





This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2594836, IEEE

Transactions on Power Electronics

>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 9

Tek Prevu M 4.00ms

B>

Zoom Factor: TkX <« T=14.0: =
T s=14.0us BERE
. on )

. v S]
l. S] off —»
AP

B J I [ I
k) i |
o Sysofttumeon AN L

: j ; ; .

- MM\ i Mw"‘“’*ﬁ &‘ M“‘“-‘—« A
: (4 : \: /™ Diand D; zero |/
: W/ “/  current turn-off

2.00 A O% T00A & JZ4.00 125M5/ 7 ]
@ : L )[ Joc S5M poinsts .316 v
(b) 220Vac

Fig. 12 Primary and secondary current waveforms of proposed
resonant four-output LED driver operating in CRM.

TABLE II
OUTPUT CURRENT UNDER RATED LOAD
vin (Vac)
Output 90~135Vac input 175~265Vac input
prototype prototype
90 120 135 175 220 265
ip(mA) 3454 3456 3458 3517 3519 3521
v (V) 783 783 783 785 785 784
ip(MA) 3454 3456 3459 3517 3519 3521
v (V) 716 716 717 718 778 778
is(MA) 3453 3455 3457 3515 351.8 3519
va(V) 785 785 786 786 786 787
is(MA) 3454 3456 3458 3515 3517 3519
va(V) 778 778 778 780 780 779
TABLE III
OUTPUT CURRENT UNDER EXTRME LOAD IMBALANCE
vin (Vac)
Output 90~135Vac input 175~265Vac input
prototype prototype
90 120 135 175 220 265
o (MA) 3453 3455 3456 3516 351.7 3520
Vo1 (V) 78.3 78.3 78.3 78.5 78.5 78.5
ip(MA) 3455 3455 3458 3516 351.8 3520
Vo2 (V) 68.6 68.6 68.7 68.8 68.8 68.8
is(MA) 3452 3454 3455 351.6 3519 352.1
Vo3 (V) 56.1 56.1 56.1 56.3 56.3 56.2
ios(MA) 3465 3457 3459 3521 3524 3525
va(V) 312 312 312 314 313 313

Table II and Table III illustrate the test results of output
currents under rated load power and extreme load imbalance. It
shows good output current regulation and current balancing
characteristic for two prototype from 90~135Vac and
175~264Vac input, respectively.

Fig.13 shows the startup performance of 90~135Vac input
prototype. After startup, it can be observed that four balanced
output currents are established, which shows good steady
current balancing performance among four LED strings.

Fig.14 shows the dynamic current balancing waveforms
under extreme load imbalance. From Fig.14, when LEDs4 is

short-circuit, the output current overshoot and undershoot of
other LED string appear because of low bandwidth of control
loop. But the current of the other LED strings can recovery to
the desired current within a short time, which illustrates good
dynamic current balancing performance of four LED strings.
Above experiment results show that this prototype has nature
output short protection characteristic and it doesn’t need
additional short protection circuit.
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Fig.13 Startup waveforms of proposed resonant four-output LED
driver (90~135Vac input prototype).
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Fig.14 Dynamic current balancing response waveforms when LEDg,
is short-circuit (90~135Vac input prototype).
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Fig.15 Voltage and current of switch for 90~135Vac input prototype.

Fig.15 shows the voltage and current of switch for
90~135Vac input prototype. From Fig.15, it can be known that
the maximum peak reverse voltage across the switch, caused by
leakage inductor, is about 550V, which is lower than maximum
allowable reverse voltage of S; (I5SNM65). From Eq. (47), the
analysis result of the sustained reverse voltage is 436V, while
the experimental results of the sustained reverse voltage is
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about 438V, which is almost the same as analysis results of Eq.
(47). From Eq.(50), the analysis result of secondary peak
resonant current is 5.5A, while from the experimental results
shown in Fig.15, the secondary peak resonant current is about
5.9A, which is almost the same as the analysis of Eq.(50).
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Fig. 16 Efficiency curve of proposed resonant four-output LED driver.

Fig.16 shows efficiency of proposed resonant four-output
LED driver. As shown in Fig.16, the maximum efficiency of
90~135Vac and 175~265Vac prototype are 91.4% and 93.6%
respectively. The proposed resonant four-output LED driver
benefits with high efficiency due to single stage power
conversion and soft switching characteristics.

V. CONCLUSION

A single-stage single-switch four-output resonant LED
driver is proposed. Current balanced among four outputs can be
achieved by only controlling one output current. Single-stage
power factor correction and four constant current outputs are
achieved together by using only one active switch and one
magnetic component. Compared with conventional two-stage
multiple output converters, the proposed LED driver benefits
from significant overall cost saving, small size and light weight
of device. Experimental results are presented to verify the
proposed LED driver, and demonstrate the advantages. This
solution can be easily applied to high power LED lighting such
as panel lighting. Although only four constant current outputs
solution is discussed in this paper, the proposed LED driver can
be easily extended to realize multiple constant outputs to fulfill
different system requirements.

REFERENCES

[1]  Sungjin Choi, and Tachoon Kim, “Symmetric current-balancing circuit
for LED backlight with dimming” /EEE Trans. Industrial Electron.,
vol.59, no.4, pp. 1698-1707, Apr. 2012.

[2]  Manuel Arias, Diego G. Lamar, Francisco F. Linera, Didier Balocco,
Almadidi Aguissa Diallo, and Javier Sebastian, “Design of a
soft-switching asymmetrical half-bridge converter as second stage of an
LED driver for street lighting application” /JEEE Trans. Power Electron.,
vol.27,no.3, pp. 1608-1621, Mar. 2012.

[3] Manuel Arias, Diego G. Lamar, Javier Sebastian, Didier Balocco, and
Almadidi Aguissa Diallo, “High-efficiency LED driver without
electrolytic capacitor for street lighting,” JEEE Trans. Ind. Appl., vol. 49,
no. 1, pp. 127-137, Jan./Feb. 2013.

[4]  Chen Zhao, Xiaogao Xie, and Shirong Liu, “Multioutput LED drivers
with precise passive current balancing” /EEE Trans. Power Electron.,
vol.28, no.3, pp. 1438-1448, Mar. 2013.

[5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

U. Hu and M. M. Jovanovic, “LED driver with self-adaptive drive
voltage,” IEEE Trans. Power Electron. vol. 23, no. 6, pp. 3116-3125,
Nov. 2008.
S. N. Li, W. X. Zhong, W. Chen, and S. Y. R. Hui, “Novel
self-configurable current-mirror Techniques for reducing current
imbalance in parallel light-emitting diode (LED) strings,” /EEE Trans.
Power Electron., vol. 27, no. 4, pp. 2153-2162, Apr. 2012.
S.N. Liand S. Y. R. Hui, “Self-configurable current-mirror circuit with
short-circuit and open-circuit fault tolerance for balancing parallel
light-emitting diode (LED) string currents,” IEEE Trans. Power
Electron., vol. 29, no. 10, pp. 5498-5507, Oct. 2014.
H. Chen, Y. Zhang, and D. Ma, “A SIMO parallel-string driver IC for
dimmable LED backlighting with local bus voltage optimization and
single time-shared regulation loop,” IEEE Trans. Power Electron., vol.
27,no. 1, pp. 452-462, Jan. 2012.
Qu Xiaohui, Siu-Chung Wong, and Chi-K.Tse, “Noncascading structure
for electronic ballast design for multiple LED lamps with independent
brightness control,” IEEE Trans. Power Electron., vol.25, no.2, pp.
331-340, Feb. 2010.
Y. Yu, F. Zhang and J. Ni, “Capacitor clamped current-sharing circuit
for multistring LEDs,” IEEE Trans. Ind. Electron. , vol. 61, no. 5, pp.
2423-2431, May. 2014.
Quanming Luo, Shubo Zhi, Can Zou, Weiguo Lu, and Luowei Zhou, “A
LED driver with dynamic high frequency sinusoidal bus voltage
regulation for multi-string applications,” IEEE Trans. Power Electron.,
vol.29, no.1, pp. 491-500, Jan. 2014.
Ruihong Zhang, and Henry Shu-Hung Chung, “Capacitor-isolated
multistring LED driver with daisy-chained transformers,” JEEE Trans.
Power Electron., vol.30,n0.7, pp. 3860-3875, Jul. 2015.
S. Choi, and T. Kim, “Symmetric current-balancing circuit for LED
backlight with dimming,” IEEE Trans. Ind. Electron., vol. 59, no. 4, pp.
1698-1707, Apr. 2012.
Junming Zhang, Jianfeng Wang, and Xinke Wu, “A capacitor-isolated
LED driver with inherent current balance capability,” [EEE Trans.
Industrial Electron., vol.59, no.4, pp. 1708-1716, Apr. 2012.
Junming Zhang, Lianghui Xu, Xinke Wu, and Zhaoming Qian, “A
precise passive current balancing method for multi-output LED drivers,”
IEEE Trans. Power Electron., vol.26, n0.8, pp. 2149-2159, Aug. 2011.
Xinke Wu, Junming Zhang, and Zhaoming Qian, “A simple
two-channel LED driver with automatic precise current balancing,” /EEE
Trans. Industrial Electron., vol.58,n0.10, pp. 4783-4788, Oct. 2011.
Xinke Wu, Junming Zhang, and Zhaoming Qian, “Analysis and design
considerations of LLCC resonant multioutput DC DC LED driver with
charge balancing and exchanging of secondary series resonant
capacitors,” IEEE Trans. Power Electron., vol.30, no.2, pp. 780-789,
Feb. 2015.
Xinke Wu, Chen Hu, Junming Zhang, and Chen Zhao, “Series-parallel
auto-regulated charge-balancing rectifier for multioutput light-emitting
diode driver,” [EEE Trans. Industrial Electron., vol.61, no.3, pp.
1262-1268, Mar. 2014.
Electromagnetic Compatibility (EMC), Part 3-2: Limits—limits for
harmonic current emissions (equipment current < 16 A per phase),
International Standard IEC 61000-3-2, 2009.
Chi K. Tse, Martin H. L. Chow, and Martin K. H. Cheung, “A family of
PFC voltage regulator configurations with reduced redundant power
processing,” IEEE Trans. Power Electron., vol.16, no.6, pp. 794-802,
Nov. 2001.
Chun-An Cheng, Chien-Hsuan Chang, Tsung-Yuan Chung, and Fu-Li
Yang, “Design and implementation of a single-stage driver for supplying
an LED street-lighting module with power factor corrections,” /EEE
Trans. Power Electron., vol.30,n0.2, pp. 956-966, Feb. 2015.
Pedro S. Almeida, Henrique A. C. Braga, Marco A. Dalla Costa, and J.
Marcos Alonso, “Offline soft-switched LED driver based on an
integrated bridgeless boost-asymmetrical half-bridge converter,” IEEE
Trans. Ind. Appl.,vol. 51, no. 1, pp. 761-769, Jan./Feb. 2015.
Huang-Jen Chiu, and Shih-Jen Cheng, “LED backlight driving system
for large-scale LCD panels,” IEEE Trans. Industrial Electron., vol.54,
no.5, pp. 2751-2760, Oct. 2007.
Xueshan Liu, Jianping Xu, Zhangyong Chen, and Nan Wang,
“Single-inductor dual-output buck-boost power factor correction
converter,” IEEE Trans. Industrial Electron., vol.62, n0.2, pp. 943-952,
Feb. 2015.

0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2594836, IEEE

Transactions on Power Electronics

>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 11

Xueshan Liu received the B.S. degree in
communication engineering and the M.S. and Ph.D.
degrees in electrical engineering from Southwest
Jiaotong University, Chengdu, China, in 2005, 2010,
and 2016, respectively.

From 2005 to 2008, he worked as development
engineer for switching-mode power supplies in Asia
Power Devices. Inc, Shenzhen, China. He is
currently a lecturer with the School of Electronic
Engineering and Information Technology, Sichuan
University. His research interests include control technique of switching-mode
power supplies, power factor correction converter, and the development of new
converter topologies.

Yang Qi was born in Jiangxi, China, in 1991. She
received the B.S. degree in electrical engineering
y from Southwest Jiaotong University, Chengdu, China,

in 2014, where she is currently working toward the

M.S. degree in the School of Electrical Engineering.

: Her research interests include multi-output
converters, power factor correction converters, and

\ the technology of current balancing.

Qun Zhou received her B.S. and Ph.D. in
Automation Engineering from the University of
Electronic Science and Technology of China,
Chengdu, China, in 1989 and 2009, respectively. She
has been with the School of Electrical Engineering
Information, Sichuan University, Chengdu since
1989, where she has been an associate professor since
1998. Her research interests include power quality
analysis and control.

Jianping Xu (M’10) received the B.S. and Ph.D.
degrees in electronic engineering from the University
of Electronics Science and Technology of China,
Chengdu, Sichuan, China, in 1984 and 1989,

respectively.
Since 1989, he has been with the School of
Electrical ~ Engineering,  Southwest  Jiaotong

University, Chengdu, China, where he has been a
Professor since 1995. From November 1991 to
February 1993, he was with the Department of
Electrical Engineering, University of Federal
Defense Munich, Munich, Germany, as a Visiting Research Fellow. From
February 1993 to July 1994, he was with the Department of Electrical
Engineering and Computer Science, University of Illinois at Chicago, Chicago,
IL, USA, as a Visiting Scholar. His research interests include modeling,
analysis, and control of power electronic systems.

Guohua Zhou (S’10-M’12-SM’14) received the
B.S. degree in electronic and information
engineering and the M.S. and Ph.D. degrees in
electrical engineering from Southwest Jiaotong
University, Chengdu, China, in 2005, 2008, and
2011, respectively.

He is currently a Professor with the School of
Electrical ~ Engineering,  Southwest  Jiaotong
University. From March 2010 to September 2010, he
was a Research Assistant with the Department of
Electronic and Information Engineering, The Hong
Kong Polytechnic University, Kowloon, Hong Kong. From October 2010 to
March 2011, he was a Visiting Scholar (also a Joint Ph.D. Student) with the
Center for Power Electronics Systems, Virginia Polytechnic Institute and State

University, Blacksburg, VA, USA. His current research interests include
modulation and control techniques of power electronics systems, dynamical
modeling and analysis of switching power converters, and renewable energy
applications of power electronics.

0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



