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Abstract— To achieve ZCS for both power switches and 

rectifier diodes LCC resonant converter with inductive filter 

working in discontinuous current mode (DCM) can be used, 

as it is suitable for high power, low voltage, high current 

power supplies. But when voltage varies or load changes this 

DCM LCC resonant converter with inductive filter might 

work in different operating modes. To overcome from this 

problem this paper derives mode boundary map. On the basis 

of mode boundary map, operating mode of converter can be 

determined and optimal design process is proposed and set of 

optimal and normalized converter parameters is determined 

which can be easily converted into real parameter according 

to the converter specification. 
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I. INTRODUCTION 

Resonant converters are good candidates for achieving 

ZCS.LLC resonant converters and LCC resonant converters 

are most popular converters. For the LCC resonant 

converters, both the capacitor filter and inductive filter can 

be used. High power, low-voltage, high current power 

supplies are widely used in electroplating, electrolyzing etc. 

In this power supplies inductive filter is attractive as the 

current ripple in the output filter capacitor is lesser 

compared to that in the capacitive filter. In the power 

supplies, IGBT’s are commonly employed as the power 

switches to reduce the turn off losses resulted by the current 

tail. This LCC resonant converter with inductive filter can 

operate in CCM[1]-[3] or DCM[4],[5].If this operate below 

resonance, power switches can accomplish ZCS turn off, but 

hard turn on[4], and if it operates above resonance, the 

power switches can accomplish ZVS[3][4]. The DCM LCC 

resonant converter with inductive filter can operate in 

various operating modes, and the operating mode might 

change with the variations of input voltage and the load, 

which challenges the design of converter parameters. In 

[4],[5] two different operating modes are considered for 

design  respectively, and so the converter has not been 

optimized when load, input voltage changes. These designs 

are based on the converter’s specific specifications. For 

various specifications, the converter ought to be overhauled. 

To solve these troubles, this paper proposes the idea of 

mode boundary map for the DCM LCC resonant converter 

with inductive filter, from which the working method of the 

converter can be effortlessly decided. On the basis of 

boundary map method, a generalized most useful design 

procedure with variations in the input voltage and load is 

proposed and a set of normalized converter parameters is 

determined, which may be effortlessly changed into the true 

converter parameters, regardless of what the converter 

specification is. 

II. MAIN CIRCUIT OF LCC RESONANT WITH CONVERTER 

INDUCTIVE FILTER 

 
Fig. 1: LCC resonant converter with inductive filter circuit 

Fig 1 demonstrates the primary circuit shows the LCC 

resonant converter with the inductive filter. The parallel 

resonant capacitor 𝐶′𝑝 is intentionally put on the secondary 

side of the transformer to utilize transformer leakage 

inductor as a part of the resonant inductor. The inductor 𝐿𝑟 

depicts sum of transformer resonant inductor and the 

leakage inductor. 𝐿𝑓 and 𝐶𝑓 form the inductive filter. The 

converter is worked in the DCM by means of gating the 

switches Q1 − Q4 with a constant on-time and changeable 

frequency to control the output voltage.  

III. ANALYSIS OF WORKING MODES OF DCM LCC RESONANT 

CONVERTER WITH INDUCTIVE FILTER 

Interval 0 [Prior to 0]: iLr=0, load current Io freewheels 

throughDR1, DR2. Hence, vCp = 0, vCs has an original value. 

Interval 1 [t0, t1]: At t0, Q1, and Q4 are switched 

on with ZCS, and Vin is applied on the resonant tank. 

Accordingly, Lr and CS begin to resonate, iLr increments 

from zero. As iLr< Io/n,  DR1 and DR2 still keep conducting 

and vCp= 0.  

Interval 2 [After t1]: At t1, iLr increases to  Io/n. 

DR2 turns off naturally, and Io flows through DR1. After t1, 

iLr>Io/n. Hence, Cp is charged and vCp increases from zero. 

Lr, Cs and Cp begin to resonate.  

Throughout resonance,  iLr will cross zero two 

times:  first time is that iLr crosses zero from the positive 

direction, represented by  ti+; and second time is that  iLr 

crosses zero from the negative direction, represented by ti−. 

vCp will cross zero once from the positive path, signified by 

tv+. tv+ could be later than ti−, within  [ti+, ti−] or sooner 

than ti+, and this will prompt  three probable working 

modes, which might be named as Mode 1, Mode 2, Mode 3 

respectively. In these working modes, Q1 and Q4 are 

switched off with ZCS when iLr  deteriorates to negative and 

flows through D1 and D4 in the course of[ti+, ti−]. When 

both iLr and vCp come back to zero, then converter will go 

back to period 0.  
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Fig. 2: Key working waveforms (a) Mode 1 (b) Mode 2 (c) 

Mode 3 

IV. OPTIMAL DESIGN OF CONVERTER PARAMETERS ON THE 

BASIS OF MODE BOUNDARY MAP 

In this section, a generalized optimal design will be 

implemented based on the mode boundary map to 

accomplish a excessive efficiency over whole input voltage 

and load range. The symbols of the converter specification 

are recorded beneath:  

1) Input voltage:  𝑉𝑖𝑛 min   − 𝑉𝑖𝑛 𝑚𝑎𝑥; 

2) Output voltage: 𝑉𝑜; 

3) Output current at full load:  𝐼𝑜𝑚𝑎𝑥    

4) Highest switching frequency:  𝑓𝑠 𝑚𝑎𝑥 

From this equation 𝑉𝑜𝑁≈
2𝑓𝑠𝑁

1+𝜆
  𝑉𝑜𝑁 is proportional to 

𝑓𝑠 N and is independent of 𝐼𝑜𝑁.The switching frequency 

range cannot be decreased and when 𝑓𝑠 𝑚𝑎𝑥 is given, the 

minimum switching frequency is decided by the input 

voltage range. We ought to diminish switching losses and 

conduction losses to enhance converter efficiency. To 

improve converter efficiency, we need to reduce conduction 

losses, to reduce these losses, circulating current of the 

resonant converter must be reduced which can be reduced 

with the reduction of the energy that is feedback to input 

volage by resonant tank. 

A. Determine the Optimal Parameters on the basis of Mode 

Boundary Map 

Four standardized parameters, including 𝐼𝑜𝑁, λ, 𝑓𝑠𝑁 and 𝑉𝑜𝑁 

are necessary to find out for generalized design. To start 

with λ and 𝐼𝑜𝑁 will be resolved taking into account the mode 

boundary map. 

1) Determine 𝐼𝑜𝑁, λ on the basis of Mode Boundary Map: 

In accordance with fig 2, when 𝑖𝐿𝑟< 0 during [t0, Ts/2], 

energy is fed back to the input voltage. Energy fedback in 

mode 3 is larger compared to mode 1, 2 which should be 

reduced to achieve high efficiency. Energy feedback which 

is represented by curve 1 is fig 3 suggests that the converter 

will accomplish higher efficiency when 𝐼𝑜𝑁, λ are designed 

on Curve 1. Since 𝐼𝑜𝑁=𝐼𝑜Zr/(n𝑉𝑖𝑛), if input voltage reduces 

or load current increases then 𝐼𝑜𝑁 will increase and therefore 

converter will enter into non-ZCS area results in ZCS loss 

and thus reduced efficiency. So λ and 𝐼𝑜𝑁 must be designed 

on curve 1 under the condition of minimum input voltage 

and full load current. So λ 𝐼𝑜𝑁 at minimum input voltage and 

full load current are selected at point A is the optimal 

choice. 

 
Fig. 3: Mode boundary map of DCM LCC resonant   

converter with inductive filter 

2) Find out 𝑓𝑠𝑁 and 𝑉𝑜𝑁: 

To further improve the converter efficiency, when 𝑖𝐿𝑅 = 0 

the time interval must be diminished in the interval from t3-

Ts/2 as in fig 4. It is best to reduce the time interval to 0 as 

the input voltage does not provide energy to resonant tank. 

Hence converter operates in critical CCM at minimum input 

voltage and full load current. 

 
Fig. 4: Key operating waveforms on the boundary of mode 1 

and non-ZCS area 

The converter will go into DCM when the input voltage 

increases or load current decreases. Therefore, 𝑓𝑠𝑁 at 

minimum input voltage and full load should be designed as 
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𝑓𝑠𝑁 = π/(α1 + α12 + α23), so that in critical CCM the 

converter works. When λ, 𝐼𝑜𝑁 and 𝑓𝑠𝑁 are all decided, 𝑉𝑜𝑁 

can be determined by 

𝑉𝑜𝑁 = 
𝑓𝑠𝑁

𝜋
 ∫ 𝑣𝐶𝑝𝑁 (𝛼)

𝛼3

𝛼1
𝑑𝛼 

Point 𝜆 𝐼𝑜𝑁 𝑉𝑜𝑁 𝑓𝑠𝑁 

A0 0 1 0.93 0.47 

A1 0.1 1.4 0.91 0.5 

A 0.217 2.2 0.8 0.52 

B 0.25 1.6 0.65 0.42 

Table 1: Four Set of Converter Parameters 

B. Design Process 

1) According to the point A with a certain margin find out 

normalized parameters:  

When applying the set of parameters of the point A in 

TABLE-I, a specific margin ought to be kept to prevent the 

converter from entering non-ZCS area, Mode 3, or CCM. It 

implies λ, IoN, VoN, and fsN ought to be lesser than that at 

point A. 

2) Convert the normalized parameters into real values: 

When the detailed “converter specification”, which includes 

the minimum input voltage Vin_min,the full load current 

Io_max, the output voltage Vo, highest switching frequency 

fs_max are given, λ, IoN, VoN, and fsN can be changed into the 

true converter parameters as 

n=
VoNVin_min   

Vo
 

Lr =  
nVin_min IoNfsN

2πfs_maxIo_max

 

Cp
′ =   n(1 + λ)Io_maxfsN /8πfs_max

Vin_min IoN 

Cs = (1+𝜆) Io_maxfsN / (2πfs_maxnVin_min IoN) 

V. EXPERIMENTAL RESULTS 

Two parameters of DCM LCC resonant converter with 

inductive filter have been designed with same specification, 

where 𝑉𝑖𝑛_𝑚𝑖𝑛 = 500 V, 𝑉𝑖𝑛_𝑚𝑎𝑥= 600 V,  𝑉𝑜 = 50V, 𝐼𝑜_𝑚𝑎𝑥 = 

100 A, and 𝑓𝑠_𝑚𝑎𝑥= 23kHz. 

 𝐿𝑟 𝐶𝑠 𝐶′𝑝 n:1:1 

Parameter 1 180 μH 0.30 μF 0.76 μF 7:1:1 

Parameter 2 125 μH 0.27 μF 0.60 μF 6:1:1 

Table 2: Parameters 

Parameter 1 is designed with the set of parameters 

at point A. To keep a specific margin, we pick λ =0.21, 

𝐼𝑜𝑁=1.7, 𝑉𝑜𝑁 =0.7, and 𝑓𝑠𝑁=0.44, the real converter 

parameters of this parameters are got as appeared in TABLE 

2. 

Figs.5, 6 demonstrate the test waveforms of two 

parameters at different input voltage and load. From the Fg 

5, Fig 6 the following can be seen:  

1) In both the parameters, IGBTs achieve ZCS. 

2) As in Fig 5, Fig 6 when 𝑉𝑖𝑛=500V and 𝐼𝑜 = 100A, 

parameter 1 operate near boundary of Mode1 and non-

ZCS area, parameter 2operates in mode 2. 

 

 

 

 
Fig. 5: Experimental waveform in parameter 1 𝑉𝑖𝑛=500V, 

𝐼𝑜=100A 

 

 
Fig. 6: Experimental waveform in parameter 2 𝑉𝑖𝑛=500V, 

𝐼𝑜=100A 

It is verified that the set of parameters near point A 

is optimal as parameter 1 has higher efficiency than 

parameter 2. 

VI. CONCLUSION 

Based on the mode boundary map, operating mode can be 

determined. Set of optimal and normalized parameters are 

determined by a generalized optimal design by this 

boundary map. Since this set of parameters is normalized, it 

can be converted into real parameters according to the 

specification of converter. 
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