FET Q232 is limited to 
a predetermined constant maximum power P. (e.g., 
approximately 2-3 W), i.e., 

REG-MAXPFET-MAX/AVE, (Equation 5) 

when operating in the CCR dimming mode. Accordingly, the 
controller 140 will adjust the target bus Voltage Vs., 
less often (thus limiting flickering in the LED light source 
102), while still limiting the power dissipation in the regula 
tion FET Q232. 
0063. Accordingly, the controller 140 is operable to con 

trol adjust the intensity of the LED light source 102 by con 
trolling both the peak magnitude I of the load current Ilo, 
and the magnitude of the bus Voltage Vs where control of 
the peak magnitude I of the load current I may be 
frozen in order to control the magnitude of the bus voltage 
Vs, and control of the magnitude of the bus Voltage Vs 
may be frozen in order to control the peak magnitude I of 
the load current I. Specifically, the controller 140 freezes 
control of the peak magnitude I of the load current I 
and adjusts the target bus Voltage Vs., if the average 
magnitude It, of the load current It is less than the target 
load current I and the magnitude of the regulator Voltage 
V is less than the minimum regulator Voltage threshold 
VReg-arty, or if the average magnitude Ital of the load current 
It is greater than the target load current I, and the 
magnitude of the regulator Voltage V is greater than the 
maximum regulator Voltage threshold V. Otherwise, 
the controller 140 adjusts the peak magnitude I of the load 
current Iloid and the target bus Voltage Vestroit is main 
tained constant. Alternatively, the controller 140 could be 
operable to slow down the speed of control of the peak mag 
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nitude I of the load current Ilo, or the target bus Voltage 
Vs, rather than simply freezing control of these 
parameters. 
0064 FIG. 6 is a simplified flowchart of a target intensity 
procedure 300 executed by the controller 140 of the LED 
driver 100 (when both the target load current I or the 
dimming method are known). The controller 140 executes the 
target intensity procedure 300 when the target intensity Lt. 
changes at step 310, for example, in response to a change in 
the DC magnitude of the target intensity control signal V, 
generated by the phase-control input circuit 160. If the LED 
driver 100 is operating in the current load control mode (as 
stored in the memory 170) at step 312, the controller 140 
adjusts the duty cycle DC of the peak current control signal 
Vik in response to the new target load current Izz at Step 
314. If the LED driver is using the PWM dimming technique 
(as stored in the memory 170) at step 316, the controller 140 
adjusts the duty cycle DC of the dimming control signal 
V, in response to the new target intensity Liat step 318 
and the target intensity procedure 300 exits. If the LED driver 
100 is operating in the current load control mode at step 312, 
but with the CCR dimming technique at step 316, the con 
troller 140 only adjusts the target load current I of the 
load current I in response to the new target intensity 
L at Step 314 by adjusting the duty cycle DC of the 
peak current control signal Ves, so as to control the magni 
tude of the load current I, towards the target load current 
I. If the LED driver 100 is operating in the Voltage load 
control mode at step 312, the controller 140 only adjusts the 
duty cycle DC, of the dimming control signal V, in 
response to the new target intensity L. at step 318 and the 
target intensity procedure 300 exits. 
0065 FIG. 7 is a simplified flowchart of a PWM dimming 
procedure 400 executed periodically by the controller 140, 
e.g., every two milliseconds, when the LED driver 100 is 
operating in the PWM dimming mode, such that the control 
ler generates the dimming control signal V, at the constant 
PWM frequency f. First, the controller 140 immediately 
drives the dimming control signal V, low (i.e., to approxi 
mately circuit common) at step 410 to thus render the dim 
ming FET Q250 non-conductive and the regulation FET 
Q232 conductive. The controller 140 then waits for a prede 
termined period of time t (e.g. approximately 12 usec) at 
step 412 to allow the magnitude of the regulation Voltage 
V to settle, before driving the sample and hold control 
signal Vs., low at step 414 to render the FET Q261 of the 
sample and hold circuit 260 conductive to charge the capaci 
tor C262 to approximately the magnitude of the regulation 
Voltage V. At the end of the on time ty of the present 
PWM cycle of the dimming control signal V, at step 416, 
the controller 140 drives the dimming control signal V, 
high (i.e., to approximately the third non-isolated Supply 
voltage V) at step 418 to render the regulation FET Q232 
non-conductive, and drives the sample and hold control signal 
Vs high at step 420 to render the FET Q261 of the sample 
and hold circuit 260 non-conductive, before the PWM dim 
ming procedure 400 exits. 
0.066 FIG. 8 is a simplified flowchart of a bus voltage 
control procedure 500 executed periodically by the controller 
140 (e.g., approximately every 104 usec) to control the bus 
Voltage control signal Vasy provided to the flyback con 
verter 120. As shown in FIG. 5, the controller 140 uses the 
controller transfer function H(s) to control the magnitude of 
the bus Voltage Vs to the target bus Voltage Vestroz. 
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After starting the bus voltage control procedure 500, the 
controller 140 first samples the load current feedback signal 
Vito, and the regulator Voltage feedback signal VReg-e at 
step 510 and stores the samples values in the memory 170 for 
later use at step 512. If line voltage is not present at the LED 
driver 100 at step 514, the bus voltage control procedure 500 
simply exits, such that duty cycle DCs of the bus Voltage 
control signal Visix provided to the flyback converter 
120 remains constant in the event of a line voltage dropout to 
prevent windup of the flyback control circuit 222. If line 
voltage is present at step 514, the controller 140 samples the 
bus Voltage feedback signal Vs. at step 516 to determine 
the magnitude of the bus Voltage Vs. 
0067 Next, the controller 140 determines if the magnitude 
of the bus Voltage Vs is outside of a predetermined range. If 
so, the controller 140 bypasses normal control of the bus 
Voltage, i.e., using transfer function H(s), in order to quickly 
control the bus voltage to be within the predetermined range 
and prevent overshooting of the bus Voltage Vs. Specifi 
cally, if the magnitude of the bus Voltage Vs is greater than 
the maximum bus Voltage threshold Vs at step 518, the 
controller 140 shuts down the operation of the flyback con 
verter 120 at step 520, such that the flyback switching FET 
Q212 is rendered non-conductive and the bus Voltage Vs 
quickly decreases in magnitude. If the magnitude of the bus 
Voltage is less than a minimum bus Voltage threshold Vs. 
MIN at step 522, the controller 140 temporarily adjusts the bus 
Voltage control signal Vs. at Step 524 to quickly 
increase the magnitude of the bus Voltage Vs. If the mag 
nitude of the bus Voltage Vs is within the predetermined 
range at steps 518 and 522, the controller 140 applies the bus 
Voltage error eats (i.e., eas Veszcz-Vos) to the trans 
fer function H(s)at step 526 and adjusts the duty cycle DC's 
of the bus Voltage control signal Visw, in response to the 
output of the transfer function at step 528, such that the 
magnitude of the bus Voltage Vs is controlled towards the 
target bus Voltage Vestroz. 
0068 FIG. 9 is a simplified flowchart of a load control 
procedure 600 executed periodically by the controller 140, 
e.g., every two milliseconds, such that the load control pro 
cedure is executed at the end of each PWM cycle of the 
dimming control signal V, when the LED driver 100 is 
operating in the PWM dimming mode. If line voltage is not 
present at step 610, the load control procedure 600 simply 
exits, such that the bus Voltage control signal Visva and 
the peak current control signal V remain constant in the 
event of a line Voltage dropout. Ifline Voltage is present at step 
610 and the LED driver 100 is operating in the current mode 
at step 612, the controller 140 executes a load current control 
procedure 700 to adjust the peak current control signal V, 
and then executes a regulator Voltage control procedure 800 to 
adjust the target bus Voltage Vs., before the load con 
trol procedure 600 exits. If the LED driver 100 is operating in 
the voltage mode at step 612, the controller 140 controls the 
peak current control signal V so as to render the regulation 
FET Q232 fully conductive at step 614 and then executes the 
regulator voltage control procedure 800, before the load con 
trol procedure 600 exits. 
0069 FIG. 10 is a simplified flowchart of the load current 
control procedure 700 executed by the controller 140 to adjust 
the peak current control signal V- and thus the peak mag 
nitude I of the load current I. At step 710, the control 
ler 140 first calculates the average magnitude I of the load 
current I over the last PWM cycle (i.e., to provide addi 

Mar. 14, 2013 

tional software filtering of the load current feedback signal 
Vo). If the average magnitude I of the load current 
It is greater than the target load current Izz at Step 712 
and the magnitude of the regulator Voltage V is greater 
than the maximum regulator Voltage threshold V-1 at 
step 714, the regulation FET Q232 may be in danger of 
dissipating too much power, so the load current control pro 
cedure 700 exits to allow the regulator voltage control proce 
dure 800 to adjust the target bus Voltage Vs. and thus 
reduce the magnitude of the regulator Voltage V as will be 
described in greater detail below with reference to FIG. 11. If 
the average magnitude It, of the load current It is less 
than the target load current I at step 716 and the magni 
tude of the regulator Voltage V is less than the minimum 
regulator Voltage threshold Very at step 718, the regula 
tor Voltage V may be in danger of collapsing towards Zero 
volts, so the load current control procedure 700 exits to allow 
the regulator voltage control procedure 800 to adjust the 
target bus Voltage Vs and thus increase the magnitude 
of the regulator Voltage V as will be described in greater 
detail below with reference to FIG. 11. Otherwise, the con 
troller 140 adjusts the duty cycle DC of the peak current 
control signal V, using the PI control algorithm at step 720 
and the load current control procedure 700 exits. 
(0070 FIG. 11 is a simplified flowchart of the regulator 
voltage control procedure 800 executed by the controller 140 
to adjust the target bus Voltage Vs., and thus the mag 
nitude of the regulator Voltage V. The controller 140 uses 
a delay-adjust timer to prevent the target bus Voltage Vs. 
TRGT from being adjusted too often. Accordingly, if the delay 
adjust timer has not expired at step 810 when the regulator 
voltage control procedure 800 is executed, the procedure 
simply exits. However, if the delay-adjust timer has expired at 
step 810, the controller 140 determines the minimum magni 
tude of the regulator Voltage V over the last half-cycle of 
the AC power source 104 (i.e., the last 8.33 msec) at step 812. 
If the magnitude of the bus Voltage Vs is not within prede 
termined limits (with respect to the target bus Voltage Vs. 
TRGT) at step 814 (indicating that the bus Voltage has not 
settled to a steady state value after a previous change in the 
target bus Voltage Vs), the regulator Voltage control 
procedure 800 exits without adjusting the target bus voltage 
VBUS-TRGT. 
0071. However, if the bus voltage Vs is stable at step 
814, the controller 140 determines if the target bus voltage 
Vs should be adjusted. Specifically, if the magnitude 
of the regulator Voltage V is less than the minimum regu 
lator Voltage threshold Vy at step 816 and the average 
magnitude It, of the load current It is less than the target 
load current I at step 818, the controller 140 increases the 
target bus Voltage Vs., by the predetermined amount 
AVs at step 820 to thus increase the magnitude of the 
regulator Voltage V and prevent the regulator Voltage from 
collapsing towards Zero volts. The controller 140 then initial 
izes the adjust-delay timer to a first delay time t, (e.g., 
approximately 25 mSec) and starts the timer counting down 
with respect to time at step 822, before the regulator voltage 
control procedure 800 exits. Accordingly, the controller 140 
will not adjust the target bus Voltage V is again when 
the regulator voltage control procedure 800 is executed until 
the adjust-delay timer expires at step 810. 
0072. If the magnitude of the regulator Voltage V is not 
less than the minimum regulator Voltage threshold V-ty 
at step 816, the controller 140 then determines if the regula 
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tion FET Q232 may be dissipating too much power. If the 
LED driver 100 is operating in the CCR dimming mode at 
step 824, the controller 140 adjusts the maximum regulator 
Voltage threshold V-1 in response to the average mag 
nitude I of the load current I at Step 826, Such that the 
power dissipated in the regulation FET Q232 is limited to the 
predetermined constant maximum power P. If the 
LED driver 100 is operating in the PWM dimming mode at 
step 824, the controller 140 uses the predetermined constant 
Value for the maximum regulator Voltage thresholdV 
(i.e., approximately 0.6 volts). If the magnitude of the regu 
lator Voltage V is greater than the maximum regulator 
Voltage threshold V at Step 828 and the average mag 
nitude It, of the load current It is greater than the target 
load current I at step 830, the controller 140 decreases the 
target bus Voltage Vs by the predetermined amount 
AVs at step 832 to thus decrease the magnitude of the 
regulator Voltage V and prevent the regulation FET Q232 
from dissipating too much power. The controller 140 then 
initializes the adjust-delay timer to a second delay time t 
LAY (e.g., approximately 125 msec) and starts the timer 
counting down with respect to time at step 834, before the 
regulator voltage control procedure 800 exits. 
0073. Although the present invention has been described 
in relation to particular embodiments thereof, many other 
variations and modifications and other uses will become 
apparent to those skilled in the art. It is preferred, therefore, 
that the present invention be limited not by the specific dis 
closure herein, but only by the appended claims. 
What is claimed is: 

1. A load control device for controlling the intensity of an 
lighting load, the load control device comprising: 

a power converter circuit operable to receive a rectified AC 
Voltage and to generate a DC bus Voltage; 

a load control circuit operable to receive the bus voltage 
and to control the magnitude of a load current conducted 
through the lighting load, the load control circuit com 
prising a controllable-impedance circuit adapted to be 
coupled in series with the lighting load; and 

a controller operatively coupled to the power converter 
circuit for adjusting the magnitude of the bus Voltage to 
a target bus Voltage, so as to control the magnitude of a 
controllable-impedance Voltage generated across the 
controllable-impedance circuit, the controller opera 
tively coupled to the load control circuit for generating a 
drive signal for controlling the controllable-impedance 
circuit to thus adjust the magnitude of the load current 
through the lighting load; 

wherein the controller is operable to control both the mag 
nitude of the load current and the magnitude of the 
controllable-impedance Voltage to adjust the intensity of 
the lighting load, the controller operable to control the 
magnitude of the controllable-impedance Voltage by 
simultaneously maintaining the magnitude of the drive 
signal constant and adjusting the target bus Voltage. 

2. The load control device of claim 1, wherein the control 
ler receives a controllable-impedance Voltage feedback signal 
representative of the magnitude of the controllable-imped 
ance Voltage generated across the controllable-impedance 
circuit, the controller operable to adjust the target bus Voltage 
in response to the controllable-impedance Voltage feedback 
signal to thus adjust the magnitude of the controllable-imped 
ance Voltage. 
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3. The load control device of claim 2, wherein the control 
ler receives a load current feedback signal representative of 
the average magnitude of the load current, the controller 
operable to control the controllable-impedance circuit in 
response to the load current feedback signal to adjust the 
magnitude of the load current to a target load current. 

4. The load control device of claim3, wherein the control 
ler receives abus voltage feedback signal representative of the 
magnitude of the bus Voltage, the controller operable to con 
trol the power converter circuit in response to the bus voltage 
feedback signal to adjust the magnitude of the bus Voltage to 
the target bus Voltage. 

5. The load control device of claim 4, wherein the control 
ler generates a bus Voltage control signal for controlling the 
power converter circuit, the controller operable to maintain 
the magnitude of the bus Voltage control signal constantifline 
Voltage is not present at an input terminal of the load control 
device. 

6. The load control device of claim 3, wherein, if the 
magnitude of the load current is below a load current thresh 
old and the magnitude of the controllable-impedance Voltage 
is below a controllable-impedance voltage threshold, the con 
troller maintains the magnitude of the drive signal constant, 
and increases the target bus Voltage, so as to increase the 
magnitude of the controllable-impedance Voltage. 

7. The load control device of claim 3, wherein, if the 
magnitude of the load current is above a load current thresh 
old and the magnitude of the controllable-impedance Voltage 
is above a controllable-impedance Voltage threshold, the con 
troller maintains the magnitude of the drive signal constant, 
and decreases the target bus Voltage, so as to decrease the 
magnitude of the controllable-impedance Voltage. 

8. The load control device of claim 3, wherein, if the 
magnitude of the load current and the magnitude of the con 
trollable-impedance voltage are with predetermined limits, 
the controllers maintains the target bus Voltage constant and 
controls the controllable-impedance circuit to adjust the mag 
nitude of the load current to the target load current. 

9. The load control device of claim 2, wherein the control 
ler is operable to adjust the target bus voltage if the bus 
Voltage is in a steady state condition. 

10. The load control device of claim 9, wherein the con 
troller is operable to adjust the target bus Voltage if the mag 
nitude of the bus voltage is within predetermined limits with 
respect to the target bus Voltage. 

11. The load control device of claim 2, wherein the con 
troller is operable to adjust the target bus voltage if line 
Voltage is present at an input terminal of the load control 
device. 

12. The load control device of claim 1, wherein the con 
trollable-impedance circuit comprises a linear regulator. 

13. The load control device of claim 12, wherein the linear 
regulator comprises a regulation transistor adapted to be 
coupled in series with the lighting load, the control circuit 
operable to control the regulation transistor to operate in the 
linear region to thus control the magnitude of the load current 
conducted through the lighting load. 

14. The load control device of claim 13, wherein the load 
control circuit comprises a sample and hold circuit coupled to 
the regulation transistor for receiving the Voltage generated 
across the controllable-impedance circuit, and generating a 
controllable-impedance Voltage feedback signal representa 
tive of the Voltage generated across the regulation transistor, 
the feedback signal representative of the magnitude of the 



US 2013/006.3047 A1 

Voltage generated across the linear regulator when the regu 
lation transistor is conductive. 

15. The load control device of claim 14, wherein, if the 
magnitude of the load current is below a load current thresh 
old and the magnitude of the controllable-impedance voltage 
is below a controllable-impedance voltage threshold, the con 
troller maintains the magnitude of the drive signal constant, 
and increases the target bus Voltage, so as to increase the 
magnitude of the controllable-impedance voltage. 

16. The load control device of claim 15, wherein, if the 
magnitude of the load current is above a load current thresh 
old and the magnitude of the controllable-impedance voltage 
is above a controllable-impedance voltage threshold, the con 
troller maintains the magnitude of the drive signal constant, 
and decreases the target bus Voltage, so as to decrease the 
magnitude of the controllable-impedance voltage. 

17. The load control device of claim 13, wherein the con 
troller is operable to adjust the target bus voltage if the mag 
nitude of the controllable-impedance voltage is below a mini 
mum controllable-impedance voltage threshold or above a 
maximum controllable-impedance voltage threshold. 

18. The load control device of claim 17, wherein the con 
troller is operable to adjust the maximum controllable-imped 
ance voltage threshold in response to the load current feed 
back signal. Such that the power dissipated in the regulation 
transistor is limited to a predetermined constant maximum 
power. 

19. The load control device of claim 1, wherein the lighting 
load comprises an LED light source and the load control 
circuit comprises an LED drive circuit. 

20. The load control device of claim 1, wherein the con 
troller is operable to adjust the target bus voltage if the mag 
nitude of the controllable-impedance voltage is below a mini 
mum controllable-impedance voltage threshold or above a 
maximum controllable-impedance voltage threshold. 

21. An LED driver for controlling the intensity of an LED 
light source, the LED driver comprising: 

a power converter circuit operable to receive a rectified AC 
Voltage and to generate a DC bus Voltage; 

an LED drive circuit operable to receive the bus voltage and 
to control the magnitude of a load current conducted 
through the LED light source to thus control the inten 
sity of the LED light source, the LED drive circuit com 

Mar. 14, 2013 

prising a controllable-impedance circuit adapted to be 
coupled in series with the LED light source; and 

a controller operatively coupled to the power converter 
circuit for adjusting the magnitude of the bus voltage to 
a target bus Voltage, so as to control the magnitude of a 
regulator Voltage generated across the controllable-im 
pedance circuit, the controller operatively coupled to the 
LED drive circuit for generating a drive signal for con 
trolling the controllable-impedance circuit to thus adjust 
the magnitude of the load current through the LED light 
Source; 

wherein, if the magnitude of the load current is below a 
load current threshold and the magnitude of the regula 
tor Voltage is below a regulator voltage threshold, the 
controller maintains the magnitude of the drive signal 
constant, and increases the target bus voltage, so as to 
increase the magnitude of the regulator voltage. 

22. An LED driver for controlling the intensity of an LED 
light source, the LED driver comprising: 

a power converter circuit operable to receive a rectified AC 
Voltage and to generate a DC bus voltage; 

an LED drive circuit operable to receive the bus voltage and 
to control the magnitude of a load current conducted 
through the LED light source to thus control the inten 
sity of the LED light source, the LED drive circuit com 
prising a controllable-impedance circuit adapted to be 
coupled in series with the LED light source; and 

a controller operatively coupled to the power converter 
circuit for adjusting the magnitude of the bus voltage to 
a target bus Voltage, so as to control the magnitude of a 
regulator Voltage generated across the controllable-im 
pedance circuit, the controller operatively coupled to the 
LED drive circuit for generating a drive signal for con 
trolling the controllable-impedance circuit to thus adjust 
the magnitude of the load current through the LED light 
Source; 

wherein, if the magnitude of the load current is above a load 
current threshold and the magnitude of the regulator 
Voltage is above a regulator voltage threshold, the con 
troller maintains the magnitude of the drive signal con 
stant, and decreases the target bus voltage, so as to 
decrease the magnitude of the regulator voltage. 




