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Abstract—An LLC resonant circuit-based full-bridge
dc—dc converter with an LC antiresonant tank for
improving the performance of pulse frequency
modulation (PFM) is proposed in this paper. The
proposed resonant dc—dc converter, named as LLC-
LC converter, can extend a voltage regulation area
below the unity gain with a smaller frequency
variation of PFM by the effect of the antiresonant
tank. This advantageous property contributes for
protecting over current in the case of the short-
circuit load condition as well as the start-up interval
in the designed band of switching frequency. The
circuit topology and operating principle of the
proposed converter is described, after which the
design procedure of the operating frequency and
circuit parameters is presented. The performances on
the soft switching and the steady-state PFM
characteristics of the LLC-LC converter are
evaluated under the open-loop control in experiment
of a 2.0-kW prototype, and its actual efficiency is
compared with an LLC converter prototype. For
revealing the effectiveness of the LLC-LC resonant
circuitry, voltages and currents of the series and
antiresonant tanks are analyzed, respectively, with
state-plane trajectories based on calculation and
experiment, whereby the power and energy of each
resonant tank are demonstrated. Finally, the
feasibility of the proposed converter is evaluated
from the practical point of view.

Index Terms—Antiresonant tank, buck and boost
voltage regulations, LLC resonant converter, LLC-
LC resonant converter, over current protection
(OCP), pulse frequency modulation, zerocurrent soft
switching (ZCS), zero-voltage soft switching (ZVS).

I. Introduction

An asymmetrical half-bridge LLC
resonant dc—dc converter has been gaining the
popularity in a variety of switching power
supplies encompassing from a small power ICT
equipment, LED lighting, battery chargers for

electric vehicles, to a dc microgrid power
distribution system due to a soft-switching
operation over the wide range of load power:
zero-voltage soft switching (ZVS) of active
switches and zero-current soft switching (ZCS)
of rectifier diodes [1]-[11]. The wide range of
softswitching operation in the LLC converter is
attractive for a full-bridge dc—dc converter
topology as well, while a typical phase-shift
pulse-width-modulation  (PWM)  full-bridge
circuit topology suffers from a severely limited
range of soft switching for load power
variations.The steady state performances on the
voltage and power regulations of the LLC
converter are theoretically described in Section
I, whereby the low sensitivity of PFM for the
buck voltage regulation is pointed out by the
relevant characteristic curves.

The circuit configuration and operation
principle of the proposed LLC-LC converter are
explained in Section Ill, after which the series
and antiresonant frequencies are explained in
conjunction with the resonant tank impedances
as well as the input impedance of the proposed
converter. The design procedure of the circuit
parameters and resonant frequencies are
described in Section V. The essential
performances on the wide range of output
voltage and power regulations with soft
switching are demonstrated by the time-domain
analysis with both the calculation and measured
state-plane trajectories under the various load
conditions including the short load in Section V,
and compared with the LLC converter. Finally,
the experimental verifications ate summarized,
then, effectiveness of the multi element resonant
dc—dc converter topology is originally revealed
from a practical point of view in Section V1.



Il. PFM CHARACTERISTICS OF LLC
RESONANT DC-DC CONVERTER

The circuit diagram of LLC resonant
full-bridge dc—dc converter is depicted in Fig. 1.
The series inductor Ls includes the leakage
inductance of the HF transformer, while the
resonant capacitor Cs is additionally inserted in
the primary-side HF inverter. The steady-state
characteristics of the LLC converter can be
derived from the fundamental harmonic
approximation (FHA)

I11. PROPOSED LLC-LC RESONANT DC-DC
CONVERTER
A. Circuit Topology and Operating Principle

The proposed LLC-LC resonant full-
bridge dc—dc converter is schematically depicted
in Fig.4 [22]-[24].The antiresonant tank (LpCp )
is employed in series with the series-resonant
network (LsCs ) in the primary-side HF inverter.
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Fig 1 LLC resonant dc dc converter
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Fig 2 equivalent circuit of resonant converter
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Fig 3 Input impedance characteristics of LLC
resonant converter

Fig 4 proposed LLC resonant converter
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Fig 5 Theoretical characteristics of proposed resonant
converter
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Fig 6 simplified equivalent circuits of proposed
resonant converter for various modes
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Fig 7.theoretical characteristics of proposed resonant
converter

IV. DESIGN PROCEDURE OF CIRCUIT
PARAMETERS

A. Resonant Frequencies

The first resonant frequency fry and the second
resonant frequency fr, of the proposed LLC-LC
converter are designed as close to frs and frm of
the LLC converter, respectively. The
antiresonant frequency frp should be set well
less than three times fr ; for precluding the
harmonics from ip , while the switching
frequency variation from fr; should be small as
much as possible for a better response of the
OCP. This idea on setting the resonant
frequencies leads to a design guideline of frp =
1.5fr; .Once frs and frm are set as 90 and 30 kHz
in consideration of the wide-range 2ZVS
operation in the LLC converter, the antiresonant
frequency frp can be designed as

frp=15fr; = 135KHz ----------m-mmm-- 1
V.EXPERIMENTAL RESULTS AND
EVALUATIONS

A. Specification of Prototype

The performances of the proposed LLC-LC
converter are evaluated in experiment using a
2.5-kW laboratory prototype by comparison
with an LLC converter prototype.

Fig 8 Experimental setup of proposed resonant
converter
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Fig 9 Practical wave form of proposed resonant
converter

B. Soft-Switching Performance

The switching waveforms of the LLC-LC
converter prototype under a heavy-load
condition (80% output power) are shown in Fig.
9. ZVS and ZCS commutations can be actually
confirmed from those results.

C. Steady-State Characteristics

The steady-state characteristics of the proposed
converter are compared with the LLC converter
under the open-loop control in the experiment.
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Fig 10 Comparison of conventional and proposed
resonant converter
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Fig 11.0utput power versus power loss of proposed
resonant converter
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Fig 12 Experimentally obtained wave form of
proposed resonant converter

E. State-Plane Analysis of Resonant Tanks

The power and energy levels of each
resonant tank can be portrayed by the state-plane
trajectory, which helps to understand the
proprieties of the LLC-LC resonant tanks.
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Fig 14 state plane trajectories of proposed resonant
converter under load conditions
VI. CONCLUSION

This paper presents an LLC-LC resonant
soft-switching dc— dc converter with the
sensitivity-improved PFM scheme. The OCP for
the short-circuit load condition as well as a start-
up interval can be ensured in a smaller band of
switching frequency, which is designed on the
basis of the series- and antiresonant frequencies.

The circuit topology and the PFM scheme are
also effective for extending the voltage
regulation area especially in the buck mode,
which is advantageous for realizing a single
stage buck and boost voltage regulations in the
resonant converter. Implementation of a high-
performance controller and evaluations on the
transitional behaviors of the LLC-LC converter
will be a future challenge of this research.

REFERENCES

[1] G. Yang, P. Dubus, and D. Sadarnac, “Double-
phase high-frequency, wide load range high-voltage /
low-voltage LLC dc-dc converter for electric/hybrid
vehicles,” |IEEE Trans. Power Electron., vol. 30, no.
4, pp. 1876-1886, Apr. 2015.

[2] J. Lee, J.-K. Kim, J.-H. Kim, S. Moon, and G.
Moon, “A novel accurate primary-side control (PSC)
method for half-bridge (HB) LLC converter,” IEEE
Trans. Power Electron., vol. 30 no. 4, pp. 1797—
1803, Apr. 2015.

[3] C. W. Tsang, M. P. Foster, D. A. stone, and D. T.
Gladwin, “Analysis and design of LLC resonant
converters with capacitor-diode clamp current
limiting,” IEEE Trans. Power Electron., vol. 30, no.
3, pp. 1345-1355, Mar. 2015.

[4] T. Jiang, J. Zhang, X. Wu, K. Sheng, and Y.
Wang, “Bidirectional LLC resonant converter with
automatic forward and backward mode transition,”
IEEE Trans. Power Electron., vol. 30, no. 2, pp. 757—
770, Feb. 2015.

[5] Z.Hu,Y. Qiu, L.Wang, andY.Liu, “Aninterleaved
LLC resonant converter operating at constant
switching frequency,” IEEE Trans. Power Electron.,
vol. 29, no. 6, pp. 2931-2943, Jun. 2014.

[6] D. Wong and Y. Liu, “Zero-crossing noise filter
for driving synchronous rectifiers of LLC resonant
converter,” IEEE Trans. Power Electron.,

vol. 29, no. 4, pp. 1953-1965, Apr. 2014.

[7]1 L. Cho, Y. Kim, and G. Moon, “A half-bridge
LLC resonant converter adopting boost PWM control
scheme for hold-up state operation,” IEEE Trans.
Power Electron., vol. 29, no. 2, pp. 841-850, Feb.
2014.

[8] F. Musavi, M. Craciun, D. S. Gautuam, W.
Eberle, and W. G. Dunford, “An LLC resonant dc-dc
converter for wide output voltage range battery
charging applications,” IEEE Trans. Power Electron.,
vol. 28, no. 12, pp. 5437-5455, Dec. 2013.

[9] J.-Y. Lee, Y.-S. Feong, and B.-M. Han, “An
isolated dc-dc converter using high-frequency
unregulated LLC resonant converter for fuel cell
applications,” IEEE Trans. Ind. Electron., vol. 58, no.
7, pp. 2926-2934, Jul. 2011,



[10] B.-R. Lin and C.-H. Liu,“ZVS dc-dc converter
based on two three-level PWM circuits sharing the
same power switches,” IEEE Trans. Ind. Electron.,
vol. 60, no. 10, pp. 4191-1503, Oct. 2013.

[11] S. W. Hong, H. J. Kim, J.-S. Park, Y.-G. Pu, J.
Cheon, D.-H. Han, and K.-Y. Lee, “Secondary-side
LLC resonant controller IC with dynamic PWM
dimming and dual-slope clock generator for LED
backlight units,” IEEE Trans. Power Electron., vol.
26, no. 11, pp. 3410-3422, Nov. 2011.

[12] X. Fang, H. Hu, Z.-J. Shen, and |. Batarseh,
“Operation mode analysis and peak gain
approximation of the LLC resonant converter,” |IEEE
Trans. Power Electron., vol. 27, no. 4, pp. 1985-
1995, Apr. 2012.

[13] H. Hu, X. Fang, F. Chen, Z. J. Shen, and B.
Batarseh, “A modified high-frequency LLC converter
with two transformers for wide inputvoltage range
applications,” IEEE Trans. Power Electron., vol. 28,
no. 4, pp. 1946-1960, Apr. 2013.

[14] J. Zhang, J. Wang, G. Zhang, and Z. Qian, “A
hybrid driving scheme for full-bridge synchronous
rectifier in LLC resonant converter,” IEEE Trans.
Power Electron., vol. 27, no. 11, pp. 4549-4561,
Nov. 2011.

[15] K. Jin and X. Ruan, “Hybrid full-bridge three-
level LLC resonant converter—A novel dc-dc
converter suitable for fuel cell power system,” IEEE
Trans. Ind. Electron., vol. 53, no. 5, pp. 1492-4200,
Oct. 2006.

[16] W. Feng and F. C. Lee, “Optimal trajectory
control of LLC resonant converters for soft start-up,”
IEEE Trans. Power Electron., vol. 29, no. 3, pp.
1461-1468, Mar. 2014,

[17] H. Figge, T. Grote, N. Fr'ohleke, J. B"ocker, and
F. Schafmeister, “Overcurrent protection for the LLC
resonant converter with improved holdup time,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., Mar.
2011, pp. 13-20.

[18] Z. Liang, R. Guo, L. Li, and A. Q. Huang, “A
high-efficiency PV moduleintegrated dc-dc converter
for PV energy harvest in FREEDM system,” |IEEE
Trans. Power Electron., vol. 26, no. 3, pp. 897-909,
Mar. 2011.

[19] X. Xie, J. Zhang, C. Zhao, Z. Zhao, and Z. Qian,
“Analysis and Optimization of LLC resonant
converter with a novel over-current protection
circuit,” IEEE Trans. Power Electron., vol. 22, no. 2,
pp. 435-443, Mar. 2007.

[20] D. Fu, F. C. Lee, Y. Liu, and M. Xu, “Novel
multi-element resonant converter for front-end dc-dc
converters,” in Proc. IEEE Power Electron. Special.,
Conf., Jun. 2008, pp. 250-256.

[21] D. Huang, P. Kong, F. C. Lee, and D. Fu, “A
novel integrated multielements resonant converter,”

in Proc. IEEE Energy Convers. Congr. Expo., Sep.
2011, pp. 3808-3815.

[22] H. Mizutani, T. Mishima, and M. Nakaoka, “A
novel LLC multi-resonant dc-dc converter with an
anti-resonant circuit,” in Proc. 7th Int. Power
Electron. Motion Control Conf., Jun. 2012, pp. 1324—
1335.

[23] T. Mishima, H. Mizutani, andM. Nakaoka, “An
LLC resonant full-bridge inverter-link dc-dc
converter with an anti-resonant circuit for practical
voltage step-up/down regulation,” in Proc. |IEEE
Energy Convers. Congr. Expo., Sep. 2012, pp. 3533-
3540.

[24] T. Mishima, H. Mizutani, and M. Nakaoka,
“Experimental evaluations of a five-element multi-
resonant dc-dc converter with an improved PFM
control range,” in Proc. IEEE Int. Conf. Power
Electron. Drive Syst., Apr. 2013, pp. 147-152.

[25] H. Mizutani, T. Mishima, andM. Nakaoka, “A
dual pulse modulated fiveelement multi-resonant dc-
dc converter and its performance evaluations,” in
Proc. IEEE Energy Convers. Congr. Expo., Sep.
2013, pp. 4912-4919.

[26] R. Oruganti and F. C. Lee, “Resonant power
processors, part |—State plane analysis,” IEEE
Trans. Ind. Appl., vol. IA-21, no. 6, pp. 1453-1460,
Nov./Dec. 1985.

[27] R. L. Steigerwald, “A comparison of half-bridge
resonant converter topologies,” IEEE Trans. Power

Electron., vol. 3, no. 2, pp. 174-182, Apr. 1988.
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1,
JANUARY 2017

[28] Tomokazu Mishima, Hiroto Mizutani, and
Mutsuo Nakaoka, ‘A Sensitivity-Improved PFM LLC
Resonant Full-Bridge DC-DC Converter With LC

Antiresonant Circuitry’ IEEE TRANSACTIONS ON POWER
ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017



