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(57)  An LED lighting device includes a slave driving
stage and a master driving stage. The slave driving stage
includes afirstluminescentdevice and afirst current con-
troller for providing a constant current setting in an ON
phase. The master driving stage includes a second lu-
minescent device and a current control unit having a sec-
ond current controller and a current envelope controller.
The second current controller provides a current enve-
lope in the ON phase. The current envelope controller
sets a level of the current envelope according to a recti-
fied AC voltage. The driving current is regulated by the
first current controller according to the constant current
setting when the constant current setting is smaller than
the level of the current envelope, or by the second current
controller according to the current envelope when the
level of the current envelope is smaller than the constant
current setting.

LIGHT-EMITTING DIODE LIGHTING DEVICE HAVING MULTIPLE DRIVING STAGES

100
110 /
{ "N
N r 1/1/2 | |
I @ |
| | M ky | *
| \ | LED1-— %Sx\ |
L N [ Vi ~STi
[ &

Current
E(ﬂ— envelope
controller

2 ST

STo=< *

FIG. 1

Printed by Jouve, 75001 PARIS (FR)

EP 2 945 466 A2



10

15

20

25

30

35

40

45

50

55

EP 2 945 466 A2
Description
Background of the Invention
1. Field of the Invention

[0001] The presentinvention is related to an LED lighting device having multiple driving stages, and more particularly,
to an LED lighting device having multiple driving stages for improving operational voltage range and line/load regulation.

2. Description of the Prior Art

[0002] Compared to traditional incandescent bulbs, light-emitting diodes (LEDs) are advantageous in low power con-
sumption, long lifetime, small size, no warm-up time, fast reaction speed, and the ability to be manufactured as small
or array devices. In addition to outdoor displays, traffic signs, and liquid crystal display (LCD) for various electronic
devices such as mobile phones, notebook computers or personal digital assistants (PDAs), LEDs are also widely used
as indoor/outdoor lighting devices in place of fluorescent of incandescent lamps.

[0003] An LED lighting device directly driven by a rectified alternative-current (AC) voltage usually adopts a plurality
of LEDs coupled in series in order to provide required luminance. In a conventional method for driving an LED lighting
device, the LEDs may be light up in stages in order to increase the effective operational voltage range. Line regulation
is the ability of an LED lighting device to exhibit little change in brightness as the rectified AC voltage changes. Load
regulation is the consistency in lamp-to-lamp brightness despite differences in the load voltage. Variations in line and
load are similar in that a decrease in load voltage is effectively an increase in the rectified AC voltage (line voltage).
Since the current is regulated independently in each stage of a prior art LED lighting device according the voltage
established across each stage, the overall line/load regulation of the LED lighting device may not be able meet desired
values. Therefore, there is a need for an LED lighting device capable of improving the effective operational voltage range
and improving line/load regulation.

Summary of the Invention

[0004] The presentinvention provides an LED lighting device having a slave driving stage and a master driving stage.
The slave driving stage includes a first luminescent device; and a first current controller coupled in parallel to the first
luminescent device and configured to provide a constant current setting in a first phase and turn off in a second phase.
The a master driving stage includes a second luminescent device coupled in series to the first luminescent device for
providing light according to driving current; and a current control unit coupled in series to the first and second luminescent
devices. The current control unit includes a second current controller configured to provide a current envelope in the
first phase and turn off in the second phase; and a current envelope controller configured to set a level of the current
envelope. The driving current is regulated by the first current controller according to the constant current setting in the
first phase at a specific time during a cycle of a rectified AC voltage when the constant current setting is smaller than
the level of the current envelope at the specific time. The driving current is regulated by the second current controller
according to the current envelope in the first phase when the level of the current envelope at the specific time is smaller
than the constant current setting.

[0005] The presentinvention also provides an LED lighting device having multiple driving stages and including first to
(N+1)th luminescent devices for providing light according to driving current and first to N+1)th current controllers. The
first to Nt current controllers are coupled in parallel with the first to Nth luminescent devices, respectively, and configured
to provide first to Nth constant current settings in a first phase, respectively; and turn off in a second phase. The (N+1)th
current controller is coupled in series to the first to (N+1)t" luminescent devices and includes an (N+1)th current controller
and a current envelope controller. The (N+1)t" current controller is configured to provide a current envelope with (N+1)
current settings in the first phase and turn off in the second phase. The current envelope controller is configured to set
the (N+1) current settings of the current envelope, wherein N is an integer larger than 1; and at a specific time during a
cycle of a rectified AC voltage, the driving current is regulated by a current controller among the first to (N+1)t current
controllers which operates in the first mode and provides a smallest current setting among other current controllers
operating in the first mode at the specific time.

[0006] These and other objectives of the present invention will no doubt become obvious to those of ordinary skill in
the art after reading the following detailed description of the preferred embodiment that is illustrated in the various figures
and drawings.
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Brief Description of the Drawings
[0007]

FIG. 1 is a diagram of an LED lighting device according to an embodiment of the present invention.

FIGs. 2 and 3 are diagrams illustrating the operation of the slave driving stages of the LED lighting device according
to embodiments of the present invention.

FIGs. 4~6 are diagrams of the current control unit in the master driving stage of the LED lighting device according
to embodiments of the present invention.

FIG. 7 is a diagram illustrating the operation of the current control unit in the master driving stage of the LED lighting
device according to an embodiment of the present invention.

FIGs. 8~11 are diagrams illustrating the operation of the LED lighting device according to embodiments of the
present invention.

Detailed Description

[0008] FIG. 1 is a diagram of an LED lighting device 100 according to an embodiment of the present invention. The
LED lighting device 100 includes a power supply circuit 110, a master driving stage ST, and N slave driving stages
ST,~STy (Nis a positive integer). The power supply circuit 110 is configured to receive an AC voltage VS having positive
and negative periods and convert the output of the AC voltage VS in the negative period using a bridge rectifier 112,
thereby providing a rectified AC voltage V¢, whose value varies periodically with time, for driving the LED lighting device
100. In another embodiment, the power supply circuit 110 may receive any AC voltage VS, perform voltage conversion
using an AC-AC converter, and rectify the converted AC voltage VS using the bridge rectifier 112, thereby providing the
rectified AC voltage V¢ whose value varies periodically with time. The configuration of the power supply circuit 110
does not limit the scope of the present invention.

[0009] The master driving stage ST includes a luminescent device LEDy and a current control unit CCU coupled in
series. V represents the voltage established across the current control unit CCU. | gp represents the current flowing
through the master driving stage ST, which is also the overall current of the LED lighting device 100.

[0010] Each of the slave driving stages ST,~ST) includes a luminescent device and a current controller coupled in
parallel. LED~LEDy represent the luminescentdevices in the corresponding slave driving stages ST,~STy, respectively.
CC,~CCy represent the current controllers in the corresponding slave driving stages ST,~STy, respectively. V,~Vy
represent the voltages established across the corresponding current controllers CC4~CCy, respectively. Isypm1~lsumn
represent the current flowing through the corresponding slave driving stages ST~STy, respectively. |cc1~lccn represent
the current flowing through the current controllers CC4~CCy, respectively. || gp1~I_ g pn represent the current flowing
through the luminescent devices LED~LEDy, respectively.

[0011] In the embodiment of the present invention, each of the luminescent devices LEDy~LEDy may adopt a single
LED or multiple LEDs coupled in series. FIG. 1 depicts the embodiment using multiple LEDs which may consist of single-
junction LEDs, multi-junction high-voltage (HV) LEDs, or any combination of various types of LEDs. The types and
configurations of the luminescent devices LEDy~LEDy do not limit the scope of the present invention. In a specific slave
driving stage, the dropout voltage Vprgp for turning on the corresponding current controller is smaller than the cut-in
voltage V7 for turning on the corresponding luminescent device.

[0012] FIGs. 2 and 3 are diagrams illustrating the operation of the slave driving stages ST,~STy. The 1st slave driving
stage ST, is used for illustrative purpose. When 0<V,<Vprop, the current controller CC, is not completely turned on,
and the luminescentdevice LED, remains off. Under such circumstance, the current controller CC, operates as a voltage-
controlled device in a linear mode in which the current Io¢4 and the total current Igy4 change with the voltage V4 in a
specific manner, while the current | g4 remains zero.

[0013] When V,;>Vprop, the current |4 reaches the maximum current setting Iggr4 of the 15t slave driving stage
ST,, and the current controller CC, switches to a constant-current mode and functions as a current limiter. In the
embodiment illustrated in FIG. 2, the current |4 is clamped at the constant value Igg74 instead of changing with the
voltage V, in the constant-current mode. In the embodiment illustrated in FIG. 3 when Vprop<V1<Vcyr, the luminescent
device LED remains off and the current controller CC, is configured to clamp the current I¢ at the constant value
IsgT4. In the embodiment illustrated in FIG. 3 when V>V, the luminescent device LED, is turned on and the current
I ep1 starts to increase. Therefore, the current controller CC, may decrease the current |4 so that the total current
Isumq flowing through the 15t slave driving stage may be maintained at the constant value Igg 4 instead of changing with
the voltage V, in the constant-current mode.

[0014] When the voltage V, reaches a turn-off voltage Vg, the current controller CC, switches to a cut-off mode. In
other words, the current controller CC, functions as an open-circuited device, allowing the current | gp4 and the current
Isumq to increase with the voltage V.
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[0015] In the present invention, each of the current controller in the slave driving stages ST,~STy is configured to
operate in two phases. In an ON phase (linear mode or constant-current mode), the slave driving stages ST,~STy
provide respective current settings Iggt1~lsgTn, and the current Igyp1~lsymn Mainly flow through the corresponding
current controllers CC4~CCy. In an OFF phase (cut-off mode), the current controllers CC4~CCy are turned off, and the
current g uq~lsumn totally flow through the corresponding luminescent devices LED,~LED). Each of the slave driving
stages ST,~STy may adopt any device configured to achieve the above-mentioned two-phase operations, such as the
I-V curves depicted in FIGs. 2 and 3. The configuration of the slave driving stages ST,~STy and the |-V characteristics
depicted in FIGs. 2 and 3 do not limit the scope of the present invention.

[0016] FIGs.4~6 arediagrams of the current control unit CCU inthe master driving stage ST according toembodiments
of the presentinvention. The current control unit CCU, including a current controller CCqand a current envelope controller
50, is configured to provide a current envelope Igg1(t) with varying current settings.

[0017] The current controller CCincludes a current detector 10, a switch 20, a comparator 30 and a reference voltage
generator 40. The equivalent resistance R(t) of the current detector 10 may be a constant value Rg or varies according
to the current envelope controller 50. The current detector 10 is configured to detect the current flowing through switch
20, thereby providing a corresponding feedback voltage Vgg(t), which may be a constant value Vg or varies with time
according to the current envelope controller 50. The switch 20 may include a field effect transistor (FET), a bipolar
junction transistor (BJT) or other devices having similar function. In FIGs. 4-6, an N-channel metal-oxide-semiconductor
field effect transistor (N-MOSFET) is used for illustration, but does not limit the scope of the present invention. The
reference voltage generator 40 is configured to provide a reference voltage Vggg(t) which may be a constant value Vgerq
or varies with time according to the current envelope controller 50. The comparator 30 includes a positive input end
coupled to the reference voltage Vggp(t), a negative input end coupled to the feedback voltage Vgg(t), and an output
end coupled to the control end of the switch 20.

[0018] The comparator 30 is configured to adjust the current flowing through the switch 20 according to the relationship
between the reference voltage Vgeg(t) and the feedback voltage Vgg(t). When Vig (t) <Vggr (1), the comparator 30 is
configured to raise its output voltage for increasing the current flowing through the switch 20 until the feedback voltage
VEg(t) reaches the reference voltage Vrgg(t). When Veg(t)>Vgeg(t), the comparator 30 is configured to decrease its
output voltage for reducing the current flowing through the switch 20 until the feedback voltage Vpg(t) reaches the
reference voltage Vrgg(t). In other words, the current setting of the current envelope Igg1(t) is equal to (Vger(t)/Rg(1)) at
a specific time t during a cycle of the rectified voltage V¢.

[0019] The current envelope controller 50 includes an oscillator 52, a zero-cross detection circuit 54 and a control
logic unit 56. The oscillator 52 is configured to provide internal clock signals based on which the current envelope
controller 50 operates. The zero-cross detection circuit 54 is configured to detect the rising edge and falling edges of
the current I gp, thereby determining the zero-cross points of the rectified AC voltage Vc. The control logic unit 56 is
configured to adjust the values of Vggg(t) and/or R(t) of the current controller CC, for setting the levels of the current
envelope Igg1(t).

[0020] Inthe embodimentillustrated in FIG. 4, the current detector 10 may include a plurality of resistors and a switching
unit 15. The switching unit 15 includes a plurality of switches, each of which is turned on or off according to the current
envelope controller 50 for adjusting the equivalent resistance R(t) of the current detector 10. When the current envelope
controller 50 is deactivated, the equivalent resistance of the current detector 10 is equal to Rgy and the current setting
of the current envelope Ige1(t) is equal to a constant value lyaxg (Imaxo=Vrero/Rso)- When the current envelope controller
50 is activated, the equivalent resistance R(t) of the current detector 10 may be adjusted and allow the current setting
of the current envelope Ige1(t) to vary with time, wherein Iger(t)=Vrero/Rs(t).

[0021] In the embodimentillustrated in FIG. 5, the reference voltage generator 40 may include a plurality of resistors
and a switching unit45 forming an adjustable voltage-dividing circuit. The switching unit 45 includes a plurality of switches,
each of which is turned on or off according to the current envelope controller 50 for adjusting the ratio of voltage division.
When the current envelope controller 50 is deactivated, the voltage generator 40 outputs a constant reference voltage
VRero and the current setting of the current envelope Ige (1) is equal to a constant value lyaxg (Imaxo=VRrRero/Rsg)- When
the current envelope controller 50 is activated, the reference voltage Vggp(t) may be adjusted and allow the current
setting of the current envelope Ige1(t) to vary with time, wherein Iget () =Vger (1)/Rgp.

[0022] Inthe embodimentillustrated in FIG. 6, the current detector 10 may include a plurality of resistors and a switching
unit 15. The switching unit 15 includes a plurality of switches, each of which is turned on or off according to the current
envelope controller 50 for adjusting the equivalent resistance Rg(t) of the current detector 10. The voltage generator 40
may include a plurality of resistors and a switching unit 45 forming an adjustable voltage-dividing circuit. The switching
unit 45 includes a plurality of switches, each of which is turned on or off according to the current envelope controller 50
for adjusting the ratio of voltage division. When the current envelope controller 50 is deactivated, the equivalentresistance
of the current detector 10 is equal to Rg, the voltage generator 40 outputs a constant reference voltage Vrgrq, and the
current setting of the current envelope Iger(t) is equal to a constant value lyyaxo (Imaxo=Vrero/Rso)- When the current
envelope controller 50 is activated, the equivalent resistance Rq(t) of the current detector 10 and the reference voltage
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Vree(t) may be adjusted and allow the current setting of the current envelope Igg1(t) to vary with time, wherein Igg (t)
=Vrer (1) /Rs (1) -

[0023] FIG. 7 is a diagram illustrating the operation of the current control unit CCU in the master driving stage ST,
according to an embodiment of the present invention. When the current envelope controller 50 is deactivated, the current
control unit CCU is configured to provide the current envelope Igg1(t) with a constant current setting Iy axo Which does
not vary with the rectified AC voltage V¢, as depicted in the middle of FIG. 7. When the current envelope controller 50
is activated, the current control unit CCU is configured to provide the current envelope Igg(t) with various current settings
whose value ranges between Iyaxo~Imaxn: @s depicted at the bottom of FIG. 7. In the present invention, the current
settings of the current controllers CCy~CCy have the following relationship:
Imax0>ISETN IMAXN -+ >1SET2> IMAX2>ISET1> IMAX1 -

[0024] FIGs. 8-11 are diagrams illustrating the operation of the LED lighting device 100. The embodiment when N=2
is used for illustrative purpose. The current controllers CC, in the master driving stage ST, provides the current envelope
IseT(t) with 3 current settings Iy axo~Ivaxe: Wherein lyaxo>lset2> Imax2>seT1> Imax1 -

[0025] In FIGs. 8 and 10, the LED lighting device 100 is driven by the rectified AC voltage V¢ at its upper bound,
which may be due to a decrease in load voltage or an increase in the AC voltage VS. In FIGs. 9 and 11, the LED lighting
device 100 is driven by the rectified AC voltage V¢ at its lower bound, which may be due to an increase in load voltage
or a decrease in the AC voltage VS. As depicted in FIGs. 8-11, the rectified AC voltage V¢ at its upper bound results
in a higher power factor than at its lower bound.

[0026] In FIGs. 8-9, | gp’ represents the overall current of the LED lighting device 100 when the current envelope
controller 50 is deactivated. The current controller CC, is configured to provide a constant current setting Iggt4 when
operating in the ON phase. The current controller CC, is configured to provide a constant current setting Iggt, when
operating in the ON phase. The current controller CC is configured to provide a current envelope with a constant current
setting Iyaxo When operating in the ON phase, as depicted in the middle of FIG. 7. The overall current |, gy’ of the LED
lighting device 100 is regulated by an active current controller (in ON phase) which provides the lowest current setting.
[0027] Referring to FIG. 8, the values to which the overall current |, g’ is clamped during a cycle of the rectified AC
voltage V¢ at its upper bound are listed in the following Table. 1. In FIG. 8 and Table. 1, ty~t;; represent different time
points during a cycle of the rectified AC voltage Vc.

Table. 1
) ‘ t ‘ t ‘ t3 ‘ Y ‘ t5 ‘ ts ‘ t7 ‘ tg ‘ ty ‘ t1o ‘ t11
CC, ON OFF ON
cc, ON ON | OFF | on ON
CCy ON (Imaxo)
ILep’ IseT1 IseT2 ‘ Imaxo ‘ IseT2 IseT1

[0028] Between ty~t, and tq~t,4, the current controllers CC,, CC, and CC, are turned on. The current |, g is regulated
by the active current controllers CC with the lowest current setting Igg1¢ (IseT1<lseT2). Between t,~t, and t;~tg, the
current controllers CC, and CC are turned on, and the current controller CC, is turned off. The current | gp’ is regulated
by the active current controllers CC, with the lowest current setting Isgto (Iseto<lmaxo). Between t4~t;, the current
controller CCy is turned on, and the current controllers CC4 and CC, are turned off. The current | g’ is regulated by the
only active current controller CC, with the current setting lyaxo-

[0029] Referring to FIG. 9, the values to which the overall current | g’ is clamped during a cycle of the rectified AC
voltage V¢ at its lower bound are listed in the following Table. 2. In FIG. 9 and Table. 2, sy~s4 represent different time
points during a cycle of the rectified AC voltage Vc.

Table. 2
So ‘ Sy ‘ Sz ‘ S3 ‘ Sy ‘ Ss ‘ Se ‘ Sy ‘ Sg ‘ Sy ‘ S10 ‘ S
CC, ON OFF ON
cc, ON ON ‘ OFF ‘ ON ON
CCy ON (lmaxo)
ILep IseT1 IseT2 ‘ IMaxo ‘ IseT2 IseT1
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[0030] Between sy~s; and sg~s44, the current controllers CC,, CC2 and CC, are turned on. The current | gp’ is
regulated by the active current controllers CC, with the lowest current setting Iset1 (IseT1<lmaxo)- Between s3~ss and
sg~sg, the current controllers CC, and CC, are turned on, and the current controller CC, is turned off. The current | gp’
is regulated by the active current controllers CC, with the lowest current setting Isgts (Iset2<lmaxo)- Between sg~sg, the
current controller CCy, is turned on, and the current controllers CC4 and CC, are turned off. The current |, gy’ is regulated
by the only active current controller CC, with the current setting ly;axo-

[0031] In FIGs. 10-11, I gp represents the overall current of the LED lighting device 100 when the current envelope
controller 50 is activated. The current controller CC, is configured to provide a constant current setting Iggtq when
operating in the ON phase. The current controller CC, is configured to provide a constant current setting Iggt, when
operating in the ON phase. The current controller CC, is configured to provide a current envelope Igg1(t) with various
current settings ranging between Iy axo~lyaxe, @s depicted at the bottom of FIG. 7. The overall current | g of the LED
lighting device 100 is regulated by an active current controller which provides the lowest current setting.

[0032] Referring to FIG. 10, the values to which the overall current |, g is clamped during a cycle of the rectified AC
voltage V¢ at its upper bound are listed in the following Table. 3. In FIG. 10 and Table. 3, ty~t{4 represent different time
points during a cycle of the rectified AC voltage Vc.

Table. 3
t ‘ Y ‘ t ‘ t ‘ Y ‘ ts ‘ t ‘ t7 ‘ ts ‘ ty ‘ Yo ‘ b1
CC, ON OFF ON
cc, ON ON | OFF | ON ON
CCo ON (Iyax1) ON (lyax2 ) ON (Ipaxo) ON (Iyax2) ON (Imax1)
ILep Imaxi Imax2 Imaxo Imaxz Imax1

[0033] Between ty~t, and tg~t44, the current controllers CC,, CC2 and CC are turned on. The current | ¢ is regulated
by the active current controllers CC, with the lowest current setting Iy ax1 (Imax1<lseT1). Between t,~t, and t;~tg, the
current controllers CC, and CC are turned on, and the current controller CC, is turned off. The current |, gp is regulated
by the active current controllers CC with the lowest current setting Iy ax1 (Imax1<lset2) between t,~t; and tg~tg, and by
the active current controllers CCy with the current setting lyax2 (Imax2<lsgTo) between t3~t, and t;~tg. Between t4~t;,
the current controller CCy is turned on, and the current controllers CC4 and CC, are turned off. The current | gp is
regulated by the only active current controller CC, with the current setting Iy,ax» between t,~t5 and tg~t;, and with the
current setting ly,axo between ts~tg.

[0034] Referring to FIG. 11, the values to which the overall current ILED is clamped during a cycle of the rectified AC
voltage VAC at its lower bound are listed in the following Table. 4. In FIG. 11 and Table. 4, sO~s11 represent different
time points during a cycle of the rectified AC voltage VAC.

Table. 4
So ‘ S4 ‘ S2 ‘ S3 ‘ Sy ‘ Ss ‘ Se ‘ S7 ‘ Sg ‘ Sy ‘ S10 ‘ S
CC, ON OFF ON
cc, ON ON | oFF | ON ON
CCo ON (Imax1) ON (Imax2) ON (Iwaxo) ON (Iyax2) ON (Iyax1)
ILep Imaxi Iser1 | Imaxz | lsem2 ‘ Imaxo ‘ Iset2 | Imaxz | lsem Imax1

[0035] Between s0~s3and s8~s11, the current controllers CC,, CC2 and CCO are turned on, and the current controller
CC2 is turned off. The current ILED is regulated by the active current controllers CCO with the lowest current setting
IMAX1 (IMAX<ISET1) between s0-s2 and s9~s11, and by the active current controllers CC, with the lowest current
setting ISET1 (ISET1<IMAX2) between s2~s3 and s8~s9. Between s3~s5 and s6~s8, the current controllers CC2 and
CCO are turned on, and the current controller CC1 is turned off. The current ILED is regulated by the active current
controllers CCy with the lowest current setting IMAX2 (IMAX2<ISET2) between s3~s4 and s7~s8, and by the active
current controllers CC2 with the lowest current setting ISET2 (ISET2<IMAXO0) between s4~s5 and s6~s7. Between
s5_s6, the current controller CCO is turned on, and the current controllers CC1 and CC2 are turned off. The current ILED
is regulated by the only active current controller CCO with the current setting IMAXO.

[0036] As illustrated in FIGs. 8 and 10 when the LED lighting device 100 is driven by the rectified AC voltage VAC at



10

15

20

25

30

35

40

45

50

55

EP 2 945 466 A2

its upper bound, the current ILED’ (with the current envelope controller 50 deactivated) reaches IMAX earlier and drops
below IMAX later than the current ILED (with the current envelope controller 50 activated), resulting in a wider waveform
which indicates a duty increase. As illustrated in FIGs. 9 and 11 when the LED lighting device 100 is driven by the
rectified AC voltage VAC at its lower bound, the current ILED’ (with the current envelope controller 50 deactivated)
reaches IMAX later and drops below IMAX earlier than the current ILED (with the current envelope controller 50 activated),
resulting in a narrower waveform which indicates a duty decrease. Without current envelope, the duty increase due to
larger VAC and the duty decrease due to smaller VAC may greatly degrade the line regulation of the LED lighting device
100.

[0037] The present invention may improve the line/load regulation of the LED lighting device 100 by activating the
current envelope controller 50 of the current control unit CCU in the master driving stage STO. Even if the rectified AC
voltage VAC somehow fluctuates between its upper bound and lower bound, the current envelope controller 50 is able
to reduce the duty variation.

[0038] With the above-mentioned multi-stage driving scheme with line/load regulation control, the present invention
may improve the effective operational voltage range and line/load regulation of an LED lighting device.

[0039] Other aspects of the invention are defined in the following numbered statements:

Statement 1. A light-emitting diode (LED) lighting device having multiple driving stages, comprising:
a slave driving stage comprising:

a first luminescent device; and
a first current controller coupled in parallel to the first luminescent device and configured to provide a
constant current setting in a first phase and turn off in a second phase;

a master driving stage comprising:

a second luminescent device coupled in series to the first luminescent device for providing light according
to driving current; and
a current control unit coupled in series to the first and second luminescent devices and including:

a second current controller configured to provide a current envelope in the first phase and turn off in
the second phase; and
a current envelope controller configured to set a level of the current envelope, wherein:

the driving currentis regulated by the first current controller according to the constant current setting
in the first phase at a specific time during a cycle of a rectified alternative-current (AC) voltage
when the constant current setting is smaller than the level of the current envelope at the specific
time; or

the driving current is regulated by the second current controller according to the current envelope
in the first phase when the level of the current envelope at the specific time is smaller than the
constant current setting.

Statement 2. The LED lighting device of statement 1, wherein the current envelop controller includes:

an oscillator configured to provide internal clock signals based on which the current envelope controller operates;
a zero-cross detection circuit configured to detect rising edges and falling edges of the driving current, thereby
determining zero-cross points of the rectified AC voltage; and

a control logic unit configured to adjust the level of the current envelope according to the zero-cross points of
the rectified AC voltage.

Statement 3. The LED lighting device of any preceding statement, wherein the current envelop controller includes:

a switch configured to operate according to a first control signal;

a current detector coupled in series to the switch and configured to provide a feedback voltage whose value is
associated with an equivalent resistance of the current detector and current flowing through the switch;
areference voltage generator configured to provide a reference voltage whose value is associated with a second
control signal received from the current envelop controller; and

a comparator configured to provide the first control signal according to a relationship between the values of the
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feedback voltage and the reference voltage.

Statement 4. The LED lighting device of any preceding statement,

wherein the current detector includes: a plurality of resistors; and

a switching circuit configured to select or deselect one or more of the plurality of resistors according to the second
control signal for adjusting the equivalent resistance of the current detector.

Statement 5. The LED lighting device of any of statements 1 to 3, wherein the reference voltage generator includes:

a plurality of resistors forming a voltage-division circuit and configured to provide the reference voltage according
to a ratio; and

a switching circuit configured to adjust the ratio by selecting or deselecting one or more of the plurality of resistors
according to the second control signal, thereby adjusting the value of the reference voltage accordingly.

Statement 6. The LED lighting device of statements 1 to 3, wherein:
the current detector includes:

a plurality of first resistors; and
afirst switching circuit configured to select or deselect one or more of the plurality of first resistors according
to the second control signal for adjusting the equivalent resistance of the current detector; and

the voltage generator includes:

a plurality of second resistors forming a voltage-division circuit and configured to provide the reference
voltage according to a ratio; and

a second switching circuit configured to adjust the ratio by selecting or deselecting one or more of the
plurality of second resistors according to the second control signal, thereby adjusting the value of the
reference voltage accordingly.

Statement 7. The LED lighting device of any preceding statement, wherein the second current controller is configured
to provide the current envelope having a first current setting and a second current setting in the first phase, the first
current setting is larger than the constant current setting, and the second current setting is smaller than the constant
current setting.

Statement 8. The LED lighting device of any preceding statement further comprising a power supply circuit configured
to provide the rectified AC voltage.

Statement 9. The LED lighting device of statement 8 wherein the power supply circuit includes an AC-AC voltage
converter.

Statement 10. An LED lighting device having multiple driving stages, comprising:
first to (N+1)t" luminescent devices for providing light according to driving current;
first to Nth current controllers coupled in parallel with the first to Nt luminescent devices, respectively, and

configured to:

provide first to Nth constant current settings in a first phase, respectively; and
turn off in a second phase;

an (N+1)t current controller coupled in series to the first to (N+1)th luminescent devices and including:
an (N+1)th current controller configured to provide a current envelope with (N+1) current settings in the first
phase and turn off in the second phase; and

a current envelope controller configured to set the (N+1) current settings of the current envelope, wherein:

N is an integer larger than 1; and
at a specific time during a cycle of a rectified AC voltage, the driving current is regulated by a current
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controller among the first to (N+1)th current controllers which operates in the first mode and provides
asmallest current setting among other current controllers operating in the first mode at the specific time.

Statement 11. The LED lighting device of statement 10, wherein the (N+1) current settings of the (N+1)th current
controller A;~Ay.1 and the first to Nth constant current settings of the first to Nth current controllers B,~By have
a relationship of A;<B<A,<B,<...<A<By<AN+1-

[0040] Those skilled in the art will readily observe that numerous modifications and alterations of the device and
method may be made while retaining the teachings of the invention. Accordingly, the above disclosure should be construed
as limited only by the metes and bounds of the appended claims.

Claims
1. Alight-emitting diode (LED) lighting device having multiple driving stages, comprising:
a slave driving stage comprising:

a first luminescent device; and
a first current controller coupled in parallel to the first luminescent device and configured to provide a
constant current setting in a first phase and turn off in a second phase;

a master driving stage comprising:

a second luminescent device coupled in series to the first luminescent device for providing light according
to driving current; and
a current control unit coupled in series to the first and second luminescent devices and including:

a second current controller configured to provide a current envelope in the first phase and turn off in
the second phase; and
a current envelope controller configured to set a level of the current envelope, wherein:

the driving currentis regulated by the first current controller according to the constant current setting
in the first phase at a specific time during a cycle of a rectified alternative-current (AC) voltage
when the constant current setting is smaller than the level of the current envelope at the specific
time; or

the driving current is regulated by the second current controller according to the current envelope
in the first phase when the level of the current envelope at the specific time is smaller than the
constant current setting,

wherein the current envelop controller includes:

a switch configured to operate according to a first control signal;

a current detector coupled in series to the switch and configured to provide a feedback voltage
whose value is associated with an equivalent resistance of the current detector and current
flowing through the switch;

areference voltage generator comprising a first reference voltage resistance coupled in series
with a second reference voltage resistance, and a reference voltage node is between the first
and second reference voltage resistances, wherein the reference voltage generator is config-
ured to provide a reference voltage at the reference voltage node, the value of the reference
voltage being associated with a second control signal received from the current envelop con-
troller; and

a comparator configured to provide the first control signal according to a relationship between
the values of the feedback voltage and the reference voltage node.

2. The LED lighting device of claim 1, wherein the current envelop controller includes:

an oscillator configured to provide internal clock signals based on which the current envelope controller operates;
a zero-cross detection circuit configured to detect rising edges and falling edges of the driving current, thereby
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determining zero-cross points of the rectified AC voltage; and
a control logic unit configured to adjust the level of the current envelope according to the zero-cross points of
the rectified AC voltage.

3. The LED lighting device of claim 1, wherein the current detector includes:
a plurality of resistors; and
a switching circuit configured to select or deselect one or more of the plurality of resistors according to the
second control signal for adjusting the equivalent resistance of the current detector.
4. The LED lighting device of claim 1, wherein the reference voltage generator includes:
a plurality of resistors forming a voltage-division circuit and configured to provide the reference voltage according
to a ratio; and
a switching circuit configured to adjust the ratio by selecting or deselecting one or more of the plurality of resistors
according to the second control signal, thereby adjusting the value of the reference voltage accordingly.
5. The LED lighting device of claim 1, wherein:
the current detector includes:
a plurality of first resistors; and
afirst switching circuit configured to select or deselect one or more of the plurality of first resistors according
to the second control signal for adjusting the equivalent resistance of the current detector; and
the voltage generator includes:
a plurality of second resistors forming a voltage-division circuit and configured to provide the reference
voltage according to a ratio; and
a second switching circuit configured to adjust the ratio by selecting or deselecting one or more of the
plurality of second resistors according to the second control signal, thereby adjusting the value of the
reference voltage accordingly.
6. TheLED lighting device of claim 1, wherein the second current controller is configured to provide the current envelope
having a first current setting and a second current setting in the first phase, the first current setting is larger than the

constant current setting, and the second current setting is smaller than the constant current setting.

7. The LED lighting device of claim 1 further comprising a power supply circuit configured to provide the rectified AC
voltage.

8. The LED lighting device of claim 7 wherein the power supply circuit includes an AC-AC voltage converter.
9. An LED lighting device having multiple driving stages, comprising:
first to (N+1)t" luminescent devices for providing light according to driving current;
first to Nth current controllers coupled in parallel with the first to Nt luminescent devices, respectively, and

configured to:

provide first to Nth constant current settings in a first phase, respectively; and
turn off in a second phase;

an (N+1)th current controller coupled in series to the first to (N+1)th luminescent devices and including:
an (N+1)t current controller configured to provide a current envelope with (N+1) current settings in the first
phase and turn off in the second phase; and

a current envelope controller configured to set the (N+1) current settings of the current envelope, wherein:

N is an integer larger than 1; and

10
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at a specific time during a cycle of a rectified AC voltage, the driving current is regulated by a current
controller among the first to (N+1)th current controllers which operates in the first mode and provides
asmallest current setting among other current controllers operating in the first mode at the specific time,
wherein the current envelop controller includes:

a switch configured to operate according to a first control signal;

a current detector coupled in series to the switch and configured to provide a feedback voltage
whose value is associated with an equivalent resistance of the current detector and current flowing
through the switch;

a reference voltage generator comprising a first reference voltage resistance coupled in series
with a second reference voltage resistance, and a reference voltage node is between the first and
second reference voltage resistances, wherein the reference voltage generator is configured to
provide a reference voltage at the reference voltage node, the value of the reference voltage being
associated with a second control signal received from the current envelop controller; and

a comparator configured to provide the first control signal according to a relationship between the
values of the feedback voltage and the reference voltage node.

10. The LED lighting device of claim 9, wherein the (N+1) current settings of the (N+1)th current controller A;~Ay,4 and

the first to Nth constant current settings of the first to Nt current controllers B,~By have a relationship of
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