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Abstract: This paper introduces a new two-stage multi-parallel-channel LED driver using
a CLL-C resonant converter as the first stage and a Time Division Multiple Control circuit
as the second stage. The first stage of the proposed converter topology has been developed
from CLL-C topology with an additional inductor in the primary side and a capacitor in
the secondary side. The converter provides a constant current at a resonant frequency with
a Zero Phase Angle (ZPA), thus achieving Zero Voltage Switching (ZVS) turn-on, nearly
Zero Current Switching (ZCS) turn-off for the switches, and ZCS for the diodes. The Time
Division Multiple Control (TDMC) circuit was applied in the second stage to share the
balanced current to each LED string. A 200 W prototype with five output channels was
implemented to verify the superior advantages of the proposed topology with a maximum
efficiency of 95.05%.

Keywords: CLL-C; light-emitting diode; multistage LED driver; resonant converter; time
division multiple control (TDMC)

1. Introduction

Recently, high-brightness LEDs have been widely used in general-purpose lighting,
back-lighting of LCDs, streetlights, healthcare, and automotive applications because of
their superior performance compared to conventional fluorescent lamps, such as their high
light efficiency, long lifespan, compact size, and very low maintenance cost [1-3].

LEDs typically require a constant current, which can be supplied by an electronic
circuit commonly known as a driver [4,5]. The easiest structure to balance the current in
LED strings is a series structure [6]. However, this requires a high voltage bus and has poor
reliability. If one LED light fails, the whole light system will not work. Therefore, parallel
LED strings are a common structure in practice. But current balancing is a significant
challenge because of the LED’s exponential voltage—current characteristic and the different
temperature coefficient of its voltage drops. Additionally, both the number of LEDs in each
string and the number of strings can differ depending on the application. Therefore, a
current balancing technique is essential for multiple-string LED applications [7,8].

In conventional techniques, the LED driver typically includes a front-end converter
and a multichannel constant-current circuit as the second stage. The passive current
balancing method using passive components like capacitors, coupled inductors or bal-
ancing transformers, and diodes is an approach that balances the output current [7,9-24].
Specifically, capacitors are used for passive current balancing in [9-12,19,22,23], while mag-
netic components such as transformers and coupled inductors are employed in [13,14,18].
Meanwhile, LCL filters and diodes are utilized for current balancing in [7,15-17,20,21,24].
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However, these kinds of techniques require a large number of components, which increases
the volume and cost, and also results in low efficiency.

Active current balance methods are used to maintain the constant current in each chan-
nel by controlling the switches in each channel individually [25-34]. Therefore, the current
of each string can be controlled precisely and there are no imbalance issues. However, this
active method requires many components such as switches and control ICs. Moreover,
since the current of each LED string is controlled individually, it makes the system complex
to control and needs many feedback circuits. Furthermore, the power loss of switches
caused by hard switching is one of the main problems leading to low efficiency [35].

The Time Division Multiple Control (TDMC) technique has been introduced and used
in the second stage to balance the output current of multiple LED strings [28,29]. Refer-
ence [28] presented a compact single-inductor multiple-output parallel string LED driver
with a time-multiplexing control. This approach allows for the independent optimization
of the local bus voltage, which helps reduce power loss. Moreover, a single time-shared
control loop regulates the current in multiple parallel strings, simplifying the control design.
However, this method requires numerous control switches and associated feedback circuits,
resulting in increased costs and system complexity. In [31], a single-inductor current regula-
tion topology was proposed using a time-division multiplexing control scheme developed
from [18]. The topology balances the average current in each channel by connecting the
current-delivering inductor to each LED channel for the same period. Despite these im-
provements, the design suffers from hard-switching operations, which significantly reduce
efficiency, typically achieving below 91%.

Similarly, ref. [30] presented an active current balancing approach where individual
switches and feedback circuits are used for each LED channel. While this method reduces
current imbalance issues, it comes at the cost of increased control complexity. Furthermore,
the hard-switching nature of the topology results in substantial switching losses, contribut-
ing to its lower efficiency of approximately 88.4%. These limitations make the approach less
suitable for high-performance and cost-sensitive applications. In contrast, passive current
balancing methods, such as those in [15,17], utilize magnetic components like inductors
and transformers to maintain current balance. However, this increases the system’s size
and cost, while also compromising reliability.

To address these challenges, the proposed two-stage LED driver combines a CLL-C
resonant converter with a TDMC circuit, which has significant advantages. The resonant
converter ensures soft-switching conditions (ZVS turn-on and ZCS turn-off), minimizing
switching losses and enabling higher efficiency. The TDMC circuit eliminates the need
for feedback circuits by balancing the current through the equal time-sharing of each LED
channel, simplifying the control strategy. This design not only achieves a peak efficiency
of 95.05%, but it also reduces the number of components, making it cost-effective and
compact. These features position the proposed topology as a superior alternative for
multi-parallel-channel LED driver applications.

This paper is divided into six sections. In Section 2, the First Harmonic Approximation
(FHA) will be used to analyze the characteristics of the proposed converter, and the opera-
tion principle will be explained in detail. In Section 3, a detailed design methodology for
the proposed converter is presented. Section 4 shows the experimental results of a 200 W
two-stage LED driver prototype. The comparison of the proposed topology with other
topologies is given in Section 5. Finally, the conclusion is given in Section 6.
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2. Operating Principle
2.1. The Structure of the Proposed Converter

The structure of the proposed LED driver is shown in Figure 1. It consists of a resonant
CLL-C converter as the first stage and the time-division controlled switches (Q1—Qs) as
the second stage. In the first stage, the CLL-C converter, operating at resonant frequency,
provides a constant current while achieving ZPA for the input impedance, ensuring that all
the switches and diodes have ZVS and ZCS. In the second stage, the switches Q; to Qs are
controlled by a time-division technique to adjust the running time of each LED string. As a
result, the total output current is shared equally among each LED string.
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From a control perspective, the first stage of the proposed converter operates at a fixed

Figure 1. Configuration of the proposed LED driver system.

switching frequency with a constant total output current. In the second stage, the frequency
and duty cycle of the secondary-side switches (Q1—Qs) are fixed over the whole range of
loads to share the current among each string evenly. Therefore, the proposed converter is
very simple to control.

From the perspective of efficiency, because it always works at the resonant frequency,
the converter can achieve ZVS turn-on and nearly ZCS turn-off for all primary switches,
allowing the resonant converter CLL-C to achieve high efficiency. In the time multiplex
control circuit, all the secondary switches also operate under soft-switching conditions if
their maximum frequency is 2m times the frequency of the first-stage converter (where m
is the number of parallel LED strings). Therefore, this two-stage LED driver can achieve
high efficiency over a wide load range and can be considered a good choice for multiple
LED string applications

2.2. First Harmonic Approximation Analysis

In order to understand the working principle and the features of the proposed con-
verter, a First Harmonic Approximation (FHA) was applied, and an equivalent circuit is
shown in Figure 2.
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Figure 2. FHA equivalent circuit of the proposed bidirectional converter system.

The input voltage U; of the resonant network is a rectangular output waveform of the
half-bridge inverter. The fundamental harmonic approximation of the input voltage can be
expressed as in (1):

u, = %Vinsin(anst) (1)

where V;,, is the DC input voltage of the converter system, t is the time parameter, and f; is
the switching frequency.
The constant current resonant frequency can be calculated as in (2):

1

fCC B 2 (Ll + Lm)C1 @)

The AC equivalent output resistance R, ., can be obtained as follows:

8Rjpad
Rl,eq = 272 (3)
where Rj,,4 is the load resistance and # is turns ratio of the transformer.
The transfer function H (s) of the resonant tank can be derived as in (4):
nv, ZmZl, e
H(S) — O(S) — m qSEC (4)

Vins)  (Zpri)(Zm + Zsec(Z1, €qg,, )

where Zp,i, Z, Zsec are the primary-side impedance, magnetic impedance, and secondary-
side impedance, respectively. And they are defined as follows:

1
Zpy; = 72 —_—
Pri ] 7TfSLl + jznfscl (5)
Zm = j270fsLm 6)
1
g — 7
LKz]znfSn2C2Sec 7

Then, the voltage gain of the proposed converter versus the operating switching
frequency fs can be calculated as in (8):

M= 2,‘1/781 = |[Hizrs ®)
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The transconductance gain of the converter can be derived as follows:

_ 2nl, M ©)

G =
Vin Rl,eq

At constant current resonant frequency fcc, the transconductance gain of the proposed
converter can be calculated as shown in (10):

21, 1

Glianfee) = nv :]27TfCCLm (10)

From (10), we can see that the output current is only dependent on the input voltage,
the value of the magnetizing inductance, and the constant current resonant frequency.
The input impedance of the proposed converter can be expressed as follows:

Zm (ZL/ eqSec)

Zin = Zpyi
in pri + Zm —l—ZL, eqs,e

(11)
At a constant current resonant frequency fcc, the input impedance can be derived by

using (2), (5), (6), (7) and (11).

(2 7Tf CcC Ly )2

Zin =
RL,eq

(12)

Figure 3 shows the voltage gain M versus the operating frequency under different
load conditions from 5 ohm to 1000 ohm, Figure 4 shows the transconductance gain curves
with different load condition, and the phase angle of the input impedance Z;, versus the
operating frequency under different load conditions is shown in Figure 5. From these
figures, it can be seen that the proposed converter provides a constant current with ZPA at
the constant current resonant frequency fcc, in which the capacitor C; resonates with the
inductors L; and L. So, the switches will have ZVS turn-on and nearly ZCS turn-off, as
well as ZCS turn-off for diodes.
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Figure 3. Voltage gain M versus the Normalized Frequency (fs/ fr) under different load conditions.
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Figure 4. Transconductance gain G versus the operating frequency under different load conditions.
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Figure 5. Phase angle of the input impedance versus the operating frequency under different load conditions.

2.3. Working Principle of Proposed Converter

The working principle of the proposed converter can be divided into eight modes.

Figure 6 shows key waveforms of currents and voltages of switches and diodes, and Figure 7

shows the equivalent circuits of the proposed converter in different modes of operations.

leakage inductor Lk is placed in the secondary side.

The following assumptions are made to simplify the analysis: All the components are ideal.
The transformer has a turns ration of n:1 where n is the primary-side turn number. The
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Mode 1: [t] — t7]

This is the dead-time period between the switches. At t = ¢, Sy is turned off with
nearly ZCS, and I,,; is nearing zero. The parasitic capacitor Cpssp 0f S; is charging and
raising the voltage across Sp, where the parasitic capacitor C,s1 of 51 is discharging and
creating the ZVS turn-on condition for S;. The resonant tank L;C; and the magnetizing
inductor L, are discharging and transferring power to the secondary side. In the secondary
side, the diodes D1 and Dy are forward biased, the diodes D, and Dj are reverse biased.

Mode 2: [t; — t3]

Att = tp, Sy turns on with ZVS and the primary current I,,; zero, and the body diode
of Sy is forward biased for a very small amount of time. The resonant tank L;C; and the
magnetic inductor Ly, are still discharging as in Mode 1 and transferring power to the
secondary. At the end of this mode, the resonant tank LC; is nearly fully discharged.

Mode 3: [t3 — t4]

At t = t3, S is on, and in the start of this mode, the resonant tank L;C; starts to
charge. The primary current Ip,; flows through S;, while the magnetizing inductance
Ly, is discharging in the start and starts charging in the middle of this mode. Power is
transforming in the same direction as in Mode 1 and 2 till the end of this mode. The
capacitor C; resonates with inductor L; and Ly,.

The primary current in this mode can be calculated as in (13):

(1) = (13 )cos(aor (1 = 1)) + Lsin(e (1 — 1) 13

The primary current at ¢3 is shown in (14):

ipri(ts) =

‘/i - VCl TS At
4 2

- — — — |;At=t5—1 14
v )it =ts—ta (1)

And the impedance of the resonant tank can be derived as follows:
Zy = - (15)

where V(1 is the voltage across C; and T is the switching period.
In addition, the magnetizing current i, (¢) can be expressed as in (16):

t
ir,, (t) =g, (t1) + Lml—l-h/tl (Vin — Ve, (1)) dT (16)

At the end of this mode, the primary current Ip,; equals to the magnetizing current
I;y. The resonance between the capacitor C; and inductors L; and L;, is halted, and the
power is not transferred to the secondary side anymore. In the secondary side, the current
through the diodes current D; and D4 becomes zero, creating the ZCS turn-off condition
for these diodes. At the end of this mode, the diodes Dy and D, are turned off with ZCS,
and the diodes D, and Dj are turned on.

Mode 4: [t4 — t5]

At t = t4, in this mode, the capacitor C; resonates with inductors L; and L, and the
power starts transforming to the secondary side. The rectifier diodes D; and Dy are reverse
biased, and the diodes D, and D3 are forward biased.

The primary current in this mode can be derived as follows:

(1) = ip(t)cos(n (= 13)) + - sin(cor (1~ 1) (17)



Energies 2025, 18, 1215 90f17

The impedance of the resonant tank in this mode is shown in (18):

L1+Lm

Z pr—
rl Cl

(18)

Mode 5: [t5 — tg]

This mode is the second dead-time period for the switches. At t = t5, 51 turns off
with nearly ZCS, and the parasitic capacitance capacitor C,ss1 of S1 is charging and raising
the voltage across S, where the parasitic capacitor Cys) of Sy is discharging and creating
the ZVS turn-on condition for S;. The operation during this mode is similar to Mode
1. However, the charging and discharging of the parasitic capacitors of the switches is
changed on the contrary in comparison to Mode 1.

Mode 6: [tg — t7]

Att =t 51 is off. S turns on with the ZVS that was created in Mode 5 and its body
diode is forward biased. The capacitor C; starts to resonate with inductors L; and L. In
the secondary side, diodes D; and D, are reverse biased, and the diodes D, and D3 are
forward biased, as in Mode 5. At the end of this mode, the primary current Ip,; becomes
nearly zero and the body diode of S, is reverse biased.

Mode 7: [t7 — tg]

At t = ty, the body diode of S, is reverse biased and the primary current Ip,; flows
through S,. The resonant path and the operation of the secondary-side diodes are the same
as in Mode 6. The primary current Ip,; has the same magnitude but opposite direction
compared to that in Mode 3.

At the end of this mode, the primary current Ip,; equals to the magnetizing current I,
and the resonant between capacitor C; and inductor L and L, is stopped, and the power
is not transferred to secondary side anymore. In the secondary side, the secondary-side
current I, becomes zero, the diodes Dy and Dy turn on, and the diodes D, and D3 turn off
with ZCS.

Mode 8: [tg — t9]

At t = tg, the capacitor C; resonates with inductor L; and L,,, and starts transferring
the power to the secondary through the transformer. Diode D and D, are forward biased
and diode D, and Dj are reverse biased. The primary current Ip,; has the same magnitude
but opposite direction compared to that in Mode 4. At the end of this mode, one switching
period is complete and is ready for the next cycle.

2.4. Operation Principle of the Time Division Multiplex Control (TDMC) Technique

Figure 8 shows the PWM scheme for the second stage of the proposed converter using
TDMC for five-channel LED drivers. The working principle of the TDMC method can be
explained as follows. The primary-side resonant converter is performed at the constant
current resonant frequency of f.. for the primary switches to provide a total constant
current Itot for all five LED strings. The secondary stage switches Q;-Qs work at the
frequency of fs/5. In order to balance LED output current, all of the outputs are regulated
in one sampling time (Ts). In one interrupt cycle, only one secondary switch is turned on to
allow the primary side to operate. It means that, one second-stage switch will operate with
the duty cycle of nearly 20% and the shifted phase between the switches of two adjacent
channels is nearly 72 degrees. As a result, all output currents (Iy; to Ip5) have the same value
and the output voltage V1 — Vs of each channel will then settle to the value that makes its
average current value equal to I;,¢ /5, ignoring the current and voltage ripple within the
switching period. In the proposed method, the total output is required to regulate constant.
Thus, it is possible to provide numerous output channels with highly precise regulations.
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Figure 8. Switching waveforms for the primary and secondary switches of the proposed converter
with the Time Division Multiple Control Technique for five channels.

3. Design Consideration

The resonant tank of primary side L;, Cq, secondary side L;g», C2,C2, L1 x2 and mag-
netizing inductance L, is designed by considering the requirement value of the output
current, ZPA condition, and the selection constant resonant frequency f..

3.1. The Current Gain, the Magnetizing Inductance and Turns-Ratio of the Transformer

As shown in (10), in order to meet the output current requirement, the current resonant
frequency f.. and the value of the magnetizing inductance are designed by the trade-off of
the volume of the proposed converter and the losses.

3.2. The Resonant Inductor and Capacitor

After choosing the resonant frequency and the value of the magnetizing inductance,
the value of the inductors L1, Lyky, and capacitors C;, C; can be chosen based on the
resonant frequency and ZCS turn-off condition at the end of Mode 4 and Mode 7 during the
operation part. At the end of Mode 4 and Mode 7, the current flows through the switches
and is calculated as in (17). From (17), we can see that, in order to achieve nearly ZCS
turn-off for the switches, the impedance of the resonant tank Z,; as shown in (18), must be
as large as possible. Then the value of the inductor L; and capacitor C; can be chosen to
meet the requirement of (2) and maximum of (17).

The leakage inductance Lyk; of the transformer is unwanted but also unavoidable. In
the secondary side, the leakage inductor Lk, resonates with the magnetizing inductor and
capacitor C; at the constant current resonant frequency f... Then the value of the capacitor
Cy can be calculated as in (18).

1

C pr—
2 47T2fs2(LLK2 + leLm)

(19)

3.3. The Dead-Time of the Switches and ZV'S Condition

The dead-time t; is critical for achieving Zero Voltage Switching (ZVS) by allowing
the parasitic capacitance Cpgs of the switches to charge/discharge fully before switching.
As shown in Figure 6, the primary current must remain negative during the dead-time
to enable this process. This operation is influenced by the magnetizing current I;, which
depends on the magnetizing inductance L;,. The derived condition for td, given in (20),
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ensures that ZVS is achieved while minimizing losses. However, excessive td can reduce
the effective duty cycle, affecting efficiency.

4Viymax{Coss1, Coss2}
min{ }

Experimental waveforms in Figures 9 and 10 confirm reliable ZVS turn-on and nearly

tg >

= 16CossfsLm (20)

lPT’l‘(t3*t1) ZP?’Z’(t77t5)

4

ZCS turn-off for the primary switches. The chosen L, = 330 pH ensures sufficient L, to
fully charge/discharge Coss during the dead-time, as evidenced by the low turn-off current
(~0.3 A) in Figure 9. These results validate the design choices, which contribute to the
measured peak efficiency of 95.05%.

V.\Iosfet | Viosfet
'NJ '; { M .‘ ‘ M L
3 A A, W L
\“ r " |“ ‘., Y
ZVS turn-on Nearly ZCS turn-off 2 A/ div
Lurn o = 0.3A 200 V/div
2us /div
P1frealC3| P2:ms(C2) P3msiCI) t‘hmsicl'\ Pa.dutviCs! PG mean(C3) PT--- Pg---
103 (4283 kHz 85 mA 208V 133 mv
v v + v

Figure 9. Current and voltage waveforms of MOSFET 1 at maximum output power P, =200 W.

Viiode Ibiode

[mmamm%’wmm, =,,\

" 3 |
o X e\

ZCS turn-off then no circulating current

50 V/div
S A/div

Figure 10. Current and voltage waveforms of diode 1 at maximum output power P, =200 W.

3.4. Minimum Frequency Analysis and Switching Behavior

The minimum switching frequency plays a crucial role in ensuring soft-switching
operation in the proposed resonant converter. It is determined by the condition that the
magnetizing current and resonant current must be sufficient to completely discharge the
MOSFETs’ output capacitance before turn-on. If the switching frequency is too low, the
available energy in the resonant tank becomes insufficient, leading to hard switching and
increased switching losses.
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The minimum frequency can be estimated using the resonant tank parameters as

in (21):

1 COSS

P X —
fmin 271\/(L1 + L) Cy C

(21)

where L and L, are the primary resonant and magnetizing inductances, while C; and Coss
represent the primary resonant capacitor and the MOSFET output capacitance, respectively.
To illustrate this, Figure 11a depicts the soft-switching behavior at different switch-

ing frequencies, where ZVS is lost at lower frequencies while ZCS disappears at higher

frequencies. Similarly, Figure 11b shows the converter performance under very light load

conditions, where ZVS is lost, leading to hard switching.

af “J
7 \ o ~ A S Iy
. Vs, l/"\/,NoZCS‘ 2vse 1A NoZVSw/ No Vs
e | | : " i i [~ o
Isec0
. S I N

In: 0/\—/

1
fi= 110k fs=100 khz fs=90khz
(a) (b)

Figure 11. ZVS and ZCS (a) at different switching frequencies and (b) during light load.

Maintaining an appropriate switching frequency is therefore critical to achieving

efficient operation while ensuring ZVS and ZCS are retained.

4. Experimental Results

In order to verify the declared features of the proposed converter, a 200 W prototype,
with the specifications given in Tables 1 and 2, was designed, built, and tested. XRF 600-4
DC power supply was used for DC supply, Teledyne-Lecroy HD4096 oscilloscope was
used for measurements, and the test was performed at room temperature. An experimental
circuit of an LED driver adopting the proposed converter topology experimental setup of

the proposed LED driver prototype is shown in Figure 12.

Table 1. Specification of the proposed converter.

Symbol Meaning Value
P, Output power rating 200 W
Vin Input voltage 400 VDC
VLED LED string voltage 66.6 V
Itep LED string current 057 A
fs Switching frequency 100 kHz
fec Constant current resonant frequency 100 kHz
Ly Primary-side inductor 110 uH
Lixo Secondary-side leakage inductor 10 uH
Ly Magnetizing inductor 330 uH
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Table 1. Cont.

Symbol Meaning Value

Cq Primary resonant capacitor 59nF

6] Secondary resonant capacitor 1.9 nF
51/57 First-stage switches (MOSFETs) STB13NM50N
0Q1-0s Second-stage switches (MOSFETs) STD45N10F7

Table 2. Ratings of the MOSFETs.

Model Vps Rpson Q¢ Ciss Coss
No [V] [ohm] [nC] [pF] [pF]
STB13NM50N 500 0.25 30 960 50
STD45N10F7 100 0.018 25 1640 360
XRF 600-4

DC Power Supply 0-600V O-4A

Oscilloscope
(Teledyne-Lecroy HD4096)

Proposed LED Driver

Prototype

Figure 12. Experimental setup of proposed LED driver prototype.

Figure 11 shows the experimental waveform of primary-side MOSFETs under the
maximum output power of 200 W. It is clear that the MOSFETs are turned on with the ZVS
condition and turned off with the nearly ZCS condition. The turn-off current is small, just
0.3A. Meanwhile, Figure 12 shows the waveforms of the rectifier diodes in the secondary
side. Similarly, ZCS turn-off of the rectifier diodes can be observed from Figure 12, hence
there is no circulating current, which reduces the losses of the proposed converter.

Figures 13 and 14 show the measured DC output voltage and current waveforms of
each LED channel, respectively. In Figure 13, the voltage of each LED string at the full load
condition is 66.6 V. In Figure 14, the current of all LED strings is the same and is equal
to 0.57A. This is due to the time division technique. When the driving MOSFET of one
LED string is turned on, the driving MOSFETs of the other strings are all turned off. This
process is repeated every five switching periods of the primary-side MOSFET. Further, the
conduction time of all the LED strings is equal. Moreover, the CLL-C converter stage gives
the constant current, so then the average output currents of the LED strings are balanced
and kept constant of 570 mA with the variation of the load.
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Figure 13. The voltage waveforms of each LED at maximum output power P, = 200 W: (a) the first
and the second LED strings, (b) the third and the fourth LED strings, and (c) the fifth LED string.
(a) Voltage waveforms of the first LED string and the second LED string. (b) Voltage waveforms of
the third LED string and the fourth LED string. (c) Voltage waveform of the fifth LED string.
Iep: =10.57 A Lieps = 0.57 A
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Figure 14. The output current waveforms of each LED at maximum output power P, = 200 W: (a) the
first LED string and the second LED string, (b) the third LED string and the fourth LED string, and
(c) the fifth LED string. (a) The first LED string and the second LED string. (b) The third LED string
and the fourth LED string. (c) The fifth LED string.

Figure 15 shows the efficiency of the proposed LED driver in the whole range of load.
The maximum efficiency is at 95.05% at the maximum output power of 200 W.

9% 9456 9501 - 95.05

94 93.15

Efficiency (%)

40 68 99 129 160 190
The output power (W)

Figure 15. Efficiency of the proposed LED drivers with various loads.

5. Comparison

In order to demonstrate the advantages of the proposed topology compared to other
multi-channel LED driver designs, a detailed comparison is presented in Table 3. The table
outlines the component count, soft-switching capability, and peak efficiency of various
topologies, including the proposed method. The proposed design achieves a peak efficiency
of 95.05%, which is the highest among the compared topologies. For instance, ref. [30]
achieves an efficiency of only 88.4% due to its hard-switching operation, which results
in significant switching losses. Similarly, ref. [31] achieves 90.8% efficiency but still falls
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short due to its reliance on hard-switching and the need for complex control strategies
involving multiple feedback circuits. By contrast, the proposed topology employs a CLL-C
resonant converter that ensures ZVS turn-on for all primary switches and ZCS turn-off for
secondary diodes, minimizing switching and conduction losses. This enables a substantial
improvement in efficiency over conventional methods.

Table 3. Comparison of the proposed LED driver with other topologies.

Number of

Topology 1\(121;1?:::21(: ( S(:/ODI;III/)"[‘O/HCe/I'{":)St) Soft Switching E fl}ll.lgzlr::;r(l:/o)

[16] 3 2/12/6/1/6/27 No 92.8
[30] 3 4/4/1/1/4/14 No 88.4
[31] 4 4/6/3/0/7/19 No 90.8
[14] 8 2/32/0/7//9/50 ZVS 84
[17] 10 3/11/3/5/17/39 ZVS 94.8
[15] 5 4/20/10/1/11/46 ZVS 92.25
[32] 6 6/6/6/3/17/38 ZVS-7CS 91.78

The proposed 5 7/9/1/1/7/25 ZVS-ZCS 95.05

Where S/D/1/T/C/Tot are Switch/Diode/Inductor/Transformer/Capacitor/ Total, respectively.

Additionally, the proposed method significantly reduces the component count, espe-
cially for magnetic components such as inductors and transformers, which dominate the
size, cost, and volume of LED driver systems. For a five-channel system, the proposed
design uses only one inductor, one transformer, and two capacitors, whereas [15] requires
ten inductors and one transformer, and [17] uses five transformers. This reduction in
magnetic components not only lowers costs, but also simplifies the design and improves
reliability. Furthermore, the TDMC circuit in the second stage eliminates the need for
individual feedback circuits for each channel, as required in [30]. This simplification makes
the control strategy more efficient and cost-effective. Compared to designs like [15], which
utilize an LCT-T resonant tank for each channel requiring multiple inductors and capacitors,
the proposed topology shares components across all channels, offering substantial space
and cost savings while maintaining excellent current balancing performance.

The proposed topology achieves a compact and lightweight design by reducing the
total number of components, particularly magnetic elements, which are often the largest
and most expensive parts in resonant converters. The reduction in magnetic elements
contributes to higher reliability and makes the system suitable for applications where
space is limited. Furthermore, the soft-switching capability of the proposed converter
ensures reduced thermal stress and switching losses, improving overall performance and
longevity. The experimental results validate the design choices, demonstrating that the
proposed topology achieves the highest efficiency and smallest component count among
the compared designs.

In summary, the proposed topology provides superior performance in terms of effi-
ciency, component count, and design simplicity, making it an ideal choice for multi-channel
LED driver applications. These benefits are particularly advantageous for cost-sensitive
and space-constrained environments, where reliability and efficiency are paramount.

6. Conclusions

This paper proposed a novel two-stage LED driver combining a CLL-C resonant
converter and a Time Division Multiple Control (TDMC) circuit to achieve efficient and
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balanced current distribution across multiple LED strings. The experimental results vali-
dated the superior performance of the proposed topology, achieving a peak efficiency of
95.05%—higher than comparable designs—while ensuring ZVS turn-on and nearly ZCS
turn-off for primary switches, and ZCS turn-off for secondary diodes. The TDMC approach
eliminated the need for individual feedback circuits, simplifying the control strategy and
reducing component count, making the system more cost-effective and reliable. Addition-
ally, the compact design minimized magnetic components, lowering overall volume and
production costs.

Despite these advantages, there are areas for further improvement. The efficiency
under light-load conditions can be further optimized by refining the soft-switching range.
Additionally, future work can explore adaptive control techniques to enhance the robustness
of current balancing under varying LED configurations. The proposed design provides a
strong foundation for high-efficiency, multi-channel LED drivers, making it a promising
solution for lighting applications requiring precision and reliability.
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