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Abstract: 

With the growth of renewable energy usage and 

energy storage adoption in recent decades LCC 

resonant converter with inductive filter operating in 

discontinuous current mode (DCM) can achieve zero-

current switching (ZCS) for both the power switches 

and rectifier diodes. Therefore, it is suitable for high-

power, low-voltage, high-current power supplies. The 

DCM LCC resonant converter with inductive filter 

might operate in different operating modes when 

input voltage or load changes, which challenges the 

design. This paper derives a mode boundary map, 

from which the operating mode of the converter can 

be easily determined. Based on the mode boundary 

map, a generalized optimal design procedure is 

proposed and a set of optimal and normalized 

converter parameters is determined, which can be 

easily converted into real parameters according to the 

converter specification. 

I. INTRODUCTION 

Nowadays, resonant converters are widely adopted 

in many industrial applications due to their wide 

soft switching range and low electromagnetic 

interference. Based on the number of resonant 

elements, resonant converters can be categorized 

into two- element resonant converters , three-

element resonant converters and multi-element 

resonant converters. Two-element resonant 

converters, such as series resonant converter and 

parallel resonant converter, benefit from simple 

implementation, however, they suffer from poor 

voltage regulation or large circulating loss. To solve 

such problems, three-element and multi-element 

resonant converters are proposed, where LLC and 

LCC resonant converters are widely used due to 

their good trade-off between circuit complexity and 

the utilization of transformer parasitic parameters . 

For LCC resonant converter, a small variation of 

switching frequency would result in a large 

variation of voltage gain. Hence it is suitable for 

renewable energy  applications where wide input 

voltage and/or wide output power are required. 

Furthermore, flexible filters can be used for LCC 

resonant converter, e.g. a capacitive filter can be 

adopted to save the space of filter inductor and LC 

filters can be used in applications with high output 

current . Fig. 1 shows an implementation of LCC 

resonant converter with a current double rectifier 

and self-driven synchronous rectification. Due to 

the high sensitivity of voltage gain and switching 

frequency, pulse-frequency modulation (PFM) is 

usually adopted for LCC resonant converter [1]. 

Fig. 2 shows PFM control circuit and its key 

waveforms. The peak voltage of the output saw of 

carrier generator is clamped by the output of error 

amplifier (EA) ve, and the slope of saw is constant. 

Therefore, the variation of ve leads to the variation  

of switching frequency. 
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Although it is easy to implement PFM, wide load 

variation would also bring in wide switching 

frequency variation of PFM LCC resonant 

converter, thus resulting in low utilization of 

magnetic component and large reactive power. In 

order to solve such problems, phase-shift modulated 

(PSM) LCC resonant converter is proposed . Fig. 3 

shows PSM control circuit and its key waveforms. 

It can be seen that both the slope and peak of vsaw 

are constant, and ve determines the phase-shift 

angle δ between the driving signals of leading leg 

switches (S1 and S2) and lagging leg switches (S4 

and S3). Despite PSM resonant converter fixes 

switching frequency, it loses wide ZVS range. To 

overcome such problem, numerous hybrid control 

strategies have been proposed, and generally such 

strategies can be categorized into three categories. 

The first category is multi-mode control strategy 

where resonant converter alternatively operates in 

PFM mode or pulse-width modulation (PWM) 

mode. For example, the resonant converter in 

operates in PFM mode under normal operation, and 

its switching frequency would decrease with the 

decrease of input voltage. When the switching 

frequency decreases to minimal, the converter 

changes from PFM mode to PWM mode. The main 

drawback of multi-mode control is that the mode-

switching point is hard to design: an improper 

mode-switching point may cause hard-switching 

operation or mode-jitter phenomenon. Furthermore, 

for most implementation of multi-mode control, the 

PI compensator in PWM and PFM circuits would be 

re- initiated when control mode is shifted, which 

limits transient performance, and the two 

modulators of PFM and PWM increase system 

complexity. 

 

 
 

 
 

Another category is the nonlinear control where 

phase-shift angle (or duty ratio) and switching 

frequency are calculated directly by nonlinear 

equations . These nonlinear equations usually come 

from the operation mode analysis, steady-state 

current/voltage waveform expressions, and soft 

switching conditions. 

For instance, in order to shrink switching frequency 

variation, duty ratio is computed according to input 

voltage, output voltage, output load and switching 

frequency. Theoretically, such nonlinear strategy 

could achieve very good steady/dynamic 

performance, since it fully utilizes the accurate 

mathematical model of converter. Unfortunately, 

most nonlinear equations are very complex in 

practical industrial applications, hence advanced 

algorithms and high-speed digital processors are 

usually necessary, which restricts the generalization 

of such control strategy. The third category is dual-

loop control strategy, where a voltage feedback 

loop measures output voltage and feedback its error 

signal to controller, while a current feedback loop 

usually measures resonant current to estimate 

resonant current phase angle, such as phase-locked-

loop (PLL) control and self-sustained phase-shift 

control . Dual-loop control strategy could achieve 

wide soft-switching range with small reactive 

power, however, the existence of current loop 

requires high-speed current sensor and extra 

parameter design procedure. Furthermore, most 
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dual loop controls ask for the accurate zero-crossing 

detection (ZCD) of resonant current, which is really 

hard to implement for resonant converters operating 

at hundreds of kilohertz. Various similar hybrid 

control strategies can also be found in resonant 

inverter, multi-port resonant converter dual active 

bridge converter and so on, but they suffer from 

above drawbacks in the same way. In this paper, our 

concern is only focused on LCC resonant converter. 

In this paper, a PS-PFM technique is proposed to 

substitute traditional PSM and PFM, which reduces 

both switching frequency variation range and 

reactive power of PFM LCC resonant converter. By 

integrating a voltage- controlled carrier generator, 

PS- PFM modulator can adjust phase-shift angle 

and switching frequency simultaneously, resulting 

in one more degree of control freedom to optimize 

the steady-state performance of LCC resonant 

converter. Meanwhile, PS-PFM LCC resonant 

converter has wider ZVS range than PSM LCC 

resonant converter. Unlike hybrid control strategies 

mentioned above, PS-PFM has only one modulation 

mode, thus it is easy to implement in analogue or 

digital way. Furthermore, PS-PFM is essentially a 

single-loop feedback strategy. 

Hence the drawbacks like complexity of 

parameter design procedure and high cost of current 

sensor are eliminated.  

PULSE-WIDTH MODULATION 

Pulse-width modulation (PWM),   or pulse-

duration   modulation (PDM),   is a modulation 

technique used to encode a message into a pulsing 

signal. Although this modulation technique can be 

used to encode information for transmission,  its 

main use is to allow the control of the power 

supplied to electrical devices, especially to inertial 

loads such as motors. In addition, PWM is one of 

the two principal algorithms used in photovoltaic 

solar battery chargers,[1]the other being maximum 

power point tracking. 

The average value of voltage (and current) fed 

to the load is controlled by turning the switch 

between supply and load on and off at a fast rate. 

The longer the switch is on compared to the off 

periods, the higher the total power supplied to the 

load. 

Principle OF PWM: 

 
 

Fig. A simple method to generate the PWM pulse 

train corresponding to a given signal is the 

intersective PWM: the signal (here the red sine 

wave) is compared with a sawtooth waveform 

(blue). When the latter is less than the former, the 

PWM signal (magenta) is in high state (1). 

Otherwise it is in the low state (0). 

II. PROJECT DESCRIPTION 

AND CONTROL DESIGN 

PHASE-SHIFT PULSE-

FREQUENCY MODULATED LCC 

RESONANT CONVERTER 

Proposed modulation and its implementation: 

In Fig. 4 shows the implementation and 

key waveforms of PS-PFM. The PS- PFM 

modulator in Fig. 4 (a) shows that error signal ve 

would determine the frequency of carrier vsaw, 

while vδ determines the phase-shift angle 

between driving signals of leading leg switches 

and lagging leg switches. According to Fig. 4 (a), 

vδ is calculated from ve by a simple analog 

circuit. And the carrier generator in Fig. 4 (a) can 

also be implemented by a simple analog circuit, as 

given in Fig. 4 (b). As shown in Fig. 4(b), 

capacitor Ca is charged by a voltage-controlled 

current source ia, and comparator CMP and 

monostable trigger MT periodically discharge Ca 
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at the beginning of every carrier cycle. The 

magnitude of ia is proportional to the modulator 

input signal vfs. Therefore, the carrier generator 

produces a leading-edge vsawtooth carrier signal 

vsaw, and the  slope of vsaw is also proportional 

to vfs. The key waveforms in Fig. 4 (c) reveal that 

the change of ve leads to the magnitude change of 

vδ and the slope change of vsaw, witch further 

results in the change of carrier frequency. 

Therefore, both phase-shift angle and switching 

frequency are adjusted simultaneously in the 

proposed PS-PFM. 

 

      

 

 
 

The trans-conductance of the voltage controlled 

current source ia is defined as g, then we have a f i gv 

 (1). 

Given ia charges capacitor Ca to voltage Vt in every 

carrier cycle, the slope ksaw and the frequency fsaw 

of vsaw are 

 
 

From Fig. 4 (c), the switching frequency fs is half of 

carrier frequency, i.e. 

 

 
 

From Fig. 4 (c), the phase-shift angle δ can be 

expressed as 

 
From Fig. 4 (a), the relationship among ve, vf 

and vδ are δ e b v kv V   (7). Combining 

(1)-(7), the relationship between δ and fs is a b s 

t 2π π kC V f g V    (8). 

 

For the convenience of discussion, we define 

modulation coefficients K, B as a 2πkC K g  , 

b t πV B V   (9) then Eq. (8) can be 

expressed as    Kf B s (10). 

From (10) it can be known that the phase-shift 

angle δ and switching frequency fs of PS- PFM 

LCC resonant converter are correlated by a 

simple linear equation, and the modulation 

coefficients K, B depend on PS-PFM modulator 

parameters. B.Operation principle of PS-PFM 

LCC resonant converter Fig. 5 shows the voltage 

gain curves of LCC resonant converter, where the 

quality factor Q is defined as r 2 L s 1 L Q n R C 

 (11). From Fig. 5, it can be known that the 

voltage gain curves of LCC resonant converter 

are concave, and the peak of voltage gain curve 

increases and shifts to right with the decrease of 

load. The region where slopes of voltage gain 

curves are positive is called capacitive region, and 

the region where slopes of voltage gain curves are 

negative is called inductive region. 
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Fig. 6 shows output voltage vAB of inverter and 

resonant current ir of LCC resonant converter 

operating in inductive region. Fig. 6 (a) shows the 

case of heavy load and low input voltage, where 

both phase-shift angle δ and resonant current 

lagging angle θ are small. The ZVS condition of 

LCC resonant converter is usually guaranteed 

under such condition, such condition can be 

expressed as Fig. 6 (b) shows key waveforms of 

PSM strategy. With decreased load or increased 

input voltage, the phase-shift angle δPSM would 

increase while switching frequency maintains 

constant . In Section III, it will be proved that 

constant switching frequency results in constant 

resonant current lagging angle. Therefore, θPSM 

in Fig. 6 (b) is also constant. 

Unfortunately, large δPSM and constant 

θPSM make it difficult to satisfy ZVS condition 

of , meaning the hard-switching operation of 

lagging leg switches and low efficiency [13]. 

Likewise, Fig. 6 (c) shows key waveforms of 

PFM strategy. With decreased load or increased 

input voltage, the switching frequency increases 

while phase- shift angle δPFM keeps zero . In 

Section III of this paper, it will be proved the 

increase of switching frequency results in the 

increase of resonant current lagging angle. 

Therefore, θPFM is also increased. However, 

large θPFM and small δPFM lead to high 

circulating energy in every half switching cycle, 

denoted as Ec in Fig. 6 (b). Such circulating 

energy brings large reactive power, and thus 

reduces efficiency and increases current stress of 

power switches. 

 

         

 
 

 
Fig. illustrates the voltage and current waveforms of 

PS- PFM LCC resonant converter. 

It can be seen that under light load or high input 

voltage, both phase-shift angle and switching 

frequency increase, resulting in large δPS-PFM 

and large θPS-PFM. With appropriate parameter 

design, the increase of both δPS-PFM and θPS-

PFM can still satisfy, meaning both leading and 

lagging leg switches achieve ZVS operation. 

Meanwhile, compared with Fig. 6 (c), PS-PFM 

LCC resonant converter benefits from smaller 

circulating energy and smaller frequency 

variation range. It should  be emphasized that 

although PS-PFM reduces circulating energy, it 

cannot achieve minimal circulating energy. This 

is due to the Eq. (10) only has two degrees of 

control freedom, and they are obliged to satisfy 

the soft-switching condition and voltage 

regulation condition of LCC resonant converter. 

III. SIMULATION RESULTS 

 Simulation Results 

http://jespublication.com/


Vol11,Issue2,FEB/2020 

ISSN NO: 0377-9254                                  

  

 

 

www.jespublication.com Page No:195 

 

 

 

 

 

Fig: Proposed Simulation Diagram  
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IV. Conclusions 

A PS-PFM LCC resonant converter is proposed in 

this paper to reduce the switching frequency 

variation range of PFM LCC resonant converter, 

and to extend the ZVS operation range of PFM 

LCC resonant converter. By integrating a 

voltagecontrolled carrier generator, the PS-PFM 

modulator can simultaneously adjust phase-shift 

angle and switching frequency. Therefore, PS-

PFM combines advantages of PSM and PFM: it 

benefits from small reactive power and maintains 

ZVS operation in specific input voltage range and 

output power range. The implementation and 

steady state performance of PS- PFM LCC 

resonant converter are elaborated in this paper. 

Based on the steady  state analysis, a step-by-step 

parameter procedure is provided. A prototype 

with 100V-200V input voltage and 500W/48V 

output is built to verify theoretical analysis. 

Experiment results show that the PS-PFM LCC 

resonant converter benefits from reduced 

switching frequency variation while maintains 

wide ZVS operation. 
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