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Nonisolated Two-Phase Interleaved LED Driver With
Capacitive Current Sharing

K. I. Hwu

Abstract—In this paper, a nonisolated two-phase interleaved
LED driver with capacitive current sharing is presented. In the
proposed LED driver, the current sharing capacitor can be used
to balance the input inductor currents and the LED currents. Fur-
thermore, only one grounded LED string current is sensed and con-
trolled. Moreover, under the interleaved control, the input current
ripple can be reduced. Finally, the operating principles, analyses,
and experimental results are provided to verify the effectiveness of
the proposed LED driver.

Index Terms—Current sharing, interleaved, light-emitting diode
(LED) driver, two-phase.

1. INTRODUCTION

S COMPARED with the traditional lighting sources, such

A as incandescent light bulbs, fluorescent lamps, halogen
lamps, etc., the high-brightness light-emitting diode (LED) have
been getting more attention due to their high efficiency, compact
size, low maintenance, and long life characteristics [1]-[4]. The
brightness of the LED depends on the forward current. Thus,
to control the brightness of the LED, it is preferable to use the
constant current control. To meet the required brightness of the
applications, multiple LEDs are usually connected in series and
parallel. The current flowing through each LED string should
be equal. However, each LED has different parameters such as
forward voltage and resistance. The LED current in each string
could be deviated. Therefore, LED current sharing is inevitable.
There are many literatures discussing the LED current shar-
ing. The LED current sharing has two different methods. The
first one is the active method [5]-[12], and the second one is the
passive method [13]-[28]. The active method uses some control
integrated circuits (ICs) and MOSFET switches, and this leads
to complexity and high cost. Therefore, the passive method can
be another solution since the control ICs are not necessary. This
method uses the passive components such as transformers [13]-
[19] or capacitors [20]-[28] to balance each LED current. For
the transformer current sharing method, differential mode trans-
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Fig. 1. Prior work: (a) Nonisolated two-channel LED driver with active clamp

[27]. (b) Nonisolated single-switch two-channel LED driver with passive regen-
erative snubber [28].

(b

formers with 1:1 turns ratio are used to balance LED currents.
For the capacitor current sharing method, the current sharing
is achieved based on the charge balance principle of capaci-
tor. As compared with the transformer current sharing method,
the capacitor current sharing method features a small size be-
cause the size of the current sharing transformer is usually larger
than that of the current sharing capacitor. Moreover, the current
sharing capacitor method can achieve precise LED current bal-
ance. In [20]-[26], the presented topologies include full-bridge
and half-bridge structures, which are suitable for the high input
voltage applications such as two-stage LED street lights. How-
ever, in some applications such as batteries, the input voltage is
low. Consequently, an LED driver with high voltage gain is re-
quired. Moreover, a low input current ripple is preferable for bat-
tery applications. Thus, a nonisolated two-channel LED driver
for low input voltage is presented as shown in Fig. 1(a) [27].
In Fig. 1(a), the capacitor (' is used to balance the two LED
currents. Due to the combination of coupled inductor and C1,
the LED driver shown in Fig. 1(a) features a high voltage gain.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Proposed two-phase interleaved two-channel LED driver.

Thus, it can be used in the low input voltage applications. Based
on the topology shown in Fig. 1(a), the active clamp in Fig.
1(a) is replaced with a passive regenerative snubber as shown
in Fig. 1(b) [28]. For the LED driver shown in Fig. 1(b), the
leakage inductance energy is transferred to Cy,,, and then the
energy in C',, can be transferred to the output LEDs. Thus, C,,
can be used to suppress the voltage spike as well as to improve
the voltage gain. These two LED drivers are designed for a low
input voltage of 3.3 V. In some applications, the battery voltage
is high enough. Therefore, the use of the coupled inductor is not
required. In addition, the input current ripple is expected to be
as small as possible because the current ripple would have an
impact on the life of batteries.

Based on the preceding discussion, a nonisolated two-phase
interleaved LED driver with capacitive current sharing is pre-
sented as shown in Fig. 2. In the proposed LED driver, there
are some merits. First, due to the capacitor Cj, not only
the inductor currents but also the two LED string currents can
be balanced. Second, under the interleaved control, the input
current ripple (¢z,1 + ¢12) can be reduced. Third, as compared
with the conventional boost converter, the voltage step-up gain is
relatively high. Moreover, the source terminals of the MOSFET
switches are connected to the ground. Thus, no isolated driver
is required. Besides, due to the capacitive current sharing, only
one grounded LED string current is sensed and controlled, and
the isolated sensor is not required. The operating principles,
analyses, and experimental results are given to demonstrate the
effectiveness of the proposed LED driver.

II. BASIC ANALYSIS OF THE PROPOSED LED DRIVER

Fig. 2 shows the proposed two-phase interleaved two-channel
LED driver, which contains two switches ()1 and ()2, two input
inductors L, and Lo, one current sharing capacitor Cj, two
output diodes Dy and D, two output capacitors C,; and C9,
two LED strings LS} and LSs. The input current is expressed
by iy, and the currents flowing through Ly, Ly, Q1, Q2, Cy, D1,
DQ, LSl, and LSQ are signiﬁed by iLl’ iLQ, idsl’ Z'dsz, iCb, idl,
142, 101, and 1,9, respectively. The input voltage is represented
by Vin, and the voltages across L, Lo, Cy, Cy1, and C\o are
indicated by vy 1, vr2, Voo, Vo1, and V9, respectively.

For analysis convenience, there are some assumptions to be
made as follows:

1) the switches and components are ideal;
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Fig. 3. Illustrated waveforms of the proposed LED driver.

2) the proposed LED driver operates in the continuous con-
duction mode (CCM);
3) the values of the two input inductors L; and L, are iden-
tical;
4) the values of all the capacitors are large enough. Thus, the
voltages are regarded as constant;
5) two gate driving signals for @); and ()2 are shifted by
180° with each other, and the corresponding duty cycles
are greater than 0.5.
The following analyses contain the 1) operating principles;
2) voltage gain; 3) boundary conditions of the input inductors;
and 4) input current ripple.

A. Operating Principles

There are four operating states to be described below. Fig. 3

shows the illustrated waveforms over one switching period.

1) State 1 [ty, t1]: As shown in Fig. 4(a), the switches @),
and Q- are turned ON, and D; and D, are reverse-biased.
Thus, the input voltage is imposed on L; and Lo, making
i1 and 779 increase linearly. The LED strings L.S; and
LS, are supplied by C,,; and C,, respectively. This state
ends when (Q; is turned OFF att = ty.

2) State 2 [t1, to]: As shown in Fig. 4(b), the switch @)1 is
turned OFF, and the switch () is turned ON. During this
state, the energy stored in L, is released to L.S7 and C,
through Dy, but the input inductor L, is still magnetized.
The diode Ds is reverse-biased. This state ends when (0
is turned ON at t = .

3) State 3 [ts, t3]: This state is the same as the state 1 as
shown in Fig. 4(a). This state ends when ()5 is turned OFF
att = t3.

4) State 4 [t3, t4]: As shown in Fig. 4(c), the switch @), is
turned ON, and the switch @ is turned OFF. During this
state, the energy stored in Lo and Cj, is released to LSy
through D», but the input inductor L; is still magnetized.
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Fig. 4. Operating circuits over one switching period: (a) state 1 and 3; (b)
state 2; (c) state 4.

The diode D; is reverse-biased. This state ends when )
isturned ON at t = t4.

B. Voltage Gain

The voltage gain and the voltage across C, are analyzed in
this section as follows:

V}nD"‘(VEn _‘/;1 _VCb) (1_D)
‘/inD‘F(V;n - VCb _‘/02)(1 _D)

0 (1)
. )

By rearranging the above equations, the voltage across Cj, Viop,
and the voltage gain can be obtained

1
VCb*ﬁ'V;n*
Vol"’%?_ 2

Vin _]-_-D

Vor 3)

“4)

where 0.5 < D < 1.

C. Boundary Condition of Input Inductor

Assuming that the two input inductors are identical and the
currents flowing through them are the same, the condition for
the proposed LED driver operating in CCM or discontinuous
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Fig. 5. Input current ripple iy, .

conduction mode (DCM) is

211, > Air;, CCM )
2171 < Air,, DCM

where I 1 and Aip; are the dc component and the peak-to-peak
value of the ac component of 47,1, respectively.

The input current is equally shared in the input inductors.
Thus

Ity = Iy =050y, (6)

where [, is the dc component of 7;,,. Assuming that there is no
power loss, the input current [;;, can be expressed as

2
Iy = 1,. 7
T-p @)
The input current of each phase is
Iy =115 = ! 1, ®)
p1 = A2 =70 o

The current ripple of 77,1, Air1, can be expressed as
Ur1 At o V;n DTS
L Ly

As 2Aipy > Aipy, iy will be in CCM. Hence, the required
value of L is as follows:

AiLl = (9)

2001 > Aipy

‘/;nDl_DTS
:>L1>(—)

> o1 (10)

In the same way, the inequality of (10) holds for L.

D. Input Current Ripple Without Input Filter

As shown in Fig. 5, the input current 7;, is the sum of i1
and 775. Due to the interleaved control, the input current ripple
Ay, is smaller than Aip; and Aipo, and can be expressed as
follows:

in V;n
- (V + ) (D = 0.5)T5. (11)

Ly Ly
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TABLE I
SYSTEM SPECIFICATIONS OF THE PROPOSED LED DRIVER

System parameters Specifications

Input voltage (Viy ) 12V

Nominal LED channel voltage (V,1, V,2) 345V x 10 = 345V
Nominal LED channel current (i,1,%,92) 350 mA
Switching frequency (f) 100 kHz

TABLE 11
COMPONENTS USED IN THE PROPOSED LED DRIVER

Components Specifications

MOSEFET switches (Q1, Q2)
Current sharing capacitor (C' )

STP120 NF10
Two series 2200 ;1F/16 V electrolytic
capacitors connected in parallel with
another two series 2200 pF/16 V
electrolytic capacitors, 0.1 £F/50 V
ceramic capacitor x 1
220 uF/50V x 1, 0.1 pF/50 V ceramic
capacitor x 1
Core: PQ26/25-3C90
Ly = Ly = 212pH
V20120 C

Output capacitors (Cy1, Cp2)
Input inductors (L, Ly)

Diodes (D, D»)

Input filter C, 100 £ F/25 V electrolytic capacitor x 1,
0.1 uF/50 V ceramic capacitor x 1
L, T50-18 (A = 24nH),0.28 uH
Control loop Rsense 1Q/1W
OPA LF356 N, 1 k2 and 8.66 k2
ADC ADC7476
FPGA Altera EPIC3T100 C8N
Gate drivers TC4420

Since L1 = Lo, (11) can be expressed as follows:

2 in
Ay, = <V> (D —0.5)T,.
Ly

12)

III. DESIGN CONSIDERATIONS

To verify the effectiveness of the proposed LED driver, a pro-
totype is built up and tested. Table I shows the specifications of
the proposed converter, whereas Table II shows the components
used in the proposed converter. Moreover, the design proce-
dures contain 1) LED strings; 2) duty cycle; 3) input inductors,
4) current sharing capacitor, 5) output capacitor; and 6) input
filter.

A. LED Selection

The high-power LEDs used for the proposed LED driver are
made by Everlight Electronics Ltd. The product name is EHP-
AXO08 EL/GTO01 H-P01/5670/Y/K42. From the corresponding
data sheet, it can be seen that if the constant current flowing
through the LED is 350 mA, the corresponding forward voltage
is about 3.45 V. In the proposed two-channel LED driver, ten
LEDs are connected in series for each string. As shown in Fig. 6,
an LED can be modeled as an approximately linear model with
one ideal diode D;qca1, One on-resistance Rygp of 2.057 2 and
one forward-biased voltage Vr of 2.73 V.
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Fig. 6. Approximately linear model of an LED.

B. Duty Cycle Decision

In the proposed LED driver, the input voltage is 12 V. Based
on (4), the duty cycle for the proposed LED driver can be
obtained as follows:

2V;
D=1— ————. (13)
Vor + Voo
Therefore, based on the parameters, the value of D is
2x 12
D=1———— ~0.652. 14
34.5 4 34.5 (14

C. Input Inductor Design
By assuming that Aiy; and Aipy are 40% of I, the input

inductors L, and L5 can be found out as follows:
_ VaDT,

Iy - 40%

B (12)(0.652)(10 p)
 (1.02)(0.4)

~ 192 pH.

Ly

15)

Hence, the values of L; and L» for design are set at 200 H.The
input current ripple Ad;, can be found out as follows:

2x 12
Ai,, = 0.652 — 0.5)(10 1) = 0.18A. (16
in= (G ) )(10 ) (16)

From (16), it can be seen that Aiy, is 9.45% of the input current
tin - The peak input inductor current in L; is
Vin DT
214
(12)(0.652) (10 x 107%)
2 (200 x 107°)

ILl, max — ILL rated T

=1.02 +

~122A (17)

where I7,1 max and Iy yateq are the peak input inductor current
and the rated average input inductor current, respectively.

The input inductor core size can be estimated by the following
equation [29]. In the following design, there are some of the
following assumptions to be given:

1) the fill factor K, is assumed to be 0.4;

2) the winding resistance R is assumed to be 15 m(2;
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Air gap of 0.203mm Air gap of 0.203mm

§ 0.203mm :
I_I I—I (0.203/2)mm
Ferrite core Ferrite core
(@) (b)

Fig. 7. Methods to form the same calculated air gap: (a) gap in the central
limb; (b) gaps on three limbs.

3) the maximum flux density By, .y is 0.125 T

L2,
> pLy L1, max > 108
J BgmeKU
(1.724 x 107%) (200 x 10*6)2(1.22)2 Lo*
f— ><
(0.125)% (15 x 1072)(0.4)
~ 0.109 cm®. (18)

Therefore, a ferrite PQ26/25-3C90 core, which has a core geo-
metrical constant K, of 0.125 cms, is selected. The geometrical
parameters for this core have a cross-sectional area A¢ equal to
1.18 cm? and a bobbin winding area W, equal to 0.503 cm?.
Moreover, the mean length per turn is 5.62 cm.Accordingly, the
air gap can be figured out as follows:

o MOLlI%l,max
T Blu.Ac
(47 x 1077) (200 x 107°) (1.22)*

— - % 10* 2 0.203 mm.
(0.125)%(1.18)

x 10%

(19)
The number of turns /V; can be obtained as follows:

(200 x 1079) (1.22)
(0.125)(1.18)

N :% x 10" ~16.54.
(20)
To create the air gap in the laboratory conveniently, the air gap
is formed by adding some pieces of the electrical insulating
polyester film tape. From the data sheet [30], the thickness of
one piece of tape is 0.063 mm. Thus, the number of pieces of
electrical insulating polyester film tape, called n, can be esti-
mated as follows:
~ 0203 mm
"= 0.063mm

There are two methods to produce the same calculated air gap as
shown in Fig. 7 [31]. In the laboratory, the air gap is formed by
adding some pieces of tape. Thus, the second method as shown
in Fig. 7(b) is employed. Thus, each limb has the corresponding
pieces as follows:

x 10* =

~ 3.22 pieces. 21

3.22 pieces

2
In this paper, two pieces of tape are used for each limb as
shown in Fig. 8. As a result, the air gap becomes 0.252 mm.
Thus, to maintain the input inductance unchanged (L; = Ly =

= 1.61 pieces. (22)
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Air gap of 0.252mm
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% Tape
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Fig. 8. Ferrite core with air gap using pieces of tape.

200 pH), the number of turns N; should be increased. Finally,
the number of turns /V; can be calculated as follows:

l
Ny = [Ly - —2
! " Ac
0.252 x 1073

= 2 1 —6 .
\/ 0010 (47 x1077) (1.18 x 107%)

~ 18.4.

(23)

Thus, the number of turns /V; is set to 20.
The RMS value of 1] yated can be found as follows:

1 Aip
Iy vms = 11, vatea \/1 + 12 <]L1,rd;d)

L ( 0.4 ) ~1.04A (24

~1.02 x4/1+

12 \ 1.02
where Aiy; is the peak-to-peak value of iy .
The condition of the bare wire size of winding can be deter-
mined as follows:

- K, W4  (0.4)(0.503)
- N 20
In the switching power converters, the skin effect should be taken

into account. Thus, multiple thin wire strands are twisted to form
the winding. The skin depth can be calculated as follows:

A, =0.01006 cm?.

(25)

1.724 x 10°8
X ~ 0.0209 cm.

P
6 = =
\/wa \/TI' x 47 x 1077 x 100 x 10?
(26)

To reduce the skin effect, one should select the bare wire diam-
eter d of each wire strand less than 2§. Thus

d <26 =2x0.0209 = 0.0418 cm. (27)

Thus, AWG#44 with a bare diameter of 0.00507 cm and a bare
area of 0.0202 x 1073 cm? is selected for wire K, and J is the
current density. The number of strands of AWG#44 is designed
to make the current density J smaller than 400 A/cm?*. Thus

1 L1, rms 1.04

w(d/2)°T  w(0.00507/2)% x 400

1> 130.  (28)
Based on (28), a litz wire which contains 300 strands of
AWGH#44 is selected for K . Table III shows the winding design

results. The final winding resistance of N; called Ry final 18
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TABLE III
WINDING DESIGN RESULTS OF THE INPUT INDUCTORS

Winding Ny
Turns 20
Wire # AWG 44

Total bare area (cm?) (300 strands) (0.0202 x 107 c¢m?) = 6.06 cm?

Fig. 9. Relevant waveforms for designing capacitor C .

calculated as follows:
R _ pNi(MLT)
N1_final — Aw
~ (1.724 x 107°) (20)(5.62)

~ 32mS2.
(300) (0.0202 x 10°%) "

(29)

The actual value of L, is measured to be about 212 yH at
100 kHz, and the corresponding winding resistance is 38 mS).
Also, the design procedure for L; is applicable to Ly and the
actual value of Lo is measured to be about 212 pH at 100 kHz.

D. Current Sharing Capacitor Design

The design criterion of the current sharing capacitor is based
on the voltage ripple of V;,. Fig. 9 shows the waveforms relevant
to designing the capacitor Cj. Therefore, (30) shows the basic
formula of the voltage ripple of V¢,

1 [O-D)T
|Avey| = a}/o lico,(1—p)r, |dt (30)
where Awvgy is the peak-to-peak value of the voltage rip-
ple of vcy, and igy (1-p)r, is the current flowing through
Cp during the turn-OFF period of ;.In (30), the integra-
tion term (fODT'“ lich,(1—pyr, |dt) can be expressed to be
[I11 - (1 — D)T]. Therefore, (30) can be expressed to be

1
|Av0b|:6-IL1 (1 —-D)Ts. 3D

b
From (31), the required capacitance of Cj, can be obtained by

using the following inequality:

Iy - (1= D)T,

Cy >
b |Avcy|

(32)
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Fig. 10. Waveforms relevant to designing capacitors Cy1 and Co.

The voltage across Cj,, Vi, can be calculated as follows:

Vey = 2 —(10-3.45) ~ —0.0172V. (33)

1
— x1
1—0.652
Based on the design parameters shown above and by assuming

that Avgy, is 10% of Vi, the value range of C', can be obtained
to be

(1.02)(1 — 0.652)(10 )

Cy > ~ 2mF. 34
’ (0.1)]—0.0172| m (34
Then, the RMS value of iy is calculated as follows:
ICb rms \/ C'b, rms( + Cb rms(—)
= \/5 : ICb rms|(
Ai 2
== \/5 ILI rltodf\/1+ ‘L1 >
ILI rated
0.4
=2 [1.02-v0.6524/1 + 3 ﬁ ~0.86 A
) (35)

where Iy rms(+) and Ioyp pms(—) are the RMS values of the pos-
itive portion and negative portlon of icy, respectively. Finally,
two series 2200 uF/16 V electrolytic capacitors connected in
parallel with another two series 2200 uF/16 V electrolytic ca-
pacitors and one 0.1 pF ceramic capacitor are selected for Cj.
From the corresponding data sheet, it can be seen that the rated
current ripple of the 2200 4F/16 V Nippon Chemi-Con KZE
series aluminum electrolytic capacitor is 2.77 A5 at 105 °C,
100 kHz.

E. Output Capacitor Design

The design criterion of the output capacitor is based on the
voltage ripple of V. Fig. 10 shows the relevant waveforms
for designing the capacitors C,; and C,5. During the turn-ON
period of @)1, the LED string LS is supplied by the output
capacitor C,;. Therefore, (36) shows the basic formula of the

voltage ripple of V,;
1 \/DTS
Col 0

|Avor| =

(36)
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Fig. 11.

Proposed LED driver with an input LC low-pass filter.

where Aw,; is the peak-to-peak value of the voltage ripple
of Vo1, and 7,1 pr, is the current flowing through C,; dur-
ing the turn-ON period of @;.In (36), the integration term

( fODT“ ) can be expressed to be (1,1 - DT). There-
fore, (36) can be expressed to be
1
|A’Uol‘ = —_-— Iol . DTS (37)
C'01

From (37), the required capacitance of C,; can be obtained by

using the following inequality:

Loy - DT
|Av,y|

Based on the design parameters shown above and by assuming

that Aveyp is 0.1% of Vi, the value range of C,; can be
obtained to be

Co1 > (38)

(0.35)(0.652)(10 1)
(0.001)(34.5)

The RMS value of 7¢,; is then calculated as (40) shown at the
bottom of this page, where Ic o1 rms(+) and Ioo1 rmg(—) are the
RMS values of the positive portion and negative portion of ¢¢ 1,
respectively.

Finally, one 220 ©F/50 V Su’scon SD series aluminum elec-
trolytic capacitor connected in parallel with one 0.1 yF ceramic
capacitor is selected for C,; and also for C,». From the corre-
sponding data sheet, it can be seen that the rated current ripple
of the 220 uF/50 V Su’scon SD series aluminum electrolytic
capacitor is 0.65 A, at 105 °C, 100 kHz.

Cp > ~ 66 uF. (39)

FE. Input Filter Design

To attenuate the input current ripple of the LED driver, a
low-pass filter is necessary. Fig. 11 shows an LC low-pass filter,
which is added to the front end of the LED driver. The FFT of the
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Fig. 12.  FFT results of the input current by PSIM: (a) without input filter; (b)
with input filter.

L st int
- &
jio
1 ——
sCf
® o

Fig. 13.  Illustration of the transfer function of ;5,2 /@in 1.

input current without the input filter is shown in Fig. 12(a). To
design the LC low-pass filter, the transfer function of i, o /i, 1
in Fig. 13 can be found as follows:

1

—_— 41
1+82Lfo “1)

lin2 = fin 1 X
First, we want to design the LC low-pass filter so as to make the
amplitude at 200 kHz attenuated by 0.1 times or less. Thus

iin 2 (jw) 1
Z'in 1 (]W)

VI = @7 x 200K L0y
B 1
(2m x 200 k)’ L;C

=0.1. (42)

ICOL rms = \/I(Qjol, rms(+ Ig'ol rms(—)
- 2
) Airy 2

= (ILI rated — 01 rdted 1- 1 + s + (Iol7 rated * \/5>

i ILl, rated — Iol, rated

2

- (102—035 /(1 -0.652) 1+— L +(035 \/0652)2
N 1 02 — 0.35 ' '
~ 0.494 A

(40)
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Gate
o (180‘,):[ dn,m}{ FPGA }{ ADC H or4 ]

Fig. 14.  Overall system block diagram of the proposed LED driver.

The filter capacitor C'y is selected to be 100 pF. The filter in-
ductor Ly can be found as follows:

1
(27 x 200 k) (0.1)(100 1)

The filter inductor L is selected to be 0.1 pH. The attenuation
ratio at 200 kHz becomes

fin 2 (J0) | ~ 0.063.
i1 (Jw)| (27 x 200 k)% (0.1 1)(100 1)

Hence, the amplitude of ¢;,2 at 200 kHz becomes 0.0042 A as
shown in Fig. 12(a).

The RMS value of ¢ is 0.056 A. Finally, one 100 pF/25 V
Nippon Chemi-Con KMG series aluminum electrolytic capac-
itor connected in parallel with one 0.1 yF ceramic capacitor
is selected for Cy. From the corresponding data sheet, it can
be seen that the rated current ripple of the 100 uF/25 V Nip-
pon Chemi-Con KMG series aluminum electrolytic capacitor is
0.13 A,y at 105 °C, 100 kHz. The filter inductor L ¢ is measured
to be 0.28 pF at 100 kHz.

~ 0.063 yH. (43)

1

(44)

G. Switch Choice

Without considering the voltage spikes, the voltage stresses
across 01, ()2, D1, and D, can be obtained as follows:

1 1
Vist = Viso = 5 : (‘/:)1 + %2) = 5(345 + 345) =345V
45)
Viin=V1 + Vo0 =345+ 345=69V (46)

1 1
Viz = 5 - (Vor + Vo) = 3 (34.5 + 34.5) = 34.5V. (47)

For analysis convenience, the current flowing through @1, Q2,
Dy, and D, can be estimated by the simulation software PSIM.
Their current values are estimated to be 0.86, 1.37, 0.62, and
0.62 A, respectively. The MOSFETs selected for ()1 and Qo
are named STP120 NF10. The specifications of STP120 NF10
have the voltage rating Vpg of 100 V, the current rating Ip
of 100 A, and the static drain-source on resistance Rpg(on) Of
9 m(). The diodes selected for Dy and D, are named V20120 C.
The specifications of V20120 C have the maximum repetitive
peak reverse voltage Vrry of 120 V, the maximum average
forward rectified current I (sv) of 2 x 10 A, and the forward
voltage of 0.54 V at Ir = 5 A.
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Fig. 15.  Photo of the experimental setup.
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Fig. 16.  Waveforms at rated load: (1) vgs1 [20 V/div]; (2) vgs2 [20 V/div];

(3) ip1 [500 mA/div]; and (4) iy [S00 mA/div].
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Fig. 17. Waveforms at rated load: (1) vys1 [20 V/div]; (2) vgs2 [20 V/div];
(3)ir1 [1 A/div]; and (4) ipo [1 A/div]; (5) ip1 + 2 [2 A/ div].

H. Current Regulation

Each LED is modeled as a linear model as shown in Fig. 6.
The LED currents /,; and /5 can be expressed by

2
=5 Vin — > Vr LED 1,2
> Rp LED1,2
where > Vp 1ep 1,2 and ) Rp 1Ep 1,2 are the sum of the

forward-biased voltages and sum of the forward-biased resis-
tances for the LED strings 1 and 2, respectively.

Iol = IOQ = (48)
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Fig. 18.  Waveforms at rated load: (1) V,,; [20 V/div]; and (2) V,2 [20 V/div].
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Fig. 19. Waveforms at rated load: (1) wgs1 [50 V/div]; and (2) wvgso
[50 V/div].
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Fig. 20. Waveforms at rated load: (1) vg; [50 V/div]; and (2) vgo [50 V/div].

From (48), it can be seen that the LED currents I,; and I,
can be regulated by pulse width modulation (PWM). Fig. 14
shows the overall system block diagram of the proposed LED
driver. The current control is used to maintain a given constant
current. The noninverting operational amplifier (OPA) is used
to amplify the voltage across the sensing resistor Rgepse, Usense-
Next, the analog signal vse,se 1S sent to the analog-to-digital
converter (ADC) to create a digital signal. Then, the digital sig-
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Fig. 21.  Waveforms with different LED counts: (1) V,1 [50 V/div]; (2) V2
[50 V/div]; (3) ip1 [500 mA/div]; and (4) i,0 [S00 mA/div].
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Fig. 22. LED current transitions with the input voltage Vj,, being from 12 to
14 V: (1) Vi, [5 V/div]; (2) i1 [S00 mA/div]; and (3) 702 [S00 mA/div].
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Fig. 23.  LED current transitions with the input voltage Vi, being from 14 to
12 V: (1) Viy [5 V/div]; (2) o1 [500 mA/div]; and (3) i2 [S00 mA/div].

nal is sent to the field programmable gate array (FPGA), which
contains a serial peripheral interface, a proportional-integral (PT)
compensator and a digital PWM generator. Eventually, two gate
driving signals with 180" shifted are generated to control the
duty cycles of ()1 and )5, respectively.
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TABLE IV
COMPARISON WITH THE EXISTING CAPACITIVE CURRENT SHARING
LED DRIVERS
LED driver [27] [28] Proposed
. 1+ (N /N 24 (No /N ;

Voltage gain ( l,llé 2) % ﬁ

. Vol+ Ve Vol+Vao Vol+Vao
MOSFET switch voltage stress T +((’1\ 7 ‘(2 3 W —2i—es
LED current sharing method Capacitor Capacitor Capacitor

Input current ripple
and power level)
Component count
Capacitor x 4 Diode x 2

Total number = 9

LED current control method Current control

Duty cycle range 0<D< 1
Complexity Easy
Cost Low
Extension Fig. 24(a)
Fault One string short Can work

One string open Cannot work

Higher (Highly influenced by turns ratio  Higher (Highly influenced by turns ratio

Coupled inductor x 1 MOSFET x 2

Lower (Almost the same)
and power level)

Coupled inductor x 1 MOSFET x 1
Capacitor x 4 Diode x 3
Total number = 9
Current control

Input inductor x 2 MOSFET x 2
Capacitor x 3 Diode x 2
Total number = 9
Current control

0<D<1 05<D< 1
Easy Medium
Low Medium

Fig. 24(b) Fig. 24(c)

Can work Can work

Cannot work Cannot work

The parameters of the PI controller embedded in the FPGA are
obtained by offline tuning, which is widely used in the industry.
There are two steps to be mentioned as follows:

1) Step 1: the proportional gain k), is tuned from zero to the
value which makes the LED current close to about 80%
of the desired value;

2) Step 2: the integral gain k; is also tuned from zero to
the value which makes the LED current very close to the
desired value.

IV. EXPERIMENTAL RESULTS

Fig. 15 shows the photo of the experimental setup. Figs. 16—
21 show the experimental results of the proposed LED driver at
rated load. Fig. 16 shows the LED currents i,; and 4,2. From
Fig. 16, it can be seen that due to the current sharing capacitor,
the currents in LED strings are both regulated as about 350 mA.
Fig. 17 shows the input inductor currents. With the help of
the current sharing capacitor, not only the LED currents but
also the inductor currents are balanced. Since the interleaved
control, the ripple of i;; + 779 can be reduced, and the dc
input current is about 2.13 A. Fig. 18 shows the voltages across
LED strings 1 and 2. The LED string voltage V,; is about
33.2 V, and the LED string voltage V,» is about 33.8 V. Fig.
19 shows the voltage stresses across 1 and @)». From Fig. 19,
it can be seen that the voltage stresses across (J; and (), are
approximately 33.5 V[=(33.2 V + 33.8 V)/2]. Fig. 20 shows
the voltage stresses across D; and D,. From Fig. 20, it can
be seen that the voltage across D, is approximately 67 V ( =
33.2' V 4 33.8 V), and the voltage across D, is approximately
33.5 V[=(33.2 V + 33.8 V) /2]. Fig. 21shows the voltages and
currents of the LED strings with different LED counts. The LED
count of LSy is 10, but the LED count of LS5 is 8. From Fig. 21,
it can be seen the LED string voltage V,; is about 33.2 V, and
the LED string voltage V5 is about 28 V. Although the LED
counts are not equal, the LED currents are balanced. Based on
the measured information, the efficiency of the proposed LED

driver is about 91.7%. Figs. 22 and 23 show the LED current
transitions when the input voltage changes. From Fig. 22, when
the input voltage changes from 12 to 14 V, the corresponding
current overshoot is around 160 mA and the resulting recovery
time is around 8 ms, whereas from Fig. 23, when the input
voltage changes from 14 to 12 V, the corresponding current
undershoot is around 156 mA and the resulting recovery time is
around 10.4 ms. From Figs. 22 and 23, one can know that when
the input voltage increases, the LED currents will increase to a
certain value and the current controller will regulate the LED
currents to a reference value of 350 mA, whereas when the input
voltage decreases, the LED currents will decrease to some value
and the current controller will regulate the LED currents to a
reference value of 350 mA.

Table I'V shows a comparison of the proposed LED driver and
the existing LED drivers presented in [27] and [28]. The compar-
ing items contain: 1) voltage gain; 2) MOSFET switch voltage
stress; 3) LED current sharing method; 4) input current ripple;
5) component; 6) LED current control method; 7) duty cycle
range; 8) complexity; 9) cost; 10) extension; and 11) fault prob-
lem. From Table IV, it can be seen that the LED drivers in [27]
and [28] use a coupled inductor. Thus, their voltage gains can
be adjusted by changing the turns ratio of the coupled inductor.
But, a leakage inductance energy recycling circuit is required
to suppress the voltage spike. For the input current ripple, due
to two-phase interleaved control, the proposed converter has a
lower input current ripple. Three LED drivers have the same
component counts. It should be noted that in order to achieve
input current sharing and LED current sharing, the proposed
LED driver should be operated under the condition that the duty
cycle D is larger than 0.5. Based on the specifications, the duty
cycle for the proposed LED driver is calculated to be 0.652. Fig.
24 shows the LED string extensions of the proposed LED driver
and the existing LED drivers presented in [27] and [28]. The ca-
pacitive LED drivers achieve LED current balance based on the
ampere-second balance. Therefore, even though one LED string
is short, the LED driver can still work. However, if one LED
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Fig. 24.  Extension to more LED strings from: (a) nonisolated two-channel
LED driver with active clamp [27]; (b) nonisolated single-switch two-channel
LED driver with passive regenerative snubber [28]; (c) proposed nonisolated
two-phase interleaved two-channel LED driver.

string is open, the ampere-second balance cannot be realized.
Consequently, the LED driver cannot work.

V. CONCLUSION

A nonisolated two-phase interleaved LED driver with capac-
itive current sharing is presented. Based on the current charge
balance of the current sharing capacitor, not only the input
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inductor currents but also LED currents can be balanced. The
proposed LED driver has the following advantages:

1) the capacitor Cj, is used to balance input inductor currents
and the LED currents;

2) due to the interleaved control, the input current ripple can
be reduced;

3) the LED currents can be balanced under different LED
counts;

4) only one grounded LED string current is sensed and con-
trolled. The design procedures of magnetic components
and capacitors of the proposed LED driver are shown in
the paper.

The inductor design in this paper is shown for reference. Gen-
erally, in the laboratory, the air gap is formed by adding some
pieces of electrical insulating polyester film tape. One can also
grind the air gap in the middle leg by using the machine, or can
use ring cores to design the input inductors. In this paper, the
capacitor Cj, is designed based on the voltage ripple, which is
assumed to be 10% of V. Therefore, to reduce the capacitance,
the assumed voltage ripple can be chosen to be larger. On the
other hand, the value of the capacitor C, can be reduced if the
switching period based on (32) is decreased, but some other cir-
cuit components should be redesigned. The experimental results
verify the LED currents as well as the input inductor currents are
balanced. The voltage stresses of @1, @2, D1, and Dy match
the theoretical analysis. Moreover, the current controller can
regulate the LED currents when the input voltage changes. Fur-
thermore, a comparison of the proposed LED driver and the
existing LED drivers [27] and [28] is presented. Above all, the
extensions of the proposed LED driver and the existing LED
drivers are given.
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