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Abstract

Current imbalance is the main factor affecting the lifespan of light-emitting diode (LED) lighting systems and is generally
solved by active or passive approaches. Given many new lighting applications, independent control is particularly important in

achieving different levels of luminance. Existing passive and active approaches have their own limitations in current sharing and
independent control, which bring new challenges to the design of LED drivers. In this work, a multichannel resonant converter
based on switched-capacitor control (SCC) is proposed for solving this challenge. In the resonant network of the upper and lower

half-bridges, SCC is used instead of fixed capacitance. Then, the individual current of the LED array is obtained through
regulation of the effective capacitance of the SCC under a fixed switching frequency. In this manner, the complexity of the
control unit of the circuit and the precision of the multichannel outputs are further improved. Finally, the superior performance of
the proposed LED driver is verified by simulations and a 4-channel experimental prototype with a rated output power of 20 W.
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I. INTRODUCTION

Lighting accounts for a large proportion of human energy
consumption [1]. As a new generation of green lighting, LED
is widely used invisible light communications, UV LED,
transportation, and similar applications because of its high
efficiency, small losses, and wide color gamut [2]-[4]. Given
the power limitation of a single LED load, a considerable
number of LEDs must be used in series and parallel
connections for obtaining sufficient luminance [5].Current
unbalance occurs if the driver does not have a current
balancing mechanism when multiple arrays of LEDs are
driven in parallel. A large current can be developed in some
LED strings, there by accelerating aging and failures, which
affect the lifespan and stability of the entire LED system.
Therefore, research on multichannel current sharing is
important.
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To solve the above problems, active and passive approaches
have been proposed [6]-[14]. The active approach in [6]
connects either a linear-mode or a switched-mode current
regulator to each LED string to achieve precise current sharing
and independent control.

Each array requires a separate control and driving circuit,
which increasing structural complexity, cost, and losses [7].
In view of the disadvantages of active current sharing, the
capacitance and inductance of passive components have been
utilized for realizing current sharing [8]-[14]. According to
the theory of electromagnetic coupling, such coupling
components as coupled inductors and transformers are
adopted for achieving the current sharing of multiple strings.
Compared with active current sharing, passive sharing has
been optimized in terms of the number of components and the
complexity of control circuits [8]. However, high cost is still
an issue due to the exponential growth of magnetic inductors
with the increased number of LED strings. In addition, the
efficiency of LED drivers is reduced due to increased core
losses. Subsequently, the daisy-chained structure was improved
and applied to decrease coupling inductor and conduction
loss in [9], [10]. Sharing accuracy is generally affected by the
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coupling coefficient. Thus, the capacitance-impedance balance
was presented; the approximate balance between each string
is realized by the capacitance impedance’s substantially
larger size than that of the internal resistance of the LED
channel [11]. In practice, the high accuracy of current sharing
is penalized due to the impedance difference. Furthermore, a
large impedance indicates a high voltage drop in the lighting
system. Compared with the impedance balance of capacitors,
the charge balance of trans-conduction capacitors has better
current sharing [12]. However, many existing switches are
under hard switching. Therefore, they can run at low
frequencies only, and the volume of their driver is limited.
For enhanced transmission efficiency, a high-order resonant
network is utilized, and soft switching is realized by sacrificing
power density [13]. However, the use of current sharing
capacitors at resonant tanks for structural simplicity in high-
frequency operation leads to the capacitance drift that results
in LED flicker, which can harm the eyes [14].

In addition to current sharing, dimming -capability is
significant to LED lighting applications, but the structure of
dimmable circuits is complicated and not highly reliable at
present [15]. Resonant elements are used to adjust brightness,
and PWM dimmable circuits are eliminated by variable
inductance (VI), which greatly improves the cost of dimming
circuits [16]. However, an extra winding and control system
is added to regulate the VI, which leads to a complicated
structure and increased cost. Magnetic elements also have
more core loss and a larger volume, so switched-capacitor
control (SCC) was used in [17], and the duty cycle is adjusted
to suit the variable load. Some cases have different brightness
requirements where independent dimming cannot be realized
[18]. In another case, SCC was applied to an inductance-
inductance-capacitor (LCC) resonant converter to obtain
dimming capability [19]. However, the LCC resonant circuit
had low efficiency under light-load conditions. Although an
LCL&LLC resonant converter combined with an SCC unit
can realize relatively high efficiency, it also has noticeable
shortcomings in cost and volume [20].

To overcome the problems presented in the above topologies,
such as fixed frequency, high accuracy of current sharing, and
parameter drift of resonators, a novel multichannel, independent
dimming LED driver is proposed in this work. The individual
dimming capability of each string based on SCC is simple
and reliable for a wide range of load variations. In addition,
its current sharing capability has high efficiency while
maintaining low cost.

The remainder of this paper is organized as follows.
Topology analysis is shown in Section II. In Section III, an
intensive analysis of the current sharing scheme is presented.
In Section IV, the new dimming approach, which is based on
SCC, is discussed. The design of the parameters is presented
in Section V. Performance evaluation, including PSIM
simulations and experimental analysis, are presented in Section
VI. The conclusions drawn are presented in Section VIL.

%o

SCC2: (. = Led 4

Fig. 1. Proposed multichannel LED driving circuit.

TABLE I
COMPONENT COMPARISON
Number of ]
output MOSFET Inductor Current sharing Indﬁpeqdent
i type dimming
strings
[21] n 2 Two Capacitance No
impedance
[19] n n+2 Single C_apacnance Yes
impedance
[18] n n/2+2  n/2+1 Capacitance Ves
charge
Proposed n n2+2 Single Capacitance Yes
charge

II. TOPOLOGY ANALYSIS

As shown in Fig. 1, the proposed circuit is used for the
current sharing of four-channel outputs. It consists of a
voltage-fed half-bridge (C2, Ci, Vi, Q1, and Q2) and a
resonant unit, including an inductor L., two SCC units (SCC;
and SCC>) and four rectifier units (LED;, diodes Di+ and the
output capacitor Co). Ledi (i = 1, 2, 3, 4) represents the LED
channel, D;—Dy are the rectifier diodes, and each SCC unit
consists of two capacitors (Cs; and Cps, Cs2 and Cp2) and one
switch (S7 and S>).

The proposed driver can be equivalent to two resonance
networks, with the sharing of the voltage-fed half-bridge and
the inductor (L,), such that only a single inductor is realized.
To simplify the circuit structure and improve the stability of
the system, SCC; ( i = 1, 2) meanwhile plays the roles of
resonance, current balancing, and dimming. The series
resonance between L- and SCC;( i = 1, 2) can generate a
sinusoidal current (i;), and the half-bridge generates two
separate outputs (vp; and v,2) for the upper and lower arms.
Multistring outputs are voluntarily current sharing due to the
charge balance of SCC..

A comparative analysis of the LED drivers is summarized
in Table I, including the number of active switches, the
number of inductors, the sharing method, and the dimming
strategy.

Comparisons with existing topologies show that the proposed



Novel Single-inductor Multistring-independent Dimming LED Driver with ... 3

— —J— scc

>}
S
™~
=gl
=)
A
1
<

o
—
o
L
17
g
7
>
g
o=

§
Q
|—<
i~
ITT
5
2R
Y
N

Ledq
D3 N D4S

X
<N

Fig. 2. Simplified version of the proposed LED driver.
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Fig. 3. Steady state: (a) Theoretical operation waveform; (b)
Steady-state Mode 1: t1-t2; (c) Steady-state Mode 2: t2—t3.

topology has the highest power density because the voltage-
fed half-bridge and inductor L, are shared for the front and
rear stages. Meanwhile, a wide range of dimming regulation
is accomplished by the SCC with high reliability. Given that
the capacitive charge balance is used for current sharing
among the different LED branches, high-precision current
sharing is achieved with the proposed topology. Meanwhile,
an additional active switch is required for the SCC dimming
unit. However, the cost increase of the proposed circuit is
limited for the LED output of multiple strings.

III. CURRENT SHARING ANALYSIS

A. Current Sharing of Branches

The current sharing principle is adopted by simplification
of the circuit presented in Fig. 2, where SCC;is simplified as
capacitors Ceqs and Ceq2. Meanwhile, the dead time caused by
the charging and discharging operations is ignored at the ends
of switches Or and Q2. Fig. 3(a) illustrates the theoretical
waveforms of the lower half-bridge due to the symmetrical
feature. In addition, Figs. 3(b) and 3(c) show the operation
modes during one switching cycle, where the current through
each string is defined as i (i = 1, 2, 3, 4).

Fig. 3(a) shows that capacitor Ce,2is charged at #,—¢> and
discharged at #>—#; under each switching cycle. On the basis of
the principle of the capacitive charge balance, the equation
can be expressed as

t1 12
Ouy = [ i (0 = 1,210 (0) = O, - (1)

According to the above analysis, Eq. (1) can synchronously

be applied to Led: and Led, and i,2 should be replaced by ir:.

B. Current Sharing of the Upper and Lower Half-bridges

The static equivalent model of the lower half-bridge is
illustrated in Fig. 4, where v,; and v,2 are obtained by the
half-bridge part and have the same amplitude, with a phase
difference of 180° during each switching cycle. Hence, the
voltage v, is utilized for showing the fundamental component
of the half-bridge output.

The peak value of the fundamental component is acquired
by Fourier transformation.

v

P

_ AL /2 o, @
T T
An ideal LED channel is replaced by an electrical model
that consists of the threshold voltage ¥,z and the resistance
Rzp[22]. Therefore, the equivalent resistance R., is presented
below.

_ Vie + RLw x1, 1pp _ Vyrep , 3)
eq I

o0-LED Io—LED

where the output voltage and output current of the LEDs are
Vo-Lea and Io.Leq, respectively, and the AC equivalent resistance
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Fig. 4. Equivalent impedance model of the lower half-bridge.

Rac is expressed as 8Re,/n’. The loop impedance Ziep is
obtained by an analysis of Fig. 4.

Zep =1/ja)Cng + joL, +R, 4)

Thus, the current passing through the resonant tank is i,
and the peak value is 7,2

1 di
" Raa +j(a)Lr _1/a)Ceq2) (5)
Vp2-p

J8RZp I 7+ j(wL, -1/ aC,,,)

The equivalent resistance R..is negligible when compared
with the capacitive impedance. Therefore, Eq. (5) is
simplified as

vV
I1,, = - L . (6)
joL, —l/ja)Ceq2

This current is rectified and filtered by the diodes and
output capacitor C,. Therefore, the output current lorep is
obtained by

201,51l
To_1ep ==Lz,

(M
T
From the above analysis, the peak current of the upper
bridge (/1) is obtained and presented below.

I, = V—p ®)
Jow, -1joC,,

Provided that S; and S: have the same duty cycle, the
equationCeqi=Ceq2 must be satisfied where all the capacitors
are assumed to not exist in tolerance [23]. Given that L, is
shared for the upper and lower bridges, the average current
Lo1ep of LEDs can be derived by

B foﬂl,lsin(t)dt _ foﬂl,.zsin(t)dt _ )

[a-LED -

Consequently, multichannel current sharing is achieved
with less reactive power than with current sharing based on
impedance matching.

IV. DIMMING CONTROL

A. Operational Cycles of SCC

Given the symmetry of characteristics, the resonant unit of

SCC:>
T T T T |
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e
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Fig. 5. Schematic of SCCo.
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Fig. 6. Waveforms of the SCC: operational cycle.

only the lower half-bridge is discussed in detail. Dimming is
accomplished by an SCC unit, as shown in Fig. 5, where
sinusoidal current i,2 flows from point A to point B.

The theoretical waveforms of SCC: are shown in Fig. 6,
where J is a phase angle and voltage v,2leads current i.2. In
addition, the time interval is ¢s, which achieves ZVS for the
main switches (Q; and Q>) and S;and S>, where s = Vax (s
= 27fs). The current (ics2) flows into the capacitor (Cs2). The
voltage across capacitor Cs21s ves2, and vs2 is the voltage over
switch Sa.

[to—t1]: Switch S: is triggered at to. The current ics2 flowing
into L, freewheels through the anti-parallel diode of switch S-.
Capacitor Cs: is reversely charged due to the body diode, and
the voltage across switch S is clamped to zero.

[ti—22]: At 11, switch S2 is subjected to ZVS. Besides, the
chopper voltage of the half-bridge is linked to a resonant tank,
comprising Cs2, Cv2, and L,. Voltage ves2 is reversely charged
to the maximum and discharged at ¢;.

[¢2—5]: Switch S: turns off with soft switching at 2. Besides,
the voltage of capacitor C2 remains at the maximum value.
During this operating moment, capacitor Cs: is charged by i.
The resonant frequency in this interval is obtained by

! (10)

fi=— .
! 27r1¢Cb2><Lr

[ts—t4]: Current ic2 flows through zero from positive to
negative at f3. In addition, the voltage across switch S:
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decreases with the discharge of capacitor Cp2. The resonant
frequency in this interval is obtained by

S —— . (11)
274/(Cpr+C o)L,

[t4—t5]: Current ics2 continues to freewheel through the body
diode of switch S>. At this stage, the voltage across switch S
is clamped to zero. This mode finishes at s when MOSFET S:
newly obtains the trigger signal. Then, the above cycle [¢t—ts]
is repeated.

B. Dimming Analysis
The charge amount of Q is proportional to the capacitance

during one cycle [24].Thus, the equivalent capacitance of
SCC: is deduced as follows.

_ 1—-cos[27(D,, —6/180)] c, (12)

C@-Z 2

where

Ds2 - duty cycle of S2
Q2 - capacitor charge of C;2
Cs.2 - variable capacitance of SCC>adjustment

Cp2 is the constant. Therefore, the equivalent capacitance
of SCC> is

Cqu =Cp+C,,

) 1—cos[27z(z;2 ~5/180)] .

(13)

=C,,

52

The maximum value of duty cycle is Ds2ma and less than
0.9 due to the margin considerations [25]. Meanwhile, the
duty ratio D;: is regulated by the feedback control. Thus, the
equivalent capacitance of the SCC:unit is influenced by the
adjustment of Ds2. The voltage gain between the input and
output voltages is determined by the ratio of switching
frequency f; to resonant frequency f.. When the switching
frequency maintains a fixed value, the adjustment of the
resonant frequency can perform output control. Thus,
dimming is achieved with constant frequency operation.
According to Egs. (8) and (13), the relations between output
current /,.ep and duty ratio D2 is plotted in Fig. 7 for
different values of Vi.

The figure shows the following. 1) The output current
declines with the increase of duty ratio Ds2. 2) When Ds:
varies within the range of 0.3 to 0.6, the regulation capability
of D2 to the output current weakens. 3) The output current is
continuously changed from 98mA to 0.67 A. Therefore, LED
dimming can be accomplished with a fixed frequency.

For attenuating the slope in Fig. 7 and increasing the
precision of dimming, the value of C» should be slightly
larger than the value of Cs. In addition, the upper and lower
half-bridges can separately control the multichannel outputs
because they have the same control strategy. Hence, Fig. 7
can also be applied to the SCC; unit.

—Vin(48V)
Vin(36V)
Vin(24V)

Output Current lo-Led

0 0.1 0.2 03 04 05 06
The duty cycle Ds2

Fig. 7. Output current versus duty cycle Ds..

V. DESIGN CONSIDERATIONS

After the desired running point of the resonant network is
identified, the design procedures of component parameters
are summarized as follows.

Step 1: The required capacitance from Ceg-min and Ceg-max 1S
chosen for meeting a wide range of dimming. Cs and Cj are
determined to be 220 and 190 nF via Egs. (12) and (13). Thus,
Ceg-min and Ceg-max are 220 and 410 nF, respectively.

Step 2: To remain insensitive to the variations of output
capacitor C, and consider its corresponding dynamics, the
PSIM platform is used to check the design on the basis of Eq.
(14). Finally, the value of Co is set to 50 uF.

[ (14)
5 |CaXC, L 2n,[C, L,
C,+C,

Step 3: The minimum value of the power factor correction
voltage is set to 90 V, delivering an LED current of 1.5 A
(365mA x 4). Thus, voltage gain M, is set to 2. According to
[18], M. is expressed as follows.

2X

M, = (15)
XLr
where

1
Xeog =57 16
" 2nx f,C, (16)
X, =2nxf,L,. 7

The corresponding X.. can be expressed as

X r

Ly=—A— (18)
2n><f_YCeq

On the basis of Eq. (18), inductor L, is set to 55 puF at a
fixed switching frequency.

Step 4: For the sake of the requirements of softs witching,
the switching frequency should be slightly larger than the
maximum resonant frequency frmax and satisfy Eq. (19).
Therefore, 0.8C.; is considered and used in Eq. (20). The
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CCM operation of the resonance current should be noted.
Thus, frequency fsis finally set to 70 kHz by the tradeoff in
the PSIM platform.

fs =z f (19)
oL
S 22 J08C, < L, (20)

VI. PERFORMANCE EVALUATIONS

A. Simulation Analysis

For verification of feasibility, the proposed LED driver is
assessed on the PSIM platform with four-channel LED
outputs. A simulation prototype is presented in Fig. 8, and
different output impedances are chosen for the performance
assessment of current sharing, where each ideal LED is a diode,
a threshold voltage (approximately 3 V), and a resistance (0.6
Q) in series [26].

The component parameters are displayed in Table II, and
the simulation waveforms of the key points are shown in Figs.
9 and 10.

Ves.si and Vess2 are the trigger signals of S; and S,
respectively. Fig. 9 shows that the trigger signals are provided
while currents i; and i» are negative through S; and S>.
Therefore, the anti-parallel diodes of S; and S> are in the

R EL

LS

HZZDU 24

IS
T

o W
ILecid

Fig. 8. Simulation circuit under PSIM.
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Fig. 9. ZVS characteristics of the SCC unit.

TABLE I

KEY COMPONENTS OF THE PROTOTYPE

conduction state and ensure the realization of ZVS. Parameters Values Parameters Values
Fig. 10(a) shows the dynamic process where the duty cycle Vi 48V L, 55 uH
of the SCC unit Dsis adjusted from 0.9 to 0.2. In addition, the £ 70 kHz C, 50 uF/220 V
fast start-up time al.ld tbe qulc%k adjustment time ‘are presented. Cor Con 200220V 01,05, 5 IRF540N (23
Stable current sharing is realized, as presented in Fig. 10(b); A/100 V)
the slope is steep, ranging from 0.12 to 0.15, and a large C.. Co 190 nF/220 V D~D; SRA5/6600_{/§ 15
dimming range is realized.
lo-Ledl lo-Led? (mA)
250; E X I | ke i e e e
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Fig. 10. Dynamic adjustment process of the SCC unit: (a) Ds from 0.9 to 0.2; (b) Ds from 0.12 to 0.15.
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B. Experimental Verifications

The experimental prototype shown in Fig. 11(a) is built
with approximately 20W. Moreover, Cree XLamp XR-E
series LEDs are employed; string 1 (Ledl) has five lamps,
string 2 (Led?2) has ten lamps, string 3 (Led3) has nine lamps,
and string 4 (Led4) has fourteen lamps.

The control unit is demonstrated in Fig. 11(b), where Ry is
the sampling resistor, and sampling currents /o-zes2 and lo-zeas
are obtained by a hall-sensor ACS-712-05B. Fig. 11(b) indicates
that output current lo.res is controlled by the corresponding
control loop, which compares sampling currents /ore2 and
Io-1eas to references I and Ie. Moreover, the error signal is
compensated by the PI compensator and modulated by the
PWM generator to provide the control signals of S; and S>. In
addition, the half-bridge driver is an IR2104 operating at a
fixed frequency and a duty cycle of 47% due to the dead

Journal of Power Electronics, Vol. ??, No. ?, Month Year

TABLE III
INSTRUMENTS AND COMPONENTS USED IN EXPERMENT
Type Symbol Model
Half-bridge driver IR2104
Diode SR560
Device Inductor Ferrite core
Optocoupler A-3140
DC voltage source TDGC2
v
Ir1 (1A/di
»
B
AN
Vp1 (10V/div)
t (Su/div)

® Vp (10V/div)

t (Sw/div)

(®)

My (10V/div)
e .

ir2 (1A/div)
Vess2 (5V/div)
p— (onn

A fox

D misned

[ m R
vs2 (20V/div) t (Su/div)

(©
Fig. 12. Soft-switching characteristics of LED drive circuit: (a)

Upper half-bridge; (b) Lower half-bridge; (¢) SCC> unit.

time. Furthermore, the half-bridge switches and S;and S-are
synchronized by a 555 Timer operating in a stable state. The
experimental parameters are consistent with the simulation
parameters, and the specific devices and instruments are
listed in Table III.

Figs. 12(a) and 12(b) show the measured waveforms of
output voltages vps and v,2 and resonant currents 7 and i,
respectively. From Figs. 12(a) and 12(b), the entire circuit
works in the inductive area to ensure the ZVS operation of O,
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Fig. 13. Current sharing verification of the four LED strings: (a)
Two channels of the upper half-bridge; (b) Two channels of the
lower half-bridge; (c) Four channels.

and Q>. When compared with driving voltage Vess2 and
voltage vs2, the ZVS of MOSFET S;can be verified by Fig.
12(c). Thus, the proposed topology can achieve ZVS for
SCC: as well, and small loss and high efficiency can be
achieved.

The voltages of string 1 Vo.rear and string 2 Vo.reaz are
illustrated in Fig. 13(a). The voltages of string 3 Voress and
string 4 Vo.reas are shown in Fig. 13(b). The output voltages of
the LEDs vary due to the different numbers of LEDs in each
string. Fig. 13(c) shows the experimental waveforms of the
four output currents, where Ds;and Ds: are 0.17. The output
current of the four paths is good due to the capacitive charge
balance, and the value is approximately 360 mA. In addition,
this finding verifies the feasibility of superimposing the upper
and lower half-bridges to the outputs. In practice, capacitor
C,1is not infinitely large. Therefore, current ripple is inevitable.
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Fig. 14. Independent dimming verification. (a) SCC2 module

adjustment; (b) SCCI and SCC2 module adjustment.

However, LEDs require a current ripple with a maximum
variation below 30% to preserve the luminous flux and
efficacy [26], where the maximum ripple (Als-zess= 37 mA)
of the proposed driver is calculated as 10.3%.

Fig. 14(a) shows that SCC: maintains a fixed duty cycle.
Therefore, the output current is still approximately 360 mA.
Meanwhile, the output current of Jo-reqs is set to approximately
185 mA through the regulation of Ds>. Thus, the independent
control of the output current is achieved with a wide range of
dimming. In another case, SCC; and SCC: are simultaneously
regulated at the same value, where the experimental waveforms
are presented in Fig. 14(b). From Fig. 14(b), currents lo-rea:
and /o-zcq3 are stable at 185 and 192 mA, respectively. In fact,
the capacitor has approximately 5% tolerance. However, as
shown in Figs. 14(a) and 14(b), the fluctuation of the output
current is small, and the quality of the driving current is
remarkably high. Fig. 14(c) shows the start-up waveforms of
the four LED strings. After start-up, the current sharing is
achieved and consumes a short time, indicating a fast, dynamic
response and a good steady current-balancing feature among
the four LED channels.

Fig. 15 plots the efficiency for the output current from 160
mA to 400 mA, where the maximum efficiency is 93.8% at
360 mA. In addition, the main loss of the proposed driver is
produced in the rectifier unit (diode conduction losses) and
the magnetic loss of L.
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Fig. 15. Efficiency curve of the driver prototype.

VII. CONCLUSIONS

A new methodology for independently controlling
multichannel LEDs is proposed in this study. The developed
control scheme is based on the use of a switching-controlled
capacitor in the resonant tank. The capacitance can be
regarded as a control parameter for regulating the converter
output current. Hence, a constant frequency can be achieved
by the proposed solution, thus reducing the size of the EMI
filter circuit, which would be high under variable frequency
control. To increase the output paths and reduce the cost, the
superposition output of the upper and lower half-bridges is
proposed. This process achieves excellent performance,
where the two fixed capacitors are replaced by SCC; and
SCC: to realize independent dimming. The current sharing
scheme and the dimming technique are discussed and
employed in the proposed LED driver. A 20 W experimental
prototype is debugged for verification. Experimental results
show that 1)the accuracy of the multichannel current sharing
is high under a large manufacturing error of the LEDs, 2)
flicker does not occur due to the small current ripple, and 3) a
dimming range of approximately 50% to 110% is implemented.
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