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Abstract—Passive or active current balancing circuits are usu-
ally used to mitigate current imbalance in driving multiple light-
emitting-diode (LED) strings. Passive current balancing schemes
adopting capacitors with high reliability, small size and low cost
are very popular in many applications. However, the high reactive
power of the capacitive balancing scheme with variable frequency
control will bring high power stress on the VA rating of the main
switches which 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,
this paper proposes a current-source-output LED driver based on
LCLC resonant circuit to provide a constant output current re-
gardless of variations in LED parameters. In the LCLC circuit,
the number of additional 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 oper-
ating frequency to minimize reactive power. The conventional duty
cycle control can easily incorporate ZVS. The analysis, implemen-
tation and verification are detailed in this paper.

Index Terms—Constant current source, current balancing, light-
emitting-diode (LED) driver, passive circuit.

I. INTRODUCTION

ITH the development of light-emitting-diode (LED) de-
W vices for general lighting applications, LED manufac-
turers 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, several
LEDs are usually connected together for various LED applica-
tions such as LCD back lighting, streetlight, general lighting,
etc., [2], [3].
A single LED load can be economically driven by a single
driver. Thus, LEDs are mostly connected in parallel with sev-
eral LED strings. Each LED string is formed by connecting
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Fig. 1. LED load with balancing circuitry for each LED string.

several LEDs in series for a safe accumulative forward voltage.
However, LED V- characteristic inherently follows a statisti-
cal manufacturing spread and varies with temperature. Unequal
current in each LED string is expected when a number of paral-
leled LED strings are connected to a common voltage terminal
as a single load. Without current balancing mechanism, high
current can be developed in some LED strings which will be
rapidly degraded or will even fail. Therefore, many techniques
have been developed to mitigate the 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, additional bal-
ancing circuitry must be inserted within the LED load to regu-
late 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.
Obviously, linear regulators and current mirrors are simple and
economical to implement, but the losses on the linear transis-
tors are relatively high. 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 control logic are complex and less reliable. Recently, some
attempts have been made to improve the efficiency of linear
schemes with the penalty of complex control [9]-[11]. In the
passive balancing circuit, lossy resistors are not considered in
high-power LED applications. The inductor and capacitor with-
out real power dissipation are good candidates. The ac currents
from a pair of coupled inductors with 1:1 turns ratio [12] or
from two complementary rectified current paths of an ac ca-
pacitor [13]-[16] can automatically balance the currents of two
LED strings according to the principles of electromagnetic in-
duction and capacitive charge balance, as shown in Fig. 2. It
should be noted that each LED string in capacitive charge bal-
ance shares the ac current alternatively for half a period by using
two additional semicontrolled diodes. The coupled inductors
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Fig. 2. Inductive flux balance and capacitive charge balance with two LED
strings.

and the capacitor within the charge balancing circuitry also act
as voltage snubbers to absorb the voltage difference between
two LED strings. 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 re-
duce the number of coupled inductors with diploid relation to the
number of LED strings and hence eliminate the strict require-
ment 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, implementation of ca-
pacitive 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 capac-
itive charge balance scheme is hard to implement for multiple
LED strings. As a tradeoff, a hybrid structure with coupled
inductor and blocking capacitor has been used [21], [22].
Unlike the balancing circuitries in Fig. 2, near identical cur-
rent 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 resistance 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
VA rating and decrease the overall efficiency of the LED driver.
Alternatively, 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 compensated
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 for-
ward voltage still drifts nonlinearly with temperature. In some
LED back lighting panels, the number of LEDs in one string is
not fixed. The wide load range will widen the frequency vari-
ation and/or duty cycle variation, increase the reactive power,
and make it difficult for converter optimization. A control using
a hybrid of frequency and PWM has been used to prevent the
wide variations of these two control variables with improved
performance [25]. However, the control is complex.
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Fig. 3. Two parallel resonant circuits of (a) and (b) with the corresponding
vectors of input voltage vy and output currents i1 and ip9 in ().

Based on the aforementioned analysis, this paper proposes a
current-source-output LED driver based on an LCLC resonant
circuit which decouples the effect of load variation from the
output current. The LCLC circuit can be improved with a ca-
pacitive balancing scheme to realize the current balancing for
multiple LED strings. The LCLC circuit can also be designed
with zero input reactive power at the operating frequency. Then,
duty cycle control at the operating frequency can be adopted
for the required current with zero-voltage switching (ZVS). As
an output current source, the proposed LED driver is inherently
LED-side short-circuit proof, and PWM dimming can be eas-
ily implemented. The proposed LED driver is simple, reliable,
economical and efficient for multiple LED string applications.
Section II gives the basic concept and derivation of the proposed
LED driver. The detailed analysis of circuit design, control and
implementation is given in Section III. The performance of the
proposed LED driver is evaluated in Section IV. Section V con-
cludes the paper.

II. BASIC CONCEPT OF THE PROPOSED LED DRIVER

A. Resonant Circuits With Constant Qutput Current and Zero
Input Phase Angle

To simplify the control, the LED driver should operate as a
constant current source independent of load variation. With the
abundant supply of voltage source, a pure sinusoidal ac voltage
driven parallel resonant tank as shown in Fig. 3 can facilitate
the transformation of the ac voltage source vy to an ac current
source 7p; to drive the load Z;, where : = 1 or 2.

We use a frequency-domain analysis of the circuit for sim-
plicity. When vyy operates at f, = # it can be readily
shown that the output current is a constant given by

VIN
Jw, L

i01 = —viN - jwr,C and ipr = — (1)
where w, = 27 f,. As indicated in Fig. 3(c), o1 and ips have
the same magnitude and are out of phase that they are load in-
dependent. The parallel resonant circuits are inherently output
short-circuit proof. However, output open-circuit is prohibited
and an output open-circuit protection circuit should be imple-
mented.

In a practical implementation, viy is generated from a full-
bridge or half-bridge switching circuit. The reactive power and
circuit VA rating of the switching circuit should be minimized.
Effectively, the input impedance of the reactive elements should
be resistive. Now, the input impedances of these two circuits are
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Fig. 4. Circuits with constant output current and input ZPA: (a) LCL-T type
and (b) CLC-T type.

(b)

Fig.5. Improved circuits with constant output current, input ZPA and reactive
current balancing scheme: (a) LCL-T type and (b) CLC-T type.

investigated as

L

VIN ) 1 Il
ZN1 = — =jw, L+ - Zy = ————and (2)

IN1 N1 J jw7c H 1 ﬁ + Zl

L

VIN 1 . rol
JiNg = — = —— L 2y = —————. 3
™ e jw,.C il 2 Jwr L+ Zy ©)
Impedances Z1n; and Zpno are resistive if 21 = jw, L in (2),
and 7y = jwl.C in (3). So, additional inductive or capacitive

component is added in these two parallel resonant circuits to
realize the input zero-phase-angle (ZPA), as shown in Fig. 4. As
a result, the input impedances in (2) and (3) become

VIN

N =— =
1IN1

VIN L

— 4
itve RC @

B. Integration With Current Balancing Schemes

In Section II-A, we have shown that the LCL-T and CLC-T
circuits operating at f,. can output a constant ac current and can
be driven with zero reactive power. Each LED string driven by
one of these two circuits with the same parameters can have
near identical current. In [26], multiple LCL-T circuits are used
and connected to a common ac line to realize the current bal-
ancing for multiple LED strings. One LED string requires an
LCL-T circuit, which is easy for a modular design. However, the
component 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, the existing large reactance balancing schemes can be
integrated within the LCL-T and CLC-T circuits for current bal-
ancing. The basic concept is to duplicate the output inductor or
capacitor with LED strings in the resonant tank, but keeping the
overall reactance the same, as shown in Fig. 5. With a much
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larger reactance of L' or C’ than the equivalent LED string
loading resistance R,,,m € 1,2,--- /N, each LED string
connected with the same L’ or C” can equally share the constant
output current ¢ oOr ip2. To ensure ZPA, the overall reactance
should equal to that as in Fig. 4, i.e.

C
I'=NLand C' = — 5
an N (&)
i =ipp = =N = % (6)
icn =lcrp =+ =loN = %~ N

Here, N can be odd or even. Compared with the current bal-
ancing scheme in [26], the improved current balancing scheme
based on an LCL-T or CLC-T circuit only needs one pair of
LC or CL and N balancing inductors or capacitors 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 IV balancing inductors or capacitors.

The tolerance distribution of inductors is determined by the
production process. Obviously, an LCL-T circuit with NV 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, the CLC-
T circuit will be adopted for the subsequent development. The
tolerance of film capacitors is normally £5%. As the total output
current 7oy is determined by the leading CL impedances, the
tolerances of balancing capacitors and load resistors will not
affect the accuracy of ips. Assuming the tolerance of C) is

v, where the subscript p € {1,2,--- , N'} denotes the index of
LED strings, we have
C,=C(1+aq) (8)
1 1 1
T T N TN I — 9
icn o C i 7uCl ICN Jaln, )
ipg =icn +tice + - +icnN. (10)

The current deviation d,, can be calculated by

N
lic, — i({rz | ’Nap a '231%
e Nl iz
B 102 - N
N N + Z o;
i=1

(11)

Besides the integration with reactive current balancing,
CLC-T circuit with N capacitors C’ can be easily realized with
current balancing in 2N LED strings by further incorporating
the charge balance scheme in Fig. 6. Diodes are needed to en-
sure two LED strings connected with a capacitor conducting
alternatively for half a period.

III. CircuIT DESIGN, CONTROL AND IMPLEMENTATION

From the aforementioned analysis, the improved CLC-T cir-
cuit combined with the reactive current balancing scheme in
Fig. 5(b) 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
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Fig. 6. Improved CLC-T circuit of Fig. 5(b) with capacitive charge balance
scheme for 2N LED strings.

further improved CLC-T circuit shown in Fig. 6 combining
capacitive charge balancing can save half the number of bal-
ancing capacitors. However, the design is different from that in
Fig. 5(b).

Considering the unidirectional conduction of LED loads, a
rectifier and a low-pass filter are needed to provide the 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 ca-
pacitors. 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 v4 g is generated from
a full-bridge circuit with an input dc voltage Vin, and |vp]
is modulated by the duty cycle D of the full-bridge circuit.
An isolated transformer for safety can be incorporated into the
CLC circuit as shown in Fig. 7. To achieve an accurate output
constant current, the high-order harmonics of vap should be
filtered. Essentially, the LCLC series-parallel resonant network
has a good input higher harmonics filtering performance [27].
An additional inductor L, in series with an C'; modified from
the original C' as shown in Fig. 7 is used for the harmonic filter-
ing 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-rectifiers to
balance (2N + M) LED strings. Assume a nominal current of
I gp in each LED string. Obviously, Cyp; = Cppe = -+ - =
Cupn = Cyp and Crpy = Cppy = - -+ = Cppy = Cpp can
balance the respective 2N and M LED strings. Based on the
current waveforms of capacitor currents ¢cpyp and ¢cpp drawn
in Fig. 8, the averaged current I1 ypp can be determined as

1
Itgp = ;ICHBm and Itgp = ;ICFB,N~ (12)

Thus, the peak current Icyp,, = 2Icrp, = Inm = mliep. With
the near identical voltage of capacitor strings, the capacitances
of Cyp and Cpp should satisfy

C
Crp = % (13)

To achieve good current balancing performance, Xcyp =
WCIHB > ‘LRﬁ% where i€ {1,2,--- ,N} and Xcpp =
> 8Bstni where k € {1,2,---, M}. Substituting (13)

wCrB
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into these two equations, we have

1 4RsTRi
> STR
wCHB 71'2

andi € {1,2,---, (2N + M)}.
(14)

Xcup =

To realize ZPA, the equivalent capacitance C., of the capac-
itor strings should satisfy (5) at the transformer primary. So

Ceq = <N + ]2w> Cyp and (15)
1

\/n?LC,,

where the transformer turns ratiois 1 : n and f; is the switching
frequency of the full-bridge with switches Q1 2 3 4. Simplifying
(15) and (16), we have

w=2rf, = (16)

1 1

C pu y C .
BTy (N+ L)L

A7)

The voltage stresses of Cyp and Crp are close but different.
As the capacitor Clyp services 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 antipar-
alleled LED resistances. The capacitor Crp 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:

1 mliep  27lLED
crp = lorm, - DA = DA Chs (18)
1 |RsTR ,;, — RSTR; 4 |
Veus = Icus,, - e U Iep
wC’HB 2
2 RsTr,;, — BSTR ;.
— ILED + | (2i) (2 1)| (19)
wCHB 2

where i € {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 transformer secondary ispc (t) = (N + ) -
icup (t) and the peak current is

M

M
Isgc, = (N+ 2) Icus, = (N+ 2) mliep. (20)

The reflected primary current is given as
iprt = n - ispc and Ipgry, = nlspc, - (2D

In Fig. 5(b), L and C resonate at f; with constant output
current and input ZPA. Here, for the purpose of higher harmonics
filtering, we add L; and C, in-front of the CLC-T circuit as
shown in Fig. 9(a). As L, and C, are designed to resonate at f;
as shown in Fig. 9(a), it has zero impedance at f. The circuit is
reduced to Fig. 5(b) at f;. Combining C;. and C' to become C}
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Fig. 7. Proposed LED driver based on an improved LCLC resonant circuit with current balancing for (2N + M) LED strings.
Letism voltage vry of vpp remains.
/&(Rscnﬁed Current /\ 4V D
I, IN . T .
LED v (t) = sin — sin (wt + 0). (25)
/ \ / \ m 2
The output current at transformer primary is
i('HB . UIN
IPRI = —. (26)
@ JwkL
Iceam Rectified Current Substituting (25) and (26) into (21), we have
A ~ ~ L /\
7 N / N\ I 2ViN sin % 27
= M :
. 73 fon(N + 5 ) ILeD
CFB
®) Choosing sufficient large L, C; can be calculated by (24).
Here, L, is usually designed a bit larger than that in (24) to
Fig. 8. Current waveforms of the balancing capacitor and the averaged current permit ZVS of power switches. With L in (27), Cyp in (17) will

of LED string: (a) half-wave rectifier and (b) full-wave rectifier.

3 2 ily\'z LW G ioz
L %
(b)

Fig. 9. Derivation of LCLC circuit from Fig. 5(b): (a) adding L; and C, and
(b) C, and C' are combined into C' .

(a)

as shown in Fig. 9(b), we have

C.C
= — 22
Cy C 1 C and (22)
2rf ! ! (23)
W=2Tfy = — = —.
) V LC V Ll Cr
Substituting (23) into (22), we obtain
1
w=2f = ——/—— (24)

where L determines the output current and L, C'; are used to fil-
ter out the high-order harmonics of the PWM-modulated voltage
vap. With sufficient large L, and C', only the ac fundamental

become

B mlLED
= Uil
8fsnVix sin 5

From the aforementioned design, fix-frequency duty cycle
control can be easily implemented by sensing only one LED
string current for feedback control. The balancing capacitors
Cyp and Cpp 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.

Cus (28)

C. Dimming and Protection

In this current balancing scheme, 2N LED strings are driven
by a half-wave-rectified sinusoidal current at f; and M LED
strings are driven by a full-wave-rectified sinusoidal current at
2fs. These pulsing currents are filtered by a filtering capacitor
Cy to generate an average current [,,, superimposed with a
peak-to-peak current of 2A 1, . The time constant of the paral-
lel connected C; and LED string is determined by the product of
the LED inner dynamic resistance Rqyy, and C. Usually, Rgy,
can be as small as several ohms. The capacitor C'; will absorb
the extra charge of the rectified current above I,,. An integra-
tion of the current for the total charge ) above I,,, within a
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Fig. 10.  LED strings with dimming switches and control logic.

current pulse period gives the magnitude Ave, = C% of the in-
creased capacitor voltage above the averaged capacitor voltage.

Av
The ripple current magnitude AZ,., can be estimated by Rdﬂ‘f .

For full-bridge rectification, and using (12), we have V
iCFB (t) = gICFBm sinwt — IangB and (29)

_ AlLyerp  mcos(sin'2) — (7 —2sin!2)

s = IangB - 2chflgdyn
0.053
-7 (30
fs Cf Rd yn
For half-bridge rectification, we have

1CHB (t) = mlcuBm Sin wt — IangB and (€2))

_ AlLygup  2mcos(sin '1) — (m — 2sin~' 1)
e = Livenn 2wC Rayn
0.276
fsCfRdyn ( )

The minimum filtering capacitance C'y i, can thus be deter-
mined by the maximum allowable current ripple factor given by
either (30) or (32).

PWM dimming is a better dimming method for LEDs be-
cause of simplicity. 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 resis-
tance Rgpr 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 dam-
aged such that the LED string is open, RgTr becomes very large.
Without a current path, the current balancing is not guaranteed,
and over voltage may occur that other LED strings may be dam-
aged. 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 de-
sign. In contrast, dimming switches in parallel with LED strings
will realize PWM dimming safely as shown in Fig. 10. When S
is ON, the constant current flows into the dimming switch 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 Cy that vo, will be
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Fig. 11.  Four LED strings used in the prototype.

discharged by the parallel connected LED loads. If S is OFF,
the LED string is turned ON. The rectified iggpc will charge
C'y rapidly to the LED string forward voltage. The dimming
frequency f4i, can be independent of the operating frequency
of the converter. In consideration of light flicker perceived by
human eyes, the dimming frequency fgi,, can be set higher than
3 kHz such that even at 100% current modulation, the visual
distractions such as the phantom array can be eliminated [28].
In practice, if we assume that the PWM-modulated current is
a square pulse with duty ratio Dgj,, and a dimming frequency
fdim, the current ripple factor after the filtration of C is given
by

Fdim = AI&ngdiHl — 1- Ddim . (33)
" Iavg,dim 2fdim Cf Rdyn
Hence
1 — Daim
Oy = max (,C ) (34)
! 2fdim Rdyn Tdim !

where 74;y, is within [0, 1] and can be assigned as 1 for fgi, >
3 kHz.

Additionally, the parallel dimming circuit can be easily incor-
porated into open-circuit protection. If one LED string is sensed
open, S is turned ON for the protection. Other LED strings can
continue their normal operation.

IV. EVALUATION

To verify the aforementioned analysis, 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 Vp = 3.3 V at 25 °C. For a small number
of balancing capacitors, N = 2 and M = 0 are selected. Two
capacitors Cyp with half-wave rectifiers are used. To evaluate
the current balancing performance, four LED strings having
different numbers of LEDs in series are implemented, where
string 1 has six LEDs, string 2 has four LEDs, string 3 has three
LEDs and string 4 has five LEDs, as shown in Fig. 11. The
four switching MOSFETS are driven by a phase-shift controller
UCC3895. The operating frequency fs is 90 kHz. The input
voltage is a 48-V dc bus and D is designed as 0.95. The key
parameters are listed in Table I.

Fig. 12 gives the waveforms of (), gate voltage vgs1, bridge
voltage vap, input current ¢1y and transformer secondary cur-
rent iggc driving the four LED strings. From Fig. 12, the cur-
rent ¢yy 1s nearly in phase with v4p to show that resistive
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TABLE I
KEY PARAMETERS

Parameter Value

L, 230 uH

C, 13 nF

L 16.5 uH
CH B 10 nF
Transformer 1:n 1:3
Switches Q1 .2.3.4 IRF540
Rectified diodes Dy 5 3.4 MBR20100CT
Cr1.2.3.4 110 uF

11
Y [CHI20V i -

1 L
i [CHA) 1 A/div] v, [CH2)[25V/dix]

= [CH3)[0.5AT]

Fig. 12. Waveforms of vgg1, vap, input current 71y and transformer sec-
ondary current igpc at Viy = 48 V.

P i
N 3

p—

.
o B H . S [CHI[20V/div]
T [CHA][1 Avdiv]

v, [CH2)[25Vidiv]

Fig. 13.  Waveforms of vgg1, vap, 4in and iggc with different loads at
Vin =48 V.

input impedance eliminates most reactive power. The mostly
pure sinusoidal waveform of ¢1x shows that the designed LCLC
circuit has good filter performance and the accurate output cur-
rent can be ensured. The measured igpc 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 Cyg. Fig. 13 shows the corresponding waveforms in com-
parison to Fig. 12. Under the same test condition and variable
load, we have the same iggc, duty cycle and phase angle be-
tween vap and 4. This verifies that the output current and
input impedance are independent of load variation. The small
phase angle of iy lagging vap 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.
When LED strings 1 and 2 are kept ON and LED strings 3
and 4 are turned OFF by controlling the dimming switch with
VGeSdim, the currents igpc and icgpe are maintained at their
original constant steady-state currents after several switching
periods with LED-load-resistance variations from Rgrr3 4 to
zero. From Fig. 14, the magnitude of ¢cyp» is always half the
magnitude of iggc, which shows the good current balancing
against load variation.
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Waveforms of v g1, s ¢ and balancing capacitor voltages vcup1

Fig. 15 shows dc currents flowing across the four LED strings.
With the reactance of Cyp much larger than Rgtgr1,2,3,4, the
proposed LED driver has good current balancing performance.
With a well-designed LCLC circuit as described in Section III,
each string has the required current of 350 mA. The voltage
stresses of veypy and veype are measured in Fig. 16. Due to
the the small dc bias of every antiparalleled LED resistance,
veppt and vogpe are almost the same and close to the cal-
culated values. This verifies the theoretical calculations. The
efficiency of the LED driver is as high as 91.23 % at Vix =
48 V with the four LED strings. The main losses are magnetic
conduction losses and core losses in L and the transformer,
whose optimization is omitted here.

Fig. 17 gives waveforms of the main switch gate voltage
vas1, the dimming switch gate voltage vgsqim, the current ¢g
of the dimming switch Sy and Igrr4 of LED string 4 when
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Fig. 17.  Dimming-operation waveforms of vGs1, VGSdim» ¢s and ISTR4-

LED strings 3 and 4 are dimmed with Dyj, =~ 0.5 by Ss. The
current ripple factor rq;y, is designed as 10%. The LED strings 1
and 2 are always ON. The current /g3 has the same dimming
waveform as Isrr4 and is not shown in Fig. 17. To avoid light
flicker, fqim is chosen at 3.5 kHz. The measured current ripple
is consistent with the theoretical calculation in (34).

V. CONCLUSION

Current balancing techniques are important for driving mul-
tiple 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 applications. 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. De-
tailed design, analysis and implementation are introduced in
this paper. The experimental verifications have shown excellent
agreement with the theoretical predictions.
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