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Abstract

This paper presents a novel light emitting diode (LED) sink driver with a high voltage gain for LED-based lighting
pplications. Unlike conventional LED sink drivers, the proposed driver has the nested switched-inductor/switched capacitor
SI/SC) topology consisting of an SI buck-boost converter block and a nesting-type SC cell. Owing to the nested SI/SC
opology, the proposed driver offers not only a high voltage gain but also a flexible controllability of the LED currents and
ransformer-less structure. The effectiveness of the proposed driver is justified by some simulation results in SPICE software
nvironment and laboratory experimental tests. In the performed simulations, the proposed driver in comparison of conventional
rivers improved almost 6% power efficiency when the output power was 500 mW. Furthermore, in the performed experiments,
he feasibility of the proposed topology is confirmed by demonstrating a high voltage gain and the output controllability.
c 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).

eer-review under responsibility of the scientific committee of the 7th International Conference on Power and Energy Systems Engineering (CPESE
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1. Introduction

To provide an easy current control of light emitting diodes (LEDs), an LED driver with a high voltage gain is
equired for LED string lights. In past studies, several types of LED drivers have been proposed, for example,
he LED drivers using switched-inductor (SI) converters [1], the LED drivers using switched-capacitor (SC)
onverters [2], and so on. However, the SI technique has the limitation on the duty cycle in the realization of high
oltage gains. On the other hand, precise control of LED currents is difficult for the SC technique. For this reason,
hybrid LED driver is receiving much attention as a compromise between the SI technique and the SC technique.
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Recently, the hybrid LED driver, such as the flicker-free single switch multi-string LED driver constructed with a
pre-stage boost power factor correction (PFC) converter and multiple second-stage buck dc–dc converters [3], the
multi-output hybrid divided power converter consisting of a buck-boost converter [4] with a Fibonacci converter [5],
and the hybrid LED driver combining a buck-boost converter with an SC doubler [6,7] have attracted more attention.
These drivers can offer not only high voltage gains but also precise control of LED currents and transformer-less
structure. However, there is room for improvement from voltage gain point of view.

To drive long strings of LEDs, a novel LED sink driver with a high voltage gain is proposed in this paper. Unlike
onventional LED sink drivers, the proposed driver has the nested SI/SC topology consisting of an SI buck-boost
onverter block and a nesting-type SC cell. Owing to the nested SI/SC topology, the proposed driver can provide a
igh voltage gain as well as flexible controllability of LED currents and a transformerless structure. By comparing
he proposed LED sink driver with conventional LED sink drivers, we clarify the effectiveness of the proposed
river by simulation program with integrated circuit emphasis (SPICE) simulations and breadboard experiments.

. Conventional LED sink driver

Fig. 1 shows the circuit topology of the conventional LED sink driver using a hybrid buck-boost converter [6,7].
y controlling the transistor switches S1 and S2 by two-phase clock pulses Φ1 and Φ2, the conventional driver shown

n Fig. 1 illuminates the LEDs. In the conventional driver, the voltage between LED strings, Vout , is expressed as

Vout = Vin − Vo = Vin +
2D

(1 − D)
× Vin =

(
1 + D
1 − D

)
× Vin, (1)

where D(0 < D < 1) is a duty cycle. As (1) shows, the voltage gain of is (1 + D)/(1 − D). However, it is difficult
for the conventional driver to achieve a high gain, because there is a limitation on the duty cycle D.

Fig. 1. Conventional LED sink driver.

3. Proposed LED sink driver

To drive long LED strings, we propose a novel LED sink driver as depicted in Fig. 2. Unlike the conventional
LED sink driver (shown in Fig. 1), the proposed driver has the nested SI/SC topology consisting of an SI buck-boost
converter block and a nesting-type SC cell. The proposed driver shown in Fig. 2 is also controlled by two-phase
clock pulses Φ1 and Φ2. Thus, after neglecting the parasitic elements, the instantaneous equivalent circuits of Fig. 2
can be expressed as shown in Fig. 3. In the following subsections, using Fig. 3, the voltage gain of the proposed
driver is analysed theoretically. Here, only the continuous mode is discussed to save the limited space.
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Fig. 2. Proposed LED sink driver.

Fig. 3. Instantaneous equivalent circuits of the proposed driver: (a) State-T1; (b) State-T2.

3.1. Voltage gain of the SI buck-boost converter block

During State-T1 shown in Fig. 3(a), a change in the inductor currents IL flowing through L1 and L2 is expressed
as

d IL

dt
=

Vin

L
, where L = L1 = L2. (2)

n the other hand, during State-T2 shown in Fig. 3(b), a change in IL is expressed as
d IL

dt
=

Vx

2L
, (3)

because L1 and L2 maintain the inductor currents. In (3), Vx is the output voltage of the SI buck-boost converter
block. At the end of each state, the variation of IL is obtained as

∆IL ,T1 =

∫ T1

0
d IL =

∫ T1

0

Vin

L
dt =

DT
L

Vin and ∆IL ,T2 =

∫ T2

0
d IL =

∫ T2

0

Vx

2L
dt =

(1 − D) T
2L

Vx ,

(4)

where T1 = DT, T2 = (1 − D) T, and T = T1 + T2. (5)

In a steady state condition, ∆IL ,T1 must be equal to −∆IL ,T2 , because the SI buck-boost converter block is a dc/dc
converter. Therefore, from (4) and (5), we have the voltage gain of the SI buck-boost block as

Vx

Vin
= −

2D
(1 − D)

. (6)

3.2. Voltage gain of the nesting-type SC cell

During State-T1 shown in Fig. 3(a), the variation of electric charges in the capacitor Ck (k = 1, . . . , 5) satisfies

∆q = ∆q1
+ ∆q2 , ∆q = −∆q3

− ∆q4
− ∆q5 , ∆q1

= −∆q2 ,
T1,vx T1 T1 T1,vo T1 T1 T1 T1 T1
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and ∆q1
T1

+ ∆q2
T1

= ∆q3
T1

+ ∆q4
T1

, (7)

where ∆qk
Ti

denotes the variation of electric charges of the kth capacitor in the state-Ti , ∆qT1,vx is the variation of
the electric charge in the terminal Vx , and ∆qT1,vo is the variation of the electric charge in the terminal Vo. On the
other hand, during State-T2 shown in Fig. 3(b), the variation of the electric charge fulfils

∆qT2,vx = −∆q1
T2

+ ∆q2
T2

, ∆qT2,vo = −∆q4
T2

− ∆q5
T2

, and ∆q2
T2

+ ∆q3
T2

= ∆q4
T2

. (8)

In (7) and (8), ∆qk
T1

must be equal to −∆qk
T2

in the steady state. Using (7) and (8), the average input current Ix
and the average output current Io are expressed as

Ix =
∆qT1,vx + ∆qT2,vx

T
and Io =

∆qT1,vo + ∆qT2,vo

T
. (9)

Substituting (7) and (8) for (9), we have

Ix = −4Io. (10)

Hence, from (10), we have the voltage gain of the nesting-type SC cell as 4. It is noteworthy that the parasitic
elements are neglected in this analysis.

3.3. Voltage gain of the proposed LED sink driver

From the voltage gain given by (6) and (10), we get
Vo

Vin
=

Vo

Vx
×

Vx

Vin
= −

8D
(1 − D)

. (11)

Finally, the output voltage Vout of the proposed LED sink driver is obtained as

Vout = Vin − Vo = Vin +
8D

(1 − D)
× Vin =

(
1 + 7D
1 − D

)
× Vin. (12)

s it can be seen from (1) and (12), the voltage gain of the proposed driver is (1 + 7D)/(1 + D) times of that of
he conventional driver [6,7].

. SPICE-based simulation results

To evaluate the characteristics of the proposed converter, namely power efficiency and voltage gains, we
erformed some simulations in the SPICE software environment under the conditions that Vin = 3.7 V, L1 = L2 = 1
H, C1 = · · · = C5 = 10 µF, T = 10 µs, D = 0.5, and the on-resistance of transistor switches Ron = 0.1 �. In

he performed simulations, the proposed converter shown in Fig. 2 was compared with the traditional buck-boost
onverter [8] and the hybrid buck-boost converter [6,7] concerning both power efficiency and a voltage gain. The
imulation results are shown in Fig. 4, where Fig. 4(a) is the power efficiency and Fig. 4(b) is the voltage gain. As
t can be seen from Fig. 4(a), the proposed converter achieves the highest power efficiency among these converters.

hen the output power is 500 mW, the power efficiency of the proposed converter reaches 87%. The proposed
echnique achieved about 6% improvement from the conventional hybrid buck-boost converter. On the other hand,
s it can be seen from Fig. 4(b), the highest voltage gain is achieved by the proposed converter. In Fig. 4(b), the
oltage gain of the proposed converter is about four times as large as that of the hybrid buck-boost converter. This
esult corresponds to the theoretical voltage gain shown in (1) and (12). From the results shown in Fig. 4, it can be
een that the proposed converter can achieve a high voltage gain as well as a high power efficiency.

. Experimental results

The experimental circuit was assembled with photo MOS relays AQW217, Darlington sink driver TD 62004APG,
microcontroller PIC, and a diode 11EQS03L. Then, some experiments were conducted under the conditions that
in = 3.7 V, L1 = L2 = 100 mH, C1 = · · · = C5 = 10 µF, f = 800 Hz, and the output load RL = 150 k�.
he measured output voltage is shown in Fig. 5. As it can be seen from Fig. 5, high voltage gains and output
ontrollability can be offered by the proposed topology. Concretely, the voltage gain reaches 7.97 and 9.05 in
ig. 5(a) and (b), respectively. From the results shown in Fig. 5, we can confirm the feasibility of the proposed
opology.
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Fig. 4. Comparison of simulated results: (a) power efficiency; (b) voltage gains.

Fig. 5. Measured output voltage of the experimental circuit: (a) D = 0.5; (b) D = 0.6.

. Conclusion

A hybrid LED sink driver using a nesting-type SI/SC buck-boost converter has been proposed in this paper. In
he performed SPICE simulations, the proposed driver improved about 6% power efficiency from the conventional
ybrid buck-boost converter when D = 0.5 and Pout = 500 mW. The voltage gain of the proposed SI/SC converter
as fourfold of gains of the conventional hybrid buck-boost converter. Furthermore, the experiments confirmed the

easibility of the proposed topology by demonstrating high voltage gains and output controllability. Owing to the
igh voltage gain, the proposed LED driver with high voltage gains will be applied for LED lighting applications
sing energy harvesting techniques. Future study will need to implement the proposed LED driver into an IC chip.

eclaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could
ave appeared to influence the work reported in this paper.

eferences
[1] Wang J, Eto E, Kurokawa F. Optimized variable on-time control for LED lighting driver. In: 2018 international power electronics

conference. Niigata: 2018. p. 2097–01.
[2] Wang YW, Deng WL, Ma XY, Huang WY, Huang JK. Design of a white LED backlight driver IC based on a new three-mode charge

pump. In: IET international conference on information science and control engineering 2012. Shenzhen: 2012. p. 1–4.
[3] Liu Xueshan, Li Xuewen, Zhou Qun, Xu Jianping. Flicker-free single switch multi-string LED driver with high power factor and current

balancing. IEEE Trans Power Electron 2019;34(7):6747–59.
[4] Marhraoui Saloua, Abbou Ahmed, Cabrane Zineb, Eddine Rhaili Salah, El Hichami Nezha. Fuzzy logic-integral backstepping control

for PV grid-connected system with energy storage management. Int J Knowl-Based Intell Eng Syst 2020;13(3):359–72.
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