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Abstract 
 
 

The demand for high power density, high efficiency bus converters has 

increased interest in resonant topologies, particularly the LLC resonant 

converter.  LLC resonant converters offer several advantages in efficiency, 

power density, and hold up time extension capability [1].  Among high voltage 

(>500V) MOSFETs, Super Junction MOSFETs, such as Infineon’s CoolMOS 

parts, offer lower Rds on  than conventional parts [2] and are a natural choice 

for this application to improve efficiency.  However, there is a history of 

converter failure due to reverse recovery problems with the primary switch’s 

body diode.  Before selecting CoolMOS devices for use in a LLC resonant 

converter, it is necessary to investigate its performance in this application.  

Field failures of PWM soft switching phase shift full bridge converters have 

been attributed to large reverse recovery charge in the primary side MOSFET 

body diode [3], [4].  Under low load conditions the device cannot fully recover, 

and the large reverse recovery current can cause the device to enter 

secondary break down, leading to failure.  The unique structure of Super 

Junction MOSFETs, such as CoolMOS, avoid this failure mode by providing a 

different path for the reverse current [5]; however, the reverse recovery charge 

of CoolMOS devices is large and can cause a loss of efficiency.  For this 
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reason, it is important to avoid conditions under which the reverse recovery 

characteristics of the body diode can be seen. 

The worst case condition for body diode reverse recovery is identified for 

the LLC resonant converter and a specialized device tester was developed to 

test for this condition.  Data from the device tester as well as simulation tools 

were used to establish the maximum switching frequency for CoolMOS devices 

in LLC resonant converters.  This information was then used to design a high 

frequency LLC resonant converter. 
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1. Introduction 

1.1. State of the art high voltage power MOSFETs 

The performance of high voltage power MOSFETs has long been limited by 

the so called Silicon limit [6].  This limit defines the relationship between the area-

specific Rds on and the blocking voltage capability of the MOSFET, and is given 

by: 

5.2
breakdownVAreaRdson ∝⋅  

For applications that require a blocking voltage greater than 500V, the Silicon 

limit creates a difficult challenge for the circuit designer when trying to optimize 

for efficiency. 

A new concept for the structure of power MOSFETs breaks the silicon limit by 

using p-doped compensation columns in the n-epi region [2].  These devices, 

called superjunction MOSFETs, offer significant performance improvements over 

conventional devices.  High voltage MOSFETs that employ this technology have 

been commercially available for several years. Infineon’s CoolMOS devices use 

the superjunction principle to achieve very low Rds on. Figure 1.1 shows the 

area-specific Rds on limit of silicon high voltage MOSFETs as well as the area-

specific Rds-on of commercially available conventional and superjunction 

MOSFETs.   
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Figure 1.1 – Area-specific Rds on vs. breakdown voltage 

Table 1.1 shows a comparison of conventional devices with and without fast 

body diodes to a superjunciton MOSFET. 

Table 1.1 – Comparison of MOSFET Technologies 

Class Device 
Breakdown 

Voltage Rds(on) Coss Qrr trr Irr(max)

Volts Omhs pF uC nSec A 
Conventional IXTH30N60P 600 0.24 540 4.0 500 - 
Conventional 

Fast Body Diode APT6024BFLL 500 0.24 450 2.3 250 12 

Conventional 
Fast Body Diode IXFH21N50F 500 0.25 470 1.2 250 10 

Superjunction IPW60R099CP 600 0.099 400 12 450 70 
 

As can be seen from table 1.1, the superjunction MOSFET offers a significant 

performance increase over conventional devices in terms of Rds on; however, its 

reverse recovery characteristics are worse than conventional parts.  Because of 
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the performance of its body diode, these devices may not be suitable for every 

application. 

There are several classes of converters that are used in high voltage 

applications, one of which is pulse width modulated, hard switching converters, 

such as the boost converter shown in figure 1.2. 

 

Figure 1.2 – Boost Converter 

This circuit is commonly used in power factor correction applications which 

require a blocking voltage of at least 500V.  Superjunction MOSFETs have been 

demonstrated to show a significant improvement in performance in this 

application over conventional devices due to the lower Rds on offered by these 

parts [7].  The performance of the body diode is irrelevant in this application since 

it uses hard switching and the intrinsic body diode of the power MOSFET never 

conducts current. 

The next class of converters that is used in high voltage applications is soft 

switching pulse width modulation converters, such as the phase shift full bridge 

shown in figure 1.3 below. 
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Figure 1.3 – Phase shift full bridge DC/DC converter 

The phase shift full bridge converter is widely used in high voltage DC/DC 

converter applications.  One of the advantages of this circuit is that it employs a 

phase shift between the two half bridge arms to achieve zero voltage turn on of 

the primary side devices.  The use of zero voltage switching reduces the 

switching loss for this converter which gives it greater efficiency and allows it to 

be used at higher switching frequencies.  However, field failures of this converter 

have been reported, and the cause of those failures was attributed to the reverse 

recovery of the primary side device’s intrinsic body diodes [3], [4].  Since 

superjunction MOSFETs, such as Infineon’s CoolMOS devices, have body 

diodes with poor reverse recovery conditions, these devices have not been 

widely adopted for this application. 

A third class of converters that are used in high voltage applications are 

resonant converters such as the LCC resonant converter shown in figure 1.4 

along with its operation waveforms. 
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Figure 1.4 – LLC resonant converter and operation waveform 

This converter is becoming increasingly popular in several applications, such 

as consumer electronics, because it offers high efficiency, a low profile and high 

power density, and is well suited to single output systems.  These converters are 

already widely used in flat panel LCD and plasma televisions, video game 

consoles, and laptop computer adapters. 

This converter uses zero voltage switching of the primary side devices to 

minimize switching loss and reach a high efficiency.  In order to achieve zero 

voltage switching, the intrinsic body diode of the primary side MOSFET must 

conduct, similar to the phase shift full bridge.  The conditions under which the 

body diode operates will be examined in detail for the LLC resonant converter in 

chapter 2. 

Another application where the LLC resonant converter is not widely used, but 

offers many advantages is the DC/DC converter in the front end of a distributed 

power system for server applications. 

1.2. Overview of bus converters for server applications 

The rapid growth of the information technology industry has lead to the 

development of large data centers to store and process data.  As the energy 

consumed by data centers continues to grow, the demand for high efficiency, 
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high power density power management solutions grows along with it.  Figure 1.5 

shows the energy consumption for data centers, as reported by the EPA [8]. 

 

Figure 1.5 – Energy consumption in a data center 

As can be seen from figure 1.5, servers consume a large percentage of 

power in a data center, so the power delivery path for the server must be 

addressed in detail.  Distributed power systems have been adopted for server 

power architectures due to offering several advantages in thermal management 

and packaging, modularity, scalability, and reliability over centralized systems [9].  

The power delivery path for a distributed power system consists of several 

components:  Electromagnetic interference filter, power factor correction circuit, 

hold-up capacitor and DC/DC converter.  Figure 1.6 shows a block diagram of a 

server front end converter with load converters. 
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Figure 1.6 – Server front end converter with load converters 

While several topologies can be adopted for the DC/DC converter, the ever 

increasing demand for efficiency and power density offer significant design 

challenges to the DC/DC converter design.  The common characteristics of a 

DC/DC converter in a front end converter are: high efficiency, high power density, 

wide input voltage range to provide hold up time capability, and a regulated 

output (either 48V or 12V, depending on the application). 

1.3. Design challenges for DC/DC converters in server applications 

While distributed power systems offer advantages over centralized systems, 

there are several challenges that must be met.  The first demand on the front end 

of the distributed power system is power density.  As Moore’s law continues to 

drive the semiconductor industry to produce processors with an exponentially 

increasing number of processors, the power source for these processors must 

keep pace.  Figure 1.7 shows the trend of increasing power density for server, 

desktop, and laptop power supplies. 
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Figure 1.7 – Increasing power density in computer applications 

To further increase the power density of front end converters, the power 

density of the DC/DC converter must also be increased.  The passive 

components (inductor and capacitor) in a DC/DC converter can be scaled down 

as the switching frequency increases.  However, as the switching frequency 

increases, so do the switching losses, causing the efficiency to be low.  In front 

end DC/DC converters, zero voltage switching of the semiconductor devices can 

be used to push the switching frequency higher and reduce the size of the 

passive components while still maintaining high efficiency. 

As the cost of energy increases, the demand for high efficiency also 

increases.  New Energy Star requirements from the Environmental Protection 

Agency specify the power consumption for desktop derived servers in idle, 

standby, and sleep modes.  In order to meet the target efficiencies, the efficiency 

of the front end DC/DC converter must be increased.  Furthermore, companies in 

the power supply and computer industries have set even more ambitious goals 
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for efficiency.  Figure 1.8 shows an efficiency target for front end converters from 

industry, as cited in [10]. 

 

Figure 1.8 – Efficiency target from industry 

The hold up time requirement for the DC/DC converter states that the 

converter must be able to maintain its output voltage for one line cycle after input 

power is lost.  A large capacitor on the intermediate DC bus supplies the energy 

to maintain the output voltage.  Figure 1.9 shows the intermediate and output 

voltages in a distributed power system during hold up time. 
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Figure 1.9 – Intermediate and output voltages during hold up time 

In order to use more of the energy stored in the hold up time capacitor, the 

input voltage range of the DC/DC converter must be increased.  In many 

topologies, this requirement forces the converter to be designed in such a way 

that its nominal operating point does not have the optimal efficiency [11].  

Alternatively, the hold up capacitor value can be increased; however this often 

results in a significant loss of power density. 

Advanced DC/DC converter topologies must be adopted to meet the 

challenges of increasing power density and efficiency in distributed power system 

front end converters. 

1.4. Advantages of LLC Resonant converts in bus converter applications 

The demand for high efficiency and high power density in front end 

converters has increased interest in resonant topologies as candidates for 
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DC/DC converters.  One resonant converter that is of particular interest is the 

LLC resonant converter as it provides many advantages over other converters.  

Figure 1.10 shows the circuit diagram of a half bridge LLC resonant converter. 

 

Figure 1.10 – LLC Resonant Converter 

Unlike the phase shift full bridge converter which loses ZVS at low load, 

the LLC resonant converter can achieve zero voltage switching over its full load 

range, allowing it to have a very high efficiency at both full and light load.  The 

energy to drive the ZVS transition in the LLC converter is stored in the 

magnetizing inductance of the transformer, which is charged by the output 

voltage, and does not depend on the load current.  Other advantages of the LLC 

resonant converter also result in very high efficiency.  The turn off current for the 

LLC resonant converter is small, making the turn off loss low.  The rectifier 

devices on the secondary side see a voltage stress that is double the output 

voltage.  The low voltage stress allows for low conduction loss devices to be 

used.  Also, the secondary side rectifier turns off with zero current switching.  

This reduces the switching loss associated with body diode reverse recovery on 

the secondary side.  As shown in [12], an LLC resonant converter with 

synchronous rectifier can achieve a very high efficiency.  Figure 1.11 shows the 
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efficiency for a 1 MHZ LLC resonant converter with synchronous rectifier, a 

1MHz LLC converter with diode rectifier, and a 200 kHz asymmetric half bridge. 

 

Figure 1.11 – Efficiency for different front end DC/DC converters 

With ZVS capability over the full load range, the LLC resonant converter 

can be safely operated at very high switching frequencies with only a small 

increase in switching loss.  By increasing the switching frequency, small passive 

devices can be used to greatly boost the power density of the converter.  By 

using integrated magnetic designs, power densities greater than  W/in3 have 

been reported for 400V to 48V, 1 kW LLC converters [13].  Figure 1.12 shows a 1 

MHz LLC resonant with integrated magnetic components. 

 

Figure 1.12 – 1 MHz LLC resonant converter with integrated magnetics 
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Figure 1.13 shows the DC gain characteristic of the LLC resonant 

converter. 

 

Figure 1.13 – LLC Resonant converter DC gain characteristic 

As can be observed from the gain characteristic, the LLC resonant 

converter can provide a voltage gain greater than unity.  By being able to boost 

the voltage gain, the LLC converter has a wider input voltage range.  A wider 

input voltage range allows more of the energy stored in the hold up capacitor to 

be used.  The value of the hold up capacitor can then be reduced, increasing the 

power density of the front end converter.  Figure 1.14 shows the capacitance 

required for a given minimum input voltage. 

 

Figure 1.14 Required hold up time capacitance  
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Figure 1.10 shows that the hold up time capacitor can be reduced by a 

factor of two (from 880uF to 440uF) for a 1kW DC/DC converter if the minimum 

input voltage can be extended from 320V to 240V.  Since only half of the 

capacitance is required, the volume of the hold up time capacitor would also be 

reduced by a factor of two, increasing the power density of the front end 

converter. 

1.5. Thesis Outline 

This thesis is divided into 5 chapters.  The first chapter provides 

background information on distributed power systems for server applications and 

looks at the trends that are driving the design of DC/DC converters in front end 

converters.  The two main trends are to increase power density and provide a 

high efficiency over all load conditions.  The challenges to meeting these two 

goals are discussed and the LLC resonant converter is identified as a topology 

that can meet these challenges. 

The second chapter looks at the behavior of body diodes in soft switching 

converters.  In order to achieve soft switching, the body diode of the primary side 

power MOSFET must conduct, if only for a short time.  The reverse recovery 

charge of the body diode must then be removed.  It has been reported  in [3] and 

[4] that if the reverse recovery charge of the body diode is not removed, the 

primary side devices can fail.  This failure mode is investigated for both 

conventional and super junction MOSFETs.  The conditions that are the worst 

case for body diode reverse recovery are discussed for both the phase shift full 

bridge converter and the LLC resonant converter.  Furthermore, a specialized 
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device tester is developed to test the worst case body diode reverse recovery 

conditions for the LLC resonant converter. 

The third chapter looks at how the reverse recovery of the primary side 

device’s body diode can limit the operating range of the LLC resonant converter.  

In order to maintain a high efficiency, the body diode charge must be completely 

recovered before the device is turned off.  In order to guarantee that this will 

happen under the worst case conditions, the LLC reverse recovery device tester 

is used to characterize a device and find its operating area.  The limits of 

operation are found as functions of both switching frequency and turn off current. 

The fourth chapter uses the results of the device characterization to 

design an LLC resonant converter.  The design is used to verify the results of the 

device tester and to show the benefits of the LLC resonant converter.  Super 

junction MOSFETs are used as the primary side devices to further reduce the 

losses in the circuit and increase efficiency. 

The fifth and final chapter of this thesis provides a summary of this topic 

and looks at future work that can be done to improve the performance of both the 

primary side devices and the LLC resonant converter. 
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2. Body diode reverse recovery in soft switching converters 

2.1. Failure mode due to reverse recovery charge 

The phase shift full bridge converter has been widely adopted for DC/DC 

converter applications in distributed power systems.  One advantage of the 

converter is that it makes use of the primary side MOSFET's intrinsic body diode 

to achieve zero voltage turn on.  Figure 2.1 shows the circuit diagram of the 

phase shift full bridge and the operation waveforms. 

  

Figure 2.1 – Phase shift full bridge circuit diagram and waveforms 

A failure mode associated with the reverse recovery of primary side 

device's body diodes have been reported in [3], [4] for the phase shift full bridge 

DC/DC converter.  The failure occurs when the body diode reverse recovery 

charge is not fully recombined before the device is turned off.  Since the body 

diode of the primary side device must conduct to achieve ZVS turn on, it is 

important to examine the conditions under which the body diode conducts to 

determine what leads to the failure.  A half cycle starts with Q1 and Q4 turned 

on.  Power flows from the input, through the transformer, to the output.  At t1, Q4 
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is turned off and the ZVS transition begins.  The inductor current begins to 

discharge the output capacitance of Q3 and charge the output capacitance of 

Q4.  At t2, the body diode of Q3 clamps the voltage to the input voltage and the 

body diode begins to conduct current.  At any point between t3 and t4, Q3 can be 

turned on and the MOSFET begins to conduct in parallel with the body diode.  At 

t4, Q1 is turned off and the free wheeling current begins to charge the output 

capacitance of Q1 and discharge the output capacitance of Q2.  At t5, the body 

diode of Q2 clamps the voltage to the return and its body starts to conduct.  

During the time between t5 and t6, Q2 can be turned on with zero voltage 

switching.  Once Q2 is turned on, power is again delivered to the load and the 

half cycle is complete. 

As can be observed from the timing diagram, the body diode of each 

device conducts during a full cycle.  The body diode typically conducts all the 

load current for only a short amount of time.  However, the body diode will still 

conduct some of the current after the parallel device is turned on and conducting 

in its third quadrant.  When the current transitions to the first quadrant of the 

MOSFET, a small reverse voltage is applied to the body diode and the body 

diode begins to recombine.  The reverse voltage is the product of the forward 

current and the Rds_on of the MOSFET, so when the forward current is small, 

the reverse voltage will be low.  As reported in [3], the reverse voltage at low load 

may not be high enough to allow the body diode to fully recombine before the 

device is turned off.  This problem is more likely to lead to failure if the reverse 

recovery time of the body diode is long.  At heavy load, the increased voltage 
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drop across the channel resistance can ensure complete recombination of the 

body diode before the device is turned off. 

As a candidate for the DC/DC converter in a distributed power system, the 

LLC resonant converter achieves high power density and high efficiency by 

employing zero voltage switching at high switching frequencies.  Figure 2.2 

shows a half bridge LLC resonant converter and the midpoint voltage and 

resonant tank current waveforms. 

 

Figure 2.2 – LLC resonant converter and operating waveforms 

Since the body diode of the primary switches in the LLC resonant 

converter must conduct to achieve ZVS, it is necessary to observe the conditions 

under which the body diodes conduct to determine if the failure mode reported 

for the phase shift full bridge could also occur in the LLC resonant converter.  A 

half cycle starts at t0 with Q1 conducting positive current.  When the magnetizing 

current reaches the resonant tank current at t1, Q1 is turned off and the free 

wheeling current starts to charge the output capacitance of Q1 and discharge the 

output capacitance of Q2.  At t2, the voltage across Q2 reaches the lower voltage 

rail and the body diode starts to conduct.  Q2 can safely be turned on with zero 

voltage switching any time between t2 and t3 when the current through the 
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device crosses zero.  Once the device is turned on until the end of t3, the 

channel of the device conducts in parallel with the body diode.  From t3 to t4, the 

device conducts in the first quadrant and a reverse voltage is applied to the body 

diode, which causes the recombination process to start.  The half cycle ends at 

time t5 and the process starts over for the other device. 

The body diode of each device conducts during a full cycle, and the 

conditions under which the body diodes conduct are similar to those in a phase 

shift full bridge converter.  The body diode conducts the full current for only a 

short time.  Then the parallel device is turned on and conducts in the third 

quadrant.  The body diode and channel both conduct until the current crosses 

zero, at which time the channel conducts by itself and the body diode sees a 

small reverse voltage. 

Based on the analysis of the operating waveforms of the LLC resonant 

converter, it can be seen that the conditions that caused failure of the primary 

side devices in the phase shift full bridge converter are present in the LLC 

converter as well.  Both [3] and [4] report that the failures occur when the current 

through the device is small, leading to a small reverse voltage applied to the 

device.  With a small reverse voltage, the time that the device conducts in the 

first quadrant is not sufficient for the body diode to fully recover.  The two factors 

that influence the reverse recovery of the body diode have been identified as the 

voltage during first quadrant conduction of the MOSFET and the length of time 

the body diode is reversed biased before the device is turned off. 
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Now that the conditions that can lead to device failure due to body diode 

reverse recovery have been identified, the LLC resonant converter needs to be 

examined in closer detail over its entire operating range to find the case that 

represents the worst case operating point.  Figure 2.3 shows the DC gain 

characteristic of the LLC resonant converter and highlights the different operating 

points: resonant frequency for all loads at high line, and reduced switching 

frequency for hold up time. 

 

Figure 2.3 – Operating Range for LLC Resonant Converter 

Figure 2.4 shows the waveforms for the resonant inductor current, 

resonant tank input voltage, and magnetizing inductor current for operation below 

the resonant point at full load and 10% load. 

 

Figure 2.4 – LLC resonant converter waveforms below resonant point at full load 

and 10% load 
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For operation below the resonant point, the switching frequency is low and 

the time that the device is operating in the first quadrant is long.  At full load, the 

current through the device is relatively high.  At light load, the current through the 

device is lower; however, due to the long operating period, the turn off current is 

still high.  Figure 2.5 shows the resonant inductor current, resonant tank input 

voltage, and magnetizing inductor current at the resonant point for both full and 

10% load. 

 

Figure 2.5 – LLC resonant converter waveforms at resonant point at full load and 

10% load  

At the resonant point, the switching frequency is high so the time that the 

body has to recover is short.  At full load, the current through the device is high, 

so the reverse voltage will be relatively high.  Also, the current crosses zero early 

in the half cycle, leaving more time for the body diode to recover.  At light load, 

the current through the device closely follows the magnetizing current.  The 

magnitude of the current is low and the current does not cross zero until half way 

through the on time, leaving only a short time for the device to recover.  Due to 

the short time that the body diode has to recover and the small reverse voltage 

that is applied to the device, light load operation at the resonant point is the worst 

case operating condition for body diode reverse recovery in the LLC resonant 

converter. 
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2.2. Reverse recovery characteristics of high voltage MOSFETS 

The failure mode reported in [3] and [4] in the phase shift full bridge was 

caused by the reverse recovery charge of the primary side device’s  intrinsic 

body diode.  The failure was reported for conventional silicon MOSFETs.  Figure 

2.6 shows a cross sectional view of a conventional power MOSFET with its 

parasitic components and an equivalent circuit. 

 

Figure 2.6 – Cross section of conventional MOSFET with parasitic circuit 

The failure occurred when the body diode is not fully recovered before a 

large reverse voltage is applied to the device.  When the large reverse voltage is 

applied, the charge in the diode recombines rapidly and a large current flows 

through the device.  The path for the large current is predominantly through the 

channel; however, a portion of the current can also flow laterally through the p+ 

region, which acts as a base resistor for the intrinsic bipolar transistor.  If the 

reverse current through the device is large enough, a voltage can develop across 

the base resistance that is sufficient to turn on the intrinsic bipolar transistor. 
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Once the bipolar transistor is turned on, the device can now only block a portion 

of its rated voltage and the device will enter secondary breakdown.  The large 

current that will flow through the device when it is in secondary breakdown will 

cause it to fail. 

  While this failure mode has been reported in the literature for a 

conventional device, super junction MOSFETs, which have a unique structure, 

also need to be examined to determine if they can fail in a similar manner.  

Figure 2.7 shows the cross section of conventional and CoolMOS super junction 

MOSFETs.   

     

Figure 2.7 Cross sectional view of conventional and CoolMOS Power MOSFET 

In a super junction MOSFET, p columns are introduced into the n epi 

region.   The P columns act to balance out the charge in the conduction channel 

and allow for the device to have a higher doping concentration while still 

maintaining the same blocking voltage [2].  The higher doping concentration in 

the n epi region results in a much lower on resistance in the device. 

In the phase shift full bridge converter, if the body diode is not fully 

recovered when the device is turned off, a large reverse current can flow and 

lead to device failure through secondary breakdown. However, as reported in [5], 
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the p column in the super junction MOSFET provides a different current path for 

the reverse current.  Figure 2.8 compares the current path for reverse recovery 

current in a conventional and a super junction MOSFET. 

       

Figure 2.8 – Recovery current path in a conventional and super junction power 

MOSFET 

While a portion of the reverse current flows laterally through the p+ region 

in a conventional MOSFET, the reverse current in a super junction MOSFET 

flows through the P compensation columns and cannot trigger the intrinsic 

bipolar device.  In this way, a super junction MOSFET cannot fall into secondary 

breakdown due to a large reverse current. 

While super junction MOSFETs do not suffer from the failure mechanism 

that has been reported in conventional devices in soft switching converters, they 

still have large reverse recovery charge which could cause a soft switching 

converter to not behave as designed and have poor efficiency due to partial or 

full loss of zero voltage switching.  Table 2.1 compares the reverse recovery 

parameters of a CoolMOS super junction MOSFET with several conventional 

devices that have fast body diodes. 
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Table 2.1 – Reverse Recovery Characteristics of Power MOSFETs 

 

Since the reverse recovery charge of super junction MOSFETs are 

relatively large compared to conventional devices, it is necessary to further 

investigate their behavior in LLC resonant converters before adopting them for a 

design. 

2.3. Testing for reverse recovery conditions in LLC resonant converters 

The analysis in section 2.1 showed that the worst case conditions for body 

diode reverse recovery occur when the converter is operating at the resonant 

point with a light load.  As the load current approaches zero, the current through 

the resonant tank is equal to the magnetizing current, which has a triangular 

shape.  A specialized device tester has been developed to test the reverse 

recovery characteristics of devices under this condition.  Figure 2.9 shows the 

device tester circuit with its operating waveform. 

Reverse 
Recovery 

Time

Reverse 
Recovery 
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Peak Reverse 
Recovery 
Current

nSec uC A
IPW60R099CP 450 12 70
APT6029BFLL 250 1.8 12
IXFH21N50F 250 1.2 10
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Figure 2.9 – Device Tester circuit and waveforms 

The circuit operates in a similar fashion to the conventional two pulse 

tester with two exceptions.  The first is that a large blocking capacitor has been 

added in series with the inductor.  The second modification is that the top device 

is operated as a controlled switch.  At the start of the test, Q1 is turned on and 

current starts to increase through the inductor.  At the end of T1, Q1 is turned off.  

During tdead1 the inductor current begins to charge the output capacitance of Q1 

and discharge the output capacitance of Q2.  Once the output capacitance of Q2 

has been fully discharged, its body diode begins to conduct.  At the start of T2, 

Q2 is turned on with zero voltage switching.  The current in the inductor then 

reverses and crosses zero.  At the end of T2, Q2 turns off and during tdead2 the 

output capacitance of Q2 is charged while the output capacitance of Q1 is 

discharges.  At the start of T3, Q1 is turned on with zero voltage switching.  At 

the end of T3, Q1 is turned off.  The time tx is measured and the test is 

concluded. 
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If the body diode of Q1 is fully recovered at the end of T3, the time tx will 

be based only on the time it takes to charge and discharge the output 

capacitances of Q1 and Q2 respectively.  Figure 2.10 shows the device tester 

waveform when the body diode is not able to completely recovery before the 

device is turned off. 

 

Figure 2.10 – Device Tester circuit and waveforms with reverse recovery 

If the body diode is not fully recovered when Q1 is turned off, the device 

will not be able to immediately begin blocking voltage.  The time tx will now 

include some portion of time to allow the body diode to fully recover in addition to 

the time it takes to charge the output capacitances of the MOSFETs. 

In this chapter, a failure mode for the phase shift full bridge related to body 

diode reverse recovery was discussed.  The conditions under which the failure 

occurred in the phase shift full bridge were analyzed and a comparison was 

made to the operation of the LLC resonant converter.  The worst case operating 

condition for body diode reverse recovery in the LLC resonant were identified.  

The mechanism under which the devices failed due to body diode reverse 

recovery were investigated for both conventional and super junction MOSFETs.  
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As reported in [5], the unique structure of the super junction MOSFET makes it 

immune to this type of failure; however, the reverse recovery characteristics  of 

CoolMOS super junction MOSFETs could still lead to a loss of efficiency in LLC 

resonant converters.  In order to further investigate the reverse recovery behavior 

of MOSFET body diodes in LLC resonant converters, a specialized device tester 

was constructed.  Operation waveforms were shown for conditions with and 

without body diode reverse recovery. 



 

30 
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3. LLC converter operation limits due to reverse recovery 

3.1. LLC converter operation during deadtime 

One of the main advantages of the LLC resonant converter in DC/DC 

converter applications is its ability to achieve zero voltage switching over its 

entire load range.  With zero voltage switching, turn on loss for the primary side 

devices is eliminated.  The switching frequency can be increased and the 

passive components can be made smaller.  Another advantage of the LLC 

resonant converter is that the turn off current can be made very small which 

reduces the turn off loss.  However, a lower limit exists for the turn off current in 

that there must be enough energy in the resonant tank to drive the zero voltage 

switching transition in the allotted deadtime.  Figure 3.1 shows a circuit diagram 

of the half bridge LLC resonant converter. 

Cr Lr

Lm

n:1:1

Vin

Vo

RL

 

Figure 3.1 – Half Bridge LLC Converter 

When both of the primary side devices are off, the circulating current in the 

resonant tank will charge and discharge the output capacitances of the switches.  

Figure 3.2 shows an equivalent circuit of the LLC half bridge converter during 

deadtime and a waveform that shows the output capacitance charging. 
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Figure 3.2 – Equivalent circuit and waveforms during deadtime 

From the equivalent circuit in figure 3.2, a charge balance equation can be 

written as follows: 

( ) ineqdeadLm VCtI 2max =×  

Where ILm(max) it the peak magnetizing current, which is also the turn off 

current.  tdead is the deadtime, Ceq is the time related equivalent output 

capacitance of the MOSFET, and Vin is the input voltage. 

This equation shows the relationship between the peak magnetizing 

current, which is also the turn off current, and the amount of time needed to 

charge the output capacitance.  If the turn off current is lower, more time will be 

required to charge the output capacitance.  Under conditions in which there is no 

reverse recovery, the turn off current will be the only factor that influence the 

deadtime required to achieve ZVS.  Relating this to the operation of the device 

tester detailed in section 2.3, if there is no reverse recovery, the time tx will be 

the deadtime as defined in the equation above.  Figure 3.3 shows the waveform 

of the magnetizing current, Vds of Q1 and Vgs of Q1 for low frequency operation 

where there is no reverse recovery and tx is equal to tdead. 
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Figure 3.3 – Waveforms during deadtime at low frequency 

If conditions are such that the device is not fully recovered when it is 

turned off, the switch cannot immediately begin blocking voltage and the time tx 

will now be greater than the deadtime defined in the equation above.  Based on 

the analysis of section 2.1, the two conditions with the greatest affect on the 

reverse recovery of the body diode in an LLC resonant converter are the reverse 

voltage developed over the channel resistance and the amount of time that the 

reverse voltage is applied.  For a given deadtime, the turn off current will be 

constant, regardless of the switching frequency.  Since the current is constant, 

the reverse voltage that is applied is constant, and only the time that the reverse 

voltage is applied varies with frequency.  Based on this analysis, the conditions 

for reverse recovery will be worse at high frequency than at low frequency.  

Figure 3.4 shows the waveform of the magnetizing current, Vds of Q1 and Vgs of 

Q1 for high frequency operation, where tx is now greater than the deadtime. 
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Figure 3.4 – Waveforms during deadtime at high frequency 

Since the conditions for reverse recovery get worse as the switching 

frequency increases for a given deadtime, it is possible to generate a plot of tx 

versus switching frequency.  Figure 3.5 shows a sketch of what such a plot might 

look like. 

 

Figure 3.5 – Sketch of tx versus switching frequency 

At low frequencies, tx will be equal to the deadtime; however, as the 

frequency increases and the body diode cannot fully recombine before the device 

is turned off, tx will become greater than the deadtime.  In this way, a device can 

be characterized to find the point at which the conditions under which the body 

diode recovery cannot fully recover. 
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3.2. Device characterization 

Now that the conditions under which the reverse recovery of the body 

diode will affect converter operation have been defined, the device tester can be 

used to characterize a device. The device that will be characterized is the 

Infineon CoolMOS IPW60R099CP.  This device is a super junction MOSFET with 

very low on resistance.  Table 3.1 summarizes the key device parameters. 

Table 3.1 – Device Parameters for IPW60R099CP 

 

Source: Infineon IPW60R099CP specification sheet, rev. 2.0 

This device has a standard body diode as opposed to a fast body diode 

with reduced reverse recovery charge.  As can be seen in the table, the device 

has very large reverse recovery charge, long recovery time and a very high peak 

reverse recovery current.   Two tools are available to characterize the device.  

The first is the device tester hardware.  Figure 3.6 shows the circuit diagram and 

a photo of the device tester hardware. 

            

Figure 3.6 – Device tester hardware and circuit diagram 
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Figure 3.7 shows the device tester waveforms along with a typical device 

tester scope capture for the IPW60R099CP CoolMOS device. 

 

Figure 3.7 – Device tester operation waveforms and scope capture 

The first deadtime transition, tdead1, will not include any reverse recovery 

effects as the device is reversed biased and blocking half the input voltage 

(nominally 200V) and the body diode of Q1 does not conduct during T1.  The turn 

off current at the end of T1 is the minimum needed to achieve ZVS turn on of Q2 

in the desired deatime.  After tdead2, the body diode of Q1 conducts for a short 

time and then the channel of Q1 is turned on.  After the current crosses zero, the 

diode is reverse biased by the drop across the channel resistance.  The diode 

needs to recover in the second half of T3 in order for the measured time tx to be 

the same as dt1. 

The second tool that is used to characterize devices is a Saber simulation 

of the device tester hardware.  The simulation operates the same way that the 

device tester hardware does, but has the advantage of being more flexible and 

can produce results in less time.  Figure 3.8 shows a screenshot of the device 

tester simulation circuit. 
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Figure 3.8 – Device tester Saber simulation circuit. 

Before the simulation tool can be used to generate results, a comparison 

between the simulation and the device tester must be made to verify that the 

simulation models (provided by the device manufacturer) accurately represent 

the reverse recovery of the body diode in this application.  Figure 3.9 shows a 

scope capture from the device tester for an IPW60R099CP at 450 kHz along with 

a simulation of the same condition. 

 

Figure 3.9 – Device tester scope capture and Saber simulation waveforms 
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The time, tx, as measured time with the device tester was 140 nS.  In the 

simulation with the same turn off current, tx was 134 nS.  For this case, the 

simulation matches the device tester hardware very closely. 

By making a small modification to the device tester, the third pulse (T3) 

can be removed.  Under these conditions, all the current flows through the body 

diode until the current crosses zero.  At this point, the body diode starts to 

recombine until the diode completely recovers and starts to block voltage.  The 

reverse recovery time, peak recovery current and Vds rise time of Q1 can all be 

measured and compared to the simulated case to verify that the reverse recovery 

characteristics of the device simulation model accurately represent the hardware.  

Figure 3.10 shows this test for both the device tester hardware and the Saber 

simulation. 

 

Figure 3.10 – Device tester scope capture and Saber simulation waveforms 
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rise time was 219 nS.  These results match very well and show that the Saber 

simulations of the device tester closely matches the hardware results and that 

the Saber simulations can be used to gather information about the reverse 

recovery of these devices. 

Figure 3.11 shows two Saber simulations at 800 kHz and 1.2 MHz for a 

deadtime of 140 nS. 

 

Figure 3.11 – Saber simulation waveforms at 800 kHz and 1.2 MHz  

Figure 3.12 shows two selected waveforms from the device tester at 800 

kHz and 1.2 MHz for a deadtime of 140 nS. 
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Figure 3.12 – Device tester waveforms at 800 kHz and 1.2 MHz 

800 kHz

Tx =139nS 

IL

Vgs

Vds

Iq1

1.2 MHz

Tx =148nS 

IL

Vgs

Vds

Iq1

1.2 MHz

Tx =148nS 

IL

Vgs

Vds

Iq1



Clark Person                      LLC converter operation limits due to reverse recovery 
 

40 
 

3.3. Reverse recovery limits of device operation 

The device tester and simulation tool were used to generate 

measurements of the time tx across a wide span of frequencies for several 

different deadtimes for the Infineon CoolMOS IPW60R099CP device.  Figure 

3.13 shows a plot of tx as a function of frequency for 3 different deadtimes as 

generated by the Saber simulations. 

 

Figure 3.13 - tx vs. frequency for 3 deadtimes.  Saber simulation data. 

The solid lines represent the ideal deadtime if no reverse recovery effects 

are present.  The dashed lines represent the data taken.  When the dashed lines 

start to diverge from the solid lines, the body diode cannot fully recover and the 

time tx becomes longer than the desired deadtime.  As the frequency increases, 

the body diode has less time to recover while the switch is operating in the first 
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quadrant and an increasing portion of tx is used for the body diode to completely 

recombine. 

Based on the charge balance equation, the shorter the desired deadtime, 

the greater the turn off current must be.  For short deadtimes, the current will be 

larger and the reverse voltage developed across the channel resistance will be 

greater.  The higher reverse voltage, the faster the diode will recover.  As can be 

seen in figure 3.13, the shorter the deadtime, the higher the magnetizing current 

and the higher the frequency the device can be operated at before the reverse 

recovery of the body diode starts contributing to tx. 

Figure 3.14 shows a plot of tx vs. frequency for three different deadtimes 

as generated by the device tester hardware. 

 

Figure 3.14 – tx vs. frequency for three different deadtime.  Device tester data. 
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And alternative approach to looking at this data is to fix the switching 

frequency and measure tx at several different deadtimes.  Figure 3.15 shows 

how such a graph can be generated from the graph in figure 3.13. 

 

Figure 3.15 – Generating tdead vs tx plots 

The graph in figure 3.15 can then be used to determine the maximum 

deadtime that can be used at a given frequency before the body diode cannot 

completely recover.  In this style of graph, tx should follow a line with a slope of 

unity.  This corresponds to tx depending on the time required to charge the 

output capacitance and being equal to the deadtime when there is not reverse 

recovery present.  The data starts to diverge from the diagonal line when reverse 

recovery effects start to influence tx.  The point at which the dashed line diverges 

from the solid line represents the maximum deadtime that the device can be 

used at without any reverse recovery effects.  Figure 3.16 shows this plot for the 

IPW60R099CP at 1 MHz. 
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Figure 3.16 – tx vs. tdead at 1 MHz for IPW60R099CP 

The analysis and measurements presented in this chapter can be used to 

characterize a device’s reverse recovery characteristics under worst case 

conditions in an LLC resonant converter.  The experiment presented here can be 

accurately conducted in a Saber simulation or by using specialized device tester 

hardware.  The data can be plotted as a function of frequency for a fixed 

deadtime or as a function of deadtime for a fixed frequency.  These plots show 

the conditions under which the reverse recovery of the body diode starts to affect 

the device’s performance. 
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4. LLC resonant converter design 

4.1. Design considerations for LLC resonant converters 

While the LLC resonant converter offers many advantages as a DC/DC 

converter in a front end converter, due to its multi-resonant behavior, the design 

of the LLC resonant converter presents many difficulties.  Figure 4.1 shows the 

circuit diagram of a half bridge LLC resonant converter. 

 

Figure 4.1 – Half bridge LLC resonant converter 

The three resonant elements, Lm, Lr, and Cr, must be selected so that the 

converter has the desired operating range in terms of voltage gain and switching 

frequency range.  Figure 4.2 shows the DC gain characteristic for an LLC 

resonant converter. 
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Figure 4.2 – LLC Resonant Converter DC Gain Characteristic 

The peak gain and minimum operating frequency depend on both the Q 

factor of the resonance formed by Lr and Cr and the ratio of the magnetizing to 

the resonant inductance.  Furthermore, the selection of the resonant components 

determines the amount of circulating energy in the circuit.  The circulating energy 

will determine the primary and secondary side RMS current as well as the 

primary side device turn off current.  The relationships between the elements of 

the resonant tank and the primary and secondary side RMS current are given in 

[13]. 

 

 

The turn off current for the primary side devices is determined by the 

magnetizing inductance, and is given in [13]. 
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As can be seen from the equations above, as the magnetizing inductance 

is increased, the RMS current on the primary and secondary sides will be 

reduced.  However, due to the constant term in the equation, the RMS current 

cannot be reduced below a certain level related to the load. If the circulating 

energy in the circuit is large, the efficiency of the converter will be poor due to 

increased conduction loss on the primary and secondary side and high turn off 

current.  However, a certain amount of circulating energy is required to achieve 

zero voltage switching.  The amount of energy required is based on the 

equivalent output capacitance of the primary side devices and the deadtime, 

which is the amount of time in which the zero voltage switching condition is 

allowed to occur.  Figure 4.3 shows the equivalent circuit of the LLC resonant 

converter during deadtime along with the waveforms of the magnetizing 

inductance, mid point voltage, and gate drive voltage. 

  

Figure 4.3 – LLC equivalent circuit during deadtime and waveforms 
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 The peak magnetizing current is the current seen by the switch at turn off 

and is given above.  When combined with the charge balance equation, an upper 

limit can be placed on the magnetizing inductance for a given deadtime and 

switch output capacitance. The result is: 

 

Through simulation of the LLC resonant converter, the primary and 

secondary RMS current can be determined for several combinations of 

magnetizing inductance and deadtime.  The analytical equations above do not 

include the effects of the deadtime.  No energy is transferred to the load during 

the deadtime, so as the deadtime becomes a significant portion of the total 

switching period, the RMS current must increase in order to maintain energy 

balance between the source and the load.  Figure 4.4 shows a plot of the primary 

side magnetizing inductance as a function of deadtime. 

 

Figure 4.4 – Primary Side RMS current vs. deadtime 
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The RMS current has a “U” shape.  When the deadtime is small, there is a 

high amount of circulating current in the resonant tank and the RMS current is 

high.  For very large values of deadtime, the RMS current increases due to a 

limited time to transfer energy to the load.  Due to these factors, the optimal 

deadtime is when the RMS current is minimal.  In this example, that value 

deadtime of 80 nS to 200 nS for a device with an equivalent output capacitance 

of 400 nF.  This corresponds to a magnetizing inductance between 10 uH and 20 

uH 

In section 3.3, a device was characterized for its worst case reverse 

recovery characteristics in an LLC resonant converter.  This information was 

plotted, and is repeated here in figure 4.5. 

 

Figure 4.5 – tx vs. frequency for three different deadtimes 
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limit the selection of deadtime that will result in poor efficiency.  Based on the 

analysis above, for a device with an equivalent output capacitance of 400 nF, 

such and the CoolMOS IPW60R099CP, a deadtime less than 80 nS will result in 

a high primary side RMS current and low converter efficiency.   Figure 4.6 shows 

this region blocked out. 

 

Figure 4.6 – tx vs frequency with limited deadtime 

A further constraint on the operating area is that the primary side devices 

need to operate in a region where the device can fully recover before the switch 

is turned off.  This condition occurs when the dashed line, representing the 

measurement data, closely follows the solid line which represents the target 

deadtime.  If the measured value is greater than the deadtime, the switch is not 

fully recovered.  The line can be drawn between the points at which the 

measurements begin to diverge from the target deadtime.  If the device is 

operated at frequencies greater than the line, the device cannot fully recover 
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before it needs to be turned off.  The desired operation region is then at 

frequencies that are lower than the line.  Figure 4.7 shows the limits the reverse 

recovery places on the IPW60R099CP. 

 

Figure 4.7 – tx vs. frequency with limited operating area 

Now that limits have been placed on the operating area, an operation 

point for the IPW60R099CP can be selected where the devices will operate 

without any reverse recovery issues and the circuit can achieve a high efficiency. 

4.2. Effects of reverse recovery on converter performance 

As shown in the previous section, results from the device tester can be 

used to constrain the operating area of the LLC resonant converter so that the 

primary side devices will operate without reverse recovery.  While it is desired to 

operate in the area without reverse recovery, it is still necessary to explore what 

happens when a converter operates with reverse recovery of the primary side 

devices.   
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Based on the discussion of section 2.2, it is known that super junction 

MOSFETs will not suffer from a failure mechanism associated with secondary 

breakdown, but that reverse recovery will adversely affect the efficiency of the 

converter.  Figure 4.8 shows the waveforms of the magnetizing current, midpoint 

voltage, and gate drive voltages in a half bridge LLC resonant converter for two 

conditions: the first is when there is no reverse recovery in the primary switches, 

the second is when there is a small amount of reverse recovery in the primary 

switches. 

      

Figure 4.8 – Switching conditions with full and partial ZVS 

In the case without reverse recovery, the primary switches operate with 

zero voltage switching, as intended.  In the second case, there is a partial loss of 
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switch is turned off until the output capacitance is charged is increased.  Since 

the output capacitance takes longer to charge than the designed deadtime, the 

opposite switch in the totem pole will be turned on before the voltage across it 

has reached zero volts.  Since zero voltage switching has been lost, the 

efficiency of the converter will be decreased. 

The experiment proposed in section 3.3 can be modified to measure the 

voltage across the opposite switch in the totem pole at the end of the deadtime.  

Figure 4.9 shows the voltage across the switch as a function of frequency for a 

deadtime of 200 nS. 

 

Figure 4.9 – Voltage across switch at turn on 
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The opposite switch turns on with the full voltage across it and any remaining 

charge in swept out of the body diode.  Figure 4.10 shows this case along with 

the previous two cases. 

      

Figure 4.10 – Three different switching conditions for LLC resonant converter 

In this case there is total loss of soft switching, so the efficiency of the 

converter will be low.  Furthermore, if a significant amount of charge is remaining 

in the body diode when the other switch is turned on, a large current will flow 

through both devices and the increased component stress could cause the 

devices to fail. 

Through further use of the simulation tool, an expanded operating region 

can be plotted, showing three operating regions as described above.  Figure 4.11 

shows the three operating regions for the IPW60R099CP. 
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Figure 4.11 – Expanding operating region for IPW60R099CP 

While the region with some reverse recovery effects is large, the regions 

in which the severe effects occur for this device are not at reasonable 

combinations of switching frequency of and deadtime.  This means that the 

device is unlikely to see any severe loss of efficiency or possible failure due to 

component stress in the LLC resonant converter. 

4.3. Design results 

In order to illustrate that the IPW60R099CP can be used in an LLC 

resonant converter, a converter will be designed, built and tested.  The converter 
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The device has been selected as the IPW60R099CP.  Figure 4.12 shows 

the operating area for this device. 

 

Figure 4.12 – tx v.s frequency with operating point 
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Figure 4.13 – Design procedure for LLC resonant converter 

In order to select the value for the magnetizing inductance the equivalent 

circuit during deadtime can be used to determine the charge balance 

relationship.  Figure 4.14 shows the equivalent circuit. 

 

Figure 4.14 – LLC equivalent circuit during deadtime 
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The charge balance relationship is then: 

 

And the maximum value of the magnetizing inductance is then given by: 

 

For the IPW60R099CP, the equivalent output capacitance is 450 nF.  For 

a resonant frequency of 900 kHz and a deadtime of 100 ns, the maximum value 

of the magnetizing inductance is then 15uH.  For every combination of Ln and Q, 

a different peak gain can be achieved.  Figure 4.15 shows a contour plot of the 

peak gain as a function of Ln and Q. 

 

Figure 4.15 – Gain as a function of Ln and Q 
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and Q has been fixed.  This relationship is given by the equation from [13] and is 

shown below. 

 

The choice of Ln and Q is now restricted to values that satisfy this 

relationship.  The combinations of Ln and Q that can provide the required gain, 

along with the line of their constant product are plotted in figure 4.16. 

 

Figure 4.16 – Ln and Q product for a gain of 1.8 

Any point to the left and above the intersection of these two lines can 

achieve the required gain.  For this design, Ln is selected to be 10 and Q is then 

0.22.  The value for the resonant capacitance can now be calculated as follows: 
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The value of the resonant capacitor is found to be 20 nF. The converter 

design is now complete.  The design is summarized in table 4.2 and the circuit 

diagram is shown in figure 4.17.  Figure 4.18 shows a picture of the converter. 
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Table 4.2 – Design Summary for LLC Resonant converter 

Parameter Value Units 
Lm 15 uH 
Lr 1.5 uH 
Cr 20 nF 
f0 900 kHz 

RLmax 2.5 Ohm 
 

 

Figure 4.18 – LLC resonant converter hardware 

The converter is nominally operated at its resonant point.  This point 

minimizes the circulating energy in the resonant tank and gives the highest 

efficiency.  Figure 4.19 shows the operating waveforms of the midpoint voltage, 

resonant tank current, gate drive and secondary side rectifier voltage. 
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Figure 4.19 – LLC resonant converter 

The measured efficiency for the converter at this operating point for full 

load was 93.0%.  To illustrate the efficiency gained by using a CoolMOS device 

with low Rds_on, the CoolMOS devices were replaced with a conventional 

device.  The conventional device has a very similar equivalent output 

capacitance to the CoolMOS device and can be used in the circuit without 

changing the resonant tank.  Figure 4.20 shows the operating waveform of the 

midpoint voltage, resonant tank current, and gate drive voltages for the converter 

with the conventional primary side devices. 
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Figure 4.20 – LLC resonant converter with conventional primary devices 

The full load efficiency was measured for this converter as 92.4%.  Figure 

4.21 shows a loss breakdown for the primary side devices for both the CoolMOS 

and the conventional device in this converter. 

 

Figure 4.21 – Loss breakdown for primary side with CoolMOS and conventional 

device 
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The loss break down shows that the converter with the CoolMOS device 

should have an efficiency that is 0.7% higher.  The difference in the measured 

efficiency was 0.6%, showing that the analysis matches the hardware results 

well.  

This chapter illustrates how information about the reverse recovery of a 

CoolMOS power MOSFET can be incorporated into the design of the LLC 

resonant converter.  Through careful design, the IPW60R099CP can be used in 

a high frequency LLC resonant converter despite its poor reverse recovery 

characteristics.  Furthermore, the use of CoolMOS devices, which have very low 

conduction loss, can improve converter efficiency over conventional devices
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5. Conclusion 

5.1. Summary 

The rapid growth of the information technology industry has increased 

demand for server front end converters with increased power density and very 

high efficiency.  A promising topology for this application is the LLC resonant 

converter.  This converter can have a very high efficiency due to use of soft 

switching and can increase power density by having a wide input voltage range, 

high switching frequency and by use of integrated magnetic components. 

To further improve converter performance a primary side device with very 

low Rds_on should be used.  However, the devices that provide the best 

performance also have poor reverse recovery characteristics.  Before using such 

a device in a soft switching converter, the impact of the device’s body diode 

needs to be investigated.  A failure mode associated with the reverse recovery of 

the body diode has been reported for the phase shift full bridge converter.  The 

operation mode under which the failure occurs was examined and those 

conditions were compared to the different operation modes of the LLC resonant 

converter.  A worst case operating mode was found for the LLC resonant 

converter and a specialized device tester was designed to test for that case. 

The operation of the device tester was related to that of the LLC resonant 

converter and an experiment was designed to characterize the reverse recovery 

of a high voltage power MOSFET.  One specific device, IPW60R099CP, was 

characterized.  This device has very high performance in terms of conduction 

resistance, but also has poor reverse recovery characteristics.  The device 
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characterization showed that the reverse recovery of the body diode does limit 

the conditions under which the converter can operate. 

By selecting an operating point where no reverse recovery conditions are 

present, an LLC resonant converter can be designed using primary side 

MOSFETs with low conduction loss and very high reverse recovery 

characteristics.  By making use of these devices the converter performance can 

be improved over a converter with a conventional device. 

 

5.2. Conclusions 

This thesis has examined the LLC resonant converter with regard to the 

performance of the primary side devices and the reverse recovery of the body 

diode.  It was found that the conditions that lead to failure of the primary side 

devices in the phase shift full bridge converter due to reverse recovery are also 

present in the LLC resonant converter.  This failure was reported for conventional 

devices, however, in order to maximize the performance of the converter, a super 

junction MOSFET, such as Infineon’s CoolMOS devices could be used.  It was 

found that although these devices have high reverse recovery characteristics, 

they are immune to the failure mode that had been previously reported due to 

their unique structure.   

Analysis was performed to identify the worst case conditions for the failure 

mode in the LLC resonant.  Light load operation at the resonant point was 

identified as the worst case since under these conditions the body diode is only 

reversed biased for approximately one quarter of the switching period and the 
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voltage developed across the device is low.  A specialized device tester was 

developed to test for this condition. 

A super junction MOSFET, the CoolMOS IPW60R099CP, was 

characterized using the device tester and simulation tools.  The device was 

tested over a wide frequency range for different deadtimes.  It was found that this 

device is capable of very high switching frequencies, but under some conditions 

the reverse recovery of the body diode could effect converter operation. 

This information can be used to design an LLC resonant converter that 

can benefit from the low on resistance of the CoolMOS device and avoid its 

reverse recovery problems.  The device characterization puts limits on the 

converter operation range; however, through careful design, a converter can be 

designed that maintains a very high power density and efficiency.  It was also 

shown that the use of super junction MOSFETs on the primary side will result in 

a more efficient converter than the use of conventional MOSFETs. 

 

5.3. Future Work 

While a gain in efficiency has been shown by using super junction 

MOSFETs in LLC resonant converters, a large loss component that was not 

addressed in this work is the conduction loss on the secondary side.  The 

converter presented in this thesis had a 48V output.  For a 1 kW peak output 

power, the output current is over 20A.  The loss through the secondary side 

rectifier diode represents more than 3% of the total load power.  While diode 

rectification can still be used at a high output voltages, if the output voltage was 
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lowered to 12V, the secondary side conduction loss would dominate and the 

converter would no longer achieve an acceptable efficiency. 

The solution to this problem is to adopt synchronous rectification on the 

secondary side where a low voltage power MOSFET could be used to greatly 

reduce the conduction loss.  However, driving a synchronous rectifier for an LLC 

resonant converter is far from a trivial exercise.  The timing for the synchronous 

rectifier needs to change with the operating point and the primary side device 

driving signals cannot be utilized.  Due to the use of integrated magnetic 

components, the primary side transformer current cannot be directly sensed. 

A solution to this problem has been explored [12], [10].  Commercial 

integrated circuits are available to sense the voltage across the device and 

operate control the gate correctly.  However, due to the package inductance of 

the MOSFET and the high frequency operation of the LLC resonant converter, it 

is necessary to compensate the signal that is fed into the control IC. 

Based on the reduction in conduction loss that could be expected from 

using a synchronous rectifier on the secondary side, a 2% gain in efficiency 

would be expected over the results reported in this work. 

A further improvement to the LLC resonant converter that is presented 

here would be to use a 12V output instead of a 48V output.  While the 48V output 

is favored in telecommunication equipment and some computer server hardware, 

a 12V output from the front end converter is commonly used in desktop derived 

servers which have increased in popularity.  Using a 12V output would not have 

an impact on the primary side with the exception of the transformer design.  If a 
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12V output was used, a synchronous rectifier would have to be used to limit the 

conduction loss on the secondary side. 

A last piece of work that could be done would be to expand the number of 

devices considered in this work.  The focus on this work has been on super 

junction MOSFETs since they provide low conduction loss on the primary side.  

However, new devices are constantly being introduced and in order to ensure 

that the best devices are always used, more devices should be characterized for 

their reverse recovery characteristics and evaluated for use in the LLC resonant 

converter. 
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