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ABSTRACT 

With the fast development of communication systems, computers and consumer 

electronics, the power supplies for telecoms, servers, desktops, laptops, flat-panel TVs, 

LED lighting, etc. are required for more efficient power delivery with smaller spaces. The 

LLC resonant converter has been widely adopted for these applications due to the 

advantages in high efficiency, high power density and holdup time operation capability. 

However, LLC resonant converter meets some issues, especially in high output 

current applications. Those issues include magnetic design, start-up, short-circuit 

protection, synchronous rectifier drive, EMI noise and integration, etc. 

To solve those issues, like start-up and short-circuit protection, SR driving and EMI, etc., a 

synthesis method is proposed to find the similar resonant topologies like LLC. Based on 

this method, lots of multi-element resonant converters are found to solve the issues that 

LLC resonant converter cannot handle.  

To evaluate the performance of found numerous valuable topologies. Thus, a general 

evaluation system is required. State-plane analysis with new normalization factors is 

utilized. Based on it, the voltage stress, current stresses and apparent power of resonant 

converters are easy to compare. This method can help select suitable circuit topology for 
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certain applications. Meanwhile, it also can help resonant converters’ design. The 

important performance factors, like start-up, short-circuit protection, SR driving, 

integration and EMI performance, are also taken into account for the whole evaluation 

system. 

The high switching frequency is needed recently for high power density requirement. 

However, LLC resonant converter suffers high transformer loss. Matrix transformer is 

introduced to reduce winding loss and total volume. Flux cancellation method is utilized to 

reduce core size and loss. Synchronous Rectifier (SR) devices and output capacitors are 

integrated into secondary windings to eliminate termination related winding losses, via loss and 

reduce leakage inductance.  

The passive integration is necessary for high power density resonant converter, 

especially for high order system. Based on stress, suitable passive components are chosen 

for integration. Then, the magnetic integration method is shown based on multi-winding 

transformer structure. The passive integration principles are discussed. A novel passive 

integration method is proposed for multi-elements resonant converters.  

In conclusion, this work is focus on the topology analysis and integration of resonant 

converters. Searching the suitable topologies for certain application, and evaluate the 

performance of them. Then, improve the system power density by integration techniques.  
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Chapter 1. Introduction 

This chapter presents the motivations, objectives and overview of this dissertation. The 

advantages of LLC resonant converters and its wide applications are investigated. The challenges 

in LLC resonant converter are described. A review in this field is provided, followed by the 

dissertation outline and the scope of research. 

1.1 Background and Motivation 

Over the past decade energy efficiency and power density have become the top concerns for 

power conversions. Rising energy intensity leads to a higher cost for delivering power. 

Meanwhile, the demand for compact power supplies grows significantly. It requires power 

supplies with high efficiency, low profile and high power density.  

With the explosive development of information technology, the communication and 

computing systems, such as data centers, telecoms, servers, desktops, laptops and notebooks 

have become a large market for the power supply industry. For the advance of the integrated 

circuit technology, the density and functionality of computer systems are continually increasing, 

which requires more efficient power delivery while smaller size on power suppliers [A.1]-

[A.11]. For consumer electronics, such as flat-panel TVs and LED lighting, high reliability, low 

cost and high efficiency power supplies are demanded [A.12]-[A.15]. More ever, for the 

prosperousness of the cloud computing and online service, energy saving and cost reduction 

become major concerns.  
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Fig. 1.1 Ac-dc front-end converter 

Ac-dc front-end converters as shown in Fig. 1.1 are widely adopted by these applications. 

Driven strongly by economic and environmental concerns, high efficiency is becoming more and 

more desired for ac-dc front-end converters. The 80 PLUS programs provide a class of efficiency 

requirements as shown in Fig. 1.2[A.9]. Take the 80 PLUS TITANIUM program as an example, 

it provides the highest efficiency requirement for the front-end converters nowadays. The 

certified power supplies are expected to achieve 91% efficiency at 100% load, 96% efficiency at 

50% load, 94% efficiency at 20% load, and 90% efficiency at 10% load when converting 230V 

ac power from electric utilities to dc power used in most electronics. Right now, some industry 

benchmarks are beyond TITANIUM. The efficiency requirement at the dc-dc stage is even 

higher to meet the overall efficiency from ac input to the load.  

In addition to the efficiency requirement, the power density of front-end converters is 

continuously increasing as well [A.5]. Higher power density will eventually reduce the converter 

cost and allow for accommodating more equipment in the existing infrastructures. As shown in 

Fig. 1.3, in the past years, the power density of front-end commercial converters has increased by 

more than twenty times. This will continuously increase in the future because of the fast 

developments in new devices, magnetic materials and so on [A.16]-[A.19].  
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Fig. 1.2 Efficiency trend for ac-dc front-end converters of redundant, datacenter applications 

 

Fig. 1.3 Power density trend for ac-dc front-end converters 
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1.2 Issues of PWM DC-DC Power Conversions 

1.2.1 Pros and Cons of Soft-switching PWM DC-DC Converter 

Hard switching pulse-width-modulation (PWM) converters are common in power supplies, 

however, they suffer high switching losses. Soft switching techniques can help the PWM circuit 

achieve zero-voltage-switching (ZVS) so that lower switching loss and higher frequency can be 

accomplished. Soft-switching PWM circuits, such as the phase-shift full-bridge PWM converter 

(PSFB)[A.20]-[A.23]and the asymmetrical half-bridge PWM converter (AHB)[A.24]-[A.28], are 

widely used for front-end dc-dc conversion. These topologies are plotted in Fig. 1.4, respectively.  

 

(a) Phase shift full bridge PWM converter  (b) Asymmetry half bridge PWM converter 

Fig. 1.4 Typical Soft-switching PWM converters 

ZVS lost at light load is one drawback of soft-switching PWM converters. For PSFB, large 

leakage inductance is needed to achieve ZVS. With large leakage inductance, the duty cycle loss 

due to charge and discharge leakage inductance will be significant. This will limit the choice of 

transformer turns ratio, which will affect the performance of whole converter. Even with large 

leakage inductance, still ZVS cannot be achieved at light load. There are many different methods 
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to expend ZVS region for phase shift full bridge[A.29], but they are not been widely adopted due 

to complexity. Since AHB also utilizes leakage inductance to achieve soft switching, there is 

similar problem as discussed for PSFB, which lost ZVS during light load condition. 

High turnoff loss for primary devices is another drawback. As dash circled in Fig. 1.5, the 

turnoff current of primary devices is around the highest point due to the trapezoid or square 

shape primary current.  

No ZCS for synchronous rectifier (SR) generates large reverse recovery loss. As circled in 

Fig. 1.5, the turnoff current of SR device is around the highest point due to the trapezoid or 

square shape current.  

 

(a) Phase shift full bridge PWM converter  (b) Asymmetry half bridge PWM converter 

Fig. 1.5 Waveforms of typical Soft-switching PWM converters 
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Passive components are hard to reduce volume. As mentioned above, the switching loss of 

soft-switching PWM converters is not small, which limit the switching frequency increasing. 

That means passive components are not easy to reduce volume. On the other hand, there are 

usually two individual magnetic components in the circuit, the transformer and the output 

inductor. Sometimes, an extra inductor is in series with transformer to help achieving ZVS. It is 

very challenge to integrate them all to shrink the volume.   

1.2.2 Limitation of PWM DC-DC Converter with Hold-up Time Requirement 

The holdup time operation poses a major design challenge in front-end converters. As 

shown in Fig. 1.6, the front-end ac-dc converters are required to maintain the regulated output 

voltage for about 20ms when the input ac line is lost[A.30].As shown in Fig. 1.1, during the 

holdup time, all the energy transported to the load comes from the bulk capacitor. The 

requirement of this capacitor is determined by the system power level and the input voltage 

range of the dc-dc converter. The relationship between holdup time capacitor requirement and 

minimum dc-dc stage input voltage for 1kW front-end converter is shown in Fig. 1.7.Apparently, 

the wider the dc-dc stage input voltage range is, the fewer bulky holdup time capacitors are 

required, and the higher power density will be. Therefore, to meet the holdup time operation 

requirement, the capability of operating within a wide input voltage range is required for the dc-

dc stage in front-end converters. 
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Fig. 1.6 Holdup time operation of ac-dc front-end converters 

 

Fig. 1.7 Holdup time capacitance vs. input voltage range for dc-dc converters of the front-end converter 

However, conventional PWM converters have to sacrifice normal operation efficiency to 

extend their operation range. It is difficult to design a wide-operation-range PWM converter with 

high efficiency. Normally, the duty cycle is designed to be as high as possible to handle the 

holdup time operation, shown in Fig. 1.8. Thus, at normal conditions, the duty cycle is much 

smaller. The primary side to secondary side transformer turns ratio is small, which leads to high 

20ms
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primary side current, as equation (1.1) and (1.2) indicated. Both conduction loss and switching 

loss increase. Consequently, efficiency suffers at normal operation conditions.  

 

Fig. 1.8 Duty cycle range for PWM converter with hold up requirement. 
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1.3 Opportunity of Resonant DC-DC Converters 

1.3.1 Basic Concepts of PWM Converter and Resonant Converters 

Conceptually, PWM converters control the power flow by controlling the duty circle of 

switches. When switch is on, the power flows from the source to the load. When switch is off, 
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the power flow is blocked. The output filter of PWM converters is for switching frequency and 

higher order harmonics, as shown in Fig. 1.9. 

 

Fig. 1.9 Simplified general isolated dc/dc PWM converter block diagram 

Different with PWM converter, resonant converters have quite different way to control 

power flow. In general, resonant converters can be presented in a simplified block diagram form 

as shown inFig. 1.10. The input can be either voltage or current source. The output sink is 

implemented by rectifier circuits. The output circuit consists of either a series inductor or a 

parallel capacitor with the load resistance in order to give current sink or voltage sink, 

respectively. The basic resonant cell consists of frequency selective network whose function is to 

transfer the energy from the source to the load. In other words, it works like a band-pass filter. 

 

Fig. 1.10 Simplified general isolated dc/dc resonant converter block diagram 

As shown in Fig. 1.11, resonant converter controls the power flow by adjusting the switching 

frequency. When the switching frequency is around the resonant frequency, most of the input 
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power pass through the band-pass filter. When the switching frequency deviates from the 

resonant frequency, the input power is attenuated by the filter, thus, only part of it flow to the 

load. This mechanism is quite different from PWM converter.  

 

Fig. 1.11 Band-pass filter concept for resonant converters 

A good band-pass filter is desirable for efficient energy delivery. Here, good band-pass filter 

means the least circulating energy in the converter. Nevertheless, which resonant cell contributes 

good band-pass filter? 

a.  Series Resonant Converter (SRC) 

Series resonant converter (SRC) is one of the basic resonant converters[A.31]-[A.36]. The 

schematic of series resonant converter is Fig. 1.12. The voltage gain curves of the SRC is shown 

in Fig. 1.13.  The benefits are ZVS achievable above resonant frequency, ZCS achievable below 
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resonant frequency. The operating region is on the right side of resonant frequency owing to 

preferred ZVS operation.  

 

Fig. 1.12 Series resonant converter 

 

Fig. 1.13 Gain curves of series resonant converter 

Series resonant frequency is most efficient point. From the gain curves, we can see the gain 

equals one at resonant frequency. The total energy from the source is delivered to the load. 

However, the resonant frequency is the boundary of ZVS and ZCS region. It is very risky to 

operate at this point. Due to the holdup time requirement, the operation point is far away from 

resonant point at nominal input voltage (Vin=400V), and the voltage gain is much smaller than 
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one. Meanwhile, the turn-off current increases significantly due to large phase shift between 

excitation voltage and current of the resonant tank. The switching loss will be high. 

Light load regulation is bad for SRC. It can be seen from the operating region that at light 

load, the switching frequency needs to increase to a very high value to keep the output voltage 

regulated due to the flat voltage gain beyond resonant frequency.  

SRC is not a good candidate for front end DC-DC converter. The major problems are: light 

load regulation, high circulating energy and turn off current at nominal input voltage condition.  

b.  Parallel Resonant Converter (PRC) 

Parallel resonant converter is another basic resonant converter[A.37]-[A.40]. The schematic 

of parallel resonant converter is Fig. 1.14. The voltage gain curves of the SRC is shown in Fig. 

1.15. The operating region of the PRC is shown inFig. 1.15as shaded area. Similar to SRC, the 

operating region is also designed on the right hand side of resonant frequency to achieve ZVS.  

 

Fig. 1.14 Parallel resonant converter 

Compared with SRC, the voltage gain of PRC can be larger than one. That means PRC can 

boost voltage. Meanwhile, the operating region of PRC is much narrower. At light load, the 

frequency doesn't need to change too much to keep output voltage regulated.  
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Fig. 1.15 Gain curves of parallel resonant converter 

However, the circulating energy is very high for PRC, even at light load. For PRC, since 

the load is in parallel with the resonant capacitor, even at a no-load condition the input still sees a 

pretty small impedance of the series resonant tank. This will induce pretty high circulating 

energy, even when the load is zero.  

The major problems of PRC are: high circulating energy, high turn off current at high input 

voltage condition.  

In sum, to deal with a wide input voltage range, all these traditional resonant converters 

encounter some problems. To achieve higher efficiency, other resonant topologies should be 

considered.  

1.3.2 Advantages of LLC Resonant Converter (LLC) with Hold-up Time Requirement 

LLC resonant converters (LLC) is drawn a lot of attention since 1990 [A.41]-[A.48].The 

half bridge LLC resonant converter is illustrated in Fig. 1.16. The voltage gain of the LLC 
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resonant converter is drawn in Fig. 1.17. When switching frequency lower than resonant 

frequency (fs<fo), the voltage gain is more like parallel resonant converter. When switching 

frequency higher than resonant frequency (fs>fo), the voltage gain is more like series resonant 

converter. With variable frequency control, the voltage gain of LLC resonant converter can be 

controlled as boost mode or buck mode. Based on the combination of two resonant frequencies, 

LLC resonant converter has more advantages than previous introduced converters.  

 

Fig. 1.16 LLC resonant converter 

 

Fig. 1.17Voltage gain of LLC resonant converter 
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ZVS is achievable from no load to full load. With the help of parallel resonant frequency, 

LLC can operate around series resonant frequency without the risk falling into ZCS region. In 

addition, voltage gains of different Q converge at this point. Thus, the LLC would not change 

frequency too much as load changes. The voltage second on Lm, which determines the turnoff 

current, is relatively constant. And this current independent of load helps primary devices charge 

and discharge junction capacitance to achieve ZVS. In other words, ZVS is independent of load.  

Low turnoff loss is achievable for primary devices due to low turnoff current. The turnoff 

current could be controlled by Lm to be as low as just fulfill ZVS requirement. 

 

Fig. 1.18 Waveforms of LLC resonant converter at resonant frequency 

ZCS for synchronous rectifier (SR) is naturally achieved if it operates at or below series 

resonant frequency. When switching period equals the series resonant period, the primary current 

(iLr) resonances to touch magnetizing current (iLm). Meanwhile, secondary side current reaches 

zero. When switching period becomes larger, the discontinuous period of secondary current 

extends.  
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Magnetic integration is easily achieved for LLC. Because of soft-switching for primary and 

secondary devices, LLC can increase switching frequency to push power density. On the other 

hand, high switching frequency introduces small magnetic component, which makes them easy 

integration. For LLC, Lr could be the leakage inductance of transformer, while Lm is the 

magnetizing inductance, as shown in Fig. 1.16. Naturally, LLC has the potential to integrate all 

the magnetic components into transformer, which continue push power density.  

The holdup time extension capability is accomplished without sacrificing the efficiency 

under the nominal operating condition. As mentioned before, series resonant frequency is the 

optimal operation point for LLC. By reducing the LLC switching frequency, high voltage gain is 

achievable, which is desired for the holdup time operation. Therefore, the LLC resonant 

converter has been a very popular topology for the front-end power supplies in computing 

systems and consumer electronics systems.  

Soft-switching diminish most of switching loss, thus, LLC can reach high efficiency and be 

easy to push high frequency.   High frequency and easy integration structure give LLC the 

potential to reach high power density. Fig. 1.19 shows the volume and efficiency comparison of 

two commercial front-end products. It is obvious that the front-end converter with LLC has 

better power density and efficiency than the one with PWM converter. 

For the benefits of LLC resonant converter as mentioned above, firstly it is adapted by flat-

panel display. Then, telecom quickly accepts it as main stream solution. Right now, LLC 

gradually takes the markets of LED lighting, server and datacenter, etc.  
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Fig. 1.19 Commercial products comparison with LLC DC/DC and PWM DC/DC 

 

Fig. 1.20 Market trend for LLC resonant Converter 
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1.4 Challenges of LLC Resonant Converter 

However, there are many issues for the LLC resonant converter to deal with, like start-up, 

short-circuit protection, SR driving method, EMI noise reduction and magnetic design, etc. 

1.4.1 Start-Up and Short Circuit Protection 

The first issue is start-up process. Although LLC has parallel resonant frequency to help 

achieve holdup requirement, the voltage gain above resonant frequency is very flat due to the 

characteristics of series resonant frequency, as shown in Fig. 1.21. 

 

Fig. 1.21 LLC soft start-up in above resonant frequency region 

During the soft start-up process, the switching frequency needs to be pushed to a high value 

(fs>f0), and then decreased step by step, in order to minimize the voltage and current stress in the 

resonant tank, meanwhile building up the output voltage[A.49]-[A.55].  
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If the start-up frequency (fmax) is not high enough, there will be large voltage and current 

stress in the resonant tank at the start-up moment. Fig. 1.22shows the experimental test of [A.49] 

where the voltage and current stress is large in the resonant tank if starting-up with 1.6 times of 

resonant frequency.  

 

Fig. 1.22 LLC soft starts process by commercial IC chip 

Thus, start-up is an inherent issue for LLC resonant converter.  

1.4.2 Synchronous Rectifiers (SR) Driving Scheme 

For isolated dc/dc converter, synchronous rectifier is necessary to improve the efficiency of 

DC/DC converter. The SR driving signals for PWM dc/dc converter are very easy to get from 

primary side device signal. Take phase shift full bridge converter as example[A.56], the circuit is 
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shown in Fig. 1.23. The driving signal of SR2 is the same as SA, and the driving signal of SR1 is 

the same as SB.  

 

Fig. 1.23 PSFB circuit and devices’ driving signals 

LLC resonant converter is quite different with PWM converter for SR driving scheme. The 

driving signal of primary side and secondary side devices are not in phase, as shown in Fig. 1.24.  

 

Fig. 1.24 Desired SR gate driving signals in different switching frequency regions 
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When fs<f0, the SR should be turned off earlier than the main switch. Otherwise, the SR 

would conduct circulating energy, namely a reverse current from the load to the source, thus 

causing a greater increase in the RMS currents and turn-off current, and causing efficiency to 

deteriorate dramatically. When fs>f0, the SR should be turned off a bit later than the main switch. 

Otherwise, the sharply decreased current would go through the paralleled body diode, resulting 

in a serious reverse recovery. Therefore, the driving signals of SRs and main switches cannot 

derive from the same PWM signal for control of the conduction times as those in the isolated 

PWM converters.  

 One solution [A.57] is based on the SR current iSRsensing by transformers to generate SR 

driving signal. The method is precise, but due to the large current on the secondary side, it 

requires a large size current transformer and it presents a lower efficiency due to the extra 

resistance of the transformer windings. 

 

Fig. 1.25 SR gate driving signals by secondary current sensing 

An alternative solution [A.58] is sensing current through the transformer’s primary side 

winding. The primary side current is a precise replica of the secondary side current. Although a 
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smaller loss could be achieved when compared to the secondary side current sensing, three 

magnetic components are needed, losing the integration of leakage, magnetizing inductors and 

transformer in a single element.  

 

Fig. 1.26 SR gate driving signals by primary current sensing 

 

Fig. 1.27 The influence of package inductance 

A promising driving method is based on the SR drain to source voltage. The sensed SR Vds 

is processed by the control circuits as [A.59]. However, the accuracy of this driving scheme is 

highly affected by the SR package [A.60]. Due to the inevitable package inductance, the sensed 
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terminal drain to source voltage of the SR is actually the sum of the MOSFET’s on status 

resistive voltage drop and the package inductive voltage drop. Fig. 1.27shows that the sensed Vd's' 

of the SR terminal deviates greatly from the purely resistive voltage drop Vds of the MOSFET. 

Thus, the actual SR drive signal VgsSR is significantly shorter than the expected value. 

Therefore, an accurate SR driving scheme under high frequency is required, which can 

control the SR gate driving signal in the whole switching frequency regions with simple 

implementation. This method should not increase the volume of whole system too. 

1.4.3 Chanllenges for High Output CurrentApplication 

Isolated high output current dc/dc converter may suffer very high conduction loss at 

secondary side even synchronous rectifier is applied [A.52] [A.53].  

High conduction loss of secondary windings and SR devices is the first issue for low-voltage 

high-current applications. To deal with this issue, a paralleled winding structure with paralleled 

SR devices is a common practice. However, this structure is not good enough. The conventional 

circuit schematic of the transformer and SR structure is shown in Fig. 1.28. The conventional 

planar transformer and the secondary side structure are depicted in Fig. 1.29.  

The current sharing among secondary windings and SR devices becomes an issue for this 

parallel structure. The current distribution through secondary side is determined by many aspects, 

including the resistance and leakage inductance of windings, the package inductance and 

resistance of SR devices, the trace and connection inductance and resistance, etc. Thus, it is hard 

to keep even current distribution by traditional transformer structure.  
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Fig. 1.28 Circuit schematic of the conventional transformer and SR structure. 

 

Fig. 1.29 Conventional transformer and the secondary side structure. 

High termination losses is the another issue. Due to the proximity effect and skin effect, the 

currents in adjacent terminals with opposite directions attract each other. Thus, very high losses 

and hot spots are generated. This termination loss deteriorates efficiency significantly. For the 

conventional design, all SR devices are placed on the motherboard. Physically speaking, a large 

loop of the secondary side rectifiers is inevitable. Consequently, a large distribution loss will be 
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generated. In addition, for large number of SR devices, it is extremely difficult toachieve a 

symmetrical layout for each SR. Hence, current-sharing of the SR is a severe problem.  

Thus, how to improve the efficiency and power density of high step-down dc/dc converter is 

a key issue. 

1.4.4 EMI Performance of LLC Resonant Converter 

In EMC standards, such as FCC part 15 in the United States and EN55022, CISPR 22 in 

Europe, the conducted EMI noise emissions of devices are limited. It is required to meet the EMI 

standard for front-end converters.  

 

Fig. 1.30 CM noise spectrum comparison of PWM and LLC resonant converters. 

Because of the bulk capacitor between PFC and dc-dc converter, only common mode noise 

of dc-dc converter will influence the grid and EMI filter. The measured common mode EMI 

noise spectrum of LLC resonant converters is shown in Fig. 1.30. Compare with PWM converter, 

it is a stringent challenge to reduce the EMI noise due to the EMI standard requirement [A.61].  
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1.5 Multi-Element Resonant Converters 

Since LLC resonant converter has so many issues, how to deal those issues but still keep the 

merits of LLC is a challenge. Some issues come from the fundamental characteristics of LLC 

resonant converter. How to overcome them remains a problem. As mentioned in [A.62]-[A.64], 

there are more than hundreds multi-element resonant topologies. Is there any resonant topology 

similar or better than LLC resonant converter?  

Based on the previous sections, the merits of LLC come from the combination of two 

resonant frequencies. Thus, we want to keep the characteristics below series resonant frequency 

of LLC gain curves in Fig. 1.17. However, we do want to change the gain curves of LLC resonant 

converter above resonant frequency.  

For the start-up and short-circuit protection issue, the fundamental reason is the flat 

voltage gain above resonant frequency. To deal with this issue, the resonant topology has sharp 

gain above resonant frequency is desired as presented in Fig. 1.31[A.64].  

 

Fig. 1.31 Desired voltage gain for LLC start-up. 
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For the SR driving scheme, the resonant topology, which can simply utilize primary side 

current information to drive SR without suffering the benefit of integration, is desirable.  

Low EMI noise by nature is also desired for resonant topology. 

The question is if there is any resonant topology having those benefits among the ocean of 

resonant topologies. How to find it and how to compare them with LLC is very challenging.  

1.6 Opportunity of Emerging Technologies 

The exponential rise in “Big Data” generation, processing and storage highlights the 

growing demand for datacenter and cloud computing power worldwide. The subsequent task is 

to maximize energy efficiency, thus saving money and natural energy resource, minimizing 

pollution and meeting the US Department of Energy’s “Exascale” challenge.  

 

Fig. 1.32 Traditional AC distribution system for data center 
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For the power semiconductor industry, the challenge is to provide efficient and high quality 

power conversion from 480V 3-phase AC power entering the datacenter, all the way to 1V, 

100A+ processors. Fig. 1.32 shows the typical AC distribution system structure for data center. 

1.6.1 New System Architectures 

The ever-present trend for datacenter distributed power systems is the pursuit of higher 

efficiency and power density. Existing solutions within the AC-DC conversion-system topology 

are struggling to provide even a fewpercentage points of large-scale improvement despite 

localized improvements in performance.  

 

Fig. 1.33 380V DC distribution system for data center 

The answer may be to look instead to a very different AC-DC structure, based on new 

approaches rather than merely incremental ones. Using high-voltage DC for power transmission, 

in conjunction with new conversion approaches, offers tangible and significant benefits for both 

sourcing options and system end-to-end performance. Recently, Intel proposed a 400 Vdc direct-
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distribution bus for data center applications in order to reduce the number of power conversion 

stages and the power loss in the power distribution path, as shown in Fig. 1.33. By eliminating an 

AC uninterruptible power supply (UPS) and a transformer in the power distribution unit (PDU), 

the overall efficiency can be improved. In fact, some work from France Telecom and China 

Mobile estimate that between 8% and 10% across the board can be saved by going to DC 

distribution[A.7]-[A.8], [A.65]-[A.67]. 

Continue pushing whole system efficiency, one effective way is to reduce the regulated 

DC/DC stage. For new DC distribution system, the holdup requirement is not valid due to the 

battery connecting to 380V bus. IBM supercomputer utilizes the DC system illustrated in Fig. 

1.34. The efficiency of each module is also given in each box. There is only one regulation stage: 

PRM (Pre-Regulated Module) regulator. Bus converter and VTM (Voltage Transformer Module) 

are both unregulated DC/DC converter. The efficiency of the power train can be as high as 87%. 

 

Fig. 1.34 DC power-train for IBM Supercomputer 

Another possible power train structure is shown in Fig. 1.35. The DC/DC converter from 

400V to 12V only needs to deal with small ripple on the bus, which can be easily deal with next 

regulated stage (VR). It is obvious that two regulated stages are less efficient than one regulated 

stage with one unregulated stage.  
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Fig. 1.35 Improved DC power-train for 400V to CPU 

Thus, how to improve the efficiency and power density of high ratio step-down DCX is one 

of the key issues for the whole performance of datacenter.  

1.6.2 Benefits and Chanllenges of LLC-DCX 

Compared with regulated LLC-D2D, LLC-DCX has better performance and less issues 

especially at high switching frequency.  

Firstly, its switching frequency is fixed exactly at the resonant frequency point (fs=f0) to 

achieve the best efficiency[A.68]. Meanwhile, the SR current is in phase with primary side 

driving signal just like PWM converter. It is very easy to achieve SR driving by utilizing primary 

side driving signal. Due to new system architecture, LLC-DCX do not need to worry about start-

up problem, the regulator before or after LLC-DCX can help.  

Thus, start-up, short-circuit protection and SR driving are not issues for LLC-DCX 

anymore.  
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Fig. 1.36 LLC resonant converter as DCX 

Usually, large Lr is designed for LLC-D2D to help achieve holdup time and regulation 

requirement, while LLC-DCX does not have that. Mostly large Lr needs extra inductor in series 

with leakage inductance of transformer, which increases the volume and loss of whole system. 

For LLC-DCX, Lr is only the leakage inductance of transformer, and can be as small as possible.  

LLC-DCX has potential to be high efficiency and high power density. For high efficiency 

and easy magnetic integration, LLC-DCX could operate at high switching frequency. Meanwhile, 

the high frequency transformer design and EMI are still issues for LLC-DCX. 

1.6.3 Wide Band Gap Devices —GaN HEMT 

High performance active devices have been the first force to increase power density to meet 

the requirements of modern systems including datacenter. Silicon devices have dominated for 

power management since the late 1950s. However, due to continuous device optimization and 
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improvements in the production process, material properties of Si are increasingly becoming the 

limiting factor.  

 

Fig. 1.37 Specific on-resistance versus breakdown voltage for GaN and Si 

In recent years, the GaN HEMT has emerged as a promising device for high frequency, high 

efficiency, high density power conversion due to a better figure of merit than comparable Si and 

SiC transistors [A.69]-[A.71]. A progressively larger number of GaN devices have been 

manufactured for in field applications ranging from low power voltage regulators to high power 

infrastructure base-stations[A.72]-[A.80]. The switching frequency has been continuously 

pushed up to several MHz to both reduce passive components size and increase power density.  

1.7 Dissertation Outline 

Taking into account the challenges raised during the review of the existing literature on the 

LLC resonant converters, several issues have been addressed in this dissertation.  
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Chapter 1:  

Research background, motivation, and literature review. 

The advantages of LLC resonant converter over PWM converter and traditional resonant 

converters are presented, especially under hold up time requirement. However, LLC has its own 

issues, like startup, short-circuit protection, SR driving, transformer design and EMI 

performance. Multi-element resonant converters are one possible way to deal with them. 

Meanwhile, with the new system architecture of datacenter, there is opportunity to use 

unregulated LLC, which has less issues and better performance than regulated LLC resonant 

converter. This new structure and emerging GaN HEMT promote the requirement of high 

frequency high efficiency transformer design. To be more advanced, passive integration for 

multi-element resonant converter is also achievable. 

Chapter 2: 

One effective way to solve the fundamental issues of LLC resonant converter is to find 

alternative resonant converters.  

The resonant tank acts like band-pass filter in resonant converters. The four type basic 

resonant cells are studied. A synthesis of resonant topology based on basic resonant cells is 

proposed. Every two basic resonant cells are combined to form a new resonant cell. Three three-

element LLC-like resonant converters are discovered. 

For four-element resonant converters, a notch filter is introduced to LLC-like resonant 

converters helping limit the inrush current during startup or short-circuit protection period.Eight 

LLC-like resonant converters with notch filter are discovered based on previous synthesis. 
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To enhance power delivery efficiency, an extra element is added to four-element resonant 

tank for 3rd harmonics band-pass filter. Twenty five-element resonant converters with 3rd 

harmonics band-pass filter are gotten. 

Chapter 3: 

Lots of LLC-like resonant converters are discovered based on the method in chapter 2. How 

to evaluate each topology still remains an issue. To find out if new resonant topologies have 

similar or better performance than LLC, an evaluation system is necessary.  

To utilize state-plane for evaluation, traditional normalization factors are not good enough. 

The new normalization factors are proposed based on the apparent power of converter. Utilizing 

the state-plane with new normalization factors, the apparent power, voltage and current stresses 

of each multi-element resonant converter can be easily compared. 

Current limit capability, SR driving scheme, magnetic integration and EMI noise are very 

important to resonant converters. All of them are taken into account to evaluate the performance 

of resonant converters. 

Based on the pros and cons of each LLC-like resonant converter, several possible 

application examples are proposed as reference.  

Chapter 4: 

To deal the high output current conduction loss, the resonant topology can hardly help. The 

circuit topology can help. To alleviate the heavy output current, the matrix transformer instead of 

the traditional transformer is proposed. Matrix transformer can help split transformer secondary 

current to reduce conduction loss. With the matrix transformer winding structure, series at 
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primary side and parallel at secondary side, the current sharing problem among windings and SR 

devices can be solved.  

The price is the multiple cores of matrix transformer. With the concept of flux cancellation, 

the number of core reduces into half. In other words, the core loss and core volume are greatly 

reduced without suffering conduction loss.  

Meanwhile, a system method is proposed to integrate transformer winding with SR devices 

to eliminate termination loss. After that, the tradeoff of termination loss and interleaving is 

discussed. Then, the optimal winding structure is figured out. 

Finally, a detail design procedure for transformer dimensions is given. 

Chapter 5: 

To be more advance integration, magnetic integration method for multi-element resonant 

converter is proposed based on transformer cantilever model. A measuring method is given to 

identify the parasitic inductance value in complex cantilever model. 

For better power density, passive integration is necessary. However, capacitance integration 

is risky due to life time constraint. An evaluation criteria is proposed to determine which 

components integrated in the system based on lowest voltage and current stress.  

A passive integration method is given to integrate all the magnetic components and 

capacitor with lowest stresses.  

Chapter 6: 

Conclusion and future work.  
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Chapter 2. Synthesis of Multi-Element Resonant 

Converters 

In this chapter, a general and systematic method to explore the characteristics of multi-

element resonant converters is proposed. Each resonant converter is synthesized by basic 

resonant cells. The resonant converter inherits the characteristics of parental resonant cells. LLC 

resonant converter is one of the most popular topologies in DC/DC converters. The LLC-like 

resonant converters are found by the synthesis of basic resonant cells. Furthermore, the LLC-like 

resonant converters are improved by synthesizing more resonant cells.  

2.1Fundamental Concept of Resonant Converters 

As mentioned in chapter one, dc-dc resonant converters can be presented in a simplified 

block diagram form as shown in Fig. 2.1.  

The input DC voltage or DC current source is converted into square waveform by primary 

switches. The output sink is implemented by rectifier circuits. The output circuit consists of 

either a series inductor or a parallel capacitor with the load resistance in order to give current 

sink or voltage sink, respectively. 

The basic resonant cell consists of frequency selective network whose function is to transfer 

the energy from the source to the load, in other words, band-pass filter. The passing-through 

energy is controlled by changing the switching frequency. The band-pass filter characteristic of 

each resonant tank could be represented by its voltage transfer functions [B.1], [B.2].  
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Fig. 2.1Simple Block diagram for the basic concept of resonant converter 

Most of dc-dc applications are voltage source, like front-end dc-dc converters. Thus, the 

voltage source is taken into account in the following analysis. The similar concept can also be 

applied to current source application.  

 

Fig. 2.2Zero current switching and zero voltage switching principles 



Daocheng Huang   Chapter 2 

 

38 

When the operation point at resonant frequency (fo, in Fig. 2.1), the input voltage (Vac) is in 

phase with input current (i in). The output power reaches its maximum value if input power is 

fixed. All of the input power is directly delivered to the load. When operation below fo, the 

voltage is leading the current, so the tank is capacitive. The up slop of voltage gain indicate ZCS 

operation, as shown in Fig. 2.2.When operation above fo, the current is leading the voltage, so the 

tank is inductive. The down slop of voltage gain indicates ZVS operation.   

2.1.1 Basic Resonant Cells (Two-Element Resonant Tanks) 

Two-element resonant tanks are basic resonant cells of multi-element resonant converters. 

For two energy storage elements, there are totally eight resonant tank configurations as shown in 

Fig. 2.3. Tank A, B, C and D are suitable for voltage source, and Tank E, F, G and H are suitable 

for current source. Here, not “suitable” means no regulation capability (like Tank E to voltage 

source), and/or no resonance (like Tank F to voltage source).  

 

Fig. 2.3 Two-element resonant tanks 
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Tank A is series resonant tank, which is the resonant tank of series resonant converter (SRC). 

It behaves like band-pass filter. The resonant frequency in Fig. 2.4 (a) is named series resonant 

frequency (SRF). When the frequency of input energy is the same as SRF, the whole energy will 

pass through it, while the energy of other frequencies is attenuated. However, this band-pass 

filter is not good at light load. The voltage gain becomes flat. Hence, a very high switching 

frequency is required for series resonant converter light load regulation.  

The resonant frequency in Fig. 2.4 (b) is named parallel resonant frequency 1 (PRF1). It is 

not good band-pass filter either. The high frequency input energy will pass through it, but low 

frequency energy will be blocked. Thus, it performs more like high-pass filter. 

The resonant frequency in Fig. 2.4 (c) is named parallel resonant frequency 2 (PRF2). It is 

the resonant tank of parallel resonant converter (PRC). It is not good band-pass filter either. The 

low frequency input energy will pass through it, but high frequency energy will be blocked. Thus, 

tank C performs more like low-pass filter.  

Both of two PRFs have high gains at light load around resonant frequency. Steep slope close 

to resonant frequency come with this.  

The resonant frequency in Fig. 2.4 (d) is named notch resonant frequency (NRF). This tank 

is quite different from previous tanks. It behaves like a band-stop filter. When the frequency of 

input energy is the same as NRF, the tank impedance is infinite high, the whole energy will be 

blocked. Meanwhile, the energy of high order harmonics pass through the whole tank. Thus, 

Tank D alone can hardly form a resonant converter.  

All of basic resonant cells are only have one resonant frequency. The resonant frequency is 

the most efficient point for the resonant tank except band-stop filter, because all the fundamental 
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of input power is delivered to the load. Otherwise, part of it is attenuated by the tank. However, 

they cannot operate at resonant frequency in fear of falling into different soft-switching region, 

like from ZVS into ZCS or from ZCS into ZCS, which is detrimental to devices.  

 

Fig. 2.4 Voltage gains of two-element resonant tanks 
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2.1.2 Synthesis of Basic Resonant Cells 

From the discussion above, two-elements resonant converters have their inherent limitations. 

Because each resonant frequency has its own characteristics, the synthesis of two or more 

resonant frequencies may give resonant converter more merits.  

LCC resonant converter (LCC) and LLC resonant converter (LLC) are very good examples 

to illustrate the concept of resonant converter synthesis. 

LCC resonant converter (LCC) is a popular resonant converter in many applications. It is the 

combination of series resonant converter (tank A) and parallel resonant converter (tank C). SRF 

is at the left side of PRF2, in other words, ZCS region of PRC. Around SRF, most region is ZCS 

region, which is not preferred. Series resonant frequency (SRF) (black dot in Fig. 2.5 (a)) helps 

in operation; however, the operation region (shadow in Fig. 2.5 (a)) is away from SRF. Thus, 

LCC is still dominated by parallel resonant frequency (PRF), and have similar pros and cons as 

PRC. It cannot operate at resonant frequency either. 

 

Fig. 2.5 Circuit and voltage gains of LCC resonant converter 
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Fig. 2.6 Circuit and voltage gains of LLC resonant converter 

LLC is the combination of tank A and tank B. It is different from LCC due to the different 

order of two resonant frequencies. PRF2 is at the left side of SRF, in other words, the ZCS 

region of SRF. PRF2 improves part of this region into ZVS region. Thus, it is safe to operate 

around SRF, where is the optimal point. However, the right side of SRF is still flat [B.3]-[B.10]. 

The synthesis of SRF and PRF1 generates many merits : (1) ZVS capability for zero to full 

load range; (2) low turn off current for primary side switches; (3) Zero-current-switching (ZCS) 

for synchronous rectifier devices; (4) voltage gain boost capability without deterioration of 

efficiency at normal condition.  

Three-element resonant converters have more resonant frequencies than two-element. The 

synthesis of resonant frequencies could provide extra benefits to the resonant converter. 

However, the synthesis should be the right types and the right order of resonant frequencies to 

improve the performance, or the improvement could be very little or worse.  

2.3 Synthesis of Three-Element Resonant Converters 
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As mentioned before, LLC has many advantages due to the synthesis of resonant 

frequencies. A systematic analysis is given below to search LLC-like resonant converters.  

All the three-element resonant topology networks are given in Fig. 2.7 [B.11]. The topology 

networks 15, 16, 17 are degraded to two-elements if the blocks replaced by an inductor or 

capacitor.  

 

Fig. 2.7 Three-element resonant topology networks 

Replacing each block of networks with an inductor or capacitor, 36 topology candidates are 

gotten in Fig. 2.8.  

If the input source types are taken into account, there are some tanks are not suitable. Firstly, 

if one or more elements are clamped to input voltage source, the whole resonant tank will be 

degraded to less order system.  Secondly, capacitors cannot be in parallel with voltage source. 

Based on these two criteria, there are only 13 topologies left, shown in Fig. 2.9. 
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Fig. 2.8 Three-element resonant tanks 

 

Fig. 2.9 Three-element resonant tanks for voltage source 
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The tanks in Fig. 2.9 are classified by combination of the resonant frequencies defined in 

section 2.1.1.  

From Fig. 2.10 to Fig. 2.14, the dot lines show the boundaries of ZVS and ZCS regions.  

As shown in Fig. 2.10, Tank D and Tank H1 are the synthesis of SRF and NRF. Thus, this 

group has similar characteristics like SRC. NRF sharps flat voltage gains above SRF, so ZVS 

region of SRC is improved. Voltage regulation is achievable in a narrow frequency range. 

However, resonant frequencies are the boundaries of ZVS and ZCS regions. Operation at 

resonant frequency is still not achievable in this topology group. 

 

Fig. 2.10 Voltage gains and tanks of SRF+Notch 

As shown in Fig. 2.11, Tank C and Tank G1 are the synthesis of SRF and NRF. Thus, this 

group has similar characteristics like SRC. In this group, NRF sharps flat voltage gains below 

SRF, so ZCS region of SRC is improved.  
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Fig. 2.11 Voltage gains and tanks of Notch+SRF 

As shown in Fig. 2.12, Tank K is the synthesis of PRF and NRF. Thus, this group has similar 

characteristics like PRC. NRF sharps voltage gains above PRF, so ZVS region of PRC is 

improved. However, the ZVS region of PRC is sharp before. Thus, the improvement is limited. 

Meanwhile, PRF and Notch filter are the boundaries of ZVS and ZCS regions. Operation at 

resonant frequency is still not achievable in this topology group either. 

.  

Fig. 2.12 Voltage gains and tanks of PRF+Notch 
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Fig. 2.13 Voltage gains and tanks of Notch+PRF 

As shown in Fig. 2.13, Tank L and Tank O are the synthesis of PRF and NRF. Thus, this 

group has similar characteristics like PRC. Similarly, NRF sharps voltage gains below PRF, so 

ZCS region of PRC is improved. Operation at resonant frequency is still not achievable in this 

topology group either. 

 

Fig. 2.14 Voltage gains and tanks of SRF+PRF (LCC-like) 

As shown in Fig. 2.14, Tank H, Tank Z and Tank X are the synthesis of SRF and PRF. Thus, 

this group has both characteristics of SRC and PRC.PRF locates at higher frequency and SRF at 
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lower frequency. Tank H in this group is the resonant tank of LCC resonant converter. The 

typical voltage gain curves are very similar as LCC resonant converter. Thus, this group is 

named LCC-like resonant converters. 

As shown in Fig. 2.15, Tank G, Tank W and Tank U are the synthesis of SRF and PRF, like 

LCC. The difference is PRF locates at lower frequency and SRF at higher frequency. Tank G in 

this group is the resonant tank of LLC resonant converter. The typical voltage gain curves are 

very similar as LLC resonant converter. In this group, operation at resonant frequency is durable 

due to the help of PRF. The resonant converter in this group can operate around series resonant 

frequency without the concern falling into the ZCS region under given load condition. 

Furthermore, they have the similar merits of LLC, like low loss at nominal conditions, ZVS for 

whole load range, ZCS for output rectifier, etc. They can also achieve good efficiency at high 

input voltage, where the front-end dc-dc works for 99% time, with wide input range. Thus, this 

group is named LLC-like resonant converters [B.12]. 

 

Fig. 2.15 Voltage gains and tanks of PRF+SRF (LLC-like) 
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For the inherent problem from SRF, the startup and short-circuit protection of LLC are still 

an issue due to the flat voltage gains above SRF.   

2.4 Inherent Issues of LLC Resonant Converter 

Fig. 2.16 shows the DC characteristic of the LLC resonant converter. Normally, the LLC 

operates near the resonant frequency point (fs=f0) to keep the best efficiency. During the hold-up 

time operation, the input voltage decreases while the output voltage should stay constant, thus 

the switching frequency decreases (fs<f0) to boost the voltage-gain. Under the soft start-up 

condition, the output voltage needs be built up from zero to the steady-state value, in order to 

prevent from entering the zero-current-switching (ZCS) zone, the LLC should work in above 

resonant frequency region (fs>f0).  

 

Fig. 2.16 DC characteristic of the LLC resonant converter 

However, as shown in Fig. 2.17, if the start-up switching frequency (fs) is not high enough, 

large voltage and current stress can be observed at the start-up moment [A.49]-[A.54]. 
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(a) Voltage and current stress of resonant tank during soft start-up 

 

(b) Output current and voltage during soft start-up 

Fig. 2.17 Soft start-up with low switching frequency 
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(a) Voltage and current stress of resonant tank during soft start-up 

 

(b) Output current and voltage during soft start-up 

Fig. 2.18 Soft start-up with a high switching frequency 
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Otherwise, as shown in Fig. 2.18, if the LLC starts up with a very higher, this is about 5 

times of normal operation frequency. At the beginning, the voltage and current stress will be not 

large. However, during the soft start-up process, if fs decreases too quickly, large voltage and 

current stress can still happen, which will trigger the over-current-protection. As a result, fs will 

increase a bit to limit the stress, and then decreases smoothly to finish the soft start process. If fs 

decreases slowly, the stress will stay small, but the output voltage will build up slowly, which 

means, the soft start-up process will take much longer. 

Thus, if frequency control is applied start-up process, the operation frequency of LLC 

resonant converter should be very high to attenuate the voltage and current stress at the 

beginning of start-up. Even start up at high frequency, the high voltage and current stresses still 

high. 

 

Fig. 2.19 Phase-shifted control in full-bridge LLC (fs=2f0, Φ=π/2) 
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Besides the frequency control, phase-shifted control can be used in full-bridge LLC to limit 

the voltage and current stress during the soft start process. Fig. 2.19 shows steady state 

waveforms when fs=2f0 with π/2 phase shift. For the leading leg (Q1 and Q3), it is easy to realize 

ZVS, since the resonant current is large at the turn-off moment. However, for the lagging leg (Q2 

and Q4), it is hard to achieve ZVS due to the lower current to charge the junction capacitors at 

the turn-off instant. 

Based on frequency control and phase-shift control, [B.13] proposed an optimal trajectory 

control for the LLC soft start-up. The resonant voltage and current stress can be limited, the 

output voltage should be built up quickly and smoothly, and the ZVS of all switches can be 

guaranteed.   

Fig. 2.20 shows the experiment results. The start-up frequency is more than 2 times of 

normal operation frequency.  

 

Fig. 2.20 Optimal trajectory soft start-up 
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However, all above control methods need very high switching frequency to attenuate the 

voltage and current stress during the process of start-up. This issue comes from the inherent 

problem of series resonant converter. 

2.5 LLC-like Resonant Converters with Notch Filter 

As discussed in previous sections, three-element topologies have more merits than two-

elements, but three-element topologies still have their own limitations. With poor frequency 

selectivity, namely, very wide bandwidth, the frequency has to be increased very high to achieve 

enough damping effect.  

To improve the flat voltage gain above series resonant frequency of LLC-like resonant 

converters, additional resonant elements are needed to create sharp gain. The desirable voltage 

gain curves are plotted in Fig. 2.21. One possible way building sharp voltage gains is making a 

notch filter. 

 

Fig. 2.21 Desirable Gain Curves for LLC-like resonant converters 
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The resonant tank with notch filter characteristic can create zero voltage gain. Conceptually, 

infinite impedance can be created when frequency operates at the resonant frequency f02 of the 

notch filter. As a result, if overload or even shorted output condition occurs, the current can be 

limited inherently by the resonant tank characteristic. The notch filter center frequency f02 can be 

designed to achieve the over load protection. 

 

Fig. 2.22 One example of selected 4-elements resonant converters 

One of these resonant converters is depicted in Fig. 2.22. The notch filter section is created 

with Lp and Cp. The band pass filter section consists of Lp, Cr and Cp. 

In general, with variable frequency control, the resonant tank input voltage is excited as a 

square waveform. According to the Fourier analysis, the voltage excitation only consists of odd 

harmonics. Therefore, to avoid circulating energy at nominal condition, notch filter resonant 

frequency f02should be designed at even times of nominal resonantfrequencyf01. Meanwhile, f02 is 

preferred close to f01.Thus, f02 = 2f01 is a good choice. 

When converter operates at f01, the notch filter represents inductive. The impedance of Cp is 

much larger than Lp. The major part of primary side current flows through Lp, not Cp. The current 

stress on Cp is much less than Cr. 
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 However, the number of four-element resonant topologies is numerous. A systematic way 

for classification and selection can save a lot effort and energy to find desired topologies.  

All four-element networks are listed in [B.14], [B.15], as shown in Fig. 2.23. Each square 

block represents one energy storage element. The networks in the dot line pane in Fig. 2.23 are 

not suitable for voltage source, for they cannot regulate voltage. 

Fig. 2.24 shows the relationship between resonant frequency types and topology networks. 

Each square block in Fig. 2.24 represents one or more energy storage elements. The rectangle 

block indicates input source or output sink or other energy storage elements. If the resonant 

characteristics shown in Fig. 2.24 are wanted, the network below gain curves should be part of 

resonant tanks.  

As discussed before, series resonant frequency (SRF) is needed to achieve low switching 

loss and low circulating energy at nominal conditions where the operation point is close to it. 

Parallel resonant frequency is required for wide range voltage regulation. With the combination 

of these two resonant frequencies, zero-current switching (ZCS) is achieved for the output 

rectifiers, and no reverse recovery appears. A notch filter is also needed for startup and short-

circuits protection. Thus, the candidate topology should include PRF, SRF and NRF.  The 

desired gain curves should be similar as Fig. 2.21. 
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Fig. 2.23Four-element resonant topology networks 
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Fig. 2.24 Gain curve characteristics vs. networks 

 

Fig. 2.25 Four-element resonant topology networks including Network 2(SRF) 
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Fig. 2.25 shows the topology networks including network 2 structure based on Fig. 2.23 and 

Fig. 2.24.  The number is 24. 

 

Fig. 2.26 Four-element resonant topology networks including Network 2(SRC) and Network 1(PRF) 

Fig. 2.26 shows the topology networks including network 1 and network 2 structures based 

on Fig. 2.24 and Fig. 2.25.  The number is 14. 

 

Fig. 2.27 Four-element resonant topology networks including Network 2(SRC), Network 1(PRF) and 

Network 3 or 4 (NRF) 
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Fig. 2.28 Four-element resonant topologies including Network 
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shows the topology networks including network 1, network 2 and network 3 (or 

network 4) structures based on Fig. 2.26 and Fig. 2.24.  The number is 7. 

In topology network shown in Fig. 2.27, each energy storage element can be replaced with 

inductor or capacitor.  The result is shown in Fig. 2.28, ignoring which are not su

element resonant topologies including Network 2 (SRC), Network 

Network 3 or 4 (NRF) 

Chapter 2 

shows the topology networks including network 1, network 2 and network 3 (or 

, each energy storage element can be replaced with 

, ignoring which are not suitable for 
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Fig. 2.29 Four-element resonant topologies with desired resonant frequencies 

Three different resonant frequencies should be arranged in order. Operation point is near 

series resonant frequency (SRF) to achieve low switching loss and low circulating energy. 

Parallel resonant frequency (PRF) should locate at lower frequency for wide range voltage 

regulation. Notch resonant frequency (NRF) should be placed at higher frequency for start-up 

and short-circuit protection. Thus, the order of resonant frequencies is PRF, SRF and NRF from 
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low frequency to high frequency (shown in Fig. 2.29). Eight topologies are gotten based on this 

rule shown in Fig. 2.29. We can see that they also can be deduced from three-element LLC-like 

resonant converters. 

Similarly, the synthesis method based on resonant frequencies can be utilized in three, four, 

five, or higher elements resonant converters.  

2.6 LLC-like Resonant Converters with Notch Filter and Two Band-pass 

Filters  

With leakage inductance Lr, a second band pass filter is created. A 5-elements resonant tank 

is given as an example, shown in Fig. 2.30. The second band pass filter is designed at the three 

times of the nominal frequency. The third order harmonics energy of primary side can be 

delivered through this band pass filter as shown in Fig. 2.31. Obviously, the power delivery is 

more efficient.  

  

 Fig. 2.30 One example of 5-element resonant converters  
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Fig. 2.31 Power Delivery Difference between LLC & 5-e 

 

Fig. 2.32 Gain Curves of selected 5-elements resonant converter 
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Fig. 2.33Five element resonant tank cell based on LLC with notch filter and 3rd harmonics band filter 
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However, the number of five-element resonant topologies is even much more than four-

element resonant converters. A same systematic way is used for searching resonant topologies 

with similar gain curves like Fig. 2.32. 

Based on the searching results of previous section, one more inductor should be added into 

resonant tanks in Fig. 2.29. Fig. 2.33 shows the searching results of 5-element resonant converters 

with desired voltage gain curves. 

Each resonant frequency expression is shown in equation (3.1), (3.2) and (3.3) for the 

example circuit is shown in Fig. 2.30.  

When switching frequency is very low, the effect of Cp is weak, Lr and Lp are in series to 

resonance with Cr. Lp resonances with Cp to get notch filter. If switching frequency reach very 

high, the impedance of Lp is very high. Thus, only Cr and Cp are in series to resonance with Lr.   
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Fig. 2.34shows the waveforms of under full load condition.  The tank current is more like 

square waveform which combines fundamental and 3rd harmonics. Fig. 2.35 shows the tank 

waveforms under short-circuit condition. The output current is limited to less than half load.  



Daocheng Huang   Chapter 2 

 

66 

 

Fig. 2.34 Experimental results for 5-element resonant converters under full load 

 

Fig. 2.35 Experimental results of 5-element resonant converters under short-circuit condition 

2.7 Conclusion 

A systematic method to classify and select resonant tanks is proposed. Three-element, four-

element and five-element resonant tanks are analyzed based on the proposed principle.  
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Chapter 3. Evaluation of LLC-like Resonant Converters 

In this chapter, a general evaluation system is proposed to help evaluate the performance of 

resonant converters. State-plane analysis with new normalization is proposed to evaluate the 

resonant converter performance. Based on it, the voltage stress, current stresses and apparent 

power of resonant converters are easy to compare. This method can help select suitable circuit 

topology for certain application. Meanwhile, it also can help resonant converters’ design. The 

important performance factors, like start-up, short-circuit protection, SR driving and EMI, are 

also taken into account for the whole evaluation system. 

3.1 Introduction 

There are still many candidate topologies which fits required characteristics based on 

previous selection methodology. It is not enough to choose resonant topologies based on the 

combination of resonant frequencies. Thus, several evaluation methods are proposed. First, the 

current stress of primary devices is major concern, because it will determine the conduction of 

primary side. Secondly, the voltage stress on resonant capacitor is still important due to the life 

time of capacitor. Then, the integration is taken into consideration, which includes the ease of 

magnetic integration and the impacts of integration, including synchronous rectifier drive, EMI 

noise, transformer loss, etc. 

3.2 State-Trajectory Analysis of LLC Resonant Converter 
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In order to determine the optimal trajectory under transition conditions, the state-plane 

analysis is introduced. In [C.1]-[C.3], the state plane is presented to analyze the SRC steady state 

and transient behavior. In this section, we extend this approach to the LLC resonant converter. 

To simplify the analysis, it is assumed that the output capacitor is large enough that the 

output voltage (Vo) can be approximated to be constant. A second assumption is that the circuit 

losses, including the resonant tank, switch, and filter losses, are negligible.  

Under these conditions, the LLC resonant converter can be viewed as a piecewise linear 

system switching among six possible linear stages.  

• Operation stage I 

 

Fig. 3.1 Equivalent circuit of stage I 

 

Fig.3.2 State-trajectory of stage I 
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The primary main switch Q1 turns on, and the resonant current flows through the secondary-

side synchronous rectifier S2. In this stage, the magnetizing inductor Lm is clamped by the output 

voltage. The equivalent circuit is shown in Fig. 3.1, where the resonant capacitor Cr and the 

resonant inductor Lr form the series resonant tank. The source voltage across the resonant tank is 

V in-nVo. Thus, we can write: 
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WherevCr and iLr are the resonant capacitor voltage and resonant inductor current. Combining 

(5.1) and (5.2), vCr and iLr can be expressed as:  
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LrLr −⋅
−−

−−⋅= ωω  (3.4) 

where VCr0 and ILr0, are the initial conditions at time t=t0, rr CLZ =0  is the characteristic 

impedance, and rr CL10 =ω  is the resonant frequency. 

By normalizing all voltages with the voltage factor Vin, and all currents with the current 

factor Vin/Z0 in (5.3) and (5.4), the following expressions are derived: 
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( ) ( )[ ] ( )[ ] ( )[ ]000000 cos1sin1 ttnVVttInVv oNNCrNLroNCrN −⋅−−+−⋅=−− ωω  (3.5) 

( )[ ] ( )[ ] ( )[ ].sin1cos 000000 ttnVVttIi oNNCrNLrLrN −⋅−−−−⋅= ωω  (3.6) 

The subscript N in (5.5) and (5.6) refers to normalized circuit variables.  

From (5.5) and (5.6), the trajectory equation is given by: 

( )[ ] ( )[ ] ,11 2
0

2
0

22
NLroNNCrLrNoNCrN InVVinVv +−−=+−−  (3.7) 

which behaves as a circle as shown in Fig. 5.2, whose center (1-nVoN, 0) is determined by the 

source voltage across the tank, and radius depends on the initial conditions: VCr0 and ILr0. 

• Operation stage II 

 

Fig. 3.3 Equivalent circuit of stage II 

 

Fig. 3.4State-trajectory of stage II 

iLrN

vCrN

(1+nVON, 0)
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In operation stage II, Q1 is on, but the current flowing through the secondary side changes its 

direction as shown in Fig. 3.3. This occurs when the switching frequency is larger than the 

resonant frequency (i.e. fs>f0). This stage is similar to Stage I, but the source voltage across the 

resonant tank changes to Vin+nVo.  

Similar to Stage I, the trajectory expression is given by: 

( )[ ] ( )[ ] ,11 2
0

2
0

22
NLroNNCrLrNoNCrN InVVinVv ++−=++−  (3.8) 

which behaves as a circle as well, but the center changes to (1+nVoN, 0) as shown in Fig. 3.4. 

• Operation stage III:  

 

Fig. 3.5Equivalent circuit of stage III 

 

Fig. 3.6 State-trajectory of stage III 

(1, 0)

iLrN

vCrN
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In operation stage III, Q1 is on, but there is no current flowing through the secondary side. 

This stage occurs when fs<f0. In this stage, the magnetizing inductor Lm joins the resonance. The 

equivalent circuit is shown in Fig. 3.5, where Cr, Lr, and Lm form the series resonant tank. The 

source voltage across the resonant tank is Vin, and: 

Lr
r

Cr i
C

v
1=&  (3.9) 

in
mr

Cr
mr

Lr V
LL

v
LL

i
+

+
+

−= 11
&  (3.10) 

From (5.9) and (5.10), vCr and iLr in Stage III are given by: 

( )[ ] ( ) ( )[ ]0100110 cossin ttVVttZIVv inCrLrinCr −⋅−+−⋅⋅=− ωω  (3.11) 

( )[ ] ( )[ ] ,sincos 01
1

0
010 tt

Z

VV
ttIi inCr

LrLr −⋅
−

−−⋅= ωω  (3.12) 

where ( ) rmr CLLZ +=1 is the characteristic impedance, and ( ) rmr CLL += 11ω  is the 

resonant frequency when Lm is in the resonance. 

With the same normalization factors, the normalized forms of vCr and iLr are 

( )[ ] ( ) ( )[ ]01001
10

0 cos1sin1 ttVtt
ZZ

I
v NCr

NLr
CrN −⋅−+−⋅=− ωω  (3.13) 
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( )[ ] ( ) ( )[ ] .sin1cos 01001
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NLrLrN −⋅−−−⋅= ωω  (3.14) 

The trajectory is obtained from (4.13) and (4.14): 
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which behaves as an ellipse with a center (1,0) as shown in Fig. 3.6. Since Lm participates in the 

resonance, the characteristic impedance Z1 becomes large (Z1>Z0). If it is normalized with the 

same current factor Vin/Z0, the trajectory will be an ellipse.  

If switch Q1 is off and Q2 turns on, there are another three operation stages: 

• Operation stage IV 

 

Fig. 3.7 Equivalent circuit of stage IV 
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Fig. 3.8 State-trajectory of stage IV 

In operation stage IV, the primary-side main switch Q2 turns on, and the resonant current 

flows through the secondary-side SR S1 as shown in Fig. 3.7. The only difference from Stage I is 

the source voltage across resonant tank becomes nVo. Deriving the normalized equation for the 

state trajectory, we get: 

( ) ( ) ,2
0

2
0

22
NLroNNCrLrNoNCrN InVVinVv +−=+−  (3.16) 

and thus, the circle center changes to (nVoN, 0) as shown in Fig. 3.8. 

• Operation stage V 

 

Fig. 3.9 Equivalent circuit of stage V 

iLrN

vCrN

(nVON, 0)
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Fig. 3.10State-trajectory of stage V 

In operation stage V, Q2 is on, but the current on the secondary side changes its direction, 

flowing through S2, as shown in Fig. 3.9. This occurs when fs>f0, similar to stage II. The 

normalized expression for the trajectory is: 

( ) ( ) .2
0

2
0

22
NLroNNCrLrNoNCrN InVVinVv ++=++  (3.17) 

Now the circle center changes to (-nVoN, 0) as shown in Fig. 3.10. 

• Operation stage VI 

 

Fig. 3.11Equivalent circuit of stage VI 

iLrN

vCrN

(-nVON, 0)
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Fig. 3.12State- trajectory of stage VI 

In operation stage VI, Q2 is on, but there is no current flowing through the secondary side. 

This stage happens when fs<f0. Like in stage III, Cr, Lr and Lm form the series resonant tank. But 

the source voltage across the resonant tank changes to 0. The trajectory after normalization is: 

,
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which is an ellipse as in stage III, but with a center (0, 0) shown in Fig. 3.12. 

The LLC steady-state trajectory is the combination of the above six operation stages. Fig. 

3.13 shows the time-domain waveforms when the LLC operates at the resonant frequency point 

(fs=f0). Fig. 3.14shows the corresponding trajectory locus when mapping the normalized resonant 

current iLrN and resonant voltage vCrN to the state plane. To the half-bridge LLC resonant 

converter, when fs=f0, the voltage gain is one; that is, nVoN=0.5. Therefore, the two half circles of 

Stage I and Stage IV have the same center (0.5, 0), which combine to form one whole circle.  

(0 ,0)

iLrN

vCrN
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Fig. 3.13Steady-state time-domain waveforms when fs=f0 

 

Fig. 3.14Steady-state trajectory when fs=f0 

When the LLC operates below the resonant frequency region (fs<f0), the magnetizing 

inductor Lm participates in the resonance from times t1 to t2 and from t3 to t4, as shown in Fig. 

3.15. When mapping to the state plane in Fig. 3.16, there are two partial ellipse trajectory loci of 

Stage III and Stage VI, connecting two half circles of Stage I and Stage IV with split centers. In 

fact, when fs<f0, the voltage gain is larger than one (i.e., nVoN>0.5), and the circle center of 
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StageI is on the left of (0.5, 0), since 1-nVoN<0.5; and the circle center of Stage IV is on the right 

of (0.5, 0), since nVoN>0.5. 

 

Fig. 3.15 Steady-state time-domain waveforms when fs<f0 

 

Fig. 3.16 Steady-state trajectory when fs<f0 

In Fig. 3.17and Fig. 3.18, the LLC operates above the resonant frequency region (fs>f0). From 

time t1 to t2, it operates in Stage V, which corresponds to the partial locus of the large circle, 

whose center is located near (-0.5, 0). Similarly, from times t3 to t4, it operates in Stage II, 

corresponding to the partial locus of another large circle whose center is located near (1.5, 0).  
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Fig. 3.17 Steady-state time-domain waveforms when fs>f0 

 

Fig. 3.18 Steady-state trajectory when fs>f0 

3.3 New Normalization for State-plane 

State-plane analysis was found to be a simple, yet powerful method which can clearly 

portray the steady-state and transient operation of resonant converters. Also, the current stress 

and voltage stress of resonant components can be observed in one single figure. Significantly the 

state plane directly indicates the resonant tank energy level at which the system is operating. 
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As stated above, state plane of resonant converters is good tool to analyze the performance 

of whole converter. However, if we want to compare different design of same topologies or 

different topologies, there are some revisions needed. Previous state-plane analysis is based on 

same normalize factors, which are Vin for voltage, Vin/Zo for current, as shown in Equation (3.19). 

Zo is the characteristic impedance of resonant converter.  

�� = ��� I� = V!" Z$⁄      (3.19) 

However, Zo is varied in different designs or different topologies. For resonant converters 

having two or more resonant frequencies, Zo is even varied at different time period. It is hard to 

compare the performance based on Vin/Zo. 

Fig. 3.19 gives a comparison example of LLC and CLL resonant converters. Both converters 

work at same condition: Vin/Vo=400V/12V, output power Po=250W, switching frequency 

fs=1Mhz. The input current waveforms of two converters are the same. However, the normalized 

currents do not represent the real current value due to the different characteristic impedance Zo. 

In this example, 880 == rr CLZ   for LLC, and ( ) 131/ 21210 =+⋅= rCLLLLZ   for CLL.  
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Fig. 3.19LLC and CLL state-plane comparison based on conventional normalization 

For given application, the output power Po and input voltage Vin are fixed. These two values 

are independent with resonant topology. Po/Vin also means the average input current assuming no 

loss in the converter. Thus, Po/Vin is an ideal normalized factor for current. Meanwhile, Vin is 

the voltage normalizing factor, as shown in Equation (3.20). In the resonant converters, primary 

side current represents the conduction loss of primary side devices, and the voltage cross 
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capacitor express the life time of it. Thus, the state-plane of them can illustrate those key 

performances. 

V� = V!" I� = P$ V!"⁄       (3.20) 

Because of full bridge structure, the rms value of input voltage equals its average value. At 

the same time, normalized input current IinNRMS equals the apparent power Pappr over output 

power Po.as shown in Equation (3.21). 

I!"�'() = I!"'() *P$ V!"⁄ +⁄ = I!"'() × V!" P$⁄ = P-../ P$⁄   (3.21) 

Series resonant converter is taken as an example to illustrate how to utilize the new 

normalization factors.  

When SRC operates at resonant frequency, the tank impedance is zero. The input voltage of 

resonant tank is square waveform, while the input current is sinusoidal waveform, as shown in 

Fig. 3.20. Only fundamental of input voltage contributes real power, while high order harmonics 

of input voltage do not. The RMS value for fundamental of input voltage is shown in Equation 

(3.22). 

��_!"'() = �√�� ∙ V3     (3.22) 

The apparent power of whole converter with new normalization factors is  

P4���_� = 5677859 = :;∙<=>?@A�√�B ∙:;∙<=>?@A = ��√�B ≈ 1.11 = I!"�'()  (3.23) 

That means 11% extra power is the minimal value for resonant converter operation.  
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(a) Series Resonant Converter 

 

(b) Fourier transform of input voltage vin and input current i in 

Fig. 3.20Series resonant converter operates at resonant frequency 

 

Fig. 3.21State-plane of SRC operates at resonant frequency 
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Fig. 3.21 shows the state-plane of SRC at resonant frequency. The amplitude of normalized 

current is 1.57 = 1.11 × √2, which is the minimal value of normalized current.  

Design factors for LLC are shown in Equation (3.24). Ln is the ratio of magnetizing 

inductance Lm and resonant inductor Lr. Q is the quality factor. Cr is the resonant capacitor. RL 

represents the full load. n is the transformer turns ratio. 

L" = LI L/⁄   Q = KL/ C/⁄ *n�RO+P   f$ = 1 �2πKL/ C/⁄ �⁄   (3.24) 

Fig. 3.22(a) is the voltage gain curves of LLC, when Ln=12.5. Fig. 3.22(b) plots the steady 

state-plane under new normalized factor for different Q and same Ln under full load. The voltage 

and current stresses of different design can be easily compared in one coordinate system.  

  

(a) Voltage gain curves of LLC    (b) State-plane of given design @full load 

Fig. 3.22 Steady-state trajectory when fs=f0 
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Fig. 3.23plots the steady state-plane under new normalized factor for different Q and same Ln 

under full load. The voltage and current stresses of different design can be easily compared in 

one coordinate system. 

 

Fig. 3.23V-I stresses of LLC resonant converters for Ln=12.5 

 

Fig. 3.24V-I stresses of LLC resonant converters for different Ln 
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Fig. 3.24depicts the voltage and current stress of LLC for different Ln and Q. Each line in Fig. 

3.24means those designs sweep Q for one Ln. As Q increases, the current stress decrease, and the 

voltage stress rises. The optimal design for each Ln should be around knee point of according 

line. It is also known that the large the Ln is, the smaller voltage and current stresses the knee 

point locates. And it is also known that the minimal apparent power of LLC is 1.11 times of 

output power.  

Based on chapter 4, there are three good candidates in three-element resonant topologies. 

The V-I stress figure is easily drawn for other two resonant topologies.  

Fig. 3.25gives the LCL resonant converter. Fig. 3.26shows the whole picture of LCL resonant 

converter V-I stress.  

 

Fig. 3.25LCL Resonant Converter 
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Fig. 3.26V-I stresses of LCL resonant converters for different Ln 

Fig. 3.27gives the CLL resonant converter. Fig. 3.28shows the whole picture of LCL resonant 

converter V-I stress.  

 

Fig. 3.27CLL Resonant Converter 
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Fig. 3.28V-I stresses ofCLL resonant converters for different Ln 

 

Fig. 3.29V-I stresses ofthree-element resonant converters for different Ln 
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Fig. 3.29 gives the V-I stress comparison of all three 3-element resonant converters. It is 

obvious that LCL resonant converter have larger voltage and current stress than CLL and LLC 

resonant converters. The shadow area shows the difference.  

 

Fig. 3.30 V-I stresses of three-element resonant converters for different Ln 

One design for each topology is chosen to depict in state-plane based on proposed 

normalized factor in Fig. 3.30. Each design is one dot shown in Fig. 3.29.  

3.4 Evaluation based on Startup, Synchronous Rectifier and EMI 

Startup and short-circuit protection are not good in LLC resonant converter. Fig. 3.31gives 

one example of LLC resonant converter startup procedure. The LLC resonant converter starts up 

at one higher frequency than resonant frequency, where current stress depends on current gain. 

The output voltage gradually increases at this frequency. When it reaches one preset voltage, the 
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switching frequency slowly decrease to resonant frequency. The whole start up progress is 

shown as dot line in Fig. 3.31.  

 

Fig. 3.31Startup example of LLC Resonant Converter 

The key problem in LLC startup is the current stress is very high.  

Fig. 3.32presents the voltage gain and current gain curves comparison of three-element 

resonant converters. It is clear that CLL resonant converter has the same problem as LLC. 

However, the LCL resonant converter is quite different. The startup current of LCL resonant 

converter is small compare with the full load current. 
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Fig. 3.32Startup Comparison of LLC, CLL & LCL Resonant Converters 

The accurate synchronous rectifier drive is very critical in high output application for 

resonant converters. Utilizing primary side current of transformer is very easy way to get precise 

SR drive signal.  

The LLC resonant converter normally integrates the magnetizing inductance into the 

transformer. The magnetizing current will give phase shift between primary and secondary 

current. That is the reason LLC resonant converter cannot use primary side current for SR drive. 

In another side, LLC can use primary side current without integrate Lm and Lr, which cause 

power density suffers. 
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CLL and LCL resonant converter is different as shown in Fig. 3.33. Both of them can 

integrate the leakage inductance without suffer SR drive.  

 

Fig. 3.33SR drive Comparison of LLC, CLL & LCL Resonant Converters 
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Fig. 3.34CM noise spectrum of LLC Resonant Converter 

LLC resonant converter has high common mode noise at and beyond switching frequency. 

One example is shown in Fig. 3.34compared with EMI standard. The common mode noise path is 

given in Fig. 3.35.  

 

Fig. 3.35CM noise path of LLC Resonant Converter 
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Fig. 3.36CM noise spectrum of LLC, CLL & LCL Resonant Converters 

Compare with LLC, CLL has lower CM noise at very high frequency spectrum due to soft 

voltage edge. The LCL resonant converter has very different EMI characteristics. The voltage 

cross transformer is like sinusoidal, thus, there is high peak at switching frequency but very low 

for higher frequencies. Fig. 3.36 shows the CM noise spectrum comparison. 

Fig. 3.37shows the comparison results of all three resonant converters.  
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Fig. 3.37CM noise spectrum of LLC, CLL & LCL Resonant Converters 

3.5 Conclusion 

A method based on state-plane is proposed to help evaluate the performance of resonant 

converters. Based on it, the voltage stress, current stresses and apparent power of resonant 

converters are easy to compare. This method can help select suitable circuit topology for certain 

application. Meanwhile, it also can help resonant converters’ design. 
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Chapter 4. Integrated System Design for High Current 

Application 

In this chapter, LLC resonant converter with matrix transformer is introduced. Flux 

cancellation method is utilized to reduce core size and loss. Synchronous Rectifier (SR) devices 

and output capacitors are integrated into secondary windings to eliminate termination related 

winding losses, via loss and reduce leakage inductance.  

4.1 Introduction 

As mentioned before, LLC type resonant converters are excel in both of efficiency and 

power density [D.1]-[D.8]. Firstly, it has ZVS capability for zero to full load range. Then, low 

turn off current is achievable for primary side switches. At the same time, synchronous rectifier 

(SR) devices are zero-current-switching (ZCS). At the end, it gets voltage gain boost capability 

without efficiency deterioration at normal condition, suitable for application with hold-up time 

requirement. In comparison with soft switching PWM converters, LLC resonant converters can 

achieve higher frequency and higher power density with better efficiency. 

High switching frequency introduces high power density. However, the switching loss and 

magnetic components losses are increased. The emerging GaN devices [D.9]-[D.11] give the 

opportunity to diminish the switching related loss. Hence, the magnetic design becomes very 

critical. 
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The isolated high output current DC/DC applications, like server, suffer very high 

conduction loss, especially for the transformer and SR devices [D.12], [D.13]. Paralleling SR 

devices are required to reduce device conduction loss. For winding loss, matrix transformer is 

good candidate for its high current capability [D.14]. However, the price paid for matrix 

transformer is multiple cores. Reference [D.15] uses flux cancellation method to reduce the core 

number for less core volume and core loss. The drawbacks are expensive 12 layers PCB 

transformer and the large conduction loss from alternative current through vias among PCB 

layers. 

To eliminate the AC conduction loss among layers, one effective way is mounting MOSFET 

device on PCB board [D.17], [D.16]. This structure can help reduce conduction loss between 

layers dramatically. Both transformer structures have litz wires for primary side windings and 

PCB board for secondary side windings.  Nevertheless, its primary winding is complicated and 

hard to manufacture.  

High termination losses are the third concern. Due to the proximity effect and skin effect, the 

currents in adjacent terminals with opposite directions attract each other. Thus, very high losses 

and hot spots are generated. This termination loss deteriorates efficiency significantly. For the 

conventional design, all SRs are placed on the motherboard. Physically speaking, a large loop of 

the secondary side rectifiers is inevitable. Consequently, a large distribution loss will be generated. 

In addition, for large number of SR devices, it is extremely difficult to achieve a symmetrical 

layout for each SR. Hence, current-sharing of the SR is a severe problem.  
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For high frequency high step down LLC resonant converters, the transformer loss dominates 

the whole converter loss [D.12]-[D.16], thus, the transformer design is very critical.  

For conventional wired transformer, the primary side windings are solid or multi-strand 

wires for low switching frequency and low cost design. At high frequency, litz wires are chosen 

for lower conduction loss. For off-line dc-dc converters, the secondary side current is much 

higher than the primary side. Therefore, copper foils are selected for the secondary side winding. 

To alleviate ac winding loss, the primary side and the secondary side windings are interleaved as 

a sandwich structure. Mostly, the secondary side windings are connected with the motherboard 

via copper poles. However, this structure suffers high termination losses. Due to proximity effect, 

the current surges in ac connection terminals. Meanwhile, very little current goes through the 

center of the terminals because of the skin effect. Thus, very high losses and hot spot are 

generated [D.17]. 

In reference [D.16], the secondary side windings are integrated with the SR devices on PCB 

board, as shown in Fig.4.1. Virtually, termination is achieved at dc output. Thus, the termination 

loss can be reduced considerably. However, there are some limitations. The primary side 

windings are interleaved with the secondary side windings as one. For each cell, the primary side 

winding is connected in series. To finish the whole transformer, multiple cells are connected in 

parallel. As a result, this structure becomes very complicated. In addition, since all primary side 

and secondary side windings are paralleled, current sharing between windings might be a 

potential issue for some circumstances, especially for high current applications. 
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Fig.4.1 Circuit schematic of the transformer and SR in [D.16]. 

This transformer structure is simplified by [D.17]. The primary side winding are placed in 

series, and secondary windings in parallel, as shown in Fig.4.2. However, the manufacture 

process is still complicated for half litz wires half PCB board transformer. The current sharing of 

paralleled secondary side windings is not guaranteed neither.  
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Fig.4.2 Circuit schematic and transformer structure in [D.17]. 

The planar transformer is easy to be adapted to an automatic manufacturing process [D.13]. 

It can achieve high power density and low profile. Mostly, multi-layer PCB board is used as 

planar transformer windings. The primary side and secondary side windings interleaves as 

sandwich structure. Nevertheless, it is hard to integrate SR devices on secondary side windings 

inside PCB board.  

The state-of-art industry product is Vicor BCM series, as shown in Fig.4.3. By the soft-

switching topology called Sine Amplitude Converter (SAC), which is very similar as LLC, the 

module can achieve ZVS-ZCS operation. Thus, high efficiency and power density is achievable. 

There are two half bridge stacked together at primary side, thus low voltage device can be utilized. 

Two core transformer structure is used to help split secondary side current. The secondary side 
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conduction loss is reduced. The typical power density of this series is about 1000W/in3, while the 

peak efficiency is around 95.5%. However, this module utilizes 12 MOSEFTs, 14 layers PCB 

board to achieve this performance. 

 

Fig.4.3Vicor BCM series. 

Thus, how to improve the efficiency and power density of high step-down dc/dc converter is 

the key issue for the whole performance of datacenter.  

4.2 Matrix Transformer with Flux Cancellation 

The matrix transformer could help to fix the dilemma. The matrix transformer is defined as 

an array of elements interwired so that the whole functions as a single transformer [D.14].  Each 

element being a single transformer that contains a set turns ratio, i.e. 1:1, 2:1 ….n:1. The desired 
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turns ratio is obtained by connecting the primary windings of the elements in series or parallel 

and the secondary’s in series or parallel. For the high output current cases only a single turn 

secondary will be considered. The benefits of the matrix transformer are that it can split current 

between secondary windings connected in parallel, reduce leakage inductance by lowering the 

N2 value of the secondary loop inductance, and improve thermal performance by distributing the 

power loss throughout the elements. On the other hand, the matrix transformer structure also can 

effectively reduce MMF (magnetomotive force) of windings, especially for PCB winding. That 

also means leakage inductance and winding AC resistance reduction. 

 

Fig. 4.4LLC resonant converter with four sets output 

Fig. 4.4 shows one typical example of 400V/12V 1kW LLC resonant converter. The GaN 

HFETs Q1 and Q2 are primary devices. SR1, SR2, etc are synchronous rectifier (SR) devices. 
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The resonant capacitor is Cr. Lr is the leakage inductance of transformer, while Lm is the 

magnetizing inductance. The transformer turns ratio is 16:1:1. Based on optimized loss of 

synchronous rectifier devices, four sets of center-tap output are chosen. The detail reasons are 

discussed in [D.18].  

 

Fig. 4.512 layer PCB structure with one core and its MMF 

Fig. 4.5 shows the planar transformer structure employing Fig. 4.4 circuit by one core 

structure and 12 layer PCB board as transformer windings. The primary side winding is in series, 

and secondary side in parallel. All the windings are wrapped around the single core. 12 layer 

PCB windings can be divided into 4 sections. Each section has three PCB layers with two layers 

for secondary winding and the center one for primary side. As indicated in Fig. 4.5, when 

secondary winding 1 conducts, the secondary winding 2 does not conduct due to center-tap 

structure. The current direction for first and second layer PCB board is marked. The other 
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sections are similar. The magnetomotive force (MMF) between primary and secondary windings 

is four times of primary side current, as shown Fig. 4.5. 

Fig. 4.6 shows the PCB winding structure employing matrix transformer concept. The 

current direction for the first three PCB layers are shown, other layers are similar. The primary 

and secondary windings wrap on two cores. The MMF between primary and secondary windings 

are only twice of primary current, as indicated in Fig. 4.6. Low MMF means low leakage 

inductance and low AC resistance of windings. 

 

Fig. 4.612 layer PCB structure with two cores and its MMF 

However, 12 layers PCB board is seldom used in most front end applications, like server, 

telecom, etc. Four layer PCB board is widely employed. Thus, matrix transformer based on 4 

layer PCB board is adopted. The whole transformer is split into four small transformers, whose 

primary side are in series and secondary side in parallel. Each small transformer has four turns 
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primary windings and two turns center-tap secondary windings as indicated in Fig. 4.7. As 

shown in Fig. 4.8, two PCB layers are taken for primary windings at top and bottom, and the 

inner two layers for secondary windings. At this instant, the secondary winding 1 and primary 

windings are conducted. The MMF between primary and secondary windings are only twice of 

primary current, that is very similar as the MMF of 12 layer structure in Fig. 4.6. Consequently, 

low MMF means low AC winding resistance and low leakage inductance of transformer. At the 

same time, the current sharing among secondary side are automatically achieved by the structure 

of primary winding in series and secondary winding in parallel. 

 

Fig. 4.7LLC Resonant Converter with Matrix Transformer Structure 

When low MMF is achieved, the core loss is increased because of multiple cores. The flux 

excursion for each transformer core is the same in each matrix element as the traditional 

transformer as mentioned in Fig. 4.5. The primary winding pattern with four magnetic cores in 
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Fig. 4.8 is shown in Fig. 4.9. Just one of two primary winding layers is shown for simplicity. The 

other layer winding pattern is similar.  

 

Fig. 4.8Four layer PCB structure with four cores and its MMF 

 

Fig. 4.9 Primary side winding pattern with four U-I cores matrix transformer 
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It has been known that using integrated magnetic structures can allow for flux cancellation 

[D.15].  The matrix transformer configuration offers an ideal case for magnetic integration as a 

result of the cores being excited with identical voltage-second generating the same flux in each 

core. This allows for almost complete flux cancellation if designed properly. This can decrease 

overall size and core loss. 

 

Fig. 4.10 Rearranged primary side winding pattern with four U-I cores 

 

Fig. 4.11Primary side winding pattern for two E-I core matrix transformer 

The primary side winding rearranged to reverse flux direction of core 2 and core 4 inFig. 

4.10. Hence, the U-I core 1 and core 2 can both turn 90 degree and merge into E-I core 1’, while 

core 3 and core 4 can do into core 2’ as shown inFig. 4.11. The flux density in each core is the 

same due to same voltage-second, the magnetic flux in center leg of core 1’ can be cancelled, so 



Daocheng Huang  Chapter 4 

 

108 

can core 2’. Thus, the flux density in the center leg is nearly zero. The center leg of two E-I cores 

actually can be reaped, so two U-I cores are gotten, as pictured inFig. 4.12. By flux cancellation, 

four U-I cores of matrix transformer can be reduced to two U-I cores. The core loss and core size 

can be reduced into half. Then, the whole circuit is shown inFig. 4.13.  

 

Fig. 4.12Primary side winding pattern for two core matrix transformer with flux cancellation 

 

Fig. 4.13LLC resonant converter with proposed transformer structure 
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4.3 Winding Structure Integrated with Synchronous Rectifier Devices 

As mentioned above, the planar matrix transformer has only four layer PCB board as 

windings, and easy manufacture. It also can effectively reduce leakage inductance and winding 

AC resistance with low MMF compared to the traditional single transformer design. Meanwhile, 

flux cancellation method will help reduce magnetic cores’ size and loss.  

For better efficiency, the transformer winding structure needs more improvement. In [D.15] 

and [D.17], we know the termination of secondary side windings introduces large AC conduction 

loss. To eliminate the AC loss introduced by termination, SR devices need be integrated into 

secondary side windings [D.16]. However, [D.16] did not givethe detail loss analysis and 

optimal winding design. The following discussion gives insight analysis and optimal transformer 

design of previous proposed matrix transformer structure.  

The matrix transformer structure shown in Fig. 4.8has two parts. Each part has 8 turns 

primary windings in series, two sets center-taped secondary windings in parallel and one set of 

U-I core. These two parts are also in series at primary side and in parallel at secondary side. 

There are two options for winding arrangement.  

The first one shown in Fig. 4.13has good interleaving structure. The winding structure of 

one U-I core indicated in dashed box is shown in Fig. 4.14andFig. 4.15. The top view is in Fig. 

4.14, and the side view in Fig. 4.15. Primary windings locate top and bottom side of PCB board. 

For one half circle of switching period, primary winding conducts current, when secondary 

winding 1 (Sec1) conducts and secondary winding 2 (Sec2) does not. The magenetomotive force 
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(MMF) of this structure is given in Fig. 4.15. However, the secondary windings need vias and 

external terminal to connect the SR devices on top and bottom layers, as indicated in Fig. 4.14.  

 

Fig. 4.14 Top view of 1st winding arrangement 

The Maxwell 3D Finite Element Analysis (FEA) simulation is applied to estimate the 

leakage inductance and AC resistance of transformer windings. Fig. 4.16 shows the FEA 

simulation results of AC current distribution for secondary side of transformer. The dash arrows 

express the AC current direction. It is clear that there is severe current crowding along the 

terminal connecting SR device and capacitors. The reason is that the termination does not 

interleave with primary winding, thus, the AC currents in opposite direction will attract each 

other along the edge. The doted box is where vias connecting the middle layer secondary 

windings and the top layer. The current through vias is not even either.  
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Fig. 4.15Cross view of the first winding arrangement and its MMF 

 

Fig. 4.16 AC current distribution for secondary winding of the first winding arrangement 
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(a) Current Density Distribution 

 

(b) Magnetic Field Intensity Plot 

Fig. 4.17 FEA simulation for the first winding arrangement 

The simulation result of one U-I core transformer is given in Fig. 4.17. The secondary side 

AC resistance including termination is Rsec=6.81mΩ, and the leakage inductance is Lk = 176.4nH. 
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(a) Current Density Distribution 

 

(b) Magnetic Field Intensity Plot 

Fig. 4.18 FEA simulation for the first winding arrangement with output shorted 

If the transformer secondary side is cut off as dash line indicated in Fig. 4.17(a), and shorted 

by copper bar at the cut port. Fig. 4.18is the simulation result. The secondary side AC resistance 

is Rsec=3.35mΩ, and the leakage inductance Lk = 58.0nH. This phenomenon means the AC 

resistance of termination including via is 3.46 mΩ, and the leakage inductance 118.4nH. 

However, there are opposite direction currents flow in and out the shorted port, which will also 

cause current crowding. 



Daocheng Huang  Chapter 4 

 

114 

 

(a) Current Density Distribution 

 

(b) Magnetic Field Intensity Plot 

Fig. 4.19 FEA simulation for the first winding arrangement with secondary winding shorted 

Fig. 4.19is the simulation result for the secondary winding totally shorted, that means no AC 

current flow out and in secondary winding, and no termination loss. The AC current direction is 

shown in solid line in Fig. 4.19. The AC resistance is Rsec=1.37mΩ, and the leakage inductance 

Lk=36.6nH. Compared with Fig. 4.17, the AC resistance of secondary winding with termination 

is 4 times larger than the one without termination. 
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Based on previous analysis, the lossy parts of the first winding arrangement are the terminal 

and the vias which connect the secondary windings, SR devices and output capacitors. To 

eliminate this termination related loss, the second winding arrangement is proposed whose SR 

devices and output capacitors are integrated into secondary windings. For this one, no extra 

terminal needed for devices and capacitors connection. The devices and capacitors are naturally 

part of secondary side windings. The AC current loop of secondary winding is exactly matching 

those of primary side winding. There is no AC current flowing out and in secondary side 

windings, thus no extra AC current loss is introduced.  

 

Fig. 4.20 Top view of the second winding arrangement 

 

Fig. 4.21 Cross view of the second winding arrangement 
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The second winding arrangement is proposed in Fig. 4.20 and Fig. 4.21. The secondary 

windings locate top and bottom side of PCB board. The SR MOSFETs and output capacitors are 

part of secondary windings. In Fig. 4.21, the MMF between windings is higher than that of the 

first winding arrangement in Fig. 4.15, which means this winding structure has worse 

interleaving.  

 

(a) Current Density Distribution 

 

(b) Magnetic Field Intensity Plot 

Fig. 4.22 FEA simulation for the second winding arrangement 
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The FEA simulation results are given in Fig. 4.22. The secondary side AC resistance is 

Rsec=2.08mΩ, and the leakage inductance Lk = 63.4nH.Although the first winding arrangement 

has better interleaving, its AC resistance and leakage inductance are much higher than the second 

one. That means the termination loss is much larger than the loss saved by better interleaving 

structure.  

In the first winding arrangement, SR devices connect secondary side winding byvias and 

external connection, which cause huge AC conduction loss. The second reason is that its primary 

winding and secondary winding are not exactly match each other. When the windings are not 

overlapped very well, the leakage flux induced by those parts will force the current crowded to 

the edge of windings. In the second winding arrangement, the SR devices are integrated into 

secondary windings, thus, there is no termination loss. The primary and secondary windings are 

exactly overlapped, thus, there is nearly no current crowding anywhere in this case as shown in 

Fig. 4.22(a). Only little crowding current is induced by SR device package.  

4.4 Matrix Transformer Design Procedure 

At the beginning of detail transformer design, the transformer width is constrained by the 

dimension of synchronous rectifier devices. For this case, we choose Infineon device SuperSO8 

package, the minimal width of whole transformer is 70mm.  Then, 1 MHz is picked as the 

switching frequency. The core material 3F45 is chosen based on performance factor [B.25]. Then, 

the loss density is shown in Fig. 4.23. As the cross area increases, the core loss drops 

dramatically. The curve is reach diminishing returns around shadow area. One point (Ae=44mm2) 

is chosen in shadow area based on the tradeoff of core size and loss.  
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Fig. 4.23 Loss density vs. Cross area.  

 

 Fig. 4.24 Core and winding dimensions  

As shown in Fig. 4.24, the core shape does not only influence the core loss but also winding 

loss. Because the transformer width is determined, we can only change the a and b value of core 

to get the minimal winding loss. Fig. 4.25 and Fig. 4.26 show the trend of AC and DC resistance 
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of secondary winding and primary winding, which changes as a and b ratio changes. At last, we 

can choose the a and b values based on minimal resistance.  

 

Fig. 4.25 AC & DC resistance of Sec winding. 

 

Fig. 4.26 AC & DC resistance of Pri winding. 
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The last step is chosen suitable winding thickness. The simulation results are given in Table 

2.1. The skin depth at 1 MHz is around 66um. However, the results show the optimal thickness is 

around 3 oz copper. 4 oz copper is chosen for better efficiency.  

Table 4.1The AC resistance of pri and sec windings vs. thickness 

 

4.5 Experimental Results 

An 1MHz 390V/12V 1kW LLC resonant converter prototype with proposed matrix 

transformer structure is built. The second winding arrangement is applied. The circuit is given in 

Fig. 4.27, while the hardware picture is shown in Fig. 4.28.  

 

Fig. 4.27The circuit of 1kW, 400V/12V LLC resonant converter prototype 
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Fig. 4.28The prototype of 1kW, 400V/12V LLC resonant converter 

The primary devices are Transphorm GaN HEMTs. For better efficiency, two GaN devices 

is paralleled. Thus, there are four devices at primary side. SR devices are BSC010N04LSI from 

Infineon. The core material is 3F45.The magnetizing and leakage inductances are used as 

resonant elements, which are integrated into matrix transformer. The leakage inductance of 

matrix transformer is 220nH, while the magnetizing inductance is 17.6uH. The resonant 

capacitor is70nF.The power density of power stage is around 830W/in3. 
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Fig. 4.29Experimental waveforms for 15% load condition 

 

Fig. 4.30Experimental waveforms for 50% load condition 
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Fig. 4.31 Experimental waveforms for 100% load condition 

Fig. 4.29, Fig. 4.30 and Fig. 4.31show the waveforms under 15%, 50% and 100% load. 

Vds_Q2 is the drain-source voltage waveform of primary device Q2. ICr is the current through 

resonant capacitor Cr. Even as high as 1 MHz switching frequency, the primary side devices can 

easy achieve Zero-Voltage-Switching (ZVS). The oscillation during dead time is caused by the 

leakage inductance and secondary rectifier’s junction capacitance. The turnoff current is as low 

as 2A. 

One of the best industry products on market is Vicor module, whose power density is around 

1050W/in3. To achieve the efficiency and power density, it has 14 layer PCB board, 12 

MOSFETs for 300W output power. Compared with this product, our prototype just has 4 layer 

PCB and 12 devices for 1kW to reach similar power density and efficiency. The prototype 

efficiency can reach as high as 95.4%. The efficiency comparison is shown in Fig. 4.32. 
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Fig. 4.32The efficiency comparison for CPES prototype and industry product 

One more thing needs to clarify is that the advantage of GaN devices is smaller Coss 

compared with Si MOSFET having the same Rdson. That will result in lower turn off current 

which help achieve zero-voltage switching. Lower turn off current means less circulating energy 

in the circuit. Thus, the major loss reduction parts caused by GaN device are the conduction loss 

and driving loss of primary devices, the conduction loss of primary winding of transformer. 

While the major loss saved by new transformer structure is secondary side winding conduction 

loss and termination loss. The detail analysis for GaN device benefits is described in [D.20]. 

Table 4.2 Loss breakdown of prototype under 100% load 

Loss Value (W) 
Primary MOSFET Conduction Loss 8.2 

Primary MOSFET Turnoff Loss 2.2 
Primary MOSFET Driving Loss 0.6 

Resonant Capacitor (Cr) Loss 0.46 
Transformer Core Loss 5.10 

Transformer Primary Winding Loss 4.49 
Transformer Secondary Winding Loss 7.24 
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Secondary MOS Conduction Loss 6.6 
Secondary MOS Driving Loss 3.6 

Secondary MOS Body Diode Loss 2.53 
Output Capacitor Loss 1.95 

Connection, Trace & Solder Loss 3.56 
Calculated Total Loss 46.53 

Measured Total Loss 51 

Table 4.3 Loss breakdown of prototype under 15% load 

Loss Value (W) 
Primary MOSFET Conduction Loss 0.27 

Primary MOSFET Turnoff Loss 2.2 
Primary MOSFET Driving Loss 0.6 

Resonant Capacitor (Cr) Loss 0.015 

Transformer Core Loss 5.10 
Transformer Primary Winding Loss 0.15 

Transformer Secondary Winding Loss 0 
Secondary MOS Conduction Loss 0 

Secondary MOS Driving Loss 3.6 
Secondary MOS Body Diode Loss 0 

Output Capacitor Loss 0 
Connection, Trace & Solder Loss 0.24 

Calculated Total Loss 12.17 

Measured Total Loss 15.75 

Based on previous Maxwell 3D simulation, the new winding structure can save more than 

60% secondary side winding loss under full load. More than 20% of total loss is reduced. The 

detail loss breakdown for 100% load and 15% load are given in Table 4.2 and Table 4.3. It is 

clear to see the major loss is distributed around transformer and secondary rectifier devices at 

full load.  

4.6 Conclusion 
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To deal with the high output current applications, matrix transformer structure help reduce 

the leakage inductance and winding AC resistance of transformer. The price is the rising of cores 

loss and volume due to multiple magnetic cores. Flux cancellation reduces core size and core 

loss. Then, SR devices and output capacitors are integrated into secondary side windings to 

eliminate the termination loss. A high efficiency high power density matrix transformer structure 

based on previous discussion is proposed.  
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Chapter 5. Design Considerations for Passive Integration 

In this chapter, the multi-elements resonant converters’ characteristics are reviewed. The 

voltage and current stresses of all resonant elements are examined. Based on stress, the principles 

of choosing suitable passive components for integration are proposed. Then, the magnetic 

integration method is shown based on multi-winding transformer structure. The basic principles 

of passive integration are discussed. A novel passive integration method is proposed for multi-

elements resonant converters. A 1000 W, 800 kHz, 400 V/48 V test board for resonant tanks is 

built to verify the proposed method. 

5.1 Introduction 

To make practical use of LLC and CLL resonant converters, the over current protection has 

to be fulfilled, especially for startup and over load conditions. The purpose of over current 

protection is to limit the current stress in the system during over load or short circuit condition, 

also to limit the inrush current during start up so that the power converter can be protected from 

destructive damage. Multi-element resonant converters were proposed to solve this issue [E.1]-

[E.2]with more passive components added to the resonant tank. However, the additional passive 

components impose the demand for integration efforts in order to alleviate their impact on 

converter size. 

At a high switching frequency, the passive components’ volume can be reduced. However, 

in the state-of-the-art resonant converters, the discrete passive components and the heat sink still 

occupy more than 80% of the total system volume [E.3]. To reduce the volume of the magnetic 
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components, magnetic integration has been proposed. However, the passive components still 

have large profile. To further reduce the overall volume, passive integration technology is 

applied to integrate the resonant inductor (Lr) and capacitor (Cr), the magnetizing inductor (Lm), 

and the transformer (Tx) (L-L-C-T) into one module [E.4]-[E.10]. There is still a challenge to 

employ passive integration techniques in multi-elements resonant converters. This paper 

proposes a novel passive integration method to solve this problem. 

5.2 Basic Characteristics of Multi-elements resonant converters 

The LLC resonant tank can be considered as a band pass filter which includes series 

resonant frequency (SRF) and parallel resonant frequency (PRF), as shown in Fig. 5.1 and Fig. 5.2. 

The series resonant frequency is created by Lr and Cr, black dot in Fig. 5.2. It is the optimal point 

at nominal operation. The fundamental component of input energy can be delivered from the 

source to the load very efficiently. Therefore, high efficiency can be achieved. The hold-up time 

capability is given by the parallel resonant frequency, dash line oval in Fig. 5.2. This resonant 

frequency is determined by Lr, Lm and Cr. 

 

Fig. 5.1LLC resonant converter 
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Fig. 5.2Circuit and voltage gains of LLC resonant converter 

However, with poor frequency selectivity, namely, very wide bandwidth, the frequency has 

to be increased very high to achieve enough damping effect. To improve the characteristics of 

LLC resonant converters, additional resonant elements are needed. With additional resonant 

element component, a multi-element resonant tank, which combines band pass filter and notch 

filter, is proposed to solve the current protection issues. One of these resonant converters is 

depicted in Fig. 5.3. The notch filter section is created with Lp and Cp. The band pass filter section 

consists of Lp, Cr and Cp. 

 

Fig. 5.3One example of selected 4-elements resonant converters 
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Fig. 5.4Gain Curves of selected 4-elements resonant converter 

The voltage gain of this four-element resonant tank is illustrated in Fig. 5.4. The resonant 

tank with notch filter characteristic can create zero voltage gain. Conceptually, infinite 

impedance can be created when frequency operates at the resonant frequency f02 of the notch 

filter. As a result, if overload or even shorted output condition occurs, the current can be limited 

inherently by the resonant tank characteristic. The notch filter center frequency f02 can be 

designed to achieve the over load protection. 

In general, with variable frequency control, the resonant tank input voltage is excited as a 

square waveform. According to the Fourier analysis, the voltage excitation only consists of odd 

harmonics. Therefore, to avoid circulating energy at nominal condition, notch filter resonant 

frequency f02should be designed at even times of nominal resonantfrequencyf01. Meanwhile, f02 is 

preferred close to f01.Thus, f02 = 2f01 is a good choice. 
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As shown in Fig. 5.5, the voltage and current stresses of LLC and proposed 4-element 

resonant converter are very similar. 

 
Fig. 5.5 V-I stresses of LLC and 4-element resonant converters 

When converter operates at f01, the notch filter represents inductive. The impedance of Cp is 

much larger than Lp. The major part of primary side current flows through Lp, not Cp. The current 

stress on Cp is much less than Cr. 

With leakage inductance Lr, a second band pass filter is created. A 5-elements resonant tank 

is given as an example, shown in Fig. 5.6. The second band pass filter is designed at the three 

times of the nominal frequency. The third order harmonics energy of primary side can be 

delivered through this band pass filter. Obviously, the power delivery is more efficient.  

However, there are 6 passive components in resonant tank. The high number of passive 

components might increase the size considerably. It is very desirable to integrate the passive 

components. Hence, higher power density can be achieved. 
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Fig. 5.6One example of 5-element resonant converters 

 

Fig. 5.7Gain Curves of selected 5-elements resonant converter 

5.3 Magnetic integration for multi-elements resonant converters 

To improve the power density, the magnetic integration method is widely applied in 

resonant converters. For LLC resonant converters, Lr is the leakage inductance, and Lm is the 

magnetizing inductance, as shown inFig. 5.1. 
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For 5-elements resonant converters, there are four magnetic components: Lr, Lp, Lm, and 

transformer.  It is hard to integrate all components into one module by traditional transformer 

structure. The transformer structure needs to be modified. 

In this section, a different transformer structure is proposed to integrate all magnetic 

components into one. 

As mentioned in [E.9], cantilever model is suited for multiple-winding magnetic model. Fig. 

5.8(a) gives the cantilever model for LLC center-tap transformer. Winding 1 is the primary side 

winding, and winding 2, 3 are two secondary side windings. The effective leakage inductance l12, 

l13, l23 represent the couple relationship between winding 1, 2, and 3. n2, n3 represent the 

effective turns ratio of winding 2, 3 with winding 1. 

Normally, the two secondary side windings are very close, and have same turns (n2=n3), 

thus, l23 is negligible. Thus, l12, l13 can be combined as l123, as shown in Fig. 5.8 (b). Then, this 

model can be transferred into equivalent model in Fig. 5.8(c).Here, L11
2/ (L11+l123)represents the 

magnetizing inductance (Lm), sodoes (L11×l 123)/ (L11+l 123) the leakage inductance (Lr). 

 

(a) Cantilever model for LLC transformer 
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(b) Simplified model for LLC transformer 

 

(c) Equivalent model for LLC transformer 

Fig. 5.8Cantilever model for LLC transformer 

With traditional transformer structure, only series resonant inductor and magnetizing 

inductor can be integrated. To integrate the third resonant inductor, one more winding (winding 4) 

is added into transformer. 
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The effective leakage inductance l14, l24, l34 represent the couple relationship between 

winding 1, 2, 3 and 4. n4 represent the turns ratio of winding 4 with winding 1. The cantilever 

model is shown in Fig. 5.9. 

 

Fig. 5.9Cantilever model for proposed transformer 

As mentioned above, l23 is small enough to be negligible, and l12, l13 can be combined as l123.  

If winding 4 is not coupled tightly with winding 2 and 3, l42 and l42 would be large enough to be 

ignored. The equivalent circuit is in Fig. 5.10. 

 

Fig. 5.10Simplified model for proposed transformer 
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The resonant tank connection is shown in Fig. 5.11 (a). The dash lines are the connecting 

wires among integration module and discrete capacitors Cr and Cp. The winding 1 and 4 share 

the same ground. When n4=1, the node A and B have the same electrical potential, so they can 

be treated as virtually shorted as in Fig. 5.11 (b). Thus, the final resonant tank is Fig. 5.11 (c). The 

leakage inductance between winding 1 and 4 (l14) creates Lp. 

 

(a) Connection for discrete Cr, Cp and integrated magnetics 

 

(b) Equivalent circuit when n4=1 
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(c) Modified equivalent circuit when n4=1 

Fig. 5.11 Equivalent circuit for discrete Cr, Cp and integrated magnetics 

The gain curves for this multi-element resonant converter are shown in Fig. 5.12, which is 

very similar as Fig. 5.9. Namely, superior merits, full load range ZVS, good frequency 

controllability for current limit and voltage gain, can be successfully obtained. 

 

Fig. 5.12The gain curves of passive integration model 
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Each parameter of the cantilever model can be directly measured. All magnetic components 

in resonant tank are integrated in one transformer module. 

For simplification, an easy way to understanding the integration method is based on the 

magnetic relationship between windings. Fig. 5.13 (a) shows the integrated magnetic module 

which includes transformer (Tx), magnetizing inductance (Lm), leakage inductance (Lr) and Lp. 

The equivalent circuit is given in Fig. 5.13 (b). Lr is the leakage inductance indicating the 

magnetic decoupling of winding 2, 3 and winding 1, 4. Lp is the leakage inductance indicating 

the magnetic decoupling of winding 1 and winding 4. Magnetizing inductance (Lm) is determined 

by the air gap. 

 

(a) Crossview of integrated magnetics    (b) Equivalent circuit  

Fig. 5.13The realization of magnetic integration module 
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The turns of winding 1 and winding 4 is the same, and these two windings are connected at 

one terminal. Thus, we can transform Fig. 5.13 (b) to Fig. 5.14 (a). While Lr is determined by the 

distance between primary winding (1,4) and secondary winding (2, 3), so Fig. 5.14 (a) can be 

transferred into Fig. 5.14 (b), which is similar as the resonant tank in Fig. 5.6. 

 

(a) Transformation 1      (b) Transformation 2 

Fig. 5.14The transformation of equivalent circuit 

 

Fig. 5.15 Volume comparison of proposed and traditional magnetic integration method 
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One magnetic module is built to verify the volume improvement. The previous magnetic 

integration method utilizing magnetizing inductance and leakage inductance of transformer, but 

cannot integrate Lp. The proposed method can integrate all the magnetic components. The 

previous magnetic components volume is 39.73cm3. The new magnetic module is 16.23cm3. 

The experimental waveforms are provided in Fig. 5.16 (a). It is clear that the fundamental go 

through winding 1 and the 3rd harmonic through winding 4. For fundamental, the impedance of 

Cp and Lr is very high, while Lp and Lr is relative low. Thus, major part of fundamental flew 

through winding 1. For 3rd harmonic, the impedance of Cp and Lr is very low, while Lp and Lr is 

relative high. Thus, major part of 3rd harmonic flew through winding 4. 

 

(a) Experiment results for winding stresses    (b) Equivalent circuit 

Fig. 5.16 Stress comparison for integrated magnetic module 

5.4 Passive Integration for Multi-element Resonant Converters 

In order to further improve the power density, passive integrationincluding the resonant 

capacitors is required.  
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Firstly, there are two resonant capacitors (Cr and Cp) in the resonant tank. Which capacitor 

ld be chosen carefully. Voltage and current stresses are very critical 

to capacitor’s lifetime. High voltage stress or high current stress will cause short life time of 

capacitors, in other words, short life of whole converter. Thus, low stress resonant ca

Based on the analysis of Fig. 5.16, we can see all current including fundamental and 3

, only small 3rd harmonic through Cp. For half bridge structure, there is 

ltage cross Cr, while no DC voltage bias on Cp. It is obvious that C

should be taken into integrated module. 

  

(a)  Physical structure of LC cell        (b) Lossless symmetric model

 

C (L+M)/2
A D

  

(c) 1st order model for fundamental design 

Fig. 5.17LC cell structure and equivalent circuit 
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, we can see all current including fundamental and 3rd 

. For half bridge structure, there is 

. It is obvious that Cp has much 

 

(b) Lossless symmetric model 
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LC cell is the basic element in passive integration. Its structure is shown in Fig. 5.17(a). The 

dielectric layer is covered by copper layers at the both side. The lossless symmetric model of this 

structure is given in Fig. 5.17(b). C is the capacitance of LC cell, while L is the self-inductance of 

one side copper strip and M is the mutual inductance. Its equivalent circuit measured between 

terminal A and D is a series of inductor and capacitor, as shown in Fig. 5.17(c).The value of 

inductance and capacitance can be controlled by cascading LC cells, as shown in Fig. 5.18.  The 

equivalent capacitors are in parallel and the equivalent inductors are in series. 

 

Fig. 5.18Interconnection of LC cells 

The capacitance of each LC cell can be calculated by following formula. 

di

cur

T

A
C

⋅⋅= εε0
                     (5.1) 

C is the capacitance. Acu is the area of each plate. εr is the relative static permittivity 

(dielectric constant) of the material between the plates. ε0 is the permittivity of free space. Tdi is 

the separation between the plates. 

The passive integration with a stacked structure for resonant converters has been proposed to 

integrate the LLCT module to achieve high power density. Fig. 5.19gives the winding structure of 

LLCT module. The exploded view of an LLCT module with the stacked structure is shown in Fig. 

5.20. Two sets of C core and I core constitute the two winding windows. The secondary winding 
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is made of thin copper strips. The primary winding is implemented with cascading LC cells in 

order to integrate the resonant capacitor in to the transformer. The cells are connected at the 

terminals through the interconnections on the vertical surface at the two ends of the module as 

shown in Fig. 5.20. The cell dimensions and the properties of the dielectric substrate determine 

the resonant capacitance (Cr). The magnetizing inductance (Lm) can be adjusted by changing the 

length of the air gap. By inserting leakage layer between the primary and secondary windings, 

the leakage inductance (Lr) can also be controlled. 

 

Fig. 5.19Interconnections and winding structure of an integrated LLCT module 

For the 5-element resonant tank, it is difficult to integrate both capacitors. The choice of 

capacitor to be integrated is determined by the consideration of reliability. Large voltage and 

current stress will cause short life time of capacitor. In this particular topology, Cr has very high 
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DC voltage bias while Cp only has small AC voltage. Moreover, Cr carries all the primary 

current while Cp only carries the third order harmonics as discussed before. Thus, Cr has much 

higher voltage and current stress than Cp, in other words, less reliable. Thus, Cp is chosen to be 

integrated into the transformer.  

 

Fig. 5.20Exploded view of an LLCT module with the stacked structure 

The integrated transformer structure for Lp,Lr,Lm,Cp, and transformer is similar to the 

integration technique for magnetic integration except that one winding (winding 1) is replaced by 

LC cell, the connection is shown in Fig. 5.21(a). It is a 4-winding structure and the cantilever 

model is introduced to derive its equivalent circuit. Winding 1 and 4 are primary windings 

constructed by LC cell and copper wire, respectively. The LC cell interconnection is like Fig. 14. 

That means the equivalent capacitor of LC cell is in series of parasitic inductance of winding 1, 

like Fig. 5.21(b). Winding 2 and 3 are secondary side windings. L11 is the self-inductance of 
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winding 1. The effective leakage inductance l12, l13, l14, l23, l24, l34 represent the couple 

relationship between winding 1, 2, 3 and 4. n2, n3, n4 represent the turns ratio of winding 2, 3, 4 

with winding 1, as shown in Fig. 5.21(c).  

  

 (a)         (b)  

 

(c) 

Fig. 5.21Winding model for 4-winding transformer 

Normally, the two secondary side windings are very close, and have same turns (n2=n3), 

thus, l23 is negligible. Thus, l12, l13 can be combined as l123, so can l24, l34 as l423, as shown in Fig. 

5.22. The dash lines represent connection wire between integration module and Cr. If winding 4 

is not coupled tightly with winding 2 and 3, l423 would be large enough to be ignored. Then, it is 
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the same topology as in Fig. 5.12 (a). Thus, it also can be modified as the resonant tank in Fig. 

5.12(c). They are also have the same gain curves. 

 

Fig. 5.22The passive integration model 

Thus, all passive components are integrated except Cr (the high stress component). All the 

leakage inductance can be tuned by adjusting the distance between windings or with magnetic 

shunt. L11 can be controlled by air gap. 

The transformer structure in Fig. 5.23is given for example. Cp is determined by LC cell in 

winding 1. L11 is controlled by air gap. l14 (Lp) is controlled by magnetic shunt between winding 

1 and 4. l123 (Lr) is controlled by magnetic shunt between winding 1 and 2. Winding 4 can be 

either round copper wire or copper strips. 
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Fig. 5.23Transformer structure for integration 

5.5 Measurement of Transformer parameters 

Different with the transformer module before, passive integrated transformer including LC 

cell is not suited to use the same measure method. The capacitance of LC cells makes the 

measurement method invalid. A new measure method is proposed based on cantilever model. 

The transformer model of proposed passive integration structure is shown in Fig. 5.24.  
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Fig. 5.24Transformer model of proposed structure 

First, the self-inductance L11and capacitance C are measured based on impedance analyzer 

(Agilent 4294A), by open-circuiting windings 1, 2 and 3. 

To measure the effective turns ratios n2, n3,...,nk, and AC voltage V1is applied to winding 1, 

with the other windings open circuited. The effective turns ratio nk, is given by 

CL

CL

V

V

Lj

Lj
Cj

V

V
n kk

k

11
2

11
2

111

11

1

1
1

ω
ω

ω

ω
ω −=

+
=

                  (5.2)
 

Vk is the measured voltage of winding k. ω is the angular frequency of AC voltage applied to 

winding 1. A negative value of nk indicates that the winding polarity marks should be reversed. 

Direct measurement is hard for this transformer structure due to LC cell. All the inductance 

can be calculated based on impedance measurement. Six measurement cases are needed for 

effective leakage inductance calculation.  
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(a) Case 1   (b) Case 2 

 

(c) Case 3   (d) Case 4 

 

(e) Case 5   (f) Case 6 

Fig. 5.25. Equivalent circuits for 6 cases 

Case 1 is measuring the impedance of winding 1 port by shorting winding 2, 3 and 4. The 

equivalent circuit is shown in Fig. 5.25(a).  

Case 2 is measuring the impedance of winding 1 port by shorting winding 2, 3 and opening 

winding 4. The equivalent circuit is shown in Fig. 5.25 (b).  
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Case 3 is measuring the impedance of winding 1 port by shorting winding 3, 4 and opening 

winding 2. The equivalent circuit is shown in Fig. 5.25 (c).  

Case 4 is measuring the impedance of winding 1 port by shorting winding 2, 4 and opening 

winding 3. The equivalent circuit is shown in Fig. 5.25 (d).  

Case 5 is measuring the impedance of winding 4 port by shorting winding 2, 3 and opening 

winding 1. The equivalent circuit is shown in Fig. 5.25 (f).  

Based on above 6 cases, all effective leakage inductances can be calculated. The calculated 

results based on real integrated module are shown in Fig. 5.26.  

 

Fig. 5.26Calculated results of integrated transformer module 

The final parameters of integrated module after simplified are shown in Fig. 5.27. 
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Fig. 5.27 The final parameters of integrated transformer module 

The volume comparison is given inFig. 5.28. The volume of previous magnetic components 

and Cp is 40.48cm3. The passive integration module is 16.79cm3. 

 

Fig. 5.28 The volume comparison of passive module and discrete components 
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5.6 Thermal Improvement by Heat Extractor 

Associated with the increasing power density, loss density increases. Although the loss 

density in the passive component is much lower than that in power semiconductor devices, the 

lower thermal conductivities of most materials applied in passive components leads to high 

temperature gradient inside the component. The thermal issues limit the increase of power 

density. The maximum allowed temperature inside an integrated module is one of the most 

important design criteria. 

Although the surface temperature of a passive module can be controlled by the external 

cooling conditions, the temperature rise inside the module is determined by the loss distribution, 

the material properties and the structure. For a practical design, the structure is basically 

determined by the considerations of electromagnetic function, and the materials are generally 

selected for their electromagnetic characteristics to meet the required parameter values. When 

the structure and materials are fixed, the loss distribution is determined by the circuit operation, 

which is normally also fixed. Thus, itis difficult to improve the thermal performance of an 

existing design without changing the structure or materials. The most common approach to 

reduce the inside temperature gradient is to increase the dimensions, which reduces the loss 

density and increase the heat dissipation area, however, sacrifices the power density. It is clear 

that in cases where the thermal constraint is the dominant design criterion, the heat dissipating 

ability of a module is directly related to the power density. In other words, by improving the heat 

dissipating ability, the power density can be improved. Being aware of this, the heat extraction 

technology is developed[E.12]. 
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To apply heat extractors in power electronics module, the heat extractor plate should be 

parallel to the magnetic flux to avoid influencing the electromagnetic performance. The structure 

shown in Fig. 5.29can embed heat extractors without change the electromagnetic performance, 

but the inside filed distribution changes due to the redistribution of the magnetic flux. The 

induced fringing effect may even influence the conduction loss. If the heat extractors occupy a 

small relative volume, the change of the magnetic field is neglected. 

 

Fig. 5.29Integrated passive module with heat extractors 

The embedding of heat extractors also changes the distribution of the thermal field. 

Originally regarded as a uniform heat source, the core is now several individual heat sources 

with higher heat generation.  

In the integrated module, there are two heat sources: the winding block and the magnetic 

core. By applying the superposition principle, the amounts of heat flux generated by these two 

heat sources can be studied separately, and the results can be combined linearly. For the heat 

generated inside the winding block, both the core and heat extractors are conduction channels, 

through which heat can be conducted to the heat sink. The internal and external thermal contact 
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resistance and the equivalent thermal resistance of the combination of the core and heat 

extractors are the barriers on this heat path.  

For heat generated in the core, the winding block functions as a conductor connecting the 

core and heat extractors. The internal thermal contact resistance functions twice on one of the 

heat paths. Because of the different heat distribution, the equivalent thermal resistance of the 

combination of core and heat extractors is different from that for heat coming from inside the 

winding block. 

The equivalent structures of both cases are shown in Fig. 5.30, where the core and the 

winding block are replaced by equivalent spot heat sources, and the corresponding equivalent 

thermal resistance is applied. Here, the thermal conductivity of core material (MnZn ferrites) is 

about (3.5~5.0) x 10-3K·m·W−1, while the thermal conductivity of heat extractor (aluminum 

nitride), is about 170~190 K·m·W−1. The thermal conductivity of heat extractor is much larger 

than core material. Thus, large portion of heat generated by windings and cores would pass 

through heat extractor to the heatsink. 

 

Fig. 5.30 Diagram of heat paths on cross section 
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The core dimension is given by Fig. 5.31, while the heat extractors are made of 0.5mm 

aluminum nitride substrates and have the same cross-sectional dimensions with the core. The 

core material is 3F4. The whole core is combined by 9 pieces of 3F4 ferrite and 8 pieces of heat 

extractor. The real picture is shown in Fig. 5.32. 

 

Fig. 5.31Core dimensions 

 

Fig. 5.32Picture of cores and heat extractors 
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The volume comparison after adding heat extractor is given in Fig. 5.33.  

 

Fig. 5.33 The volume comparison of passive module and discrete components 

5.7 Experimental Results 

An 800 kHz 1.2kW 400V/48V five-element integration prototype is shown in Fig. 5.34 (a). 

The parameters in resonant tank are Cr=12nF, Cp=5nF, Lp=1.2uH, Lr=0.9uH, Lm=10uH. The 

turns ratio is 4:1:1. The no load and 50% load waveforms are shown in Fig. 5.34 (b), (c). The 

waveforms for secondary side short-circuit is given in Fig. 5.34 (d). The output current is 

suppressed to 20A at 1.6 times of resonant frequency, which is less than full load current. The 

power density is nearly 171W/inch3.  
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      (a) Power stage                             (b) No load waveform      

  

(c) 50% load waveform                 (d) Short-circuit waveform 

Fig. 5.34Experimental results for five-element resonant converter with passive integration module 

5.8 Conclusion 

A novel passive integration method is proposed for multi-element resonant converters. 

Based on this method, the passive integration for 3-element, or higher order elements resonant 

converters are achievable. Most of passive components (capacitors, inductors and transformer) 

are integrated into one module to achieve high power density. The proposed multi-winding 

transformer structure with integrated inductor and capacitor are analyzed with a detailed 
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cantilever model. Design guidelines are summarized for the control of the component values. 

One prototype of 1.2kW, 800 kHz 400V/48V 5-element resonant converter is built and tested to 

verify the proposed structure. The power density can be achieved as high as 171W/inch3. 
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Chapter 6. Conclusion and Future Work 

6.1 Conclusion 

The LLC resonant converter exhibits higher efficiency and higher power density than 

conventional PWM converters. Thus, it has been widely adopted as a desirable power supply for 

telecoms, servers, desktops, laptops, flat-panel TVs, LED lighting, etc. To further improve the 

LLC performance, several novel concepts and techniques have been developed in this 

dissertation.  

The high switching frequency is needed recently for high power density requirement. 

However, LLC resonant converter suffers high transformer loss. Matrix transformer is 

introduced to reduce winding loss and total volume. Flux cancellation method is utilized to 

reduce core size and loss. Synchronous Rectifier (SR) devices and output capacitors are 

integrated into secondary windings to eliminate termination related winding losses, via loss and 

reduce leakage inductance.  

To solve the inherent issues, like start-up and short-circuit protection, SR driving and EMI, 

etc., a systematic method is proposed to find the similar resonant topologies like LLC. Based on 

this method, lots of high order resonant converters are found to solve the issues LLC type 

resonant converters cannot handle.  

To evaluate the performance of found valuable topologies, a general evaluation system is 

proposed. State-plane analysis with new normalization factors is utilized. Based on it, the voltage 
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stress, current stresses and apparent power of resonant converters are easy to compare. This 

method can help select suitable circuit topology for certain application. Meanwhile, it also can 

help resonant converters’ design. The important performance factors, like start-up, short-circuit 

protection, SR driving and EMI, are also taken into account for the whole evaluation system. 

The passive integration is necessary for high power density resonant converter, especially 

for high order system. Based on stress, suitable passive components are chosen for integration. 

Then, the magnetic integration method is shown based on multi-winding transformer structure. 

The passive integration principles are discussed. A novel passive integration method is proposed 

for multi-elements resonant converters.  

In conclusion, this work is focus on the topology analysis and integration of resonant 

converters. Searching the suitable topologies for certain application, and evaluate the 

performance of them. Then, improve the system power density by integration techniques.  

6.2 Future Work 

All of these novel implementations proposed in this work will help find valuable resonant 

converters and evaluate their performance. Following this research, there are still some 

remaining works can be done: 

1. The proposed matrix transformer is high power density and high efficiency, but its EMI 

performance is unknown. The continuous work may study the EMI noise reduction for matrix 

transformer.  
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2. By passive integration, the power density of five-element resonant converter is improved 

a lot. If passive integration techniques cooperates with matrix transformer, how this impact the 

efficiency and power density of whole system is interesting for future study.  

3. The state-plane with new normalization can be extent to not only resonant converters, but 

also can be used for PWM converters.  
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