a2 United States Patent

US009655174B2

10) Patent No.: US 9,655,174 B2

Qu et al. 45) Date of Patent: May 16, 2017

(54) MULTI-STRING LED DRIVER WITH 2011/0080102 AL*  4/2011 Ge ovevvvecrrrinns HOSB 33/0815

CURRENT BALANCING 315/200 R

2011/0316430 Al* 12/2011 Cohen ............. HO2M 3/33561

(7). Applicant: The Hong Kong Polytechnic 2015/0145426 Al* 52015 Zh HO5B gé/so/sl;g;
: : ONg .ooovvvvnrnn,

University, Hong Kong (HK) 315/192

(72) Inventors: Xiaohui Qll HOIlg KOIlg (HK) 2015/0163882 Al* 6/2015 Zhang ... HOSB 33/0887

T : ’ . 372/38.01

Siu-Chung Wong, Hong Kong (HK): 2015/0289331 AL* 10/2015 Chef woovoornvce. HO5B 33/0851

Chi Kong Tse, Hong Kong (HK) 315/186

(73) Assignee: The Hong Kong Polytechnic
University, Hong Kong (HK)

(*) Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

(21) Appl. No.: 14/798,596

(22) Filed: Jul. 14, 2015

(65) Prior Publication Data
US 2017/0019960 Al Jan. 19, 2017

(51) Int. CL
HO5B 33/08

(52) US.CL
CPC ... HOSB 33/0809 (2013.01); HOSB 33/0827

(2006.01)

(2013.01)

(58) Field of Classification Search
CPC ..coovvevvincrcne HO5B 33/0809; HOSB 33/0827
USPC ittt 315/185R

See application file for complete search history.
(56) References Cited
U.S. PATENT DOCUMENTS

2010/0270947 Al* 10/2010 Chang ............... HO2M 3/33569
315/294
2011/0006605 A1* 1/2011 Chang .......ccccooounue. HO2J 1/10
307/31

e Mt
. H

OTHER PUBLICATIONS

D. A. Steigerwald, J. C. Bhat, D. Collins, R. M. Fletcher, M. O.
Holcomb, and M. J. Ludowise, “Illumination with solid state
lighting technology,” IEEE J. Selected Topics in Quantum Elec-
tronics, vol. 8, No. 2, pp. 310-320, Mar./Apr. 2002.

(Continued)

Primary Examiner — Dylan White

(74) Attorney, Agent, or Firm — Spruson & Ferguson
(Hong Kong) Limited

(57) ABSTRACT

The present invention discloses a current-source-output
light-emitting-diode (LED) driver based on LCLC circuit to
provide a constant output current regardless of variations in
LED parameters. In the LCLC circuit, the number of addi-
tional capacitors is scalable with the number of LED strings
for current balancing. Moreover, the input impedance of the
improved LCLC circuit is designed to be resistive at the
operating frequency to minimize reactive power. The con-
ventional duty cycle control can easily incorporate zero-
voltage-switching (ZVS).
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1
MULTI-STRING LED DRIVER WITH
CURRENT BALANCING

COPYRIGHT NOTICE

A portion of the disclosure of this patent document
contains material, which is subject to copyright protection.
The copyright owner has no objection to the facsimile
reproduction by anyone of the patent document or the patent
disclosure, as it appears in the Patent and Trademark Office
patent file or records, but otherwise reserves all copyright
rights whatsoever.

FIELD OF THE INVENTION

The present invention relates to a multi-string LED driver
with current balancing. More particularly, the present inven-
tion relates to an LCLC current-source-output multi-string
LED driver with capacitive current balance.
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With the development of light-emitting-diode (LED)
devices for general lighting applications, LED manufactur-
ers have focused on high-brightness high-power LED prod-
ucts to cope with the market trend [1]. For a better thermal
design, an LED package usually has a power of less than 5
W per chip. Thus, a single LED package cannot emit enough
luminance for general lighting applications. Therefore, a
number of LEDs are usually connected together for various
LED applications such as LCD backlighting, streetlight,
general lighting, etc. [2], [3].

A single LED load can be economically driven by a single
driver. Therefore, LEDs are mostly connected in parallel
with several LED strings. Each LED string is formed by
connecting several LEDs in series for a safe accumulative
forward voltage. However, the voltage-to-current (V-I) char-
acteristic of an LED inherently follows a statistical manu-
facturing spread and varies with temperature. Unequal cur-
rent in each LED string is expected when a number of
paralleled LED strings are connected to a common voltage
terminal as a single load. Without current balancing mecha-
nism, high current can be developed in some LED strings
and those LED strings will be rapidly degraded or will even
fail. It is therefore necessary to mitigate the current imbal-
ance due to LED forward voltage variation especially in
installations involving multiple LED strings and many
attempts have been made to mitigate the problem of current
imbalance.

The current imbalance of LED strings within an LED load
is caused by unequal V-I curves of LED strings. To balance
currents in multiple LED strings simultaneously, balancing
circuitries 110, 120 must be inserted within the LED strings
to regulate the current and absorb the voltage difference in
each LED string, as shown in FIG. 1. The balancing circuitry
can be passive or active. Active balancing circuitry includes
switched current regulator [4]-[7], linear regulator, current
mirror [8] and so on and these active balancing circuitry can
be designed to achieve current balancing among all LED
strings. Linear regulators and current mirrors are relatively
simple and economical to implement, but the losses on the
linear transistors are relatively high, making the linear
regulators and current mirrors lossy. The switched current
regulator uses high-frequency on-off switches to control
current of each LED string with high efficiency. However,
the switched mode circuit and the control logic are costly,
complex and less reliable. Recently, some attempts have
been made to improve the efficiency of linear schemes with
the tradeoff of complex control [9]-[11].

In the passive balancing circuit, lossy resistors are not
considered in high-power LED applications. The inductor
and capacitor without real power dissipation are good can-
didates. Therefore, passive inductors or capacitors con-
nected in series with the LED strings are used to achieve
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current balancing under certain circuit conditions. The AC
currents from a pair of coupled inductors with 1:1 turns ratio
[12] can balance the currents of two LED strings according
to the principle of electromagnetic induction as shown in
FIG. 2A. Alternatively, the AC currents from two comple-
mentary rectified current paths of an AC capacitor [13]-[16]
can balance the currents of two LED strings according to the
principle of capacitive charge balance, as shown in FIG. 2B.
It should be noted that each LED string in capacitive charge
balance shares the AC current alternatively for half a period
by using two additional semi-controlled diodes. The coupled
inductors and the capacitor within the charge balancing
circuitry also act as voltage snubbers to absorb the voltage
difference between two LED strings.

However, to achieve current balancing, inductors are
coupled in pairs, limiting the scalability of the circuit. To
balance currents for more LED strings, the number of
coupled inductor will increase exponentially and the number
of LED strings having balanced current must be an even
number [17]-[19]. It has been previously proposed to reduce
the number of coupled inductors with diploid relation to the
number of LED strings and hence eliminate the strict
requirement of an even number of balancing strings [20].
Capacitive charge balance also has similar limitation of only
balancing an even number of LED strings. However, imple-
mentation of capacitive charge balance is complicated if the
number of LED strings is more than two because every two
LED strings need a capacitor and some fully controlled
switches to facilitate the complementary conduction paths
[21]. Generally, the inductive flux balance scheme suffers
from low power density and high production cost compared
to the capacitive scheme. The capacitive charge balance
scheme is hard to implement for multiple LED strings. As an
alternative, a hybrid structure with coupled inductor and
blocking capacitor has been used [21], [22].

Unlike the balancing circuitries in FIGS. 2A and 2B, near
identical current can be achieved by using a reactance in
series with the resistive LED string [23], [24], provided that
the reactance is sufficiently larger than the equivalent resis-
tance of each LED string. The differences among the LED
equivalent resistances can be neglected and a small current
variation among LED strings can be guaranteed. However,
direct driving this large reactance brings large reactive
power, which will increase the volt-ampere (VA) rating and
decrease the overall efficiency of the LED driver. Alterna-
tively, the reactive loads can be driven indirectly with an
opposite reactance to form a resonant tank. At the operating
frequency, the impedance of the LED load can be compen-
sated to be resistive for direct driving with minimal power
stress. To supply the required current for the LED load,
frequency control and/or pulse-width-modulation (PWM)
control can be used. It is well known that LED has nonlinear
characteristics and the equivalent resistance varies with
driving current and junction temperature. Even when driven
at a constant current, LED forward voltage still drifts
nonlinearly with temperature. In some LED backlighting
panels, the number of LEDs in one string is not fixed. The
wide load range will widen the frequency variation and/or
duty cycle variation, increase the reactive power, and make
it difficult for converter optimization. A control using a
hybrid of frequency modulation and PWM has been used to
prevent the wide variations of these two control variables
with improved performance [25]. However, the control is
complex.

In summary, passive current balancing schemes adopting
capacitors with high reliability, small size and low cost are
very popular in many applications. However, the high reac-
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tive power of the capacitive balancing scheme with variable
frequency control will bring high power stress on the VA
rating of the main switches that drive this passive current
balancing circuit and decrease the overall efficiency. Fixed
frequency control does not permit zero-voltage switching
(ZVS) under load variations. Hence, the present invention
provides a simple, effective, and low-cost solution to the
current balancing problem, which is a key problem in
multi-string LED lighting systems.

SUMMARY OF THE INVENTION

Based on that a LED is driven by AC current, one aspect
of the present invention is to connect a relatively large
reactance to the LED string in series, thus forcing the
voltage over the LED string to be comparatively small and
insignificant. Another aspect of the present invention is to
make sure that, based on voltage divider principle, the
current through the LED is unaffected by its voltage-to-
current characteristic because the large reactance has virtu-
ally taken an overwhelming portion. In one embodiment of
the present invention, the reactance is provided by a small
capacitor.

One aspect of the present invention includes a compen-
sating inductance to cancel the capacitive reactance so that
the input reactive power is still nearly zero. In one embodi-
ment, the compensating inductance is a transformer provid-
ing isolation or wireless power transfer capability. Another
aspect of the present invention is to use a full-bridge rectifier
being fed from a DC voltage source as the input source. One
further aspect of the present invention is to tune a small L.C
filter to the resonant frequency at which the input reactive
power is nearly zero, and a special zero-voltage-switching
condition can be achieved to maximize efficiency.

The present invention relates to a current-source-output
LED driver based on a resonant circuit having a constant
output current magnitude with simple control. In one
embodiment, the resonant circuit is an LCLC filter circuit,
which decouples the effect of load variation from the output
current. In other words, the present invention provides an
output constant current independent of variations in LED
parameters. In one embodiment, the LCLC filter circuit is
implemented with a capacitive balancing scheme to realize
the current balancing for multiple LED strings. In another
embodiment, the LCLC filter circuit is further implemented
with zero input reactive power at the operating frequency. In
a further embodiment, the LCLC filter circuit is imple-
mented with duty cycle control at the operating frequency
for the required current with zero-voltage switching (ZVS).
In one embodiment, the current-source-output LED driver,
as an output current source, is inherently LED-side short-
circuit proof, and is designed with pulse-width-modulation
(PWM) dimming. The present invention provides a scalable,
simple, reliable, efficient and cost-effective constant current
driver for balancing currents in multiple LED strings with
wide forward voltage variations.

The present invention includes technical features such as
paralleling any arbitrary number (scalable number) of series
connections of capacitive reactance and LED string, and
providing a resonant circuit that achieves reactive power
cancellation, allows transformer isolation, and permits soft
switching in the power converter at the same time. Other
technical features of the present invention includes ability to
operate at constant frequency, ability to make use of duty
cycle control, ability to operate at practically zero reactive
power processed by the active semiconductor with an appro-
priate parameter combination, ability to operate with soft-
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commutation (ZVS type), being short-circuit proof, and
being scalable with an additional small capacitor for each
additional LED string.

One advantage provided by the present invention is the
reduction of cost of a LED driver. Another advantage is the
effective current balancing. Another advantage still is the
high efficiency by the use of capacitive reactance having
very small loss. Furthermore, the present invention provides
high compactness by use of capacitors instead of magnetic
components. Other advantages include improved reliability,
scalability, ease of operation and simple control.

One of the exemplary applications for the present inven-
tion is LED advertisement backlighting systems. More par-
ticularly, the present invention provides backlighting driven
by a driver within a backlight panel without the need of
binning similar property LEDs. Since unbinned LEDs are a
lot less expensive than carefully binned LEDs, the present
invention saves costs by enabling unbinned L.EDs to be used
in backlighting. The present invention has also been labo-
ratory tested.

One aspect of the present invention relates to a driver for
driving a plurality of LED strings with current balancing,
comprising a T circuit comprising an input capacitor, a body
inductor and a plurality of output capacitors; at least one
full-wave rectifier connecting one of the plurality of output
capacitors of the T circuit to an LED string; and at least one
half-wave rectifier connecting one of the plurality of output
capacitors of the T circuit to a pair of LED strings.

According to a further aspect of the present invention, the
T circuit of the driver for driving a plurality of LED strings
with current balancing further comprises an isolation trans-
former connected in parallel to the body inductor.

According to a further aspect of the present invention, the
driver for driving a plurality of LED strings with current
balancing further comprises a dimming switch connected in
parallel to an LED string.

According to a further aspect of the present invention, the
driver for driving a plurality of LED strings with current
balancing further comprises a filter inductor connecting in
series to the input capacitor of the T circuit. The filter
inductor and the input capacitor of the T circuit are config-
ured such that one or more high order harmonics of an AC
input to the T circuit are filtered out.

According to a further aspect of the present invention, in
the driver for driving a plurality of LED strings with current
balancing, the output capacitor connected to the at least one
half-wave rectifier is configured to have a capacitance twice
as large as capacitance of the output capacitor connected to
the at least one full-wave rectifier.

According to a further aspect of the present invention, the
driver for driving a plurality of LED strings with current
balancing further comprises a full-bridge circuit connected
to the input capacitor of the T circuit.

Other aspects of the present invention are disclosed as
illustrated by the embodiments hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be
described solely by way of example in more detail herein-
after with reference to the accompanying drawings, in
which:

FIG. 1 is a circuit schematic showing an LED load with
balancing circuitry for each LED string;

FIG. 2A is a circuit schematic of an inductive flux balance
with two LED strings;
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FIG. 2B is a circuit schematic of a capacitive charge
balance with two LED strings;

FIG. 3Ais a circuit schematic including an inductive loop
circuit;

FIG. 3B is a circuit schematic including a capacitive loop
circuit;

FIG. 3C is a vector diagram showing the vectors corre-
sponding to the input voltage v v and the output currents

T,y and T, of the loop circuits in FIGS. 3A and 3B;

FIG. 4A is a circuit schematic of a LCL-T type circuit
with constant output current and input ZPA;

FIG. 4B is a circuit schematic of a CLC-T type circuit
with constant output current and input ZPA;

FIG. 4C is a block diagram illustrating a T circuit;

FIG. 5A is a circuit schematic of a LCL-T type circuit
with constant output current, input ZPA and reactive current
balancing scheme;

FIG. 5B is a circuit schematic of a CLC-T type circuit
with constant output current, input ZPA and reactive current
balancing scheme;

FIG. 6 is a circuit schematic of an improved CLC-T type
circuit of FIG. 5B with capacitive charge balance scheme for
2N LED strings;

FIG. 7 is a circuit schematic of an LED driver based on
an improved LCLC filter circuit with current balancing for
(2N+M) LED strings;

FIG. 8A is a diagram showing the current waveforms of
the balancing capacitor and the averaged current of LED
string of a half-wave rectifier;

FIG. 8B is a diagram showing the current waveforms of
the balancing capacitor and the averaged current of LED
string of a full-wave rectifier;

FIG. 9A is a circuit schematic of the derivation of LCLC
circuit from FIG. 5B by adding [, and C,;

FIG. 9B is a circuit schematic of the derivation of LCLC
circuit from FIG. 5B by adding C, and C are combined into
C;;

FIG. 10 is a circuit schematic of LED strings with
dimming switches and control logic;

FIG. 11 is a circuit schematic of 4 LED strings used in the
prototype;

FIG. 12 is a diagram showing waveforms of v ¢, V5,
input current iz, and transformer secondary current ig;. at
V~48V;

FIG. 13 is a diagram showing waveforms of vq, V5,
input current iz, and transformer secondary current is. . with
different loads at V,,=48V;

FIG. 14 is a diagram showing waveforms of vq, V5,
input current i, and transformer secondary current i, with
different loads at V,,=48V;

FIG. 15A is a diagram showing the DC currents flowing
across the two LED strings with reference to the waveforms
of the gate voltage at V,,=48V; FIG. 15B is a diagram
showing the DC currents flowing across the other two LED
strings with reference to the waveforms of the gate voltage
at V,~48V;

FIG. 16 is a diagram showing waveforms of Vg, igzc
and balancing capacitor voltages V 5, Vomgs; and

FIG. 17 is a diagram showing dimming-operation wave-
forms of Vg, Vasgims 1s and igrga.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In the following description, the LCLC current-source-
output multi-string LED drivers with capacitive current
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balancing are set forth as preferred examples. It will be
apparent to those skilled in the art that modifications,
including additions and/or substitutions, may be made with-
out departing from the scope and spirit of the invention.
Specific details may be omitted so as not to obscure the
invention; however, the disclosure is written to enable one
skilled in the art to practice the teachings herein without
undue experimentation.

1. Led Driver According to an Embodiment of the
Present Invention

A. LC Circuits with Constant Output Current and Zero
Input Phase Angle

According to one embodiment of the present invention,
the LED driver should operate as a constant current source
independent of load variation to simplify the control. With
the abundant supply of voltage source, a pure sinusoidal
alternate current (AC) voltage driven LC circuits as shown
in FIGS. 3A and 3B can facilitate the transformation of the
AC voltage source v, to an AC current source i, to drive
the load Z,, where i=1 or 2.

The circuit as shown in FIG. 3A includes an inductive
loop circuit 320. The inductive loop circuit 320 is an L.C
circuit including an inductor 340 and a capacitor 350. The
inductive loop circuit 320 forms a first loop with the voltage
source 310 by having the inductor 340 connected in series
between the voltage source 310 and the capacitor 350. The
inductive loop circuit 320 forms a second loop with the load
330 by having the inductor 340 connected in series between
the voltage source 310 and the load 330.

The circuit as shown in FIG. 3B includes a capacitive loop
circuit 320. The capacitive loop circuit 321 is a LC circuit
including a capacitor 341 and an inductor 351. The capaci-
tive loop circuit 321 forms a first loop with the voltage
source 311 by having the capacitor 341 connected in series
between the voltage source 311 and the inductor 351. The
capacitive loop circuit 321 forms a second loop with the load
331 by having the capacitor 341 connected in series between
the voltage source 311 and the load 331.

According to frequency domain analysis of the circuits as
shown in FIGS. 3A and 3B, when the AC voltage source v,,,
operates at

1
fr—ﬁa

the output current is a constant given by

ViN
jo,L

-

®

—ViN -jwrC and ioz = -

io1 =

where w,=2nf,

As indicated in FIG. 3C, i,, and iy, have the same
magnitude and are out of phase that they are load indepen-
dent. The loop circuits are inherently output short-circuit
proof. However, output open-circuit is prohibited and an
output open-circuit protection circuit should be imple-
mented.

According to one embodiment of the present invention in
light of practical implementation, the AC voltage source v,
310, 311 is generated from a full-bridge or half-bridge
switching circuit. The reactive power and circuit voltage-
ampere (VA) rating of the switching circuit should be
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minimized. According to another effective embodiment, the
input impedance of the reactive elements should be resistive.
The input impedances of the two circuits as shown in FIGS.
3A and 3B are given by the following equations respec-
tively:

For the circuit in FIG. 3A:

L @
L et
N
Ziyy = — = jo, L+ ._C”ZI = ¢
L r
- +Z
Jjw,C
For the circuit in FIG. 3B:
L (3)
Vv 1 . C
Ziyy = 7— = = +jo, Lz, = —c
v jw,C

The input impedances Z;,, and Z,,,, are resistive if the
load 330 Z,=jw,L in (2) and the load 331

in (3).

-

Therefore, an additional inductive or capacitive compo-
nent is added in each of these two loop circuits 320, 321 to
realize the input zero-phase-angle (ZPA) and the loop cir-
cuits as shown in FIGS. 3A and 3B become the LCL-T and
CLC-T circuits as shown in FIGS. 4A and 4B.

As a result, the input impedances in (2) and (3) become:

v )
Zy =2 =

it

ViN L

iv2

" RC

B. Integration with Current Balancing Schemes

The LCL-T and CLC-T circuits as shown in FIGS. 4A and
4B operating at f, can output a constant AC current and can
be driven with zero reactive power.

AT circuit can be a LCL-T circuit 420 as shown in FIG.
4A or a CLC-T circuit 421 as shown in FIG. 4B. FIG. 4C is
a block diagram illustrating a T circuit. A T circuit is a
T-shaped circuit with an input component 491 on one hand
of the T circuit and an output component 492 on another
hand of the T circuit. The body of the T circuit branching
into two hands includes either a capacitor or an inductor as
a body component 493.

The circuit as shown in FIG. 4A includes a LCL-T circuit
420 according to one embodiment of the present invention.
The LCL-T circuit 420 is a circuit including an input
inductor 440 on one hand of the LCL-T circuit 420, an
output inductor 460 on another hand of the LCL-T circuit
420 and a body capacitor 450 along the body of the LCL-T
circuit 420. Each of the two inductors 440, 460 has one end
connected to one end of the body capacitor 450. The input
inductor 440, the output inductor 460 and the body capacitor
450 join one another at one single junction. After having one
end connected to the body capacitor 450, the free end of the
input inductor 440 is connected to the voltage source 410
and the free end of the output inductor 460 is connected to
the load 430. The LCL-T circuit 420 forms a first loop with
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the voltage source 410 by having the input inductor 440
connected in series between the voltage source 410 and the
body capacitor 450. The LCL-T circuit 420 forms a second
loop with the load 430 by having the two inductors 440, 460
connected in series between the voltage source 410 and the
load 430.

The circuit as shown in FIG. 4B includes a CLC-T circuit
420 according to one embodiment of the present invention.
The CLC-T circuit 421 is a circuit including an input
capacitor 441, and output 461 and a body inductor 451. Each
of'the two capacitors 441, 461 has one end connected to one
end of the body inductor 451. The input capacitor 441, the
output capacitor 461 and the body inductor 451 join one
another at one single junction. After having one end con-
nected to the body inductor 451, the free end of the input
capacitor 441 is connected to the voltage source 411 and the
free end of the output capacitor 461 is connected to the load
431. The CLC-T circuit 421 forms a first loop with the
voltage source 411 by having the input capacitor 441 con-
nected in series between the voltage source 411 and the body
inductor 451. The CLC-T circuit 421 forms a second loop
with the load 431 by having the two capacitors 441, 461
connected in series between the voltage source 411 and the
load 431.

Each LED string driven by one of these two circuits with
the same parameters has nearly identical current. In [26],
multiple LCL-T circuits are used and connected to a com-
mon AC line to realize the current balancing for multiple
LED strings. One LED string requires an LCL-T circuit,
which is easy for a modular design. However, the compo-
nent tolerances of the LCL-T circuit affect the accuracy of
the output current for each LED string and the power density
with each LED string having an LCL-T module is relatively
low.

To improve the current balancing performance and power
density, current balancing according to an embodiment of
the present invention is implemented by integrating the large
reactance balancing schemes within the LCL-T and CLC-T
circuits. The basic concept is to duplicate the output inductor
or capacitor with LED strings in the L.C tank, but keeping the
overall reactance the same, as shown in FIGS. 5A and 5B.

FIG. 5A is a circuit schematic of a LCL-T type circuit
with constant output current, input ZPA and reactive current
balancing scheme. The circuit as shown in FIG. 5A includes
a LCL-T circuit 520 according to one embodiment of the
present invention. The LCL-T circuit 520 is a circuit includ-
ing an input inductor 540, a plurality of output inductors 560
as an output component and a body capacitor 550. The input
inductor 540 has one end connected to one end of the body
capacitor 550. Each of the plurality of output inductors 560
has one end connected to one end of the body capacitor 550.
The input inductor 540, the plurality of output inductors 560
and the body capacitor 550 join one another at one single
junction. After having one end connected to the body
capacitor 550, the free end of the input inductor 540 is
connected to the voltage source 510 and the free end of each
of the plurality of the output inductors 560 is connected to
one of the multi-string LED loads 530. The LCL-T circuit
520 forms a first loop with the voltage source 510 by having
the input inductor 540 connected in series between the
voltage source 510 and the body capacitor 550. The LCL-T
circuit 520 forms a second loop with each of the multi-string
LED loads 530 by having the input inductor 540 and one of
the plurality of output inductors 560 connected in series
between the voltage source 510 and each of the multi-string
LED loads 530.
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FIG. 5B is a circuit schematic of a CLC-T type circuit
with constant output current, input ZPA and reactive current
balancing scheme. The circuit as shown in FIG. 5B includes
a CLC-T circuit 521 according to one embodiment of the
present invention. The CLC-T circuit 521 is a circuit includ-
ing an input capacitor 541, a body inductor 551 and a
plurality of output capacitors 561 as an output component.
The input capacitor 541 has one end connected to one end
of the body inductor 551. Each of the plurality of output
capacitors 561 has one end connected to one end of the body
inductor 551. The input capacitor 541, the plurality of output
capacitors 561 and the body inductor 551 join one another
at one single junction. After having one end connected to the
body inductor 551, the free end of the input capacitor 541 is
connected to the voltage source 511 and the free end of each
of the plurality of output capacitors 561 is connected to one
of the multi-string LED loads 531. The CLC-T circuit 521
forms a first loop with the voltage source 511 by having the
input capacitor 541 connected in series between the voltage
source 511 and the body inductor 551. The CLC-T circuit
521 forms a second loop with each of the multi-string LED
loads 531 by having the input capacitor 541 and one of the
plurality of output capacitors 561 connected in series
between the voltage source 511 and each of the multi-string
LED loads 531.

With a much larger reactance of L' or C' than the equiva-
lent LED string loading resistance R, mel, 2, . .., N, each
LED string connected with the same L' or C' can equally
share the constant output current i, or i,,. To ensure ZPA,
the overall reactance should be equal to that as in FIGS. 4A
and 4B, i.e.,

C 5
L'=NL and C'= — ©)
N
. io1 ©
lL/l—lL/z— _lL/N:W
) ion M
iey =gy = ... =iy = N

Here, N can be odd or even.

Compared with the current balancing scheme in [26], the
improved current balancing scheme based on an LCL-T or
CLC-T circuit provided by the present invention only needs
one pair of LC or CL and N balancing inductors or capaci-
tors to realize N balanced and constant LED current, which
saves N-1 pairs of LC or CL. The accuracy of current
balance is affected only by the tolerances of N balancing
inductors or capacitors.

The tolerance distribution of inductors is determined by
the production process. An LCL-T circuit with N larger
inductors L' will decrease the power density and increase the
production cost. The use of coupled inductors will face the
original problem of inductive flux balance. Therefore, rather
than the LCL-T circuit, the CLC-T circuit is a preferred
embodiment for the present invention and will be adopted
for the subsequent development for an illustration purposes.

The tolerance of film capacitors is normally £5%. As the
total output current i,, is determined by the leading CL
impedances, the tolerances of balancing capacitors and load
resistors will not affect the accuracy of i,,. Assuming the
tolerance of C,' is a,,, where the subscript pe{1, 2, ..., N}
denotes the index of LED strings, the total output current i,
is given by:
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C=Cl+a) ®)

1 . 1 . 1
:lC’Z =...=lC/

[ — Jp— [ ®
o, C o, G N jo,Cx

fpp = igry +igiy oo Hipry (10)

The current deviation can be calculated by d,

an

iz Nap, - > o

N
=1

Besides the integration with reactive current balancing,
the CLC-T circuit with N capacitors C' can be easily realized
with current balancing in 2N LED strings by further incor-
porating the charge balance scheme in FIG. 6. Diodes are
needed to ensure two LED strings connected with a capaci-
tor conducting alternatively for half a period.

FIG. 6 is a circuit schematic of an improved CLC-T type
circuit of FIG. 5B with capacitive charge balance scheme for
2N LED strings. The circuit as shown in FIG. 6 includes a
CLC-T circuit 620 according to one embodiment of the
present invention. The CLC-T circuit 620 is a circuit includ-
ing an input capacitor 640, a body inductor 650 and a
plurality of output capacitors 660. The input capacitor 640
has one end connected to one end of the body inductor 650.
Each of the plurality of output capacitors 660 has one end
connected to one end of the body inductor 650. The input
capacitor 640, the plurality of output capacitors 660 and the
body inductor 650 join one another at one single junction.
After having one end connected to the body inductor 650,
the free end of the input capacitor 640 is connected to the
voltage source 610 and the free end of each of the plurality
of output capacitors 660 is connected to one of the multi-
string LED loads 630. Each of the multi-string LED loads
630 consists of two LED strings connected in parallel and
each LED string includes a diode. In one of the multi-string
LED loads 630, one diode is connected in series in an LED
string in a forward direction and the other diode is connected
in series in the other LED string in a backward direction. The
CLC-T circuit 620 forms a first loop with the voltage source
610 by having the input capacitor 640 connected in series
between the voltage source 610 and the body inductor 650.
The CLC-T circuit 620 forms a second loop with each of the
multi-string LED loads 630 by having the input capacitor
640 and one of the plurality of output capacitors 660
connected in series between the voltage source 610 and each
of the multi-string LED loads 630.

II. Circuit Design, Control, and Implementation

The improved CLC-T circuit combined with the reactive
current balancing scheme in FIG. 5B features constant
output current, zero input reactive power and output current
balancing for arbitrary resistances of LED load strings. If the
number of load strings is even, the further improved CLC-T
circuit shown in FIG. 6 combining capacitive charge bal-
ancing can save half the number of balancing capacitors.
However, the design is different from that in FIG. 5B.

Considering the unidirectional conduction of LED loads,
a rectifier and a low-pass filter are needed to provide the
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required DC current. A full-wave rectifier and a half-wave
rectifier should be used here. In FIG. 6, half-wave rectifiers
are used for the number of LED strings twice that of the
charge balancing capacitors.

FIG. 7 is a circuit schematic of an LED driver based on
an improved LCLC filter circuit with current balancing for
(2N+M) LED strings. FIG. 7 gives a hybrid structure with
(2N+M) LED strings for different optimized applications,
where N and M can be odd or even. The input AC voltage
v 45 1s generated from a full-bridge circuit 780 with an input
DC voltage V,, and |v | is modulated by the duty cycle D
of the full-bridge circuit 780.

The circuit as shown in FIG. 7 includes a CLC-T circuit
720 according to one embodiment of the present invention.
The circuit as shown in FIG. 7 includes a CLC-T circuit 720
according to one embodiment of the present invention. The
CLC-T circuit 720 is a circuit including an input capacitor
740, a body inductor 750 and a plurality of output capacitors
760. The body inductor 750 can be internal to, as a mag-
netizing inductor of, an isolation transformer 790. It is,
however, optional that body inductor 750 being an external
inductor for compensating insufficient inductance provided
by the magnetizing inductor of the isolation transformer
790. The input capacitor 740 has one end connected to one
end of the body inductor 750. Each of the plurality of output
capacitors 760 has one end connected to one end of the body
inductor 750. The input capacitor 740, the plurality of output
capacitors 760 and the body inductor 750 join one another
at one single junction. After having one end connected to the
body inductor 750, the free end of the input capacitor 740 is
connected to the voltage source 710 and the free end of each
of the plurality of output capacitors 760 is connected to one
of the multi-string LED loads 730.

The CLC-T circuit 720 further includes N half-wave
rectifiers 732. The input of each of the N half-wave rectifiers
732 is connected to one of the plurality of output capacitors
760. The output of each of the N half-wave rectifiers 732 is
connected to a pair of LED strings. Each of the N half-wave
rectifiers 732 has an input diode 733 connected in series to
one of the pair of LED strings. Each of the N half-wave
rectifiers 732 has a feedback diode 734 connected in series
to another one of the pair of LED strings. The current flow
through the input diode 733 is from the input of the
half-wave rectifier to the LED string and is opposite to the
current flow through the output diode 734, which is from the
LED string to the input of the half-wave rectifier.

The CLC-T circuit 720 further includes M full-wave
rectifiers 731. The input of each of the M full-wave rectifiers
731 is connected to one of the plurality of output capacitors
760 of the CLC-T circuit 720. The output of each of the M
full-wave rectifiers 731 is connected to an LED string.

The CLC-T circuit 720 forms a first loop with the voltage
source 710 by having the input capacitor 740 connected in
series between the voltage source 710 and the body inductor
750. The CLC-T circuit 720 forms a second loop with each
of the multi-string LED loads 730 by having the input
capacitor 740 and one of the plurality of output capacitors
760 connected in series between the voltage source 710 and
each of the multi-string LED loads 730.

An isolation transformer 790 for safety can be incorpo-
rated into the CLC circuit as shown in FIG. 7. To achieve an
accurate output constant current, the high order harmonics of
v 45 should be filtered. Essentially, the LCLC series-parallel
resonant network has a good input higher harmonics filtering
performance [27]. A filter inductor 770 in series with a C,
modified from the original C as shown in FIG. 7 is used for
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the harmonic filtering and the retention of constant output
current, input ZPA and reactive current balancing scheme.

A. Selection of Balancing Capacitor

FIG. 7 uses N half-wave rectifiers and M full-wave
rectifiers 731 to balance (2N+M) LED strings. Assume a
nominal current of I, ., in each LED string. In order to
balance the respective 2N and M LED strings, it is required
Crp:=Crrpo= - - “Crpv=Cryp ad Cp =Crgy= . . . =Crpp,
Crp. In other words, each of the output capacitors 762
connecting to one of the half-wave rectifiers 732 has the
same capacitance and each of the output capacitors 761
connecting to one of the full-wave rectifiers 731 has the
same capacitance. Based on the current waveforms of
capacitor currents i,z 810 and 1.5 820 drawn in FIGS. 8A
and 8B, the averaged current [, -, 830 can be determined as:

1 2 12)
ILEp = ;ICHBma and Iygp = ;ICFB,,,

Thus, the peak current Iy =21cpz =1, =l zp. With the
nearly identical voltage of capacitor strings, the capacitances
of Cp5 and Cpz should satisty

Cus (13)

Crp= ——
FB 3

In other words, the capacitance of the output capacitor
762 connecting to one of the half-wave rectifiers 732 is twice
as large as the capacitance of the output capacitor 761
connecting to one of the full-wave rectifiers 731.

To achieve good current balancing performance,

Xews = —— 5> 2578
cHB = e )
where ie{1, 2, . .., N} and

1 8RsrR,
>>

Xcrg =

wCrp 72
where ke{1, 2, . . . , M}. Substituting (13) into these two
equations, the reactance X, becomes:
Xcup = —— >%,andie{1,2,... , (N + M)} (14
wCHB 712

To realize ZPA, the equivalent capacitance C,, of the
capacitor strings, i.e. the plurality of the output capacitors
760, should satisfy (5) at the primary coil of the isolation
transformer 790. So,

1s)

M
ng = (N + T]CHB’ and

(16)

w=2nfs=

1
A BPLCq
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where the transformer turns ratio of the isolation trans-
former 790 is 1:n and £, is the switching frequency of the
full-bridge 710 with switches Q, 5 4.

Simplifying (15) and (16), the following equation is
obtained:

1

M
47r2f52n2(N + 7]

17
Chp = {amn

i —

The voltage stresses of Cz and C.z are close but differ-
ent. As the output capacitor 762 connecting to the half-wave
rectifier 732 C,; serves the purposes of both reactive current
balancing and charge balancing, it suffers from the AC
voltage stress and the bias DC voltage stress between two
anti-paralleled LED resistances. The output capacitor 761
connecting to the full-wave rectifier 731 C.5 only suffers
from the AC voltage stress. As the LED resistance is much
smaller than the reactance of the balancing capacitor, the DC
bias is much smaller than the AC voltage. The capacitor
voltage stresses are given as follows:

Vers = Lo - L #lpgp  2mlgp (18
crp =l - omm = e = e
1 |RSTR(2‘-) - RSTR(Z‘-,U| 19
Veus = Icns,, - e R
/ 27 |RSTR(2‘-) - RSTR(Zi,1)|
T LED wCHB 2
where ie{1, 2, . . ., N}.

B. Output Current and Control Scheme

The current of each capacitor string is in phase so that the
total current in the isolation transformer’s 790 secondary
current

K)'ICHB(I)

Ispc) = (N + =

and the peak current is:

M (20)
- )ﬂ IiEp

(N+2

Isec,, = (N + %)ICHB,,, =

The reflected primary current in the isolation transformer
790 is given as

iprr=tisgc and Ipps, =nlspc, 21

In FIGS. 5B, L and C resonate at f, with constant output
current and input ZPA. Here, for the purpose of higher
harmonics filtering, the filter inductor 770 L, and the filter
capacitor 771 C, are added in-front of the CLC-T circuit of
the circuit in FIG. 7 and the enlarged view of the relevant
part of the circuit in FIG. 7 is shown in FIG. 9A. As filter
inductor 770 L, and the filter capacitor 771 C, are designed
to resonate at f, as shown in FIG. 9A, it has zero impedance
at f; The circuit is reduced to FIG. 5B at f,. Combining the
filter capacitor 771 C, and the input capacitor C of the
CLC-T circuit 720 to become an resultant capacitor 771 C,
as shown in FIG. 9B, the resultant capacitance 771 C, will
be given by:
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oL &€ 22)
o ioe®™
S 1 23)
W= = —— =
Vic VLG

Substituting (23) into (22), the following is obtained:

1 @4

A
© =2l V(L+L)Cy

where L determines the output current and L.,C, are used
to filter out the high order harmonics of the PWM modulated
voltage v . With sufficiently large L., and C,, only the AC
fundamental voltage v, of v,z remains.

4Viv . (25)

D .
sin——sin{wr + §)
n 2

vin() =

The output current at the primary coil of the isolation
transformer 790 is

Viy
JjowL

. (26)
tpri =

Substituting (25) and (26) into (21), the following is
obtained:

. nD 27
2V smT

7r3f3n(N + %)ILED

Choosing sufficiently large L;, C,; can be calculated by
(24). Here, L, is usually designed a bit larger than that in
(24) to permit ZVS of power switches. With L in (27), the
capacitance of the output capacitor 762 connecting to one of
the half-wave rectifiers 732 C in (17) will become:

7TILED (28)

Cw=—""15
SfSnV,NsinT

From the above design, fixed frequency duty cycle control
can be easily implemented by sensing only one LED string
current for feedback control. The output capacitor 762
connecting to one of the half-wave rectifiers 732 C and the
output capacitor 761 connecting to one of the full-wave
rectifiers 731 C.z make sure the other strings having the
same currents. Some commercial ICs such as UCC3895 will
facilitate the control logic. With the component tolerances,
the output current error is small and the variation of duty
cycle can be small, and hence does not affect the realization
of ZVS of the power switches.

C. Dimming and Protection

In the current balancing scheme according to the present
invention, 2N LED strings are driven by a half-wave recti-
fied sinusoidal current at £, and M LED strings are driven by
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a full-wave rectified sinusoidal current at 2f.. These pulsing
currents are filtered by a filtering capacitor C,to generate an
average current 1, superimposed with a peak-to-peak cur-
rent of 2Al,,,.. The time constant of the parallel connected C
and LED string is determined by the product of the LED
inner dynamic resistance R ;,, and C,

Usually, R, can be as small as several ohms. The
capacitor C, will absorb the extra charge of the rectified
current above I,,.. An integration of the current for the total
charge Q above I,,, within a current pulse period gives the
magnitude

AVCf = C_f

of the increased capacitor voltage above the averaged
capacitor voltage. The ripple current magnitude AL, can be
estimated by

Avcf

Ry

For full-bridge rectification, and using (12), the following
will be obtained:

@29

P )
icrp(D) = EICFBmSHuU[_ lavgrn,» and

2 peint 2
AlangB JTCOS| s1n ; — | T — Z81n 7—r 0053

B = =
lLavern 2wC ¢ Ry fsCrRayn

For half-bridge rectification, the following will be
obtained:

icup(t) = rlchpmsinwt — loygnp, and (3D

.l ! (32)
Al Zﬂcos(sm —] - (ﬂ — 2sin —]
_ Alaygnp n n
B = =
lavghs 2wC ¢ Ry
0276
B fxcf Rayn

The minimum filtering capacitance Cg,,,, can thus be
determined by the maximum allowable current ripple factor
given by either (30) or (32).

PWM dimming is a better dimming method for LEDs
because of simplicity and is used as a preferred embodiment
of the present invention. The proposed LED driver can
provide an output current source for each LED string. When
some LEDs or one LED string is shorted, the equivalent
LED string resistance R ¢,z becomes small or even zero. The
reactance of the balancing capacitor dominates the output
current so that current balancing is still operative. However,
when one LED is damaged such that the LED string is open,
R g7z becomes very large. Without a current path, the current
balancing is not guaranteed, and over voltage may occur that
other LED strings may be damaged. Hence, an open-circuit
protection must be provided for safety. The dimming switch
connected in series with an LED string creates open circuit,
which must be prohibited for this design. In contrast, dim-

15

20

25

30

35

40

45

50

55

18

ming switches 1010, 1020 in parallel with LED strings 1061,
1062 will realize PWM dimming safely as shown in FIG. 10.
When a dimming switch S 1010, 1020 is on, the constant
current flows into the dimming switch 1010, 1020 and the
external voltage across the associated rectifier diodes and
LED string(s) is kept zero. Since the associated rectifier
diodes are reverse biased by the voltage across C, that Ve,
will be discharged by the parallel connected LED loads. If
a dimming switch S 1010, 1020 is off, the LED string 1061,
1062 is turned on. The rectified igz will charge C, rapidly
to the LED string forward voltage. The dimming frequency
£, can be independent of the operating frequency of the
converter. In consideration of light flicker perceived by
human eyes, the dimming frequency £, can be set higher
than 3 kHz such that even at 100% current modulation, the
visual distractions such as the phantom array can be elimi-
nated [28].

In one embodiment of the present invention, if it is
assumed that the PWM modulated current is a square pulse
with duty ratio D,,, and a dimming frequency f,,, the
current ripple factor after the filtration of C,is given by:

Algyg dim 1 = Dyim (33)
Faim = =
i lovgdim  2JaimCrRaym
Hence,
L = Dyim (34)

Cfmin]

where r,,,, is within [0, 1] and can be assigned as 1 for
f,m=z3 kHz.

Additionally, the parallel dimming circuit can be easily
incorporated into open-circuit protection. If one LED string
1061, 1062 is sensed open, the dimming switch S 1010,
1020 is turned on for the protection. Other LED strings
1061, 1062 can continue their normal operation.

Cr= ma){i s
4 2 ftim Rayn ¥ dim

I1I. Evaluation

According to one embodiment of the present invention, a
prototype LED driver has been built for driving four LED
strings having a total power of up to about 20 W. The Cree
Cool white XR-E series LEDs are used in this prototype
[29]. Typical current of one LED is 0.35 A with V=3.3V at
25° C. For a small number of balancing capacitors, N=2 and
M=0 are selected. Two capacitors C,;; with half-wave rec-
tifiers are used.

To evaluate the current balancing performance, four LED
strings having different numbers of LEDs in series are
implemented, where string 1 1110 has six LEDs, string 2
1120 has four LEDs, string 3 1130 has three LEDs and string
4 1140 has five LEDs, as shown in FIG. 11.

The four switching MOSFETs are driven by a phase-shift
controller UCC3895. The operating frequency j is 90 kHz.
The input voltage is a 48V DC bus and D is designed as 0.95.
The key parameters are listed in Table 1.
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TABLE 1

Key Parameters

Parameter Value

L, 230 uH
C, 13 nF

L 16.5 pH
Cup 10 nF
Transformer 1:n 1:3
Switches Q5 3, 4 IRF540
Rectified diodes Dy 5 3 4 MBR20100CT
Ch,2 3,4 110 uF

FIG. 12 gives the waveforms of Q, gate voltage v,
1210, bridge voltage v, 1220, input current iz, 1230 and
transformer secondary current igz. 1240 driving the four
LED strings. From FIG. 12, the current i,,, 1230 is nearly in
phase with v,z 1220 to show that resistive input impedance
eliminates most reactive power. The mostly pure sinusoidal
waveform of iz, 1230 shows that the designed LCLC circuit
has good filter performance and the accurate output current
can be ensured. The measured iy 1240 agrees well with the
calculation in (20). To investigate the characteristic of
constant current source, LED string 3 is replaced with a large
resistor via an electronic load, but still much smaller than the
reactance of Cpp.

FIG. 13 shows the corresponding waveforms Q, gate
voltage v ¢, 1310, bridge voltage v, 1320, input current i,
1330 and transformer secondary current igz~ 1340 in com-
parison with FIG. 12. Under the same test condition and
variable load, the results show the same iy~ 1340, duty
cycle and phase angle between v,z 1320 and iz, 1330. This
verifies that the output current and input impedance are
independent of load variation. The small phase angle of i,
1330 lagging v,z 1320 ensures the ZVS of full-bridge
switches in all load range.

The load-independent current source characteristic is also
verified dynamically as shown in FIG. 14. FIG. 14 shows the
waveforms Q, gate voltage v, 1410, dimming switch gate
voltage Vg, 1420, transformer secondary current ig..
1430 and reactance current iz, 1440. When LED strings
1 and 2 are kept on and LED strings 3 and 4 are turned off
by controlling the dimming switch with the dimming switch
gate voltage Vg, 1420, the currents igz~ 1430 and i 45,
1440 are maintained at their original constant steady-state
currents after several switching periods with LED-load-
resistance variations from R g5 4 to zero. From FIG. 14, the
magnitude of i, is always half the magnitude of ig.~
1340, which shows the good current balancing against load
variation.

FIGS. 15A and 15B show the DC currents flowing across
the four LED strings 1g;%, 1530, I 7%, 1540, 15725 1531 and
Is7ra 1541 with reference to the waveforms of Q, gate
voltage v, 1510, 1511. With the reactance of C,; much
larger than Rz, 5 3.4, the proposed LED driver has good
current balancing performance. With a well-designed LCLC
circuit as described in an embodiment of the present inven-
tion according to Section II above, each string has the
required current of 350 mA.

The voltage stresses of vz, 1620 and vz, 1630 are
measured in FIG. 16 with reference to the waveforms of Q,
gate voltage v, 1610 and transformer secondary current
sz 1640. Due to the small DC bias of every anti-paralleled
LED resistance, V gz, and vz, are almost the same and
close to the calculated values. This verifies the theoretical
calculations. The efficiency of the LED driver is as high as
91.23% at V,,~48V with the four LED strings. The main
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losses are magnetic conduction losses and core losses in L
and the transformer, whose optimization is omitted here.

FIG. 17 shows waveforms of the main switch gate voltage
Vgs; 1710, the dimming switch gate voltage v 5., 1720, the
current I 1730 of the dimming switch S, and 15,5, 1740 of
LED string 4 when LED strings 3 and 4 are dimmed with
D,,,=~0.5by S,. The current ripple factorr,, is designed as
10%. The LED strings 1 and 2 are always on. The current
Is7&5 has the same dimming waveform as I;,», and is not
shown in FIG. 17. To avoid light flicker, f;,, is chosen at 3.5
kHz. The measured current ripple is consistent with the
theoretical calculation in (34).

IV. Conclusion

Current balancing techniques are important for driving
multiple LEDs due to device variation and heterogeneous
working environment. This paper proposes an optimized
LCLC current-source-output LED driver with capacitive
current balancing to realize zero input reactive power for
switching devices, constant current output independent of
LED load variation and current balancing for odd or even
number of LED strings. The circuit is simple, reliable,
economical and efficient for multiple LED string applica-
tions. Moreover, it is inherently short-circuit proof. The
switch parallel to LED string can be readily implemented
with the functions of dimming and open-circuit protection.
Detailed design, analysis and implementation are introduced
in the present invention. The experimental verifications have
shown excellent agreement with the theoretical predictions.

In the embodiments disclosed herein, any control may be
implemented using general purpose or specialized comput-
ing devices, computer processors, microcontrollers, or elec-
tronic circuitries including but not limited to digital signal
processors (DSP), application specific integrated circuits
(ASIC), field programmable gate arrays (FPGA), and other
programmable logic devices configured or programmed
according to the teachings of the present disclosure. Com-
puter instructions or software codes running in the general
purpose or specialized computing devices, computer pro-
cessors, microcontrollers, or programmable logic devices
can readily be prepared by practitioners skilled in the
software or electronic art based on the teachings of the
present disclosure.

The present invention may be embodied in other specific
forms without departing from the spirit or essential charac-
teristics thereof. The present embodiment is therefore to be
considered in all respects as illustrative and not restrictive.
The scope of the invention is indicated by the appended
claims rather than by the foregoing description, and all
changes that come within the meaning and range of equiva-
lency of the claims are therefore intended to be embraced
therein.

What is claimed is:
1. A device for driving a plurality of LED strings with
current balancing, comprising:

a T circuit comprising an input capacitor, a body inductor,
and a plurality of output capacitors; and

at least one full-wave rectifier connecting one of the
output capacitors of the T circuit to one of the LED
strings, or at least one half-wave rectifier connecting
one of the output capacitors of the T circuit to a pair of
the LED strings;

wherein:

the input capacitor is selected to have a first capacitance
value;
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the output capacitors have a same value of capacitance;
and

the same value of capacitance is given by the first capaci-
tance value divided by the number of the output capaci-
tors.

2. The device of claim 1, wherein the T circuit further
comprises an isolation transformer.

3. The device of claim 2, wherein the T circuit further
comprises a body inductor connected in parallel to the
isolation transformer.

4. The device of claim 1, further comprising a dimming
switch connected in parallel to one of the LED strings.

5. The device of claim 4, wherein the filter inductor and
the input capacitor of the T circuit are configured such that
one or more high order harmonics of an AC input to the T
circuit are filtered out.
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6. The device of claim 1, further comprising a filter
inductor connecting in series to the input capacitor of the T
circuit.

7. The device of claim 1, further comprising a full-bridge
circuit connected to the input capacitor of the T circuit.

8. A device for driving a plurality of LED strings with
current balancing, comprising:

a T circuit comprising an input capacitor, a body inductor,
and a plurality of output capacitors, wherein the output
capacitors have a same value of capacitance;

at least one full-wave rectifier connecting one of the
output capacitors of the T circuit to one of the LED
strings, or at least one half-wave rectifier connecting
one of the output capacitors of the T circuit to a pair of
the LED strings; and

a dimming switch connected in parallel to one of the LED
strings.



