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Abstract - With the current global energy crisis, the new 

focus for the electronic equipment is the efficiency increase 

to obtain high performance, while consuming less power. 

As a result of this new tendency, many electronic companies 

around the world have or are looking to increase their 

efficiency standards for numerous products in their 

respective specifications. Regarding the electrical power 

management, it will be difficult to meet these efficiency 

specifications with conventional hard switched converters. 

Then, power supply designers have directed one's efforts 

towards soft switching topologies to improve the efficiency 

as well as to allow for higher frequency operation.  

One such topology is the LLC resonant converter. The LLC 

resonant topology allows for zero voltage switching of the 

main switches thereby dramatically lowering switching 

losses and boosting efficiency. In this topology, to allow the 

ZVS condition, the device used like power switch must have 

an intrinsic body diode with very low recovery time. In fact, 

if the diode hasn’t recovered all the carriers, during the 

transition from low to high load, a hard switching condition 

could occur and could cause a turn-on of the intrinsic 

bipolar. 

1. Introduction  

 

In the market of consumer applications like 

telecom power supply, main frame computer-

server, welding and steel cutting the demand of 

power density is growing each year. To increase 

power density means to reduce component counts, 

power losses, heat-sink and reactive component 

size. A new alternative to the hard switched half 

bridge, typical topology for these applications, is 

the LLC resonant half bridge. This topology 

guarantees zero voltage across the switching 

device before turn on (or zero current during 

switching off), eliminating hence any power losses 

due to the simultaneous overlap of switch current 

and voltage at each transition. 

By this switching technique also at high 

frequencies the switching losses are low; hence it 

allows a reducing components reactive size. 

Obviously, by having lower losses allow lower 

heat-sink size. The zero voltage condition occurs 

by the intrinsic MOSFET body diode conduction; 

in extremely rapid load changes the MOSFET can 

move from a zero voltage switch to a zero current 

switch condition; in this situation high dv/dt 

values could turn on the intrinsic bipolar and 

destroy the MOSFET.  

2. Topology description 

 

The basic circuit of a half bridge in LLC topology 

is composed by two switches; high side (Q1) and 

low side (Q2) connected with the transformer by 

an inductor Lr and a capacitor Cr (see fig.1). The 

switches are shunted by their intrinsic body diode 

(D1 and D2) and intrinsic output capacitance (C1 

and C2), shown separately in order to clarify their 

role in the global functioning. 

In the fig.1 we note an additional inductance 

represented by Lm. It is the transformer leakage 

inductance and its rule is very important in the 

LLC topology. 

 

 

Fig. 1. LLC bridge circuit 
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If the Lm primary inductance value of the 

transformer is considered to be so large as to not 

affect the resonant network, the converter showed 

in the previous figure realizes a series resonant 

converter.  

 

 

Figure 2 

 

In a resonant cell, the maximum gain is obtained 

when input signal frequency (fi) is equal to the 

resonant frequency (fr), that is when the LC 

impedance is null. The converter used operates 

into a range frequency, delimited by two specific 

values of resonant frequency. These values are due 

to the circuit. The driver control sets the 

MOSFETs switching frequency (fs) equal to the 

circuit resonant frequency in order to guarantee the 

precious advantages of the resonance. 

How we’ll see by changing the load, the resonant 

frequency will change from a minimum (fr2) to a 

maximum (fr1) value: 
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1rs

ff  the LLC works like a series RC 

tank; this functioning is present at high load 

condition that is when the Lm is paralleled with a 

low impedance, whereas for 
2rs

ff  the LLC 

works like a parallel RC tank, this is present at low 

load condition. Usually, in this region we do not 

work because the system would function in ZCS. 

If the frequency fi is inside the range fr2 < fi < fr1, 

the two functioning are mixed.  

If we report in a graph the gain of the resonant 

cell, we obtain the curves showed in the fig.3 

where it’s possible to note like the shape changes 

linked to the Q factor. 

 

 

Figure 3 

 

The operating range of the LLC resonant converter 

is limited by the peak gain. It should be noted that 

the peak voltage gain does not occur at fr1 nor fr2. 

The peak gain frequency where the peak gain 

obtained is the maximum exists between fr2 and 

fr1. As Q decrease (as load decrease), the peak 

gain frequency moves to fr2 and higher peak gain 

is obtained. Meanwhile, as Q increase (as load 

increase), the peak gain frequency moves to fr1 

and the peak gain drops; thus, the full load 

condition should be the worst case for the resonant 

network design. 

From MOSFET point of view, as mentioned 

before, some critical advantage of resonant 

converters including the LLC, is the soft switching 

of the MOSFET while for the whole system, as the 

output current is sinusoidal, the EMI signature is 
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reduced. Figure 4 illustrates typical waveforms 

characteristic of an LLC converter.  

 

Figure 4: Typical waveforms of an LLC converter 

 

Notice in Figure 4 that the drain current, Ids1, 

swings negative before becoming positive. The 

negative current value is indicative of the body 

diode conducting. During this phase, the voltage 

across the drain source of the MOSFET is very 

little because it’s due to the drop voltage on the 

diode. If the MOSFET switches during body diode 

conduction leading to zero, a ZVS transition 

happens reducing the switching losses. This 

characteristic allow to reduce the heatsink and then 

to increase the efficiency of the system. 

If the MOSFET switching frequency fs is less then 

fr1, the current on the power device change the 

shape. In fact, if the time is so much to produce a 

discontinuous current on the output diodes, the 

current shape on the primary side drift away from 

the sinusoidal waveform. 

 

 

Figure 5: Typical waveforms of an LLC converter when fs<fr1 

 

Furthermore, if the intrinsic output capacitances C1 

and C2 of the MOSFET have a comparable value 

with Cr, the resonant frequency fr is linked also to 

the device. During the design, just for this reason, 

it’s necessary to choice a Cr value bigger then C1 

and C2 in order to fix and make fr value 

independent of the devices used. 

3. Freewheeling and ZVS condition  

 

If we analyze the equations concerning the 

resonant frequencies, it’s possible to demonstrate 

that above the peak gain frequency, the input 

impedance of the resonant network is inductive 

and then, the input current of the resonant network 

(Ip) lags the voltage applied to the resonant 

network (Vd). Meanwhile, the input impedance of 

the resonant network becomes capacitive and Ip 

leads Vd below the peak gain frequency. When 

operating in capacitive region, the MOSFET body 

diode is reverse recovered during the switching 

transition. 

When the system operates in the capacitive region, 

the MOSFET is submitted to a very potential risk 

of failure. In fact, as highlighted in yellow circle, 

the performances in terms of recovery time of the 

internal body diode become very important.  

 

 

Figure 6 

 

According to this point, during a low to high load 

transition (see fig.7), the driving circuit should be 

able to oblige MOSFET to move in ZVS and 
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positive turning off current zone. If this is not 

guaranteed, MOSFET could work in a dangerous 

zone. 

 

 

Figure 6 

 

At low load steady state condition the system is 

working near the lower frequency resonant fr2, 

then ZVS on and positive turn off drain current is 

guaranteed. After the load variation (from low to 

high) the switching frequency should follow the 

new resonant frequency. If this does not happen 

(like showed in the figure 7 with the green line), 

the system state go through the region 3 (ZCS 

region) and ZVS on and positive turn off drain 

current are missed. So when MOSFET is turned 

off current is flowing also through its body diode. 

If we analyze the transition from low to high load, 

on the gain graph, we can observe: 

 

 

Figure 7 

 

The black dot line represents the ideal path during 

the transition while the green one, the real. As it’s 

possible to note, during the transition from low to 

high load, the system go through ZCS region then, 

the performances of the internal body diode 

become very important. For this reason, the trend 

on the new LLC design is to use power device 

with very low recovery time of the body diode.

 

LOW  LOAD HIGH  LOAD 

ZV

S 

ZC

S ZV

S 


