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Abstract 

The industry driving toward smaller, and more efficient electronics has led to the 

development of Switch Mode Power Supply (SMPS) in today’s most popular industrial 

applications. Resonant converters, among a variety of mainstream power converter 

topologies, are receiving more and more attention owing to their features of high efficiency 

and high power density.  

This thesis discusses several challenges to apply LLC resonant converter in industrial 

applications, including wide input voltage range, poor feedback performance, output 

current unbalance among multiply phases, and double line frequency ripple with power 

factor correction (PFC). Aiming at these issues, several solutions have been proposed.  

A single-stage LLC converter is used in power adapter applications. Voltage doubler 

circuit is added to reduce the rectified DC bus voltage range. Thus, the LLC converter can 

be designed with narrow input voltage range, and large magnetizing inductor can be used, 

which reduces the rms current and the turn-off current.  

A frequency modulation with nonlinear voltage-controlled-oscillator (VCO) is 

proposed to improve the feedback performance of LCLC converter in data center 

applications. Conventional linear VCO may cause oscillation at low inputs or poor dynamic 

response at high inputs. However, the proposed nonlinear VCO could achieve better 

feedback performance.   

A three-phase interleaved LLC converter is proposed for high output current EV low 

voltage DC-DC charger (LDC) applications. With proposed three-phase interleaved 
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topology, the conduction loss and copper loss can be reduced significantly. In addition, the 

switches current rating is reduced.  

Due to the resonant component tolerance, severe current unbalance happens in three-

phase interleaved LLC converter. To achieve current sharing, full-wave switch-controlled 

capacitor (SCC) circuit is added into the resonant tank to compensate the tolerance. In 

addition, a digital comparison control strategy is proposed to control the SCC switches for 

current sharing.  

A single-stage LLC converter with PFC is applied in EV AC-DC on-board charger 

(OBC) application. A power converter-controlled capacitor (PCCC) is proposed to 

eliminate the double line frequency voltage ripple on LLC PFC converter output side. The 

average power handled by the PCCC is zero. 

In this thesis, the proposed theories are verified by mathematical analysis, computer 

simulation and experimental testing.  
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Introduction 

1.1 GaN Devices in Power Electronics Industry 

Silicon (Si) Metal Oxide Silicon Field Effect Transistors (MOSFETs) have been the 

dominant active devices in power converters since the late 1950s. However, due to 

continuous device optimizations and improvements in the production process, the material 

properties of silicon have increasingly become the limiting factor. For over a decade, power 

switching devices based on gallium nitride (GaN) technology have been demonstrated to 

achieve better performance attributes compared to the well-established, widely available 

Si MOSFETs, including high efficiency, high power density, etc. [1-9]. As per the GaN 

device market trend, decreasing in prices of GaN devices is expected to drive its adaption 

across various industry verticals. It has been applied in some of today’s most demanding 

industries, including consumer electronics, data centers, and electric vehicles (EVs) as 

shown in Fig. 1.1 [10-16]. The global GaN semiconductor device market was valued at 

USD 974.9 million in 2016. The market is expected to experience significant growth over 

the next decade, owing to the accelerating demand for power electronics that consume less 

power and are more efficient [17]. 

    

Fig.  1.1: Applications of GaN devices 
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The figure of merit (on-state resistance & gate charge) of 650V/600V GaN device, 

Silicon Carbide (SiC) MOSFET, and Si MOSFET are compared in Fig. 1.2 [18].  

 

Fig.  1.2: Figure of merit comparison among 650V/600V GaN device, SiC MOSFET, and Si 

MOSFET 

From Fig. 1.2, GaN devices provide superior RDS(on) & QG performance over SiC and 

Si MOSFETs, resulting in lower conduction loss, lower switching charge requirements and 

faster turn on/off transition.  

 

Fig.  1.3: Output capacitance comparison among 650V/600V GaN device, SiC MOSFET, and Si 

MOSFET 

Fig. 1.3 compares the output capacitance of the GaN device, SiC MOSFET and Si 

MOSFET [18]. It can be observed from Fig. 1.3 that the Si MOSFET has around 10 times 
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higher output capacitance than GaN device. Besides, the SiC MOSFET also has 1.5 times 

higher output capacitance than GaN device. Due to the smaller output capacitance of GaN 

device, the switching loss of hard switching converters can be reduced. Moreover, it is 

easier to achieve zero-voltage-switching (ZVS) for soft switching converters. This thesis 

is focused on how to best utilize the benefits of GaN devices in switching power converters. 

1.2 LLC Resonant Converter 

Although increasing switching frequency can dramatically reduce passive component 

size (e.g. inductor and capacitor), hard switching Pulse Width Modulation (PWM) 

converters still suffer from high switching loss, which will cause severe thermal issue [19, 

20]. Thus, bulky heatsink is needed and the size of the converter cannot be effectively 

reduced. To solve the dilemma, power converters capable of operating at higher switching 

frequency with higher efficiency need to be developed. Resonant converters, which have 

the potential to achieve both higher switching frequency and higher power efficiency are 

receiving more and more attention from all over the world [21-23]. Simultaneously, they 

can provide additional benefit that is not available from PWM-based design. For example, 

in server and data center applications, holdup time operation is normally required. To 

provide energy during holdup time, bulky capacitor should be added on DC bus side. When 

designing the resonant converter over wide input voltage range, the holdup time 

capacitance could be reduced, thus size and cost of the bulky capacitor could also be 

reduced. However, a wide operation input voltage range is detrimental to efficiency for 

traditional PWM converters at nominal conditions. In contrast, resonant converters can be 

optimized to achieve high voltage gain for holdup time operation without sacrificing 

nominal efficiency [24-26]. Fig. 1.4 shows holdup time performance requirement. To meet 
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the holdup time requirement, it is crucial to extend input voltage operation range for the 

DC-DC converters. 

AC 

Voltage

DC 

Voltage

Output 

Voltage

Normal 

Operation

Holdup 

Operation
t

t

t

 

Fig.  1.4: Holdup time requirement 

Of all different resonant converters, an LLC resonant configuration consisted of two 

inductors and one capacitor provides many added benefits over other resonant converter 

configurations [27, 28]. It can regulate output voltage over wide input voltage and/or load 

variations with a relatively small variation of switching frequency while maintain excellent 

efficiency. It can also achieve ZVS for primary side switches over entire operating range 

and zero-current-switching (ZCS) for secondary side synchronous rectifiers (SRs) when 

switching frequency is below resonance [29-32]. As a result, LLC resonant converter has 

become a very attractive resonant topology for worldwide power supply designers. 

Nowadays, LLC resonant converter has been widely used in industry applications due to 

its features of high switching frequency and high efficiency.  
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1.3 Research Objective and Contribution 

In this section, the object of study – LLC resonant converter will be briefly introduced 

in terms of topology and modeling. The limitation and issues for specific requirement will 

also be discussed, based on which a few solutions will be introduced, and contribution of 

this thesis will be summarized. 

1.3.1 Topology and Modeling of LLC Resonant Converter 

The circuit diagram of a half bridge LLC converter with center-tapped transformer and 

secondary side SRs is illustrated in Fig. 1.5. Series inductor Lr, parallel inductor Lm, 

together with the series capacitor Cr form an L-L-C structure of the resonant tank.  

Lr Tx

Vo

Vdc

Q1

Q2

Cin

Cr

Lm

S1

S2

Co

 

Fig.  1.5: Circuit diagram of a half bridge LLC resonant converter 

To develop the input-to-output voltage gain, the half bridge LLC resonant converter 

can be simplified as a square wave circuit as shown in Fig. 1.6 [33]. 
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Lm RemVsq

ILr

ILm

Vso

Vsq Vso

 

Fig.  1.6: Simplified square wave circuit of a half bridge LLC resonant converter 

The LLC resonant converter is typically operated in the vicinity of series resonant 

frequency fr decided by Lr and Cr to achieve the best performance. This means that the main 

composite of square wave voltage Vsq is at or very close to fr, which is a pure sinusoidal 

voltage. In reality, if switching frequency is different from series resonance, more 

frequency components will be included in the square wave voltage. But an approximation 

using single fundamental harmonic of square wave can be made, while ignoring all higher 

order harmonics. This is so-called first harmonic approximation (FHA) method, which is 

widely used for resonant converter designs [34]. By ignoring all higher order harmonics, 

the square wave circuit can be further simplified as a sinusoidal circuit as shown in Fig. 

1.7, where Vge is fundamental component of Vsq, and Voe is fundamental component of Vso. 

Lr

Cr

Lm ReVge

ILr

ILm

Voe

 

Fig.  1.7: Simplified sinusoidal circuit of a half bridge LLC resonant converter 
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From Fig. 1.7, the voltage gain of LLC resonant converter can be calculated as, 
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Where, k is the inductance ratio, Qe is the quality factor, and fn is the normalized switching 

frequency. They are calculated as follows.  
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Where, fs is the switching frequency, Re is the AC equivalent resistance, which can be 

calculated as, 
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Where, n is the transformer turns ratio, and Ro is the load resistor.  

Fig. 1.8 shows the voltage gain regions of an LLC resonant converter with respect to 

inductance ratio k and different quality factor Qe. From Fig. 1.8, there are three different 

operation regions. The LLC resonant converter should be designed to operate in region 1 

and region 2, since the equivalent input impedance of resonant tank in these two regions is 

inductive, and ZVS can be achieved for primary side switches. In addition, in most cases, 

the LLC resonant converter should be designed to operate in region 2 instead of region 1, 

so that high voltage gain characteristic can be utilized and ZCS can be obtained for 

secondary side SRs. The resonant converter should be prevented from entering region 3, in 

which the equivalent resonant tank impedance is capacitive. 
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Fig.  1.8: Voltage gain curves of a half bridge LLC resonant converter 

1.3.2 Problems of LLC Resonant Converter in Different Applications 

In certain applications, specific requirements can introduce significant challenges for 

LLC converter design. In this part, a few existing and foreseeable issues and limitations of 

the LLC converter will be discussed. 

1.3.2.1 Universal AC Input Problem – Wide Input Voltage Range 

As the demand for smaller and more efficient laptop power adapters rises, 

conventional two-stage topologies struggle to achieve acceptable thermal and efficiency 

performance with reduced size [35, 36]. With output power less than 75W, the power factor 

correction (PFC) is not mandatory, which makes single-stage power adapter configuration 

become possible. This allows for both cost and size reduction compared to two-stage 

configuration. LLC converter featuring of high switching frequency and high efficiency is 

a suitable candidate for single-stage AC-DC power adapters.  

The power adapters are usually designed to work over universal AC input voltage 

range (100V – 240Vrms, 50/60Hz). With 82µF DC link capacitor, the DC link voltage 
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rectified by the diode bridge varies from 100V to 340V approximately. This wide DC link 

voltage requires small magnetizing inductance for the LLC converter to achieve enough 

high voltage gain. Such design increases the rms current and the turn-off current, resulting 

in high conduction loss and turn-off loss. 

1.3.2.2 Stability and Dynamic Performance – Steeper Voltage Gain 

In server and data center applications, the front-end DC-DC converter should meet the 

holdup requirement, which is already illustrated in Fig. 1.4. When AC voltage is lost, the 

DC bus capacitor starts to discharge to supply power to the load, so that the DC bus voltage 

reduces continuously. It is desired that the output voltage can be maintained for several 

tens of milliseconds, until the UPS takes over.  

To meet the holdup time requirement, LLC converter should be designed with small 

magnetizing inductance. However, as mentioned before, small magnetizing inductance will 

induce high rms current and turn-off current, resulting in poor efficiency performance. 

LCLC resonant converter with variable magnetizing inductance has been verified to 

provide wide input voltage operation range without scarifying efficiency [37, 38]. Thus, it 

is more suitable to be applied in applications with holdup time requirement compared to 

conventional LLC converter. Actually, the LCLC resonant converter has a much steeper 

voltage gain curve, implying that within the same switching frequency range, it is easier to 

realize wider input voltage operation. 

However, the steeper voltage gain may impact the output voltage regulation 

performance. On one hand, at low input voltages, the voltage gain changes a lot with minor 

switching frequency change, which may cause oscillation problem. On the other hand, at 
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high input voltages, the voltage gain changes a little with large switching frequency change, 

which may cause slow dynamic response.  

1.3.2.3 Current Sharing Problem – Multiphase and High Current Application 

With the increasing demand of environmentally friendly energy, the research and 

development of EV technologies are becoming more significant [39-44]. For an EV power 

train system, a low voltage DC-DC converter (LDC) is needed to convert the power from 

high voltage battery (250V to 430V) to low voltage battery (9V to 16V) for the lighting, 

audio, air conditioning and other functions. The required power can be as high as four 

kilowatts with the output current at hundreds of amperes, which is a big obstacle from 

improving the efficiency and size point of view. Although ZVS and ZCS operation can be 

obtained, LLC converter still experiences high conduction loss on primary side and 

secondary side switches and high copper loss on magnetics in EV LDC applications. 

Multi-phase interleaving technology can be applied to expand the current capacity and 

reduce the current stress for LLC converter. When interleaved, all phases operate at same 

switching frequency. While the voltage gain of each phase at same switching frequency is 

different from each other due to the resonant tank tolerances. Different voltage gains cause 

output current unbalance, which will degrade the system performance severely.  

1.3.2.4 Double Line Frequency Voltage Ripple Problem – PFC Application 

Normally, the EV power train system includes AC-DC battery charger and DC-DC 

converter. The DC-DC stage as mentioned before is to transfer the high voltage (250V to 

430V) to low voltage (9V to 16V) for auxiliary equipment. The AC-DC stage, which is 

also named as on-board charger (OBC), focuses on transferring power from the grid to 

charge high voltage battery (250V to 430V). Due to the several kilowatts power rating, 
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PFC operation is required. Conventional OBC is implemented by using two-stage 

configuration of boost PFC plus LLC DC-DC converter. However, the two-stage 

configuration will degrade the purpose of improving power density and efficiency. To 

solve the problem, a single-stage LLC-based AC-DC converter has been proposed and 

verified for OBC application [45]. Both AC-DC stage with PFC and DC-DC stage with 

galvanic isolation are realized by using a single-stage LLC converter. Due to the single-

stage configuration, and the advantages of LLC converter, both high power density and 

high efficiency become very promising.  

It is commonly known that the output voltage of the PFC converter contains double 

line frequency (100Hz for Europe, Asia, and 120Hz for North America) ripple. For two-

stage configuration, the voltage ripple can be eliminated by the second stage LLC 

converter. For single-stage configuration, there is no second stage to remove the voltage 

ripple. Considering that the internal resistance of high voltage battery pack is in the range 

of 0.1Ω to 1Ω. The double line frequency voltage ripple on output side will cause high AC 

current flowing through the battery pack, leading to severe thermal concern.   

1.3.3 Technical Proposals of the Thesis 

To address the above-mentioned problems, several technical solutions are proposed in 

this thesis. The proposals are syntheses of new topology, control, analysis and design 

methods with high performance, simple implementation, and high cost-effectiveness, 

which shall offer immediate industry benefits. 

1. Proposal of using voltage doubler circuit on input side to reduce the DC link 

voltage range for LLC-based AC-DC power adapter applications. 
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2. Proposal of using frequency modulation with nonlinear voltage-controlled 

oscillator (VCO) to improve the stability and dynamic response for LCLC DC-DC 

resonant converter in server and data center applications. 

3. Proposal of using three-phase interleaved LLC topology to expand the current 

capacity and reduce the conduction loss and copper loss for low output voltage and 

high output current EV LDC applications. 

4. Proposal of using full-wave switch-controlled capacitor (SCC) and digital 

comparison current sharing control strategy to solve the load current unbalance 

problem for three-phase interleaved LLC converters. 

5. Proposal of using power converter-controlled capacitor (PCCC) to eliminate the 

double line frequency voltage ripple on single-stage LLC PFC converter output 

side for EV OBC applications. 

1.4 Thesis Outline  

The organization of this thesis is as follows.  

Chapter 2 reviews the existing technologies to improve the LLC converter to solve the 

respective issues.  

Chapter 3 introduces the basic principle of LLC resonant converter working as 65W 

AC-DC power adapter. Input side voltage doubler circuit is added to reduce the DC bus 

voltage range. Thus, the LLC converter can be developed with large magnetizing 

inductance which will help reduce the rms current and the turn-off current. Both Si-based 

and GaN-based 65W half bridge LLC power adapters are designed, simulated and 

experimental verified. The performance between two adapters are compared. 
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Chapter 4 proposes a frequency modulation with nonlinear VCO to improve the 

control performance of LCLC resonant converter. The proposed controller helps increase 

the stability margin at low input voltages and improve the transient response at high input 

voltages. A 500W GaN-based LCLC prototype is built and tested to verify the feasibility 

and effectiveness of the proposed control strategy.  

Chapter 5 proposes a three-phase interleaved LLC DC-DC converter for high power 

EV LDC application to reduce the conduction loss and current stress on active switches. A 

prototype of 250V – 430V input, 14V/270A/3.8kW output is built and tested. A two printed 

circuit board (PCB) vertical structure is proposed to make full use of the PCB space and 

improve the power density.  

Chapter 6 proposes a digital comparison control strategy for three-phase interleaved 

LLC converter to achieve current sharing. Full-wave SCC circuit is added into resonant 

tank to compensate the component tolerance and achieve current sharing. Simulation and 

experiment results verify the effectiveness of the SCC circuit and the proposed control 

strategy. Good current sharing performance is achieved among three phases at different 

input and output conditions.  

Chapter 7 proposes a PCCC method to remove the double line frequency output 

voltage ripple for single-stage LLC PFC converter in EV OBC applications. The 

performance between proposed PCCC and conventional ripple cancellation converter 

(RCC) method are compared. Simulation model of a single-stage LLC PFC AC-DC 

converter with proposed full bridge PCCC circuit is build. The simulation results validate 

the effectiveness of the proposed PCCC method.  

Chapter 8 summarizes and concludes the whole thesis.  
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Literature Review 

2.1 Introduction 

In this chapter, a literature review relevant to the main thesis topics is presented. 

Firstly, the application of Gallium Nitride (GaN) devices in power converters is briefly 

introduced. Then, the latest methods for applying LLC converter into power adapter 

applications and data center applications will be discussed. Next, recent proposed 

technologies on current sharing among multi-phase LLC converter will be investigated. 

Finally, the existing output voltage ripple cancellation methods for PFC operation will be 

reviewed.  

2.2 Review of GaN Device Application in Power Converters 

GaN power transistor has matured dramatically over the past few years. Nowadays, a 

significantly large number of GaN devices are in volume production from over a dozen 

manufacturers. Furthering its acceptance and credibility, GaN device is now widely used 

in different power converter topologies, from PWM converters to resonant converters.  

Significant efficiency improvement has been verified by using GaN device in hard 

switching converters [1, 46]. The efficiency improvement in soft switching converters, 

such as resonant converters, can be equally dramatic. The decreased output capacitance in 

GaN device makes the zero-voltage-switching (ZVS) easier to achieve for resonant 

converters. Previous works have demonstrated the performance improvement of GaN 

device in LLC resonant converter [2, 47]. 



15 

2.3 Review of Methodology for Wide Input Voltage LLC Application 

For power adapter applications, the converter should operate correctly over universal 

AC voltage from 100V to 240Vrms. Normally, the DC-DC stage after diode bridge rectifier 

should be designed to cover wide input voltage range; otherwise, large and expensive 

electrolytic capacitor will be added on DC bus side.  

To operate LLC converter over wide input voltage range, the magnetizing inductance 

should be decreased to increase its voltage gain. However, small magnetizing inductance 

causes high rms current and turn-off current, which increase the conduction loss and the 

turn-off loss of the switches. In addition, small magnetizing inductance leads to large air 

gap on transformer, which will cause severe fringing loss near the air gap. Several methods 

have been proposed to solve the problem. 

A two-stage boost-LLC configuration is used as the AC-DC power adapter [48, 49], 

as shown in Fig. 2.1. The boost converter for AC-DC stage is designed to regulate the DC 

bus voltage. The LLC converter of DC-DC stage is designed to step down the high DC bus 

voltage to customer devices voltage and provide galvanic isolation. Due to the first stage, 

the LLC converter only needs to be designed to cover narrow DC bus voltage range. 

Therefore, large magnetizing inductance can be used, and high efficiency can be achieved 

for the LLC stage.  
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Fig.  2.1: Two-stage boost-LLC converter for AC-DC power adapter application 
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The drawback of this method is that the full output power should be processed twice 

by boost converter and then by LLC converter, which will reduce the whole system 

efficiency. In addition, the existence of boost inductor is violated the purpose of increasing 

power density. In [48] and [50], power densities of 14.5W/in3 and 10.2W/in3 are achieved 

for this two-stage structure. 

A single-stage half bridge LLC resonant converter additionally employing one 

resonant capacitor and two relays is proposed for AC-DC power adapter application [51]. 

The circuit diagram is presented in Fig. 2.2. Through changing the turns ratio of the coupled 

transformer using a relay, the converter could meet the voltage gain requirement at both 

low AC input voltage range (100V to 140Vrms) and high AC input voltage range (180V 

to 240Vrms).  

At low AC input voltage range, the coupled transformer is connected in parallel 

leading to half of the magnetizing inductance to provide enough high voltage gain. At high 

AC input voltage range, the coupled transformer is connected in series, resulting in twice 

of the magnetizing inductance to reduce the rms current and the turn-off current.  

Q1

Q2

Vo

S1

S2

Co

Cr1

Lr1

0.5n 0.5n

Lm1 Lm2 Lr2

Cr2

Vac

EMI Cdc

 

Fig.  2.2: Single-stage LLC converter with coupled transformer for AC-DC power adapter 

application 
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However, the switching speed of the relay is way slower than that of the MOSFET. 

Thus, poor dynamic response is inevitable. If replace the relay with MOSFET, three 

MOSFETs are needed, which will make the control strategy complicated and reduce the 

reliability of the system. 

For data center applications, the LLC converter should also be designed to cover wide 

input voltage range so that hold up time requirement can be satisfied. A three-level LLC 

converter is proposed in [52]. The corresponding circuit diagram is shown in Fig. 2.3. Four 

main switches are connected in series to form a three-level half bridge structure. Because 

of the two-stage resonance, wide input voltage variation range can be covered. By using 

this method, the voltage stress for each switch is reduced to half of the input voltage. 

Besides, conventionally frequency modulation can be applied to control the output voltage.  

However, two diodes on primary side need to carry the peak magnetizing current for 

a short period of time, which causes extra conduction loss. In [52], a peak efficiency of 

94.7% is achieved for 54V/10A output condition. To reduce the diode conduction loss, SiC 

diode with lower forward voltage drop may be used. Besides, two extra switches are added 

in transformer primary side. Therefore, this method is not cost-effective.   
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Fig.  2.3: Three-level half bridge LLC converter for wide input voltage variation range 

application 
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In [53, 54], an LLC converter with auxiliary LC resonant circuit is proposed to 

accommodate wide input voltage operation and satisfy the holdup time requirement, as 

shown in Fig. 2.4. From Fig. 2.4, the auxiliary LC resonant circuit is connected to the third 

winding of the transformer. The LC circuit operates as a variable inductor according to the 

change of the switching frequency, and it is presented as an effective magnetizing 

inductance. At high input voltage, the effective magnetizing inductance increases. Thus, 

the conduction loss and turn-off loss of primary side switches are reduced. During the hold-

up time, the effective magnetizing inductance decreases so that the proposed converter 

provides a high voltage gain to maintain the output voltage.  

However, a third winding and an LC circuit are needed to achieve the regulation goal. 

The power density of this converter is sacrificed. In addition, magnetizing current is 

flowing through the third winding and the auxiliary LC circuit. Therefore, similar thick 

wire is required for the third winding, which will decrease the window area for the primary 

side and secondary side windings.  
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Fig.  2.4: Half bridge LLC converter with auxiliary LC resonant circuit for wide input voltage 

variation range application 
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2.4 Review of Passive Current Sharing Methodology  

Multi-phase converters are normally connected in parallel to expand the output load 

capacity. Due to the existing of component tolerance, current unbalancing may occur 

among several phases. Good current sharing should be guaranteed, otherwise, the system 

performance will be degraded severely. LLC converter is particularly sensitive to resonant 

component tolerance. Thus, research on current sharing is of great value.  

Passive current sharing technologies which features of low cost and simplicity have 

been proposed and verified in [55-58]. Fig. 2.5 and Fig. 2.6 shows the diagrams of the 

common inductor and the common capacitor two-phase LLC converter for current sharing. 

Resonant inductors or resonant capacitors between two phases are connected together to 

achieve impedance matching. With these topologies, a virtual positive resistor is added into 

the phase which carries higher output current to reduce its output current, and a virtual 

negative resistor is added into the phase which carries lower output current to increase its 

output current. Thus, current sharing can be achieved.  

However, the primary side switches of both two phases should be turned on/off at the 

same time without phase shift, resulting in almost doubled output voltage and current ripple. 

Moreover, phase shedding technology cannot be implemented either. Two phases should 

work together even at light load condition, which will degrade the light load efficiency.  

javascript:;
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Fig.  2.5: Common inductor two-phase LLC converter for current sharing 
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Fig.  2.6: Common capacitor two-phase LLC converter for current sharing 

Three-phase LLC converters with star connection of transformer primary side 

windings is proposed in [58]. The corresponding circuit diagram is shown in Fig. 2.7. As 

shown in Fig. 2.7, the transformer primary side terminals of three phases are connected 

together to form a star connection structure. Due to the automatic modulation performed 

by Y node, an inherent current balancing ability towards resonant component mismatch is 

exhibited.  
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Although this method could obtain phase shift operation to reduce output voltage and 

current ripple while maintaining good current sharing performance, it is only suitable for 

three-phase configuration, and cannot be applied into two-phase or four-phase 

configurations. Besides, there is no phase shedding among three phases at light load either. 
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Fig.  2.7: Three-phase LLC converter with transformer primary winding star connection for 

current sharing 

Inherent current sharing ability is exhibited by using the above-mentioned passive 

methods. However, the current sharing performance is limited by the resonant component 

tolerance. With small resonant component tolerance, good current sharing performance can 

be achieved. With large resonant component tolerance, the current sharing performance 

becomes poor. Therefore, the passive methods are only suitable for the cases with small 

resonant component tolerance.  
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2.5 Review of Ripple Cancellation Methodology  

Nowadays, single-phase AC-DC power supply with power factor correction (PFC) is 

widely used in industries applications [59-63]. Boost converter is the most popular 

topology to achieve PFC operation, as shown in Fig. 2.8 [64, 65].  
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Fig.  2.8: Single-phase AC-DC boost converter with PFC operation 

When PFC is achieved, the input current of the boost converter (before diode bridge) 

is a sinusoidal waveform in phase with the input AC voltage. It is commonly known that 

the output voltage of the boost converter contains double line frequency ripple. To suppress 

the ripple, electrolytic capacitor featuring of large capacitance value should be added on 

the output side. However, the large size and short lifespan limit the power density and 

reduce the longevity of the converter. Except for adding lots of electrolytic capacitors, 

several ripple cancellation methods based on power converters have been proposed to 

reduce or even remove the double line frequency voltage ripple.  

In [66, 67], a bi-polar DC-DC converter is connected in parallel with the PFC converter 

output to cancel the double line frequency ripple. The corresponding circuit diagram is 

shown in Fig. 2.9, of which the bi-polar DC-DC converter is usually implemented using 

buck-boost converter. The key output current waveform is shown in Fig. 2.10. 
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Fig.  2.9: Bi-polar parallel ripple cancellation solution 
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Fig.  2.10: Output current waveform of bi-polar parallel ripple cancellation solution 

The output current of the PFC converter contains both DC and AC components. It can 

be calculated as, 

 ( )PFC DC rippleI I i t= +                                                      (2.1) 

Where, the AC ripple current is at the twice line frequency. The output current of the 

auxiliary converter is controlled as, 

 ( )aux rippleI i t= −                                                      (2.2) 

Based on KCL theory, the current flowing through the output load becomes a pure 

DC, and it is expressed as,  
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 ( ) ( )o PFC aux DC ripple ripple DCI I I I i t i t I= + = + − =                         (2.3) 

It can be observed from (2.3) that the output current is a pure DC, which indicates that 

there will be no double line frequency voltage ripple on output load. 

However, the auxiliary converter must withstand the same voltage stress as the PFC 

output voltage, which is around 400V. Therefore, high voltage-rating components are 

necessary, which are not only larger, but more expensive compared to their low voltage-

rating counterparts. Besides, the auxiliary converter should handle same output power as 

the PFC converter, which will cause extra power loss and reduce the efficiency. In addition, 

an output filter inductor is connected in series with the output load to smooth the output 

current, which will further degrade the system power density. 

Instead of parallel connection, a unipolar DC-DC converter is connected in series with the 

PFC output to cancel the double line frequency voltage ripple [68]. The corresponding circuit 

diagram is illustrated in Fig. 2.11. Normally, the unipolar DC-DC converter is built by using 

buck converter.  
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Fig.  2.11: Unipolar series ripple cancellation solution 



25 

The key output voltage waveform is shown in Fig. 2.12. The output voltage of the PFC 

converter contains a DC component and a double line frequency AC component, where the DC 

value is a little bit lower than the average output voltage. It can be expressed as, 

 ( )_PFC DC PFC rippleV V v t= +                                          (2.4) 
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Fig.  2.12: Output voltage waveform of unipolar series ripple cancellation solution 

The output voltage of the auxiliary converter also contains a small DC component, but an 

opposite double line frequency AC component, which can be expressed as, 

 ( )_aux DC aux rippleV V v t= −                                           (2.5) 

Based on KVL theory, the output voltage is the sum of those two voltages, and can be 

derived as, 

 

( ) ( )_ _

_ _

o PFC aux DC PFC ripple DC aux ripple

DC PFC DC aux DC

V V V V v t V v t

V V V

= + = + + −

= + =              (2.6) 

To make sure the auxiliary converter work properly and achieve good efficiency 

performance, the VDC_aux should satisfy the following relationship,  

 
_

_ _
2

rip pp

DC aux DC PFC

V
V V                                            (2.7) 
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Where, Vrip_pp is the peak to peak value of the double line frequency voltage ripple. 

With this method, the voltage stress on the auxiliary converter can be reduced a lot 

compared to bi-polar parallel ripple cancellation solution. The peak voltage exerting on 

auxiliary converter becomes,  

                                                  
_

_
2

rip pp

pk DC aux

V
V V= +                                                    (2.8) 

However, the auxiliary converter needs to provide certain percentage of power to the load, 

which still causes extra power loss on the converter and degrades the system efficiency.  
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Fig.  2.13: Bipolar series ripple cancellation solution 

To further improve the performance, a bi-polar auxiliary converter is proposed to cancel 

the voltage ripple [69, 70]. The auxiliary converter is also connected in series with the PFC 

output, as shown in Fig. 2.13. However, the bi-polar auxiliary converter is implemented by 

using a full bridge inverter. The corresponding output voltage waveform is shown in Fig. 2.14.  
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Fig.  2.14: Output voltage waveform of bipolar series ripple cancellation solution 

The output voltage of the PFC converter contains a DC component and a double line 

frequency AC component, of which the DC component is equal to the output voltage. It can be 

expressed as, 

 ( )PFC DC rippleV V v t= +                                                      (2.9) 

The output voltage of the auxiliary converter is regulated to a pure opposite double line 

frequency voltage with zero DC bias. It is expressed as, 

  ( )aux rippleV v t= −                                                    (2.10) 

Combing (2.9) and (2.10), the output voltage of the whole system can be derived as, 

    ( ) ( )o PFC aux DC ripple ripple DCV V V V v t v t V= + = + − =                      (2.11) 

Compared to unipolar DC-DC converter, the new bi-polar auxiliary converter could 

help reduce the voltage stress to, 

  
_

2

rip pp

pk

V
V =                                                         (2.12) 
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In addition, the average power handled by the auxiliary converter is zero, which means 

that all the output power is transferred by the main PFC converter. The input power of the 

auxiliary bi-polar converter is only the loss on the converter.  

2.6 Conclusion  

Existing technologies referring to issues discussed in Chapter 1 are reviewed. Although 

the existing methods could help solve the problems at certain point, they are suffering from 

low power density, low efficiency performance, large cost, etc. New topologies and control 

methods will be presented in the following contents to achieve better performance. 
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65W LLC Resonant Converter for Universal AC-DC Power Adapter 

Applications 

3.1 Introduction 

Handheld and portable devices such as laptops, tablet PCs and smart phones are 

gaining popularity all over the world. With advancements in these devices, the demand for 

high efficiency and high power density power adapters is explosively increasing.   

For power adapters with more than 75W output power, two-stage topology including 

a power factor correction (PFC) stage and an isolated DC-DC stage is preferred to satisfy 

the IEC 1000-3-2 harmonic-limits standards [36, 71]. Generally, boost converter serves as 

the first stage to correct the power factor and regulate the DC bus voltage. The LLC 

resonant converter is an attractive candidate for the second DC-DC stage since its feature 

of soft switching for both primary side and secondary side switches. Normally, the DC bus 

voltage is controlled to 400V. Thus, LLC converter can be designed with large magnetizing 

inductance to reduce the rms current and the turn-off current of primary side switches.  
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Fig.  3.1: Single-stage LLC converter AC-DC power adapter 
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If the output power is less than 75W, the power factor is not subject to the same 

restrictions, which enables a single-stage power adapter. This allows both cost and size 

reduction compared to conventional two-stage configuration. The single-stage half bridge 

LLC converter for AC-DC power adapter application is shown in Fig. 3.1. 

Newly emerged wide-bandgap (WBG) semiconductor devices, such as gallium nitride 

(GaN), provide desirable features of lower specific on-state resistance, lower junction 

capacitance, ultrafast switching speed, and lower gate charge, compared to silicon (Si) 

MOSFET. They are promising candidates for future converters. In this chapter, both Si-

based and GaN-based 19V/65W output single-stage LLC power adapters are designed, 

simulated and tested. For Si-based LLC converter, the resonant frequency is designed at 

800KHz. By utilizing the advantages of GaN device, the resonant frequency of GaN-based 

converter is set to 1.3MHz.  

This chapter is organized as follows: Section 3.2 introduces the operation principle of 

input voltage doubler circuit; Section 3.3 presents the design process of Si-based and GaN-

based half bridge LLC power adapters; Section 3.4 demonstrates the effectiveness of the 

designed power adapters through PSIM simulation, and provides a theoretical power loss 

comparison between Si-based and GaN-based power adapters; Section 3.5 gives the 

experimental results,  and finally, a summary is shown in Section 3.6. 

3.2 Input Voltage Doubler Circuit 

Since the AC voltage varies from country to country, most laptop adapters are usually 

designed to accommodate universal AC input voltage range (100V – 240Vrms, 50Hz – 

60Hz). The rectified DC bus voltage changes from 100V to 340V with 82µF input 

electrolytic capacitor and 65W output load. This widely modified DC bus voltage requires 
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small magnetizing inductance of the LLC converter to satisfy voltage gain requirement. 

Such design increases the rms current and the turn-off current. To narrow the DC bus 

voltage range, voltage doubler circuit is added at AC input side as shown in Fig. 3.2. It can 

be observed from Fig. 3.2 that the voltage doubler is implemented by two MOSFETs (Q3 

and Q4) with back-to-back configuration. Cin1 and Cin2 are same electrolytic capacitors with 

a voltage rating of half of the DC bus voltage (200V).  

Lr Tx

Vo

Vac

D1 D4

D2 D3

Q1

Q2

Cin1

Cin2

Q3 Q4

Cr

Lm

S1

S2

Co

 

Fig.  3.2: Single-stage LLC converter with input voltage doubler circuit 

At low AC input voltage, the voltage doubler MOSFETs will be turned on, the input 

rectifier works in voltage doubler mode to increase the DC bus voltage. At high AC input 

voltage, the voltage doubler MOSFETs will be turned off, the input rectifier works in 

normal full bridge mode. By doing so, the rectified DC bus voltage range can be reduced, 

so that large magnetizing inductance can be used to meet voltage gain requirement.  

Fig. 3.3 shows the switching operation of the input voltage doubler circuit at high AC 

input. The rectifier works in normal full bridge mode, Q3 and Q4 are turned off. The 

capacitors Cin1 and Cin2 are connected in series leading to a total capacitance value of Cin1/2 

or Cin2/2. When AC input voltage drops to a low value, Q3 and Q4 are turned on. D1, D2, 

Q3, Q4, Cin1 and Cin2 together form a voltage doubler rectifier. Fig. 3.4 shows the 

corresponding switching operation. In this mode, D3 and D4 are not conducted. Cin1 and 
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Cin2 are charged to the AC peak value during positive and negative cycle respectively, 

leading to a DC voltage of two times of the AC peak value.  
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                           (a) AC positive cycle                                          (b) AC negative cycle           

Fig.  3.3: Switching operation at high AC input voltage 
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                           (a) AC positive cycle                                          (b) AC negative cycle           

Fig.  3.4: Switching operation at low AC input voltage 

      

        (a) 100V/60Hz AC input                                        (b) 240V/50Hz AC input  

Fig.  3.5: Waveform of the input circuit at 100V and 240V AC input, 65W output  

The simulation waveform of the input side circuit at 100V/60Hz and 240V/50Hz AC 

input, 65W output are shown in Fig. 3.5. The capacitance and voltage rating of Cin1 and 

Cin2 are 82µF and 200V. At 100V/60Hz AC input, the input circuit operates in voltage 
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doubler mode, while at 240V/50Hz AC input, it works in full bridge rectifier mode. The 

minimum and maximum values of the rectified DC bus voltage are shown in Table 3.1. 

Table 3.1: Minimum and maximum rectified DC bus voltage 

Input voltage Voltage doubler Min voltage Max voltage 

100V/60Hz AC ON 210V 255V 

240V/50Hz AC OFF 298V 340V 

Table 3.1 reveals that the rectified DC bus voltage changes from 210V to 340V instead 

of 100V to 340V. Therefore, larger magnetizing inductance can be designed to satisfy the 

narrowed voltage gain requirement. The rms current and the turn-off current will be 

reduced accordingly. High efficiency becomes very promising. In addition, Q3 and Q4 can 

be controlled by sensing the rectified DC bus voltage. On one hand, if the DC bus voltage 

is smaller than 210V, Q3 and Q4 will be turned on to increase the DC bus voltage. On the 

other hand, if the DC bus voltage is larger than 340V, Q3 and Q4 are turned off to avoid 

over voltage.  

3.3 LLC Power Adapter Design 

This section presents the design procedure of Si-based and GaN-based LLC power 

adapters. First harmonic approximation (FHA) method is used to design the circuit 

parameter and predict the voltage gain characteristic.  

3.3.1 Si-based LLC Power Adapter Design 

The diagram of the Si-based half bridge LLC power adapter is shown in Fig. 3.6. Q1 

and Q2 are the primary side Si MOSFETs. Q3 and Q4 are the voltage doubler MOSFETs. 

S1 and S2 are the secondary side synchronous rectifiers (SRs). The specification of the Si-

based LLC power adapter is given in Table 3.2.  
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Fig.  3.6: Diagram of the Si-based LLC power adapter 

Table 3.2: Specification of the Si-based LLC power adapter 

DC link voltage (Vdc) 
Rated output voltage 

(Vo) 

Rated output current 

(Io) 

Rated output power 

(Po) 

210V – 340V 19V 3.4A 65W 

Based on FHA method, the voltage gain function of the LLC converter can be 

normalized as,   
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                            (3.1) 

Where, k is the inductance ratio between the magnetizing inductor Lm and the series 

resonant inductor Lr; Qe is the quality factor; and fn is the normalized frequency. The 

definitions of k, Qe and fn are expressed as,   
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Where, fs is the switching frequency, and fr is the resonant frequency. Re is the AC 

equivalent load resistance, and can be calculated as,  
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Where, n is the transformer turns ratio. The resonant tank parameters can be designed as 

shown in the following. 

A) Determine Transformer Turns Ratio 

To ensure the converter operates in zero-voltage-switching (ZVS) region for primary 

sides switches and zero-current-switching (ZCS) region for secondary side switches, the 

resonant point (unity voltage gain) should be selected based on the maximum input voltage. 

Thus, the turns ratio of the transformer can be calculated as, 
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= = =     (3.4) 

In order to make sure that the converter works below resonance at all input voltages with 

enough margin, the transformer turns ratio is selected as 10 in practice.   

B) Determine Maximum and Minimum Voltage Gain 

Based on the selected transformer turns ratio, the required maximum and minimum 

voltage gain can be derived by, 
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C) Determine AC Equivalent Load Resistance 

The AC equivalent load resistance at 3.4A full load output is calculated as, 
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D) Determine Resonant Circuit’s Parameters 
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A frequency of 800kHz is selected initially as the series resonant frequency fr. The full 

load quality factor Qe_full is set to 0.12. Then, the series resonant capacitor Cr can be 

calculated as, 

 3
_ _

1 1
3.7

2 2 0.12 800 10 450.2
r

e full r e full

C nF
Q f R 

= = =
      

(3.8) 

By using four 1000pF capacitors connected in parallel, the Cr value is set to 4nF in practice. 

Then, the series resonant inductor Lr is derived as,  
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             (3.9) 

In practice, Lr is set to 10µH. 

On one hand, the magnetizing inductance Lm should be smaller enough to satisfy 

voltage gain requirement. On the other hand, the Lm should be larger enough to have 

smaller rms current and turn-off current. A compromise selection of the inductance ratio k 

is in the range of 5 – 10. By selecting the inductance ratio k as 9 initially, the magnetizing 

inductance Lm can be calculated as, 

 9 10 90m rL k L H H =  =  =                                   (3.10) 

E) Determine Actual Resonant Frequency and Quality Factor 

Based on the derived values of Cr and Lr, the actual series resonant frequency fr is 

calculated as, 
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           (3.11) 

Besides, the actual full load quality factor Qe_full is derived as,  
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Generally, one or more design iterations may be needed to meet all specifications, 

especially the voltage gain requirements. From optimizing point of view, choosing quality 

factor Qe of a smaller value and inductance ratio k of a larger value is a good starting point. 

The final circuit parameters are presented in Table 3.3. The voltage gain curves of the 

designed LLC resonant converter with respect to no load and full load are shown in Fig. 

3.7. From Fig. 3.7, the designed LLC converter could satisfy the required maximum and 

minimum voltage gain requirement at both 0A and 3.4A load conditions.   

Table 3.3: Parameters of the designed Si-based LLC power adapter 

Resonant 

frequency (fr) 
Turns ratio (n) 

Series resonant 

inductor (Lr) 

Series resonant 

capacitor (Cr) 

Magnetizing 

inductor (Lm) 

796kHz 10 10µH 4nF 90µH 

 

Fig.  3.7: Voltage gain curves of designed Si-based LLC power adapter 

3.3.2 GaN-based LLC Power Adapter Design 

Mg = 1.12 

Mg = 1.81 
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The diagram of the GaN-based half bridge LLC power adapter is shown in Fig. 3.8. 

Instead of using Si MOSFETs, GaN devices are used as the primary side switches Q1 and 

Q2.  

Lr Tx

Vo

Vac

D1 D4

D2 D3

Q1

Q2

Cin1

Cin2

Q3 Q4

Cr

Lm

S1

S2

Co

 

Fig.  3.8: Diagram of the GaN-based LLC power adapter 

FHA method can also be applied to design the GaN-based LLC converter. Taking 

advantage of ultrafast switching speed and low gate charge of GaN device, a frequency of 

1.3MHz is selected initially as the series resonant frequency fr. The design process of the 

GaN-based LLC converter is same as the Si-based case. The finalized parameters are 

presented in Table 3.4. The actual series resonant frequency fr, and full load quality factor 

Qe_full are derived as, 
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Table 3.4: Parameters of the designed GaN-based LLC power adapter 

Resonant 

frequency (fr) 
Turns ratio (n) 

Series resonant 

inductor (Lr) 

Series resonant 

capacitor (Cr) 

Magnetizing 

inductor (Lm) 

1.35MHz 10 7µH 2nF 50µH 
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The voltage gain curves of the designed GaN-based LLC converter with respect to no 

load and full load are shown in Fig. 3.9. It can be observed from Fig. 3.9 that the designed 

converter can also satisfy the maximum and minimum voltage gain requirement at both 0A 

and 3.4A load conditions.  

 

Fig.  3.9: Voltage gain curves of designed GaN-based LLC power adapter 

3.4 Simulation Studies and Loss Analysis 

In this section, the designed Si-based and GaN-based LLC power adapters are 

examined using PSIM simulation. Moreover, to determine the benefits of utilizing GaN 

devices, a comparative analysis on power loss between Si-based and GaN-based LLC 

power adapters is presented. The primary side device loss, the magnetic loss and the 

secondary side SR loss will be investigated and compared.   

3.4.1 Simulation of Si-based LLC Power Adapter  

The simulation parameters of the designed Si-based LLC converter are presented in 

Table 3.3. To verify that the converter can meet all voltage gain requirements, the 

simulations at four corner cases are carried out, including: 1) 210V DC input, 0A load, 2) 

Mg = 1.12 

Mg = 1.81 
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210V DC input, 3.4A load, 3) 340V DC input, 0A load, and 4) 340V DC input, 3.4A load. 

The input rectifier and voltage doubler circuit is not included in these DC input simulations.  

      

                   (a) 210V DC input 0A load                                  (b) 210V DC input 3.4A load           

Fig.  3.10: Simulation results of the designed Si-based LLC power adapter at 210V DC input 

      

                   (a) 340V DC input 0A load                                  (b) 340V DC input 3.4A load           

Fig.  3.11: Simulation results of the designed Si-based LLC power adapter at 340V DC input 

Fig. 3.10 shows the simulation results at 210V DC input 0A and 3.4A output, 

respectively. The switching frequency at 210V DC input, 3.4A output is 350kHz. The 

corresponding primary side rms current is 0.88A. Fig. 3.11 shows the simulation results at 

340V DC input, 0A and 3.4A output, respectively. The switching frequency is increased to 

570kHz at 340V DC input, 3.4A output. The primary side rms current is reduced to 0.7A. 
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The output voltage can be regulated to 19V at all four corner cases, which indicates that 

the designed Si-based LLC converter can meet voltage gain requirement over all input 

voltage and output load ranges.  

      

                   (a) 120V AC input 0A load                                  (b) 120V AC input 3.4A load           

Fig.  3.12: Simulation results of the designed Si-based LLC power adapter at 120V AC input 

      

                   (a) 220V AC input 0A load                                  (b) 220V AC input 3.4A load           

Fig.  3.13: Simulation results of the designed Si-based LLC power adapter at 220V AC input 

Furthermore, the simulation studies under AC input are also carried out. Fig. 3.12 

shows the simulation results at 120V/60Hz AC input, 0A and 3.4A output, respectively. 

The input rectifier works in voltage doubler mode to boost the DC bus voltage. Q3 and Q4 

are turned on. Fig. 3.13 shows the simulation results at 220V/50Hz AC input, 0A and 3.4A 
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output, respectively. The input rectifier operates in normal full bridge rectifier mode, and 

Q3 and Q4 are turned off. From Fig. 3.12 and Fig. 3.13, the output voltage can be controlled 

to 19V at both 120V and 220V AC inputs. 

Double line frequency ripple will occur when AC input voltage is rectified to DC 

voltage by using the diode bridge rectifier. This double line frequency ripple is delivered 

to output side through the LLC DC-DC converter. To eliminate the ripple, the feedback 

controller should be developed to achieve large bandwidth and high loop gain at the 

frequency. However, in this study, the controller is designed to achieve stable operation 

over all input and output conditions, other than achieving fast dynamic response. Thus, the 

bandwidth and the loop gain at double line frequency are limited. The double line voltage 

ripple is existing, as shown in Fig. 3.12(b) and Fig. 3.13(b). 

The simulation results with AC input voltage also verify the validity of the designed 

Si-based LLC converter.  

3.4.2 Simulation of GaN-based LLC Power Adapter  

The simulation parameters of the designed GaN-based LLC converter are presented in 

Table 3.4. The simulation studies are also performed with DC input and AC input. Fig. 

3.14 shows the simulation results at 210V DC input with 0A and 3.4A output, respectively. 

The switching frequency at 210V DC input, 3.4A output is 630kHz, which is almost 

doubled compared to Si-based converter at the same simulation condition. Besides, the 

primary side rms current is 0.85A. Fig. 3.15 shows the simulation results at 340V DC input 

0A and 3.4A output, respectively. The switching frequency is increased to 1MHz, while 

the primary side rms current is reduced to 0.7A.  
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Fig. 3.16 shows the simulation results at 120V/60Hz AC input, 0A and 3.4A output. 

Q3 and Q4 are turned on to increase the DC bus voltage. Fig. 3.17 shows the simulation 

results at 220V/50Hz AC input, 0A and 3.4A output. Q3 and Q4 are turned off. From Fig. 

3.16 and Fig. 3.17, the output voltage can be controlled to 19V at both 120V and 220V AC 

input, 0A and 3.4A output. The double line frequency ripple is also existing on output 

voltage at 3.4A load due to the slow response of the closed loop. The simulation results 

verify the correctness and effectiveness of the designed GaN-based LLC converter.   

      

                   (a) 210V DC input 0A load                                  (b) 210V DC input 3.4A load           

Fig.  3.14: Simulation results of the designed GaN-based LLC power adapter at 210V DC input 

      

                   (a) 340V DC input 0A load                                  (b) 340V DC input 3.4A load           

Fig.  3.15: Simulation results of the designed GaN-based LLC power adapter at 340V DC input 
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                   (a) 120V AC input 0A load                                  (b) 120V AC input 3.4A load           

Fig.  3.16: Simulation results of the designed GaN-based LLC power adapter at 120V AC input 

      

                   (a) 220V AC input 0A load                                  (b) 220V AC input 3.4A load           

Fig.  3.17: Simulation results of the designed GaN-based LLC power adapter at 220V AC input 

3.4.3 Comparison Between Si-based and GaN-based Power Adapters 

In this section, the power loss on primary side switches, magnetics and secondary side 

switches will be analyzed and compared between the designed Si-based and GaN-based 

power adapters. 
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The primary side device loss mainly includes conduction loss, gate drive loss and 

switching loss. Due to the ZVS operation, there is no turn-on loss on the primary side 

switches. Moreover, the turn-off loss of both MOSFET and GaN device is very small and 

can be neglected. Si MOSFET of IPD65R190C7 from Infineon and GaN device of 

GPI65015DFN from GaNPower International are selected as the primary side switches for 

Si-based and GaN-based converters, respectively. Table 3.5 shows the key parameters of 

the selected Si and GaN devices.  

Table 3.5: Key parameters of primary side Si and GaN devices 

Primary device Voltage rating On-state resistance Gate charge 

IPD65R190C7 

 (Si MOSFET) 
650V 

168mΩ @ 10V, 25°C 

235mΩ @ 10V, 75°C 
23nC @ 10V 

GPI65015DFN 

(GaN) 
650V 

85mΩ @ 6V, 25°C 

130mΩ @ 6V, 75°C 
3.5nC @ 6V 

From simulation, for Si-based converter, at 210V DC input, 3.4A output, the primary 

side rms current is 0.88A and the switching frequency is 350kHz. The rms current is 

reduced to 0.7A and the switching frequency is increased to 570kHz, when input voltage 

is increased to 340V. For GaN-based converter, at 210V DC input and 3.4A output, the 

primary side rms current is 0.85A and the switching frequency is 630kHz. When input 

voltage increases to 340V, the primary side rms current is reduced to 0.7A and the 

switching frequency is increase to 1MHz.  

Based on the above simulation data and the responding parameters shown in Table 

3.5, the device conduction loss and gate drive loss can be calculated. The loss breakdown 

and comparison are shown in Fig. 3.18. Taking temperature rising into consideration, the 

on-state resistance at 75°C is used in the calculation. At 210V DC input, the total loss for 

Si and GaN devices are 340mW and 120mW, respectively. At 340V DC input, the total 
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loss for Si and GaN devices become 380mW and 125mW, respectively. The loss reduction 

of GaN devices is close to 65% compared to Si MOSFETs, due to the smaller on-state 

resistance and lower gate charge.   

       

 (a) 210V DC input 3.4A output                              (b) 340V DC input 3.4A output 

Fig.  3.18: Primary side loss breakdown and comparison 

3.4.3.2 Power Loss on Magnetics 

EE18 and RM8 cores are selected to build the resonant inductor and the transformer 

for Si-based board. Because of the higher operating frequency, the sizes of magnetic 

components on GaN-based board are reduced. RM4 and RM6 are used to build the resonant 

inductor and the transformer for GaN-based board. The core size information is presented 

in Table 3.6. 3F36 material is used, which is suitable for switching frequency from 500kHz 

to 1MHz. From the volume point of view, the magnetic size of GaN-based board is reduced 

by 65% compared to its Si-based counterpart, which helps to achieve higher power density.   

Since the operating frequency is quite high for LLC converter, the high frequency 

effect on winding loss cannot be ignored [72]. The AC resistance will be increased due to 

skin effect and proximity effect. Litz wire is used to implement the magnetics’ winding to 

minimizing the AC loss. The AC resistance of the Litz wire can be estimated based on 

Sullivan’s method [73]. The details of the magnetics winding are described as follows.  



47 

Table 3.6: Key parameters of EE18, RM8, RM4 and RM6 cores 

 Si-based board GaN-based board 

Magnetics 
Resonant inductor 

(Lr) 
Transformer (Tx) 

Resonant inductor 

(Lr) 
Transformer (Tx) 

Core EE18 RM8 RM4 RM6 

Ae (mm2) 39.5 63 13.8 37 

Length × Height  

(mm × mm) 
18 × 8 23 × 16.4 11 × 10.4 18 × 12.4 

Vc (mm3) 1660 2440 322 1090 

For Si-based converter, the resonant inductor winding is realized using 5 turns of 2 

layers of Litz wire with 405 strands 1.47mm outside diameter. The transformer primary 

winding is achieved using 20 turns of 2 layers of Litz wire with 160 strands 0.9mm outside 

diameter. The transformer secondary side winding is achieved using 2 turns of 1 layer of 

Litz wire with 405 strands 1.47mm outside diameter.  

Due to the reduced core size and window area, thinner Litz wires are used to 

implement the resonant inductor and the transformer for GaN-based converter. Specifically, 

the resonant inductor is constructed using 10 turns of 2 layers of Litz wire with 420 strands 

1.2mm outside diameter. The transformer primary side winding is realized with 20 turns 

of 2 layers of Litz wire with 165 strands 0.74mm outside diameter. The transformer 

secondary side winding is achieved using 2 turns of 1 layer of Litz wire with 420 strands 

1.2mm outside diameter.  

Fig. 3.19 shows the magnetic core loss and copper loss breakdown and comparison. It 

can be observed from Fig. 3.19 that the transformer core loss is the dominant power loss. 

It accounts for almost 70% of the total magnetic loss for both Si-based and GaN-based 

converters. No matter for Si-based or GaN-based converters, the transformer core loss is 

reduced when input voltage is increased. This is because the core loss is mainly determined 

by the maximum flux density instead of the switching frequency at the simulation 
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conditions. Although the increased input voltage leads to higher operating frequency, it 

also causes lower maximum flux density, which helps reduce the core loss. In addition, 

compared to Si-based board, GaN-based board provides 14% and 4% magnetic loss 

reduction at 210V and 340V DC input, respectively.  

            

(a) 210V DC input 3.4A output                              (b) 340V DC input 3.4A output 

Fig.  3.19: Magnetic loss breakdown and comparison 

3.4.3.3 Total Power Loss 

The total power loss breakdown and comparison between Si-based and GaN-based 

power adapters are shown in Fig. 3.20. It is noted that for both Si-based and GaN-based 

converters, same Si MOSFETs are selected as the secondary side SRs. In addition, the 

secondary side rms current for both converters are similar from simulation studies. Thus, 

the SR conduction loss for both converters are the same. Moreover, since the higher 

switching frequency, the SR gate drive loss of GaN-based converter is increased by 80%.  

To sum up, the total power loss reduction of GaN-based converter is about 12% at 

210V DC input, and 4% at 340V DC input. Thus, GaN-based converter could help reduce 

the passive component size and increase the power density without sacrificing the system 

performance. Similar efficiency is expected for Si-based and GaN-based converters. It 
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should be noted that the power losses on diode bridge rectifier and voltage doubler 

MOSFETs are not considered. The control loss is not included in the analysis either. 

      

(a) 210V DC input 3.4A output                              (b) 340V DC input 3.4A output 

Fig.  3.20: Total power loss breakdown and comparison 

3.5 Experimental Results 

Both Si-based and GaN-based power adapter prototypes are built and tested. This 

section presents the experimental results of the designed Si-based and GaN-based LLC 

power adapters.  

3.5.1 Experimental Results of Si-based LLC Power Adapter  

To experimentally verify the effectiveness of the proposed Si-based LLC power 

adapter, a 100V – 240Vrms AC input, 19V/65W output prototype was built and tested. A 

low-cost micro-controlled unit (MCU) of dsPIC33FJ06GS202A from Microchip is used to 

control the operation mode of the input rectifier and regulate output voltage. Table 3.7 

shows the prototype parameters. Five 25µF/25V ceramic capacitors are connected in 

parallel as the output filter. 

Fig 3.21 shows the waveform captured at 210V DC input and 19V/3.4A output. It can 

be observed from Fig. 3.21 that the MOSFET is turned on after its drain to source voltage 

drops to zero.  Therefore, ZVS turn-on is achieved for primary side MOSFETs. The 
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measured rms current flowing throu the series resonant inductor is 800mA, which is almost 

the same with the simulation result of 880mA. 

Table 3.7: Parameters and specifications of Si-based prototype 

Input capacitor 
UCY2D820MHD9  

82µF/200V × 2 

Transformer 
n = 10, Lleak = 4µH,  

Lm = 90µH, RM8 core 

Resonant inductor Lr = 6µH, EE18 core 

Resonant capacitor 
VJ1206A102JXGAT5Z 1KV, 

1000pF × 4 

Primary side switches 
IPD65R190C7               

(650V, 13A) × 2 

Secondary side switches 
BSZ110N06NS3GATMA1 

(60V, 20A) × 2 

Output capacitor 
C3216JB1E476M160AC, 

47µF/25V × 5 

Micro-controller DSPIC33FJ06GS202A 

 

CH2: gate signal of low side MOSFET     CH3: drain to source voltage of low side MOSFET 

CH4: series resonant current    

Fig.  3.21: Waveform of the designed Si-based LLC power adapter at 210V DC input 3.4A output 

Fig. 3.22 presents the steady-state waveforms with 120V/60Hz AC input voltage, at 

0A load and 3.4A load, respectively. At the testing condition, voltage doubler switches Q3 

and Q4 are turned on to increase the rectified DC bus voltage. Fig. 3.23 shows the steady-

ZVS 
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state waveforms with 220V/50Hz AC input voltage, at 0A load and 3.4A load, respectively. 

Q3 and Q4 are turned off to avoid over voltage.  

From both Fig. 3.22 and Fig. 3.23, the output voltage can be regulated to 19V at both 

120V and 220V AC input, 0A and 3.4A load. In addition, the double line frequency ripple 

is existing on output voltage at 3.4A load current. The experimental results have good 

agreement with the simulation results. 

 

CH2: gate signal of low side MOSFET     CH3: output voltage     CH4: series resonant current    

 (a) 120V/60Hz AC input 0A load 

 

CH2: gate signal of low side MOSFET     CH3: output voltage     CH4:  series resonant current    

(b) 120V/60Hz AC input 3.4A load 

Fig.  3.22: Waveform of the designed Si-based LLC power adapter at 120V/60Hz AC input 

Vo = 19V 

Vo = 19V 
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CH2: gate signal of low side MOSFET     CH3: output voltage     CH4: series resonant current    

(a) 220V/50Hz AC input 0A load 

 

CH2: gate signal of low side MOSFET     CH3: output voltage     CH4: series resonant current    

(b) 220V/50Hz AC input 3.4A load 

Fig.  3.23: Waveform of the designed Si-based LLC power adapter at 220V/50Hz AC input 

3.5.2 Experimental Results of GaN-based LLC Power Adapter  

A 100V – 240Vrms AC input, 19V/65W output GaN-based prototype is also built and 

tested in the laboratory. The corresponding parameters of the developed prototype are 

shown in Table 3.8. GaN devices of GPI65015DFN (650V/15A) from GaNPower 

International are used as the primary side switches.  

 

Vo = 19V 

Vo = 19V 
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Table 3.8: Parameters and specifications of GaN-based prototype 

Input capacitor 
UCY2D820MHD9  

82µF/200V × 2 

Transformer 
N = 10, Lleak = 2µH,  

Lm = 50µH, RM6 core 

Resonant inductor Lr = 5µH, RM4 core 

Resonant capacitor 
VJ1206A102JXGAT5Z 1KV, 

1000pF × 4 

Primary side switches 
GPI65015DFN  

(650V, 15A) × 2 

Secondary side switches 
BSZ110N06NS3GATMA1 

(60V, 20A) × 2 

Output capacitor 
C3216JB1E476M160AC, 

47µF/25V × 5 

Micro-controller DSPIC33FJ06GS202A 

Fig. 3.24 and Fig. 3.25 show the steady-state waveform of GaN-based power adapter 

at 210V and 340V DC input, 3.4A output, respectively. ZVS turn-on can be achieved for 

primary side GaN devices at both test conditions. The switching frequencies at 210V and 

340V DC input are 688kHz and 1.08MHz, respectively, which are similar to the simulation 

results of 630kHz and 1MHz.  

 
CH1: drain to source voltage of low side GaN CH2: gate signal of low side GaN CH3: series resonant current    

Fig.  3.24: Waveform of the designed GaN-based LLC power adapter at 210V DC input 3.4A 

output 

ZVS 
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CH1: drain to source voltage of low side GaN CH2: gate signal of low side GaN CH3: series resonant current    

Fig.  3.25: Waveform of the designed GaN-based LLC power adapter at 340V DC input 3.4A 

output 

Fig. 3.26 shows steady-state waveform at 120V/60Hz AC input, 3.4A output. At the 

testing condition, voltage doubler switches Q3 and Q4 are turned on. Fig. 3.27 shows 

steady-state waveform at 220V/50Hz AC input, 3.4A output, while Q3 and Q4 are turned 

off. For both DC and AC input voltages, the output voltage can be controlled to its desired 

value of 19V. Due to the slow response of the designed closed loop, the output voltage also 

has double line frequency ripple at 3.4A load.  

 
CH2: DC bus voltage     CH3: output voltage     CH4:  series resonant current    

Fig.  3.26: Waveform of the designed GaN-based LLC power adapter at 120V AC input 3.4A 

output 

Vo = 19V 

ZVS 
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CH1: output voltage     CH2: DC bus voltage      

CH3: gate signal of low side GaN     CH4: series resonant current    

Fig.  3.27: Waveform of the designed GaN-based LLC power adapter at 220V AC input 3.4A 

output 

Fig. 3.28 shows the measured efficiencies of Si-based and GaN-based power adapters 

at 120V/60Hz AC input, from light load to full load. Fig. 3.29 shows the measured 

efficiency of both power adapters at 220V/50Hz AC input. It can be observed from Fig. 

3.28 and Fig. 3.29 that GaN-based converter could achieve higher efficiency than Si-based 

converter over entire output load ranges at both 120V and 220V AC input. Particularly, it 

demonstrates 93.8% peak efficiency at 220V AC input, which is about 0.5% higher than 

that of Si-based converter. The power dissipation on full bridge rectifier and voltage 

doubler MOSFETs is included, and the power dissipation on control circuit is not included. 

The efficiency improvement of GaN-based converter over Si-based converter is mainly 

caused by the reduction of conduction loss and gate drive loss of primary side devices, and 

core loss of the transformer.   

Vo = 19V 
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Fig.  3.28: Measured efficiencies of Si-based and GaN-based power adapters at 120V AC input 

 

Fig.  3.29: Measured efficiencies of Si-based and GaN-based power adapters at 220V AC input 

3.6 Conclusion 

In this chapter, an LLC resonant converter is used for 65W AC-DC power adapter 

application. Input voltage doubler circuit is added to reduce the DC bus voltage range, so 

that the LLC converter can be optimized with large magnetizing inductance. Both Si-based 

and GaN-based half bridge LLC power adapters are designed based on FHA method. 

Simulation results validate the designed converters. The power loss on primary side 

switches, magnetics and secondary side SRs are analyzed and compared. Due to the 
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advantages of GaN devices over conventional Si MOSFETs, GaN-based LLC power 

adapter could provide size reduction for magnetics components, while maintaining similar 

system performance.  

Both Si-based and GaN-based of 120V – 240Vrms AC input, 19V/65W output 

prototypes have been built and tested. On the prototypes, the magnetics size of GaN-based 

converter is reduced by 65% compared to Si-based converter due to the higher switching 

frequency. The experiment results justify the feasibility and effectiveness of both power 

adapters. Moreover, it demonstrates a peak efficiency of 93.8% at 220V AC input for GaN-

based power adapter, which is about 0.5% higher than that of Si-based power adapter. 
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500W High Efficiency Wide Input Voltage Range LCLC Resonant 

Converter with Nonlinear Voltage-controlled Oscillator 

4.1 Introduction 

With advancements of power electronics devices and power conversion technology, 

high efficiency and high power density become a major challenge for front-end DC-DC 

converter in server and data center applications. Fig. 4.1 shows the structure of a front-end 

server power supply system. 
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Fig.  4.1: Structure of a front-end server power supply system 

LLC resonant converter featuring high switching frequency and high efficiency is an 

excellent candidate for the front-end DC-DC converter. To meet the hold-up time 

requirement, LLC resonant converter is preferred to be designed with wide input voltage 

range (250V – 400V). Otherwise, a large electrolytic capacitor will be added on DC bus 

side, which will defeat the purpose of improving power density. But for conventional LLC 

converter, the performance will be deteriorated once the converter is designed for 

accommodating regulation over wide input voltage range. This is because a small 
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magnetizing inductor needs to be used to achieve the voltage gain requirement at low input 

voltage. Such design will significantly increase primary side rms current and turn-off 

current at normal input voltage, such as 400V, leading to additional conduction loss and 

turn-off loss on primary side switches. A modified LLC topology with variable 

magnetizing inductance, LCLC resonant converter, has been successfully proved to extend 

the input voltage range without sacrificing normal efficiency. The diagram of the LCLC 

resonant converter is shown in Fig. 4.2. A capacitor is added in series with the magnetizing 

inductor. The equivalent impedance of the parallel branch is designed to be inductive. 

Therefore, the resonant tank is still an L-L-C structure featuring variable magnetizing 

inductance. Conventional frequency modulation method can still be used to regulate the 

output voltage, leading to an easy-to-control resonant converter with high reliability. 
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Fig.  4.2: Diagram of the LCLC resonant converter 

Because of the steeper voltage gain variation of the LCLC converter, it is more difficult 

to regulate the output voltage than conventional LLC converter. The frequency modulation 

with linear voltage-controlled oscillator (VCO) could lose output voltage regulation at 

corner input cases. Besides, the stability margin at low input voltage and the dynamic 

response at high input voltage may also be sacrificed. To better control the LCLC resonant 
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converter, a frequency modulation with a nonlinear VCO control strategy is proposed in 

this chapter.   

This chapter is organized as follows: Section 4.2 analyzes the wide voltage gain feature 

of the LCLC resonant converter; Section 4.3 introduces the details of the proposed 

frequency modulation and nonlinear VCO control strategy; Section 4.4 demonstrates the 

effectiveness of the designed LCLC resonant converter and the proposed nonlinear VCO 

through simulation and experimental studies; and a summary is given in Section 4.5. 

4.2 LCLC Resonant Converter 

To make sure that the LCLC resonant converter behaves like an LLC converter with 

variable magnetizing inductance, the equivalent impedance of Lp and Cp connected in series 

must be inductive. The resonant frequency of Lp and Cp can be derived as, 
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                                               (4.1) 

Thus, the switching frequency of the converter should satisfy,  

 s pf f                                                           (4.2) 

Then, the equivalent inductance Lm_eq is modified along with switching frequency, and 

can be calculated as,  

 ( )
( )

_ 2

1

2
m eq s p

s p

L f L
f C

= −                                      (4.3) 

Where, fs is the switching frequency.  

The equivalent magnetizing inductor Lm_eq is increasing along with the increasing of 

the fs. On one hand, at high input voltages, high switching frequency is needed to reduce 
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the voltage gain. While high switching frequency leads to high equivalent magnetizing 

inductance, Lm_eq, which could help reduce the primary side rms current and turn-off 

current. On the other hand, at low input voltages, low switching frequency is needed to 

boost the voltage gain, the equivalent magnetizing inductance is reduced accordingly. 

Thus, high voltage gain can be achieved at low input voltages. 

The LCLC resonant tank can be simplified as a first order sinusoidal circuit based on 

first-harmonic approximation (FHA) method by ignoring all higher order harmonics, as 

shown in Fig. 4.3. 

Lr

Cr

Lm_eq Re

 

Fig.  4.3: Sinusoidal model of the LCLC resonant tank 

Based on FHA method, the voltage gain function of the LCLC converter can be 

normalized as,   
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                       (4.4) 

Where, keq is the inductance ratio between the equivalent magnetizing inductor Lm_eq and 

the series resonant inductor Lr; Qe is the quality factor; and fn is the normalized frequency. 

The definitions of these variables are expressed as, 
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The specifications of an 250V – 400V DC input, 12V/500W output LCLC resonant 

converter are shown in Table 4.1. The design process of the LCLC is similar with 

conventional LLC converter, except that the inductance ratio is changing with respect to 

the switching frequency. Instead of setting one constant inductance ratio, the minimum 

inductance ratio of keq_min at lowest operating frequency and the maximum inductance ratio 

of keq_max at highest operating frequency should be set to calculate the Lp and the Cp value. 

The Lp and the Cp value can be calculated based on the following equations. 
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Table 4.1: Specification of an 12V/500W front-end LCLC resonant converter 

DC input voltage (Vin) 
Rated output voltage 

(Vo) 

Rated output current 

(Io) 

Rated output power 

(Po) 

250V – 400V 12V 42A 500W 

The final parameters of the designed LCLC resonant converter is shown in Table 4.2. 

With such parameters, the series resonant frequency of Lr and Cr is 340kHz, the parallel 

resonant frequency of Lp and Cp is 150kHz. Fig. 4.4 shows the voltage gain curves of the 

designed LCLC converter at 0A and 42A outputs. It can be observed from Fig. 4.4 that the 

designed converter could meet the voltage gain requirement over all input voltages and 

output loads. The operating frequency changes between 170kHz and 250kHz. The 

maximum required voltage gain is 1.6 at 250V input. The minimum required voltage gain 
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is 1.02 at 400V input. Moreover, it should be noticed that the voltage gain is zero at 

150kHz, at which point the parallel inductor Lp is resonant with the parallel capacitor Cp, 

and the transformer primary side is equivalently short circuit. 

Table 4.2: Parameters of the designed LCLC resonant converter 

Turns ratio (n) 
Series resonant 

inductor (Lr) 

Series resonant 

capacitor (Cr) 

Parallel resonant 

inductor (Lp) 

Parallel resonant 

capacitor (Cp) 

17 11µH 20nF 227µH 5nF 

 

Fig.  4.4: Voltage gain curves of the designed LCLC resonant converter 

 

Fig.  4.5: Relationship between equivalent magnetizing inductance and switching frequency 
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Fig. 4.5 illustrates the relationship between equivalent magnetizing inductor and 

switching frequency. The equivalent Lm_eq is of large value at 250kHz, which is 146µH. It 

is reduced to 52µH when switching frequency decreases to 170kHz.  

Assuming that the resonant frequency and the quality factor at full load are the same 

with designed LCLC converter, the magnetizing inductance of conventional LLC converter 

should be as small as 40µH to satisfy voltage gain requirements over all input and output 

conditions, as shown in Fig. 4.6.   

 

Fig.  4.6: Voltage gain curves of conventional LLC resonant converter 

Comparing Fig. 4.4 and Fig. 4.6, several things can be observed, including, 

1) The voltage gain curve of LCLC converter is steeper than conventional LLC 

converter when switching frequency is far below resonant frequency. Thus, LCLC 

converter can easily achieve wider voltage gain range.   

2) Same as conventional LLC converter, the voltage gain of LCLC converter at the 

resonant frequency is unity. It is also independent of load.  

3) In the vicinity of the resonant frequency, the voltage gain curve of LCLC converter 

becomes flatter than conventional LLC converter. Therefore, to further reduce the 

Mg = 1.02 

Mg = 1.6 
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voltage gain, the switching frequency of LCLC converter should become much 

higher than conventional LLC converter.  

4) It is preferred to operate the LCLC converter at or below the resonant frequency 

other than beyond the resonant frequency. Thus, the steeper voltage gain area can 

be utilized to accommodate wide input voltage and output load variation range.  

5) To meet voltage gain requirement, the magnetizing inductance of LCLC converter 

can change from 52µH to 146µH, while the magnetizing inductance of LLC 

converter needs to be fixed at 40µH. It is more promising for LCLC converter to 

achieve high efficiency over wide input voltage range.  

4.3 Frequency Modulation with Nonlinear VCO 

In this section, the state-space model of the LCLC resonant converter is introduced. 

Besides, the control strategy of frequency modulation with proposed nonlinear VCO is 

presented in detail.  

4.3.1 State-space Model of LCLC Resonant Converter 

Unlike conventional PWM-based converter, the small signal model of LLC converter 

cannot be obtained from the state-space averaging method since its switching frequency is 

close to the natural frequency of the resonant tank. Generally, extended describing function 

(EDF) method is applied to model the LLC resonant converter as this method considers all 

switching frequency harmonics for accuracy [74-76]. LCLC resonant converter, similar to 

LLC resonant converter, can also be modeled by using the EDF method. The equivalent 

circuit of the LCLC resonant converter is shown in Fig. 4.7. 
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Fig.  4.7: Equivalent circuit of the LCLC resonant converter 

The state-space representation of the LCLC resonant converter is expressed as [74], 
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Where,  
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is the state vector. is and ic are the sine and cosine components of the fundamental series 

resonant current. vs and vc are the sine and cosine components of the fundamental resonant 

capacitor voltage. ims and imc are the sine and cosine components of the fundamental 

magnetizing current. vco is the DC component of the output voltage. ˆˆ
nu =  is the control 

input of the system, which is the normalized frequency in radians. ˆ ˆ
oy v=  is the output voltage 

of the system. The definitions of the matrix A, B, C, and D are expressed as,  
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Where, Co is the output filter capacitor. rs is the DC resistance of the series resonant 

inductor, and rc is the ESR of the output filter capacitor. ωr is the resonant frequency in 

radians. r’c is the equivalent resistance of the parallel connection of the rc and the load 

resistor. More variable definitions in the matrix can be found as follows. 
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Where, Vco is the voltage across the output filter capacitor without considering the ESR. 

Based on (4.8), the control-to-output voltage transfer function can be calculated as, 
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By using MATLAB programming, the transfer function of output voltage over 

switching frequency can be derived from (4.21). It is a complicated seven order function. 

It can be simplified and generalized as a fourth-order model by neglecting poles and zeros 

beyond switching frequency, and expressed as, 
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Where, ωp1 represents the dominant pole, and ωp2 is the high frequency pole. ωesr is the 

zero on the left half plane, and ωRHP is the zero on the right half plane.  

Considering the rc of 5mΩ, and the rs of 10mΩ, the transfer function of the LCLC 

resonant converter at 400V DC input, 12V/42A output can be written as,  
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If only taking the dominant poles into consideration, the transfer function (4.22) can 

be further simplified as a second-order model, 
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The simplified second-order transfer function at 400V DC input, 12V/42A output can 

be written as,  
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                                  (a) 1A load                                                       (b) 42A load           

Fig.  4.8: Bode plots of the fourth-order and the second-order model at 250V DC input 

      

                                  (a) 1A load                                                       (b) 42A load           

Fig.  4.9: Bode plots of the fourth-order and the second-order model at 400V DC input 

Fig. 4.8 shows the bode plots of the simplified fourth-order and second-order transfer 

functions at 250V DC input, 1A output and 42A output, respectively. Fig. 4.9 shows the 

bode plots of simplified transfer functions at 400V DC input, 1A and 42A output, 

respectively. The solid line represents the simplified second-order model, and the dash line 

represents the simplified fourth-order model. It can be observed from Fig. 4.8 and Fig. 4.9 

that in high frequency range (above 200kHz), the simplified second-order model attenuates 

much quicker than fourth-order model. This is because the high frequency conjugate pole 

is excluded for second-order model. However, in low and medium frequency range (below 
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200kHz), the second-order model share similar frequency characteristics with fourth-order 

model. The simplified second-order model is accurate enough for the loop design. 

4.3.2 Control Strategy of LCLC Resonant Converter 

The closed loop diagram of the LCLC resonant converter is shown in Fig. 4.10. A type 

II controller implemented by “TL431 + optocoupler” is used to implement output voltage 

regulation and provide electrical isolation between primary and secondary sides [77, 78]. 

The feedback signal Vf is then used to calculate the desired switching frequency for primary 

side switches through VCO. 
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Fig.  4.10: Closed loop diagram of the LCLC resonant converter 

4.3.2.1 Type II Controller Design 

The transfer function of the type II feedback compensator is expressed as, 
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Where, CTR is the current transfer ratio of the optocoupler. For different optocouplers, the 

CTR varies from 50% to 600%. In this design, an optocoupler with CTR varying from 

100% to 200% is used.  

The internal reference voltage of the TL431 is normally 2.5V, thus, the output voltage 

will be regulated to,  
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                                               (4.27) 

The output voltage can be controlled to its desired value by proper selecting the resistor 

R1 and R2. As the desired output voltage is 12V, resistor values of 20kΩ and 5.25kΩ are 

selected for R1 and R2 in practice.  

The resistor R3 is used to limit the current flowing through the optocoupler LED. The 

maximum current flowing through the optocoupler LED can be calculated as,  

   
431

3

o forward TL _min

LED_max

V V V
I

R

− −
=                                   (4.28) 

Where, Vforward is the forward voltage drop of the optocoupler LED, which is normally 

0.7V. VTL431_min is the minimum cathode-to-anode voltage of the TL431, which is 2.5V. 

The maximum current ILED_max is usually selected in the range of 5mA to 10mA to utilize 

the relatively linear CTR region of the optocoupler. A 1kΩ resistor is used as R3 in practice, 

resulting in a maximum current of 8.8mA flowing through the optocoupler LED. With 

8.8mA current, the CTR of the selected optocoupler is around 160%. 
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The maximum current reflected to the optocoupler bipolar transient side is then 

derived as, 

    opto_max LED_maxI I CTR=                                              (4.29) 

Thus, the minimum feedback voltage can be determined as, 

    4f_min cc opto_maxV V I R= −                                              (4.30) 

If there is no current flowing through the optocoupler LED, the reflected current on 

optocoupler bipolar transient side will be zero, and the feedback voltage will be at its 

maximum value of Vcc. Thus, the feedback voltage changes from Vf_min to Vcc, which is also 

the input voltage range of the VCO. The resistor R4 should be set as a small value so that 

the minimum feedback voltage Vf_min can be approached to the saturation voltage of the 

optocoupler bipolar transient, which is normally around 0.5V. Thus, wide feedback voltage 

range can be obtained.  

In addition to the feedback voltage range, the poles and zeros of the type II controller 

should also be considered carefully to make sure that the controller could help achieve 

good feedback performance. The final parameters of the designed type II controller are 

shown in Table 4.3. Based on the designed parameters, the feedback voltage Vf is changing 

between 0.5V and 3.3V. The bode plot of the designed controller is shown in Fig. 4.11.  

Table 4.3: Parameters of the designed type II controller 

Resistor (R1) Resistor (R2) Resistor (R3) Resistor (R4) 

20kΩ 5.25kΩ 1kΩ 200Ω 

Capacitor (C1) Capacitor (C2) 
Current transfer ratio 

(CTR) 

Maximum feedback 

voltage (Vcc) 

20nF 0.56µF 1.6 3.3V 



74 

 
Fig.  4.11: Bode plot of the designed type II controller 

4.3.2.2 Proposed Nonlinear VCO Design 

Taking advantage of digital control, a micro-controller unit (MCU) is used as the 

VCO. The MCU at first senses the feedback single Vf by using ADC module, then, 

calculates the desired switching frequency based on the sensed voltage, finally, outputs 

PWM signal to primary side switches. For conventional linear VCO, the relationship 

between feedback voltage Vf and switching period Ts is linear, and can be expressed as, 

 ( )s f nT aV b F= +                                                      (4.31) 

Where, a and b are parameters to be determined. Fn is the PWM resolution of the MCU. 

Thus, the corresponding switching frequency can be derived as, 

 ( )
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s
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T aV b F

= =
+                                              (4.32) 

Fig. 4.12 shows the relationship between feedback voltage and switching frequency 

with different a and b combinations. It can be observed from Fig. 4.12 that the ratio of 

switching frequency over feedback voltage can be approximately seen as constant, which 

is referred as proportional coefficient in the following discussion. The proportional 
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coefficient should be designed carefully to not only cover whole switching frequency range 

within feedback voltage variation range, but achieve enough stability margin and fast 

dynamic response [79].  

If a small proportional coefficient is designed, the switching frequency range will be 

narrowed, which will not be able to cover whole operating frequencies. The output voltage 

will loss regulation at certain cases. In addition, small proportional coefficient will cause 

low bandwidth and slow dynamic response at high input voltages. For example, with a = 

1000 and b = 3600, switching frequency is changing from 170kHz to 240kHz within Vf 

variation range of 0.5V to 3.3V. Thus, the output voltage will loss regulation when the 

required switching frequency is above 240kHz.  

Conversely, if a large proportional coefficient is set, the switching frequency range 

will be expanded. However, the system may become unstable, especially when it operates 

far below the resonant frequency, where the voltage gain changes sharply. For example, 

with a = 1400 and b = 2800, the switching frequency is changing from 170kHz to 290kHz 

within Vf variation range of 0.5V to 3.3V. Although all operating frequencies can be 

covered, the minor variation on feedback voltage causes large variation on switching 

frequency. Considering that the voltage gain of LCLC resonant converter changes a lot 

with small variation on switching frequency, when works far below resonant frequency. 

Thus, the minor variation on feedback voltage leads to large variation on switching 

frequency, and even larger variation on voltage gain, which will cause the system unstable.  
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Fig.  4.12: Relationship between feedback voltage and switching frequency 

By taking both switching frequency range and control performance into consideration, 

a compromised combination of a = 1200 and b = 3200 could be a better choice for linear 

VCO of (4.32). Based on (4.32), The transfer function of conventional linear VCO is 

calculated as, 
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Fig. 4.13 and Fig. 4.14 show the frequency responses of the open loop circuit with a 

= 1200 and b = 3200. The crossover frequency at 400V input 1A output is 60Hz. It is 

increased to 400Hz at 250V input 1A output, leading to small stability margin at low input 

voltage. Moreover, the crossover frequency at 250V input 42A output is 150Hz, while it is 

decreased to 35Hz at 400V input 42A output, leading to slow dynamic response at high 

input voltage.   
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        (a) 1A load                                                       (b) 42A load           

Fig.  4.13: Open loop bode plot at 250V DC input with conventional VCO 

      
      (a) 1A load                                                       (b) 42A load           

Fig.  4.14: Open loop bode plot at 400V DC input with conventional VCO 

Compared to conventional LLC converter, it is more difficult for LCLC converter to 

select suitable a and b to achieve good output voltage regulation, while maintaining good 

stability and dynamic performance simultaneously. This is because the nonlinear feature 

of the voltage gain over switching frequency for LCLC converter is stronger than that of 

conventional LLC converter, as compared between Fig. 4.4 and Fig. 4.6. In theory, to 

obtain the best regulation performance, the switching frequency should vary slowly if the 

voltage gain changes quickly, and vice versa. To compensate the nonlinear feature between 

voltage gain and switching frequency, a quadratic function is proposed to represent the 

opposite variations of voltage gain versus switching frequency, and it is expressed as,  
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Where, a, b and c are parameters to be determined. In addition, c should not be equal to the 

feedback voltage Vf. Based on (4.35), the transformer function of the proposed nonlinear 

VCO is calculated as,  
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Fig. 4.15 shows the relationship between switching frequency and feedback voltage 

by using conventional linear VCO of (4.32) and proposed nonlinear VCO of (4.35). As 

shown in Fig. 4.15, the switching frequency variation rate is changing along with the 

feedback voltage for the proposed nonlinear VCO. It changes faster at low feedback 

voltage than high feedback voltage, and vice versa.  

At low switching frequency, the voltage gain changes quickly while the nonlinear 

VCO compensates it by making the switching frequency change slowly. Thus, the system 

will become more stable. In contrast, at high switching frequency, the voltage gain changes 

slowly, while the nonlinear VCO compensates it by making the switching frequency vary 

fast. Thus, the dynamic response will be improved.  

Another benefit of the proposed nonlinear VCO is that it is easier to achieve wider 

switching frequency range than conventional linear VCO. Within 0.5V to 3.3V feedback 

voltage range, the switching frequency range covered by conventional linear VCO is 
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between 170kHz and 260kHz. However, for proposed nonlinear VCO, the switching 

frequency range being covered is between 170kHz and 300kHz.   

 

Fig.  4.15: Relationship between feedback voltage and switching frequency 

      

      (a) 1A load                                                       (b) 42A load           

Fig.  4.16: Open loop bode plot at 250V DC input with nonlinear VCO 

Fig. 4.16 and Fig. 4.17 show the frequency responses of the open loop circuit by using 

nonlinear VCO of (4.35) with a = 450, b = 5600, and c = 3.5. With the proposed nonlinear 

VCO, the crossover frequencies at 250V input, 1A and 42A output have been reduced to 

300Hz and 80Hz, which would increase the system stability margin. Moreover, the 

crossover frequencies at 400V input, 1A and 42A output have been increased to 130Hz and 

Large rate 

Small rate 
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70Hz, which will help improve the system dynamic response. Therefore, better control 

performance can be obtained with the proposed nonlinear VCO.  

      

      (a) 1A load                                                       (b) 42A load           

Fig.  4.17: Open loop bode plot at 400V DC input with nonlinear VCO 

4.4 Simulation and Experimental Results 

In this section, the designed LCLC converter with the proposed nonlinear VCO will 

be validated through simulation and experimental studies.  

4.4.1 Simulation Verification 

The simulation model of the designed LCLC converter and the proposed nonlinear 

VCO has been built by using PSIM software. The corresponding parameters are shown in 

Table 4.2 and Table 4.3. The simulations at four corner cases are carried out, including: 1) 

250V DC input, 0A load, 2) 250V DC input, 42A load, 3) 400V DC input, 0A load, and 4) 

400V DC input, 42A load. 
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(a) 250V DC input 0A load 

 

(b) 250V DC input 42A load 

Fig.  4.18: Simulation waveform of the designed LCLC resonant converter at 250V DC input 

Fig. 4.18 shows the steady-state waveform at 250V input, 0A and 42A output, 

respectively. Fig. 4.19 shows the steady-state waveform at 400V input, 0A and 42A output, 

respectively. It can be observed from both Fig. 4.18 and Fig. 4.19 that the output voltage 

can be regulated to 12V at all four cases, which confirms that the designed LCLC converter 

could meet the voltage gain requirement at all input and output conditions. 
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(a) 400V DC input 0A load 

 

(b) 400V DC input 42A load 

Fig.  4.19: Simulation waveform of the designed LCLC resonant converter at 400V DC input 

Fig. 4.20 shows the load transient response at 300V input 12V output with 

conventional linear VCO and proposed nonlinear VCO. Fig. 4.21 shows the load transient 

response at 400V input with conventional VCO and proposed nonlinear VCO. The output 

current experiences a sudden increasing from 8A (20% of full load) to 32A (80% of full 

load) at 10ms point and a sudden decreasing from 32A to 8A at 20ms point. The load step 

rate is 0.15A/us. In the simulation, for conventional linear VCO, a is 1200, b is 3200; and 

for proposed nonlinear VCO, a is 450, b is 5600, and c is 3.5. 
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 (a) conventional linear VCO 

 

(b) proposed nonlinear VCO 

Fig.  4.20: Load transient responses at 300V input 12V output between 8A and 32A 

It can be observed from Fig. 4.20 that the setting times of load rising and falling are 

2.5ms and 2.7ms, respectively with conventional linear VCO. However, the setting times 

are reduced to 2.2ms and 2.4ms, respectively with proposed nonlinear VCO. The dynamic 

response by using proposed nonlinear VCO is improved but limited. This is because at 

300V input, which is relatively low input voltage, the proposed nonlinear VCO is designed 

to achieve more stability margin instead of faster dynamic response. 
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It can be observed from Fig. 4.21 that the setting times of load rising and falling are 

6.5ms and 5.5ms, respectively with conventional linear VCO. However, the setting times 

are reduced to 4ms and 3ms, respectively with proposed nonlinear VCO. Obvious dynamic 

performance improvement can be observed at 400V input by using the proposed nonlinear 

VCO. The bandwidth has been increased to achieve better dynamic response at high input 

voltage with proposed nonlinear VCO.  

  

(a) conventional linear VCO 

 

(b) proposed nonlinear VCO 

Fig.  4.21: Load transient responses at 400V input 12V output between 8A and 32A 

4.4.2 Experimental Verification 
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To verify the effectiveness of the designed LCLC converter and proposed nonlinear 

VCO, a 250V – 400V DC input, 12V/42A/500W output prototype has been built and tested, 

as shown in Fig. 4.22. Table 4.4 shows the prototype parameters. To improve the 

efficiency, gallium nitride (GaN) devices of GS66516B from GaN Systems are used as the 

primary side switches.  

 

Fig.  4.22: Prototype of the designed LCLC resonant converter 

Table 4.4: Circuit parameters of the designed LCLC resonant converter 

 

Circuit Parameters 

Transformer 
N = 17, Lleak = 4.75µH, Lm = 

1.8mH, PQ35/35 3C95 core  

Parallel inductor 
Lp = 227µH, PQ32/30 3C95 

core 

Series inductor Lr = 12µH, PQ32/20 3C95 core 

Parallel capacitor 
C1812C102JGGACTU 2KV, 

1000pF × 5 

Series capacitor 
1812AA202JAT9A 1KV, 

2000pF × 10 

Primary side switches GS66516B (650V, 60A) × 2 

Secondary side switches 
IPC100N04S5L1R5 (40V, 

100A) × 6 

Output capacitor 
C3216JB1E476M160AC, 

47µF/25V × 9 

Micro-controller DSPIC33FJ32GS606 
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Fig. 4.23 presents the steady-state waveforms of the designed LCLC converter at 250V 

input 10A output. It can be observed from Fig. 4.23, the GaN device is turned on after its 

drain to source voltage drops to zero. Thus, ZVS turn-on is achieved.  

 

CH1: gate signal of low side GaN     CH2: drain to source voltage of low side GaN      

CH3: series resonant current     CH4: parallel resonant current    

Fig.  4.23: Steady-state waveform of the designed LCLC converter at 250V DC input 10A output 

Fig. 4.24 presents the steady-state waveforms at 250V input 42A output. From Fig. 

4.24(a), the ZVS turn-on for GaN device is also achieved. Besides, the output voltage is 

regulated to its derived value of 12V as shown in Fig. 4.24(b). In addition, the switching 

frequency at the testing condition is 171kHz, which is almost the same with the 

mathematical analysis and the simulation result.  

Fig. 4.25 and Fig. 4.26 show the steady-state waveform at 400V input, 10A and 42A 

output, respectively. From Fig. 4.26, the output voltage is also regulated to 12V at 400V 

input, 42A output. The testing result at 42A load is consistent with the simulation result. 

 

 

 

 

ZVS 
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CH1: gate signal of low side GaN     CH2: drain to source voltage of low side GaN      

CH3: series resonant current     CH4: parallel resonant current    

(a) primary side waveform 

 

CH1: output voltage     CH2: gate signal of secondary side SR      

CH3: parallel resonant current     CH4: series resonant current    

(b) secondary side waveform 

Fig.  4.24: Steady-state waveform of the designed LCLC converter at 250V DC input 42A output 

Vo = 12V 

ZVS 
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CH1: gate signal of secondary side SR     CH2: drain to source voltage of secondary side SR      

CH3: series resonant current     CH4: parallel resonant current    

Fig.  4.25: Steady-state waveform of the designed LCLC converter at 400V DC input 10A output 

 

CH1: output voltage     CH2: gate signal of secondary side SR      

CH3: parallel resonant current     CH4: series resonant current    

Fig.  4.26: Steady-state waveform of the designed LCLC converter at 400V DC input 42A output 

Fig. 4.27 shows the load rising and falling transient waveform with the proposed VCO 

at 300V DC input 12V output between 8A and 32A. Fig. 4.28 shows the same transient 

waveform captured at 400V DC input 12V output. The load rising and falling speed is 

0.15A/us. It can be observed from both Fig. 4.27 and Fig. 4.28 that the output voltage is 

quite stable during the load transient period. Fast transient response is achieved by using 

the proposed nonlinear VCO method. 

 

Vo = 12V 
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CH1: output voltage     CH4: series resonant current    

(a) Load rising from 8A to 32A 

           

CH1: output voltage     CH4: series resonant current    

 (b) Load falling from 32A to 8A 

Fig.  4.27: Load transient waveform at 300V DC input 12V output between 8A and 32A 

           

CH1: output voltage     CH4: series resonant current    

(a) Load rising from 8A to 32A 
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400us/div 800us/div 
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CH1: output voltage     CH4: series resonant current    

 (b) Load falling from 32A to 8A 

Fig.  4.28: Load transient waveform at 400V DC input 12V output between 8A and 32A  

Fig. 4.29 shows the holdup time process at 20A (50% of the full load) output current. 

The output voltage can be regulated to 12V from 400V DC input (label a) till 234V DC 

input (label b). The output voltage will loss regulation when input voltage is below 234V. 

Thus, the designed LCLC converter could accommodate voltage regulation over wide input 

voltage variation range. At half load condition, 100ms holdup time can be obtained.  

 

CH1: output voltage     CH3: input voltage     CH4: output current    

Fig.  4.29: Holdup time performance at 20A output current 

Fig. 4.30 shows the thermal images of the designed converter at 250V and 400V input, 

12V/42A output. The thermal images are captured after ten minutes’ operation. A small 

Vo = 12V(5V/div) 

Vin = 400V 

(100V/div) 
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DC Coupling 
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fan is used during the testing to cool the board. Due to the ZVS operation and the low on-

state resistance, the temperature of GaN devices is around 40°C at both 250V and 400V 

input. The hottest spot on board is the secondary side SRs due to the high secondary side 

current. The temperature could be 102°C at 250V input. It is reduced to 83°C at 400V 

input. This is mainly because the converter works around the resonant frequency, when 

input voltage is 400V. The secondary side rms current is decreased, leading to lower 

conduction loss on secondary side SRs.  

 

(a) 250V DC input 42A load (GaN temp = 40°C, SR temp = 102°C) 

 

(b) 400V DC input 42A load (GaN temp = 40°C, SR temp = 83°C) 

Fig.  4.30: Thermal images of the designed LCLC resonant converter at 250V and 400V input 
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Fig.  4.31: Characteristic of output voltage regulation with proposed control method 

 

Fig.  4.32: Measured efficiencies of the designed LCLC converter at different conditions 

Fig. 4.31 shows the measured output voltage regulation characteristics by using the 

proposed control strategy. From Fig. 4.31, the output voltage can be controlled to 12V over 

all input voltage and output load ranges. Due to the nonlinear feature of the proposed 

controller, wider switching frequency range can be covered. Good output voltage 

regulation performance can be obtained even at light load. The maximum regulated output 

voltage is 12.06V. The minimum regulated output voltage is 11.91V. The voltage 

difference is only 150mV.  
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Fig. 4.32 shows the measured efficiencies of the designed LCLC converter at different 

load conditions with 250V, 300V, 350V, and 400V input, respectively. It demonstrates 

96.8% peak efficiency and 96.4% full load efficiency at 400V input. Besides, 95% peak 

efficiency is achieved at 250V input, which is only 1.8% lower than that of 400V input. In 

addition, 93.9% full load efficiency is obtained at 250V input. The efficiency over all input 

voltages is not penalized due to the frequency-dependent magnetizing inductance.  

4.5 Conclusion 

In this chapter, a modified LLC resonant converter with variable magnetizing 

inductance was introduced and analyzed. The LCLC converter could achieve wider input 

voltage operation within narrower switching frequency range compared to conventional 

LLC converter. Due to the nonlinear derivate of voltage gain over switching frequency, 

conventional linear VCO may cause oscillation and slow dynamic response problem. To 

achieve better control performance, a nonlinear VCO is proposed. The details of the control 

strategy are explained. The proposed control strategy could achieve better output voltage 

regulation over all operation conditions. Moreover, it helps increase the stability margin at 

low input voltages and improve the transient response at high input voltages. Due to the 

limited sensing and calculation assignments, a low-cost MCU can be used as the proposed 

nonlinear VCO.  

Taking advantage of GaN devices, a GaN-based 250V – 400V DC input, 

12V/42A/500W output prototype has been built and tested. Both simulation and 

experimental results verified the effectiveness and correctness of the designed LCLC 

resonant converter and the proposed control strategy. The output voltage was regulated to 

its desired value 12V over entire input voltage and output current range. A peak efficiency 
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of 96.8% and a full load efficiency of 96.4% are achieved at 400V input, 14V/25A output 

and 14V/42A output. Moreover, faster dynamic response can be achieved at high input 

voltage by using proposed nonlinear VCO. 
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Interleaved LLC Converter for High Efficiency High Power Density 

DC-DC Converter in Electric Vehicle Applications 

5.1 Introduction 

With increasing environmental pollution caused by green-house gas emissions from 

conventional fossil fuel-driven vehicles, electric vehicles (EVs) are attracting more 

attention as they are not only more environmentally friendly, but less expensive to operate 

than fossil fuels vehicles. Along with the development of EVs, more and more auxiliary 

equipment is required to satisfy consumer requirements. High power on-board low voltage 

DC-DC converter (LDC) is essential in electric vehicles (EVs) power train system, which 

takes responsibility to transfer power from high-voltage (HV) battery to low-voltage (LV) 

battery for auxiliary equipment. The battery system of EVs is consisted of HV Li-ion 

batteries (250V – 430V) and LV Lead-acid batteries (9V – 16V), as shown in Fig. 5.1.  

HV Li-ion 

Battery

Auxiliary 

LV Battery

On-Board 

Charger

DC-DC 

converter
Motor

Traction 

converter

Speaker

Lamp

ect.

DC-DC 

converter

 

Fig.  5.1: Diagram of EV power train system 
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In general, HV batteries are used for traction motor drives. LV batteries provides 

power to auxiliary equipment, such as, lighting, audio system, video systems, air 

conditioners, automatic seats, etc. At least 2.4kW power rating is required to supply 

auxiliary equipment. Therefore, the LDC should provide more than 200A output current at 

low voltage of 14V (adjustable from 9V to 16V).  

Of all resonant converters, LLC configuration provides many added benefits over 

other resonant configurations. It could achieve zero-voltage-switching (ZVS) for primary 

side switches, and zero-current-switching (ZCS) for secondary side switches. The LLC 

converter has been widely used in recent years by providing both high efficiency and high 

power density, which makes it an excellent candidate for EV LDC application.  

Due to the high power rating, the LLC converter needs to provide more than 200A 

load current. With such a high current, the converter will experience several limitations, 

including, 1) high conduction loss; 2) high current stress; 3) high output voltage and current 

ripple. Particularly, high conduction loss results in poor thermal performance, or even 

worse, breakdown of the board. Interleaving technique has been verified to solve the 

limitations and expand the load capacity for LLC converter. With interleaving, the total 

output current will be divided into several interleaved phases. For example, the conduction 

loss of I2R will be reduced to I2R/N, if N phases are interleaved. 

However, when interleaved, all phases need to operate at same switching frequency. 

While the voltage gain of each phase at same switching frequency is different from each 

other if taking resonant component tolerances into consideration. Different voltage gains 

cause output current unbalance, leading to system performance degrading. Switch-

controlled capacitor (SCC) circuit is added into resonant tank to compensate the component 
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tolerance. By adjusting the turn-on time of the SCC MOSFETs, the equivalent resonant 

capacitance can be modified, then, the voltage gain can be matched with each other, and 

finally, the current sharing can be achieved.  

This chapter proposed a three-phase interleaved LLC converter for 14V/270A (3.8kW) 

output EV LDC application. The design procedure of three-phase converter is presented. 

The power loss on primary side and secondary side switches, and magnetics is investigated. 

The current unbalance feature among three phases will be analyzed in Chapter 6. The 

operation of the SCC circuit and the corresponding control strategy will also be discussed 

in Chapter 6. 

The chapter is organized as follows: Section 5.2 compares the advantages and 

disadvantages of different LLC configuration in EV LDC application; Section 5.3 

introduces the design details of the three-phase interleaved LLC converter and the 

corresponding simulation results; Section 5.4 shows the mathematical analysis of power 

loss on one of the three phases; Section 5.5 verifies the designed LLC converter through 

experimental results, and finally, a summary is presented in Section 5.6. 

5.2 Comparison of LLC Configurations as LDC 

The specifications of a high power LDC for EV application are shown in Table 5.1. 

The input voltage is between 250V and 430V, and the output voltage is between 9V and 

16V. The rated output current at 14V output voltage is 270A, which results in a rated output 

power of 3.8kW. 

Table 5.1: Specification of a high power EV LDC 

DC input voltage (Vin) 
Rated output voltage 

(Vo) 

Rated output current 

(Io) 

Rated output power 

(Po) 

250V – 430V 9V – 16V 270A @ 14V 3.8kW 
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The simplest way to implement the specific LDC is using a single-phase LLC 

converter as shown in Fig. 5.2. 
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Fig.  5.2: Single-phase one-transformer LLC converter in EV LDC application 

For this configuration, all 270A output current needs to be transferred through single 

phase. Although active switches with small on-state resistance, such as gallium nitride 

(GaN) and silicon carbide (SiC) devices, can be used, the active switches especially the 

secondary side synchronous rectifiers (SRs) still experience extremely high conduction 

loss. Moreover, the transformer secondary side copper loss is also extremely high due to 

the high rms current. In addition, the active switch with high current rating is much more 

expensive than its counterpart with low current rating. The high conduction loss and copper 

loss may cause severe temperature rising concern, which makes the converter less reliable.  

Within single-phase configuration, four transformers of input side connected in series 

and output side connected in parallel are proposed to reduce the conduction loss [80]. The 

diagram of the single-phase four-transformer topology is shown in Fig. 5.3. The 270A full 

load is distributed into four branches of SRs. Thus, the current rating and the conduction 

loss of SRs is reduced to 1/4 compared to one-transformer configuration, if same number 

of SR MOSFET are used. The transformer secondary side copper loss is also reduced. 

However, the primary side is still single-phase structure. The current rating and conduction 
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loss on primary side switches are the same with the one-transformer configuration. The 

thermal concern is still existing.  

For both single-phase one-transformer and single-phase four-transformer structures, 

the LLC converter is designed to satisfy the voltage gain requirement at 270A full load. 

Thus, small magnetizing inductance is needed to meet the heavy load voltage gain 

requirement. Such design will cause high rms current and turn-off current. The conduction 

loss and turn-off loss on primary side will be further increased. Besides, large air gap is 

needed to acquire small magnetizing inductance, which may cause severe fringing loss near 

the air gap. In addition, the light load efficiency is very poor since the converter is 

optimized at 270A full load. Phase shedding technique cannot be applied to improve the 

light load efficiency as the primary side is single-phase. In a word, the single-phase LLC 

configuration is not suitable for the high power EV LDC application.   
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Fig.  5.3: Single-phase four-transformer LLC converter in EV LDC application 

Instead of using single-phase on the primary side, three-phase parallel connection 

topology is proposed to reduce the current stress and the corresponding conduction loss. 
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Ideally, the 270A full load will be equally distributed into three phases. Thus, each phase 

can be designed to meet the voltage gain requirement at 90A load instead of 270A load. 

By doing so, the magnetizing inductance can be increased, and the corresponding 

conduction loss and turn-off loss can be significantly reduced. Besides, small air gap can 

be used, which could help reduce the fringing effect near the air gap. In addition, to further 

reduce the secondary side SR conduction loss, two transformers are used in each phase 

with input connected in series and output connected in parallel. Therefore, each SR branch 

only carries 45A load. Finally, phase-shedding technology can be applied to improve the 

light load efficiency. With light load operation, only one phase will be enabled, and the 

other two phases will be disabled. 
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Fig.  5.4: Three-phase interleaved SCC-LLC converter in EV LDC application 

The schematic of the proposed three-phase interleaved LLC converter is presented in 

Fig. 5.4. Full-wave SCC circuit consisted by two MOSFET with back-to-back connection 
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and a capacitor is added into each phase resonant tank to compensate the resonant 

component tolerance and achieve current sharing. The details of the operation and the 

control strategy of the SCC circuit will be discussed in Chapter 6.  

Table 5.2 compares the rms current on primary side switches, secondary side switches, 

resonant inductor, and transformer among three different LLC topologies. It can be 

observed from Table 5.2 that by using three-phase interleaving topology, the rms current 

of primary side switches is reduced to around 1/3 compared to single-phase topologies. 

Moreover, the rms current of secondary side switches is reduced to 1/6 compared to single-

phase one-transformer topology, and 2/3 compared to single-phase four-transformer 

topology. Besides, the rms current flowing through the resonant inductor and the 

transformer primary and secondary sides are also reduced. The conduction loss of primary 

side and secondary side switches, and the copper loss of magnetics are compared in Table 

5.3. Due to the reduction on rms current, three-phase LLC converter provides the lowest 

conduction loss and copper loss among three configurations. 

Table 5.2: Comparison of rms current of three different topologies 

Structure 
Single-phase one-

transformer 

Single-phase four-

transformer 

Three-phase six-

transformer 

rms current of each 

primary side switch 4
inI


 

4
inI


 

12
inI


 

rms current of each 

secondary side SR branch 4
oI


 

16
oI


 

24
oI


 

rms current of resonant 

inductor 2 2
inI


 

2 2
inI


 

6 2
inI


 

rms current of 

transformer primary side 2 2
inI


 

2 2
inI


 

6 2
inI


 

rms current of each 

transformer secondary 

side 4
oI


 

16
oI


 

24
oI
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Table 5.3: Comparison of conduction loss and copper loss of three different topologies 

Structure 
Single-phase one-

transformer 

Single-phase four-

transformer 

Three-phase six-

transformer 

Conduction loss of 

primary side switches ( )

2
2

4
in DS on

I R


 
( )

2
2

4
in DS on

I R


 
( )

2
2

12
in DS on

I R


 

Conduction loss of 

secondary side SR 

switches 
( )

2
2

8
o DS on

I R


 
( )

2
2

32
o DS on

I R


 
( )

2
2

48
o DS on

I R


 

Copper loss of resonant 

inductor Lr 

2
2

_
8

in Lr acI R


 

2
2

_
8

in Lr acI R


 
2

2
_

24
in Lr acI R


 

Copper loss of 

transformer primary side 

2
2

1_
8

in Tx acI R


 
2

2
1_

2
in Tx acI R


 

2
2

1_
12

in Tx acI R


 

Copper loss of 

transformer secondary 

side 

2
2

2_
8

o Tx acI R


 
2

2
2_

32
o Tx acI R


 

2
2

2_
48

o Tx acI R


 

In Table 5.2 and Table 5.3, Iin is the input current, Io is the load current, RDS(on) is the 

on-state resistance of the primary side or the secondary side switches, RLr_ac is the AC 

resistance of the resonant inductor Lr winding. RTx1_ac and RTx2_ac are the AC resistance of 

the transformer primary side and secondary side windings, respectively.  

5.3 Three-phase Interleaved LLC Converter 

In this section, the design process of the three-phase interleaved LLC converter is 

introduced. The corresponding simulation results are provided to validate the designed 

converter. Moreover, the details of the two-PCB vertical structure are explained at the end. 

5.3.1 Design of the Three-phase Interleaved LLC Converter 

In theory, three phases are the same and each phase carries 90A output current without 

considering the resonant component tolerance. It only needs to design one phase and the 

other two phases will have the same parameters. The SCC circuit is not included in the 

LLC power circuit design. The diagram of single-phase in the three-phase interleaved LLC 

converter without SCC circuit is shown in Fig. 5.5.  
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Fig.  5.5: Single-phase in the three-phase interleaved LLC converter 

For the proposed LLC converter, the load capacity is varying along with the input 

voltage and output current. The details are described as follows, 

330V to 430V input voltage: 

1) the converter is designed with full load capacity, which is 270A current at 14V 

output voltage. Thus, each phase needs to carry 90A current at 14V output.  

2) if the output voltage increases to 16V, the corresponding output current will be 

reduced to 240A to keep the output power constant. Thus, each phase should carry 

80A current at 16V output. 

3) if the output voltage is between 9V and 14V, the corresponding output current 

keeps at 270A with reduced power.  

250V to 330V input voltage: 

1) the converter is designed with 60% load capacity, which is 165A current at 14V 

output voltage. Thus, each phase needs to provide 55A load current at 14V output.  

2) if the output voltage increases to 16V, the corresponding output current will be 

reduced to 145A to maintain the same output power. Thus, each phase should carry 

48A current at 16V output.  

3) if the output voltage is between 9V and 14V, the corresponding output current 

keeps at 165A with reduced power.  
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The resonant point (unity voltage gain) is selected based on the maximum input 

voltage and the minimum output voltage so that the converter can obtain ZVS operation 

for primary side switches, and ZCS for secondary side SRs within all operating conditions. 

The transformer turns ratio of the single-phase LLC converter is then determined by,  

   

430
47.8

9

in_max

o_min

V V
n

V V
= = =                                         (5.1) 

In theory, the transformer turns ratio should be 48 : 1 : 1. However, since 9V output 

voltage is an odd operation point with less current requirement, the transformer turns ratio 

is selected as 44 in practice. As mentioned before, two transformers are used in one phase, 

thus, the turns ratio of each transformer is set to 22 : 1 : 1. 

The maximum voltage gain point is occurring at the minimum input voltage and the 

maximum output voltage, which are corresponding to 250V and 16V. Therefore, the 

required maximum voltage gain can be derived as,  

     1

44 16
2.82

250

o_max

in_min

n V V
M

V V

 
= = =                                 (5.2) 

For single-phase converter, the maximum output power is reduced to 60% of the full 

load at 250V input, 16V output, which is 50A load current. Thus, single-phase converter 

should satisfy 2.82 voltage gain requirement with 50A output current.  

When input voltage is increased to 330V, the converter should provide full power to 

output side. With 16V output voltage, the full load current is 240A. The required voltage 

gain at 330V input and 16V output is calculated as, 

      2

44 16
2.13

330

o_max

in

n V V
M

V V

 
= = =                                   (5.3) 
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Thus, single-phase converter also needs to meet 2.13 voltage gain requirement at 80A 

output current.  

The voltage gain at 330V input, 14V/90A output should also be considered. The 

required voltage gain at the condition is derived as, 

   3

44 14
1.87

330

o_nom

in

n V V
M

V V

 
= = =                                   (5.4) 

Thus, each phase needs to meet 1.87 voltage gain requirement at 90A output current.  

The resonant frequency between Lr and Cr of the proposed LLC LDC is set to 550kHz 

to reduce passive components size and improve power density. First harmonic 

approximation (FHA) method is used to design the proposed three-phase interleaved LLC 

converter. The final parameters of single-phase converter are shown in Table 5.4.  

Table 5.4: Parameters of single-phase LLC converter 

Resonant 

frequency (fr) 
Turns ratio (n) 

Series resonant 

inductor (Lr) 

Series resonant 

capacitor (Cr) 

Magnetizing 

inductor (Lm) 

550kHz 44 25µH 3.4nF 125µH 

The voltage gain curves of the designed single-phase LLC converter are shown in Fig. 

5.6. The designed converter could meet the voltage gain requirement at 250V input, 

16V/50A output, which is shown as case 1 in Fig. 5.6. In addition, both the voltage gain 

requirements at 330V input, 16V/80A output and 14V/90A output can also be satisfied, 

which are shown as case 2 and case 3, respectively in Fig. 5.6. In addition, the minimum 

normalized switching frequency is 0.47, which is equal to 260kHz. Thus, the switching 

frequency range of the designed converter is roughly between 260kHz and 550kHz. 
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Fig.  5.6: Voltage gain curves of the designed single-phase LLC converter 

5.3.2 Simulation Verification 

According to the designed parameters in Table 5.4, the simulation model of single-

phase LLC converter is built and simulated by using PSIM software.  

Fig. 5.7 shows the simulation results at 250V input and 16V/50A output. From Fig. 

5.7, the output voltage can be regulated to 16V, which means that the designed converter 

could satisfy the voltage gain requirement of 2.82. The rms current of the series resonant 

inductor Lr and parallel resonant inductor Lm are 4.02A and 2.75A, respectively, at the 

simulation condition. Besides, the switching frequency is 265kHz. 

 
Fig.  5.7: Simulation waveform of the designed LLC converter at 250V input 16V/50A output 
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Fig. 5.8 illustrates the simulation results at 330V input and 16V/80A output. The 

output voltage can also be controlled to 16V. Thus, the voltage gain requirement of 2.13 is 

also satisfied. The rms current of the Lr and the Lm are 4.5A and 2.63A, respectively, at the 

simulation condition.    

 

Fig.  5.8: Simulation waveform of the designed LLC converter at 330V input 16V/80A output 

Fig. 5.9 shows the simulation waveform at 330V input and 14V/90A output. The 

output voltage is controlled to 14V, confirming that voltage gain of 1.87 can be obtained. 

The rms current of the Lr and the Lm at the simulation condition are 4.46A and 2.28A, 

respectively. The switching frequency is 300kHz.  

 

Fig.  5.9: Simulation waveform of the designed LLC converter at 330V input 14V/90A output 
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The simulation results verified the validity of the designed single-phase LLC 

converter. Since all three phases are the same, the simulation results of other two phases 

will not be included. 

5.3.3 Two-PCB Vertical Structure 

For single-phase four-transformer topology, there are only one series resonant inductor 

Lr, one parallel resonant inductor Lm, and four transformers Tx. However, for proposed 

three-phase interleaved topology, the number of magnetics is increased. Particularly, there 

are three Lr, three Lm, and six Tx in total.  

The magnetics components, controller circuit and active switches need to be placed on 

same board if only one PCB structure is used. The vertical space of the PCB board is not 

used effectively, since the height of magnetic components is much larger than controller 

circuit and active switches. Thus, the power density will be degraded severely with one 

PCB structure. 

To make full use of the vertical space and increase the power density, a two-PCB 

vertical structure is proposed. The corresponding 3D model is shown in Fig. 5.10. The top 

side PCB is named as control board. All components related to control circuit are placed 

on the control board, including, micro-controlled units (MCUs), gate drivers, comparators, 

optocouplers, resistors, capacitors, etc. The bottom side PCB is designed as main power 

board. All components related to main power circuit are placed on the main power board, 

including primary side switches, secondary side switches, resonant capacitors, SCC circuit, 

and output filter capacitors. A short distance is kept between two PCBs, so that the surface 

mount components can be placed on the bottom side of the control board, and the top side 

of the main power board. Magnetics are placed on the top side of the control board, which 
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are then connected to power board by using metal connectors. There is no direct electrical 

connection between the control board and the magnetics. With two-PCB vertical structure, 

the power density can be almost doubled compared to conventional one-PCB structure. 

Besides, a liquid cooling cold plate is added to the bottom side of main power board to 

dissipate heat of the components in main power circuit, as shown in Fig. 5.10(b).  

 

(a) Top side view 

 

(b) Front side view 

Fig.  5.10: 3D model of the proposed two-PCB vertical structure 

5.4 Loss Analysis 

In this section, the power loss on the main power circuit components is analyzed. 

Particularly, the conduction loss of primary side switches, the core loss and copper loss of 

magnetics, and the conduction loss and gate drive loss of secondary side SRs are estimated. 
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5.4.1  Power Loss on Primary Side Switches 

The simulation waveform at normal operation condition of 380V input, 14V/90A 

output is presented in Fig. 5.11. The switching frequency at the simulation condition is 

316kHz. The rms current for series resonant inductor Lr and parallel resonant inductor Lm 

are 4.06A and 2.36A, respectively. The peak current flowing through the Lr and the Lm are 

6A and 3A, respectively. Besides, the rms current of one branch of secondary side SRs is 

44.75A. The peak current flowing through SRs is 110A. 

 

Fig.  5.11: Simulation waveform of the designed LLC converter at 380V input and 14V/90A 

output 

Due to the ZVS operation, there is no turn-on loss for primary side devices. Moreover, 

a separate auxiliary DC source is used to supply gate drive power, which is not considered 

as the main power circuit loss. Besides, the turn-off loss of GaN devices with soft switching 

is very small and can be neglected. Thus, only conduction loss is calculated for primary 

side switches. By taking advantage of low on-state resistance, GaN device of GS66508B 

(650V/30A) from GaN Systems is used as the primary side switches. The key parameters 

of the GaN device are given in Table 5.5. 

 

Time (s)

0

10

20
Vo

Time (s)

-10

0

10
I(Lm) I(Lr)

11.33m 11.34m

Time (s)

0

50

100

I(SR1)



111 

Table 5.5: Key parameters of GS66508B GaN device 

Primary device Voltage rating On-state resistance 

Effective output 

capacitance, time 

related 

GS66508B 650V 
50mΩ @ 6V, 25°C 

65mΩ @ 6V, 75°C 
160pF 

Considering the temperature rising in practice, the on-state resistance of 65mΩ at 75°C 

is selected. The conduction loss of single GaN device is calculated as, 

 ( )

2

2
_ _

4.06
65 535.7

2
GaN cond GaN rms DS on

P I R A m mW
 

= =   = 
 

         (5.5) 

To avoid cross-conduction and achieve ZVS turn-on, deadtime is added between high 

side and low side GaN gate signals. The deadtime should be longer enough so that ZVS 

operation can be achieved at the worst case, which is occurring at the maximum input 

voltage. To achieve ZVS operation at 430V input, the required deadtime should be 150ns. 

The drain to source voltage Vds drops to zero quicker, when input voltage is reduced to 

380V. When Vds discharges to zero, the “body diode” starts conducting until the end of the 

deadtime period. Thus, extra conduction loss caused by “body diode” conduction exists. 

The required deadtime at 380V input and 14V output can be calculated as, 

 ( )16 16 160 316 125 100dead s mo tr
t C f L pF kHz H ns    =    =   (5.6) 

Where, Co(tr) is the time related effective output capacitance, which can be directly obtained 

from the device datasheet.  fs is the switching frequency. 

 At 380V input, 14V output, the Vds drops to zero in 100ns, Therefore, the “body diode” 

conducts for the left 50ns, causing extra conduction loss of, 

 _ 2 3 50 316 95dcond forward Lm pk dcond sP V I t f V A ns kHz mW= =    =    (5.7) 
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Where, Vforward is the forward voltage drop of the “body diode” of GaN device, and tdcond is 

the “body diode” conduction time. ILm_pk is the peak current via magnetizing inductor. 

For single-phase converter, there are four GaN devices on primary side. The total loss 

on these four GaN devices is calculated as, 

 

( )
( )

_ _ 4

535.7 95 4

2.52

GaN total GaN cond dcondP P P

mW mW

W

= + 

= + 

=
                                 (5.8) 

5.4.2 Power Loss on Magnetics 

Magnetic components are the most critical design target in an LLC converter to 

achieve high efficiency and high power density. Since the designed converter mainly 

operates below 500kHz, 3C97 core material is used, which is suitable for switching 

frequency lower than 500kHz. Moreover, Litz wire is used to minimizing the AC losses 

caused by skin and proximity effect. 

5.4.2.1 Power Loss on Series Resonant Inductor 

PQ32/20 core is chosen to build the series resonant inductor Lr. The parameters of the 

PQ32/20 core are shown in Table 5.6. 

Table 5.6: Parameters of the PQ32/20 core 

Core Effective area Size  Volume Window area 

PQ32/20 169mm2 

33mm (L) × 

22mm (W) × 21 

mm (H) 

9440mm3 7mm × 11.5mm 

According to the window area of the PQ32/20 core, the Lr winding is realized by using 

15 turns of litz wire of 650 strands with an outside diameter of 1.8mm. The maximum flux 

density at 380V input, 14V/90A output can be derived as, 
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= = =


                     (5.9) 

Where, NLr is the number of turns of the inductor Lr, ILr_pk is the peak current flowing 

through the inductor Lr, and Ae is the effective area of the core.  

The core loss of the Lr can be derived by using the Steinmetz equation,  

   _fe c s cLr maxP K f B V =                                              (5.10) 

Where, Vc is the core volume. Typical values of Kc, σ, and β are given by the core material 

manufacturers. For simply, the core loss can be calculated based on the following equation,  

 fe c cP PV=                                                           (5.11) 

Where, Pc is the core loss density. The Pc value at specific maximum flux density and 

temperature can be achieved directly from the core material datasheet. With 59.2mT flux 

density and 70°C temperature, the core loss density Pc is 0.1mW/mm3. Thus, the core loss 

of Lr is estimated as, 

      
3 39440 0.1 944fe c cP V P mm mW mm mW= =  =                 (5.12) 

The switching frequency of the LLC converter is quite high and the high frequency 

effect of the winding loss cannot be ignored. For Litz wire, the AC resistance factor for 

any number of strands can be derived as [73], 

 
( )

2 6
_

4 2
_

1
192

Lr ac s Lr s
R

Lr dc w

R n N d
F

R b




= = +                                     (5.13) 

Where, ns is the number of strands used, ds is the strand diameter, δ is the skin depth, and 

bw is the breath of the winding. All the related parameters are given in Table 5.7.  
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Table 5.7: Parameters of series resonant inductor winding 

Number of strands Strand diameter  Skin depth Breath of winding 

650 0.0508mm 0.13mm 8.9mm 

Substituting the related parameters from Table 5.7 into (5.13), the AC resistance factor 

FR is then calculated as,  

 

( ) ( )

( ) ( )

2 6

4 2

650 15 0.0508
1 5.16

192 0.13 8.9
RF

   
= + =

 
                        (5.14) 

The DC resistance of the selected Litz wire can be obtained directly from the datasheet. 

The total DC resistance of the Lr winding is 16mΩ. Thus, the AC resistance is 83mΩ. The 

copper loss caused by AC resistance can be derived as, 

 ( )
22

_ _ 4.06 83 1.37cu Lr rms Lr acP I R A m W=  =   =                    (5.15) 

Where, ILr_rms is the rms current flowing through the inductor Lr.  

5.4.2.2 Power Loss on Parallel Resonant Inductor 

Another challenge in the magnetics design is the parallel resonant inductor Lm design. 

Normally, Lm is implemented by using the magnetizing inductor of the transformer. 

However, the Lm value is only 125µH and a big air gap on the transformer core is required 

to reduce the magnetizing inductor to the desired value. This will add a significant amount 

of fringing loss to the transformer winding. In this design, a separate parallel resonant 

inductor is used. On one hand, it can avoid the extra fringing loss. On the other hand, it 

shunts the high circulation current so that transformer primary winding current is reduced. 
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PQ35/35 core with 3C97 material is used for the Lm. Table 5.8 shows the core 

parameters. Based on the window area, the Lm winding is implemented by 44 turns of Litz 

wire of 270 strands with 1.5mm outside diameter.  

Table 5.8: Parameters of the PQ35/35 core 

Core Effective area Size  Volume Window area 

PQ35/35 190mm2 

36mm (L) × 

26mm (W) × 35 

mm (H) 

16300mm3 8.8mm × 25mm 

The maximum flux density of the Lm at 380V input, 14V/90A output is calculated as,  

 _ 2

44 14
58.3

4 4 44 190 316

o
Lm max

Lm e s

n V V
B mT

N A f mm kHz

 
= = =

  
       (5.16) 

Where, NLm is the number of turns of the inductor Lm. 

With 58.3mT flux density and 70°C temperature, the core loss density Pc is 

0.095mW/mm3. Therefore, the core loss of the inductor Lm can be derived as, 

  
3 316300 0.095 1.55fe c cP V P mm mW mm W= =  =                 (5.17) 

The DC resistance of the Lm winding is 78mΩ. From (5.13), the AC resistance factor 

FR is calculated as 7.62. Thus, the AC resistance is equal to 595mΩ. The corresponding 

copper loss is then calculated as, 

 ( )
22

_ _ 2.36 595 3.32cu Lm rms Lm acP I R A m W=  =   =                (5.18) 

Where, ILm_rms is the rms current flowing through the inductor Lm.  

5.4.2.3 Power Loss on Transformer 

PQ35/35 core is also used to build the transformer. For each transformer, the primary 

side winding is achieved by using 22 turns of Litz wire of 650 strands with an outside 

diameter of 1.8mm. Due to the massive output current, the secondary side winding is 



116 

obtained by using three-layer paralleled 20mm × 0.25mm copper foil. The maximum flux 

density of each transformer at 380V input, 14V/90A output can be calculated as, 

 _ 2

22 14
58.3

4 4 22 190 316

o
Tx max

Tx e s

n V V
B mT

N A f mm kHz

 
= = =

  
         (5.19) 

Where, NTx is primary side turns of the transformer.  

As each transformer has the same core size and maximum flux density with the parallel 

resonant inductor Lm, the core loss of each transformer is exactly the same with the inductor 

Lm, which is 1.55W for each transformer. In addition, The DC and AC resistance of the 

primary side and secondary side windings of each transformer are shown in Table 5.9. The 

copper loss of each transformer including primary side and secondary side windings is 

derived as, 
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       (5.20) 

Where, ITx1_rms and ITx2_rms are the rms current on transformer primary side and secondary 

side, respectively.  

Table 5.9: DC and AC resistance of the transformer winding 

 DC resistance Resistance factor AC resistance 

Primary side winding 26mΩ 2.7 70.2mΩ 

Secondary side 

winding (each branch) 
0.2mΩ 9.2 1.85mΩ 

5.4.3 Power Loss on Secondary Side SRs 
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In the designed LLC converter, the transformer secondary side is constructed by using 

center-tapped configuration. For each transformer branch, two MOSFETs are connected in 

parallel to share output current and reduce the conduction loss. Silicon MOSFET of 

TPHR8504PL is selected as the secondary side SR. The key parameters of the MOSFET 

are presented in Table 5.10.  

Table 5.10: Key parameters of TPHR8504PL MOSFET 

Primary device Voltage rating Current rating 
On-state 

resistance 
Gate charge 

TPHR8504PL 40V 150A 

1mΩ @ 5V, 25°C 

1.25mΩ @ 5V, 

75°C 

49nC @ 5V 

103nC @ 10V 

NCP4305 IC from ON Semiconductor is used as the SR gate driver [81]. The gate 

drive power is coming from the output voltage through a step-down converter. The drain 

to source voltage is detected by the gate driver IC to determine when to turn on and turn 

off the MOSFETs. The switching process of the SR MOSFET is shown in Fig. 5.12. The 

corresponding details can be described as follows. 

At time t1, current starts to flow through the SR MOSFET. The channel is not turned 

on yet, thus, current flows through the body diode. After body diode is conducting, the 

drain to source voltage drops to around negative 1.2V, which is the forward voltage drop 

of the body diode of the SR MOSFET. The gate driver IC keeps sensing the drain to source 

voltage Vds. Only if the Vds keeps below the turn-on threshold voltage for certain time 

period, the SR MSOFET will be turned on. At time t2, the MOSFET is turned on. By doing 

so, false trigging caused by noise and oscillation on Vds can be avoided. In addition, the 

MOSFET is turned on with almost zero voltage, and there is no turn-on loss. During the 

turn-on process, the body diode conducts for a period of (t2 – t1). 
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Fig.  5.12: Switch process of the SR MOSFET 

Ideally, the MOSFET should be turned off when current is reduced to zero, which is 

happening at time t4. However, due to the parasitic inductance from the MOSFET package 

and the layout, the Vds actually hits the turn-off threshold at time t3, causing earlier turn-off 

of the MOSFET. The MOSFET is turned off with almost zero voltage and very small 

current, therefore, the turn-off loss is very small and is neglected in the analysis.  

After the MOSFET being turned off, the current starts to flow through the body diode 

again until it decreases to zero. During the turn-off process, the body diode conducts for a 

period of (t4 – t3).  

Based on above analysis, only conduction loss and gate drive loss are present. Besides, 

extra conduction loss caused by the body diode should also be taken into consideration.  

To reduce the gate drive loss, the SR gate drive voltage is set to 5V. The gate drive 

loss of one SR branch is calculated as, 

 _ 2 49 5 316 155SR drive G gs sP Q V f nC V kHz mW= =    =            (5.21) 

Where, QG is the gate charge of the SR MOSFET, and Vgs is the gate to source voltage. 
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 Considering the temperature rising, the on-state resistance of one MOSFET is 

1.25mΩ at 75°C. In theory, the on-state resistance should be reduced by half, since there 

are two MOSFETs connected in parallel. However, in practice, the two MOSFETs cannot 

be placed exactly symmetric on the PCB, thus, the load current is not evenly distributed 

into these two MOSFETs, which causes the equivalent on-state resistance larger than 

theoretical analysis. A reasonable assumption is that the on-state resistance of two 

MOSFETs connected in parallel is reduced to 0.7 × 1.25mΩ. Thus, the corresponding 

conduction loss on the SR MOSFET channel can be derived as, 

 ( ) ( )
22

_ _ 44.75 0.7 1.25 1.8SR cond SR rms DS on
P I R A m W= =    =         (5.22) 

From Fig. 5.12, the body diode conduction time is consisted of (t2 – t1) during turn-on 

process, and (t4 – t3) during turn-off process. The MOSFET channel conduction time is (t3 

– t2). The time from t1 to t4 is half of the resonant period, which is 900ns. In addition, due 

to the on-time control of NCP4305 IC, the SR on-time is set to 700ns in practice. Therefore, 

the body diode will conduct for 200ns in half switching cycle. Assuming that the periods 

of (t2 – t1) and (t4 – t3) are same, which will be 100ns for each period, then, the average 

current flowing through the body diode of each SR MOSFET can be calculated as,  

 ( )_
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 (5.23) 

Where, ISR_pk is the peak current exerting on SR MOSFET.  

The corresponding body diode conduction loss of one SR branch is calculated as, 
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The total loss of all four SR branches can then be summarized as, 
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W

= + + 

= + + 

=
                         (5.25) 

It is noted from (5.25), the conduction loss is the dominant loss on secondary side SRs.  

5.4.4 Total Power Loss Breakdown 

The total power loss breakdown of single-phase LLC converter is shown in Fig. 5.13. 

The calculated total power loss at 380V input, 14V/90A output is 42.8W, leading to a 

theoretical efficiency of 96.7%. The dominant power loss are the transformer copper loss 

and the SR conduction loss due to the high secondary side rms current.  

 

Fig.  5.13: Power loss breakdown of single-phase converter at 380V input and 14V/90A output 

5.5 Experimental Results 

To experimentally verify the effectiveness of the designed three-phase LLC converter, 

a 250V – 430V DC input, 9V – 16V/3.8kW output prototype was built and tested. The 

photos of the designed transformer are shown in Fig. 5.14. The photos of the developed 

prototype and test bench are shown in Fig. 5.15 and Fig. 5.16, respectively. Due to the 
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proposed two-PCB vertical structure, the prototype size is 185mm (length) × 135mm 

(width) × 48mm (height), leading to a power density of 3kW/L.  

                                             

                       (a) primary side terminal                             (b) secondary side terminal 

Fig.  5.14: Photos of the designed transformer 

 

Fig.  5.15: Photo of the designed three-phase LLC converter 

 

Fig.  5.16: Photo of the test bench 
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Table 5.11: Parameters of the designed three-phase LLC LDC 

Transformer N = 44, PQ35/35 core 

Parallel inductor 

Lm1 = 125.5µH, Lm2 = 

124.2µH, Lm3 = 127.2µH, 

PQ35/35 core 

Series inductor 
Lr1 = 26.1µH, Lr2 = 25.7µH, 

Lr3 = 26.1µH, PQ32/20 core 

Series capacitor 
C1808C681JGGAC7800 

2KV, 680pF × 5 (per phase) 

Primary side GaNs 
GS66508B (650V, 30A) × 4 

(per phase) 

Secondary side SRs 
TPHR8504PL (40V, 150A) × 

8 (per phase) 

Output capacitor 
C3216JB1E336M160AC, 

25V, 33µF × 10 (per phase) 

MCU DSPIC33FJ32GS610 × 2 

The parameters of the designed prototype are given in Table 5.11. It can be observed 

from Table 5.11, the parameters of the resonant tank components are not exactly the same, 

especially for the Lr and the Lm. Due to the component tolerance on resonant tank, severe 

current unbalance will happen among three phases. With current unbalance, one phase may 

carry more than 90A load current, another phase may carry 0A load current, which could 

cause performance degrading or even worse breakdown of the board. Thus, in this chapter, 

the designed converter is validated with single-phase operation. More experimental results 

on two-phase operation and three-phase operation with full-wave SCC compensation will 

be provided in next chapter. 
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CH1: gate signal of low side MOSFET     CH3: series resonant current     CH4: parallel resonant current    

(a) 20A output current 

 

CH1: gate signal of low side GaN     CH2: drain to source voltage of low side GaN 

CH3: series resonant current     CH4: parallel resonant current    

(b) 50A output current 

Fig.  5.17: Steady-state waveform of single-phase LLC converter at 430V input, 14V output 

Fig 5.17 shows the waveform of the single-phase LLC converter at 430V input, 14V 

output with 20A and 50A output current. From Fig. 5.17(b), the drain to source voltage 

already drops to zero before the GaN device is turned on. Thus, the GaN device is turned 

on with zero voltage, and there is no turn-on loss. 430V is the maximum input voltage and 

the most critical point to achieve ZVS operation, thus, ZVS operation can be guaranteed at 

any other input voltages below 430V. 

ZVS 
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Fig. 5.18 shows the waveform at 380V input, 14V/90A output. The rms current 

flowing through the series resonant inductor and the parallel resonant inductor are 3.93A 

and 1.98A, which is close to the simulation results of 4.03A and 2.06A. The switching 

frequency at the testing condition is 318kHz which is also similar with the switching 

frequency acquired from simulation result, which is 316kHz.  

 

CH1: output voltage in AC coupling     CH2: drain to source voltage of SR MOSFET 

CH3: series resonant current     CH4: parallel resonant current    

Fig.  5.18: Steady-state waveform of single-phase LLC converter at 380V input, 14V/90A output 

Fig. 5.19 illustrates the steady-state waveform at 330V input, 14V/90A output. Fig. 

5.20 illustrates the steady-state waveform at 250V input, 14V/20A output. At both testing 

condition, the converter works properly. ZVS turn-on can be achieved and output voltage 

can be regulated at both testing conditions. 
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CH1: series resonant current     CH3: drain to source voltage of low side GaN      

Fig.  5.19: Steady-state waveform of single-phase LLC converter at 330V input, 14V/90A output 

 

CH1: gate signal of low side GaN     CH2: drain to source voltage of low side GaN 

CH3: series resonant current     

Fig.  5.20: Steady-state waveform of single-phase LLC converter at 250V input, 14V/20A output 

The thermal images of single-phase LLC converter at 380V input, 14V/70A output are 

presented in Fig. 5.21. The thermal images are captured after 20 minutes operation with 

fan cooling and liquid cooling. Due to the cooling methods, the temperatures of magnetics 

Lr, Lm and Tx are only 34°C, 41°C, and 36°C at the testing condition. 

ZVS 
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(a) Series resonant inductor (Temp = 34°C) 

 

(b) Parallel resonant inductor (Temp = 41°C) 

 

(c) Transformer (Temp = 36°C) 

Fig.  5.21: Thermal images at 380V input, 14V/70A output with fan cooling and liquid cooling 

The measured efficiencies of single-phase converter at different input voltages and 

output currents are shown in Fig. 5.22. Since the converter is designed with 60% of the full 

load if input voltage is between 250V and 330V, the converter is tested with the maximum 
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output current of 60A at 250V input. A peak efficiency of 96.5% is obtained at 250V input, 

14V/40A output. When input voltage is between 330V and 430V, the converter is tested 

with full load, which is 90A at 14V output. A peak efficiency of 96.7% is achieved at 380V 

input, 14V/50A output. The full load efficiency at 380V is 96%, which is 0.7% lower than 

the mathematic analysis. This is because the conduction loss caused by parasitic resistance 

on the board is not considered in the theoretical analysis. Due to the high rms current on 

secondary side, very small parasitic resistance on secondary side could cause non-

negligible conduction loss. 

 

Fig.  5.22: Measured efficiencies of designed single-phase LLC converter at 14V output 

5.6 Conclusion 

In this chapter, a three-phase interleaved LLC converter is proposed for high power 

EV LDC application. Compared with conventional single-phase single-transformer 

configuration, and single-phase four-transformer configuration, the proposed three-phase 

interleaved LLC converter could provide reduced conduction loss on both primary side and 

secondary side switches. Moreover, it could also provide copper loss reduction on 

javascript:;
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magnetics. A two-PCB vertical structure is proposed to utilize the vertical space of the PCB 

board and improve the power density. A power density of 3kW/L is obtained.  

The design procedure of single-phase converter is presented. The corresponding 

simulation results validate the correctness of the designed converter. The power loss on 

primary side switches, magnetics and secondary side switches are analyzed theoretically. 

Finally, a prototype of 250V – 430V DC input, 14V/270A/3.8kW output has been built. 

The developed prototype is verified through single-phase operation, since the other two 

phases will be the same. Experimental results show that the designed converter works 

properly at different input and output conditions. A peak efficiency of 96.7% and a full 

load efficiency of 96% are obtained at 380V input, 14V output.  

In next chapter, the current sharing feature among three phases will be analyzed, and 

the two-phase operation and three-phase operation with full-wave SCC circuit will be 

examined.  
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Adaptive Hysteresis Comparison Control of Load Sharing for Three-

Phase Interleaved SCC-LLC DC-DC Converter 

6.1 Introduction 

In Chapter 5, a three-phase interleaved LLC converter has been designed and verified 

for high output current low output voltage DC-DC charger (LDC) in electric vehicle (EV) 

application. The designed prototype is validated by using single-phase operation instead of 

two-phase operation and three-phase operation due to the output current unbalance caused 

by resonant component tolerance. In this chapter, full-wave SCC is added on each phase 

of the proposed three-phase interleaved LLC converter to compensate the component 

tolerance and to achieve current sharing.  

The concept of switch-controlled capacitor (SCC) was introduced in [82]. It provides 

a simple solution for interleaving, load sharing and phase shedding. Both half-wave SCC 

and full-wave SCC have been successfully applied on two-phase LLC converter to achieve 

interleaving and load sharing [83, 84]. The authors either combined fixed switching 

frequency with full-wave SCC or variable switching frequency with half-wave SCC. 

However, the first solution limited the voltage gain variation range, which made the circuit 

only work in a narrow input and output range. The second solution needed extra logic 

circuit to prevent SCC MOSEFT body diode from conducting. Moreover, since only one 

phase was designed with SCC, it may lose current sharing ability if the phase with SCC 

carries higher current than that of the phase without SCC. 
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The topology of three-phase interleaved LLC converter with full-wave SCC is shown 

again in Fig. 6.1. The full-wave SCC circuit contains one capacitor in parallel with two 

MOSFETs. Due to the existing of SCC circuit on each phase, current sharing can be 

achieved no matter which phase could potentially carry the highest/lowest current. 

Conventional frequency modulation is used to regulate output voltage. An adaptive 

hysteresis comparison control scheme is proposed to control SCC MOSFETs to achieve 

current sharing. The proposed control strategy can be integrated into a cost-effective micro-

controller unit (MCU).  
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Fig.  6.1: Three-phase interleaved LLC converter with full-wave SCC 

The chapter is organized as follows: Section 6.2 discusses the operation principle of 

the half-wave and full-wave SCC circuits; Section 6.3 analyzes the current sharing 

characteristic among three phases, and compares the current sharing performance with and 

without SCC circuit by simulation; Section 6.4 explains the details of the proposed adaptive 
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hysteresis comparison control method; experimental results and a conclusion are provided 

in section 6.5 and section 6.6, respectively.  

6.2 Operation Principle of SCC Circuit 

Through turning on/off of the SCC MOSFETs, both half-wave and full-wave SCC 

circuits can be used to adjust the equivalent resonant capacitance in LLC converter, so that 

the voltage gain of three phases can be matched and current sharing can be achieved. This 

section discusses the operation principle of both SCC circuits.  

6.2.1 Half-wave SCC Circuit 

Fig. 6.2 shows the schematic of a half-wave SCC circuit. It consists a capacitor in 

parallel with a MOSFET. Fig. 6.3 presents the operation waveform of the half-wave SCC 

circuit. Ca is the SCC capacitor. Cr is the series resonant capacitor. By connecting the SCC 

capacitor Ca in and out of the resonant tank, the equivalent resonant capacitance Cr_eq could 

be modulated.  

Ca

SCC1

AB

IAB

ICa

Is

VCa

Cr

 

Fig.  6.2: Schematic of the half-wave SCC circuit 

The operation principle of half-wave SCC is described as follows [85].  

Assuming a sinusoidal current IAB is flowing through the SCC circuit, the current zero-

crossing points are at angle 0, π, 2π, …. etc.  
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For a positive half cycle, SCC1 is turned off at angle 2nπ+α, or α degree after the zero-

crossing points (from negative to positive) of the current. After SCC1 is turned off, the 

current flows from A to B via Ca and charges the capacitor until the next current zero-

crossing point at (2n+1)π.  

Then, the current IAB reverse direction, and begins to discharge Ca. After Ca is 

completely discharged, the negative current is about to flow from B to A via the body diode 

of SCC1. SCC1 is turned on as soon as the Ca voltage drops to zero. Thus, ZVS turn-on is 

achieved for SCC1. Moreover, its body diode is not conducted. SCC1 remains on for the rest 

of the cycle and turns off again at angle (2n+2)π+α. The delay angle α is defined from the 

positive current zero-crossing point to the SCC1 turn-off point, as shown in Fig. 6.3. Its 

variation range is from 0° to 180°. Since a large capacitor Ca (several nF) is connected in 

parallel with SCC1, the voltage VCa rises slowly after SCC1 is turned off. Therefore, ZVS 

turn-off is also achieved for the MOSFET. 

IAB

Vgs1

ICa

VCa

π
2π

3π
4π 5π

α

0

α

 

Fig.  6.3: Waveform of the half-wave SCC circuit 

Considering the fundamental component in the Fourier series of voltage VCa and 

current IAB, the equivalent capacitance of the half-wave SCC circuit can be derived as, 
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For LLC converter, the equivalent resonant capacitor Cr_eq becomes the series 

connection of the half-wave SCC and the series resonant capacitor Cs, as shown in Fig. 6.2. 

Thus, the equivalent resonant capacitance is calculated as,  
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Substituting (6.1) into (6.2), the equivalent resonant capacitance can be rewritten as,   
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When α = 0°, SCC1 and its body diode keep OFF all the time. Current IAB flows through 

capacitor Ca all the time. The equivalent resonant capacitance is at the minimum value 

which is equal to Cr and Ca connected in series. When α = 180°, SCC1 keeps ON all the 

time. The SCC capacitor is short circuit, which makes the equivalent resonant capacitance 

equal to its maximum value of Cr.  

As described before, half-wave SCC circuit only modulates resonant capacitance in 

positive half cycle, which causes asymmetrical resonant current in positive and negative 

half cycles. Thus, the energy transferred to output side in two half cycles are different, 

which is not desirable for LLC converter.    

6.2.2 Full-wave SCC Circuit 

To achieve symmetrical resonant current, full-wave SCC circuit can be applied. The 

structure of a full-wave SCC circuit is shown in Fig. 6.4. The circuit consists a capacitor 

and two MOSFETs with back-to-back configuration. Fig. 6.5 shows the corresponding 
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operation waveform. By controlling the capacitor Ca in and out of the resonant tank, the 

equivalent resonant capacitance Cr_eq can also be adjusted.  

Ca
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Fig.  6.4: Schematic of the full-wave SCC circuit 
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Fig.  6.5: Waveform of the full-wave SCC circuit 

The control scheme of the full-wave SCC circuit can be described as follows [85]. 

For a positive half cycle, SCC1 is turned off at angle 2nπ+α, or α degree after the zero-

crossing points (from negative to positive) of the current. After SCC1 is turned off, current 

IAB flows from A to B via Ca. Due to the large capacitance of Ca, the voltage VCa increases 

slowly, leading to ZVS turn-off for SCC1. The current keeps charging the capacitor until 

next current zero-crossing point at (2n+1)π.  

Then, the current reverses direction, and begins to discharge Ca. After Ca is fully 

discharged, the negative current is about to flow from B to A via the body diode of SCC1. 
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To achieve ZVS turn-on and prevent the body diode from conducting, SCC1 is turned on as 

soon as the capacitor voltage drops to zero. It remains on for the rest of cycle and turns off 

again at angle (2n+2)π+α.  

Following the same procedure, SCC2 controls the negative half cycle. It is turned off at 

angle (2n+1)π+α, or α degree after the zero-crossing points (from positive to negative) of 

the current. When capacitor voltage VCa discharges to zero, SCC2 is turned on with ZVS. 

Besides, due to the large capacitance of Ca, ZVS turn-off is also achieved for SCC2. The 

angle α changes from 90° to 180°. 

It can be observed from Fig. 6.5 that current IAB flows through SCC1 and SCC2, when 

both switches are ON at the same time, otherwise, it flows via SCC capacitor Ca to charge 

and discharge it. Considering the fundamental components in Fourier series of voltage VCa 

and current IAB, the equivalent capacitance of full-wave SCC, CSC can be calculated as a 

function of delay angle α,  
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− −
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The equivalent resonant capacitance Cr_eq can be rewritten as, 
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When α = 90°, SCC1 and SCC2 are not ON at the same time, current IAB always flows 

through capacitor Ca, making capacitor Ca fully connected into the circuit. The equivalent 

resonant capacitance is at the minimum value, which is equal to Cr and Ca connected in 

series. When α = 180°, SCC1 and SCC2 are always ON, and Ca is short circuit by these two 

MOSFETs. The equivalent resonant capacitance is at its maximum value of Cr.  
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Fig. 6.6 shows the ratio of equivalent resonant capacitor Cr_eq over series resonant 

capacitor Cr with respect to SCC angle α. In this example, Cr is 3.4nF, and Ca is 10nF. 

From Fig. 6.6, both half-wave and full-wave SCC circuits have the same capacitance 

modulation capacity. The ratio Cr_eq over Cr for half-wave SCC is changing from 0.75 to 1 

over entire delay angle α variation range. The difference is that the delay angle α of half-

wave SCC varies from 0° to 180°, but the delay angle α of full-wave SCC varies from 90° 

to 180°.  

  

Fig.  6.6: Capacitance ratio of Cr_eq over Cr with respect angle α 

To sum up, the following facts are observed.  

1. Both half-wave SCC and full-wave SCC could achieve ZVS operation during turn-

on and turn-off process.  

2. For both SCC circuits, the SCC MOSFETs are turned on as soon as the SCC 

capacitor voltage drops to zero. The body diode of the MOSFET is prevented from 

conducting.  
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3. For both SCC circuits, they have the same capacitance modulation range. They 

compensate component tolerance through decreasing equivalent resonant 

capacitance.  

4. Compared to half-wave SCC, full-wave SCC is preferred for LLC converter due 

to the symmetrical modulation in both positive and negative half cycles.  

This chapter focuses on applying full-wave SCC circuit into the three-phase 

interleaved LLC converter. 

6.3 Current Sharing Characteristic among Three-phase LLC Converter 

Due to resonant component tolerance, the resonant frequencies of three phases are 

slightly different from each other, which will cause different voltage gains at same 

switching frequency. The voltage gain of LLC converter in boost mode (voltage gain 

higher than unity) can be derived using time-domain method [86, 87]. It is expressed as, 
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All definitions are given as follows. 
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Where, fs is switching frequency. ωp and ωr are the parallel resonant frequency and series 

resonant frequency in radians, Ro is the output load resistor, n is the transformer turns ratio. 
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A set of voltage gain curves are obtained based on (6.6) and plotted in Fig. 6.7. The 

specifications are: Vin = 380V, Vo = 14V, and Io = 90A. The total transformer turns ratio is 

44 : 1. The nominal values of resonant components Lr, Lm, and Cr are 25uH, 125uH, and 

3.4nF, respectively. Moreover, +5% tolerance is assumed on Lr, Lm, and Cr for the first 

phase. 0% and -5% tolerances are assumed on Lr, Lm, and Cr for the second phase and the 

third phase, respectively. 

 

Fig.  6.7: Voltage gains of LLC converter at 380V input, 14V/90A output  

From Fig. 6.7, different component tolerance causes different voltage gains at same 

switching frequency. Taking 340kHz as an example, the first phase with -5% tolerance has 

the highest voltage gain, which is around 1.54. The voltage gain is reduced to 1.45 for the 

0% tolerance phase. The third phase with +5% tolerance has the lowest voltage gain, which 

is 1.39 at 340kHz. As mentioned before, when interleaved, all three phases operate at same 

switching frequency. Furthermore, the input voltage and output voltage are the same for 

all three phases due to the input-parallel and output-parallel structure. Thus, same voltage 

gain at same switching frequency is a prerequisite for interleaving. However, when three 

phases are connected in parallel, the first phase should carry a heavier load to reduce its 
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voltage gain, and the third phase should carry a lighter load to increase its voltage gain. 

Therefore, severe output current unbalance will happen. 

The output current of the LLC converter can be derived from (6.6), and it is expressed 

as, 
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Fig. 6.8 shows the output current versus switching frequency at 380V input, 14V 

output. The peak output current obtained by mathematic calculation is the theoretical 

maximum capacity of such resonant tank. At 340kHz, the output current for three phases 

are 63A, 26A and 0A, respectively. The first phase with -5% tolerance carries 63A load 

current. On the other hand, the third phase with +5% tolerance carries 0A load current. 

This is consistent with the result analyzed from voltage gain point of view. Therefore, there 

is no current sharing among three phases when component tolerance is considered.  

 

Fig.  6.8: Output current of LLC converter at 380V input, 14V output 

To compensate component tolerance and achieve load sharing, full-wave SCC circuit 

is added into the resonant tank. By controlling the delay angle α, the equivalent resonant 
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capacitor Cr_eq is adjusted so that the voltage gain could be modulated to match with each 

other, then, current sharing could be obtained. Substituting the equivalent resonant 

capacitance of (6.5) into (6.9), the output current with full-wave SCC compensation can be 

recalculated as, 
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Where, Cr_eq(α) is the calculated equivalent resonant capacitance with full-wave SCC 

circuit. 

Defining the actual values of resonant components for three phases are Lr1, Lm1, Cr1, 

Ca1, Lr2, Lm2, Cr2, Ca2, and Lr3, Lm3, Cr3, Ca3, respectively. Tolerances on resonant 

components are included. The output currents of all three phases are expressed as, 
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( )

( )

1 1

2
_ 1 1

1 1 1

,

4 2 1 1 1
1

1 2

o s

s r eq o in

o m r m

I f

n f C V V
cos sin

cos nV L L L



 
 



  
 = + − − + 
 −   

    (6.11) 

Second phase: 
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Third phase: 
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With a good SCC compensation, the output currents of three phases will be the same. 

Thus, the following relationship can be built, 
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In (6.14), there are four unknown parameters in three equations, which are switching 

frequency fs, and delay angle α1, α2, and α3. In theory, multiple combinations of switching 

frequency fs and delay angle α can be solved to meet current sharing requirement. To solve 

(6.14), either fs or one of the delay angle α should be assigned to a given value. Since 

frequency modulation is used to regulate output voltage, wide variation range is expected 

for fs. Besides, SCC angle α is tuned to compensate resonant component tolerance, which 

has small impact on the normal operation of LLC converter. It is reasonable to set one 

delay angle α to a given value. 

As mentioned before, smaller angle α will reduce the equivalent resonant capacitance 

to increase the output current. Therefore, after current sharing is achieved, the first phase 

with -5% tolerance will have the largest angle α1, the second phase with 0% tolerance will 

have the second largest angle α2, and the third phase with +5% tolerance will have the 

smallest angle α3. Thus, the delay angle α1 can be set to a given value. The angle α2 and α3 

can be reduced accordingly to increase the output current and achieve current sharing.  
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 In theory, the delay angle α1 can be set to any value in the range from 90° to 180° for 

full-wave SCC circuit. However, setting delay angle α1 to a bigger value instead of a 

smaller value has several advantages. Specifically,  

1) Smaller voltage rating on SCC MOSFETs. The voltage rating of SCC MOSFETs 

is the maximum voltage on SCC capacitor Ca, and it can be calculated as, 
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Where, iAB(t) is the current flowing through SCC circuit. Larger angle α leads to 

shorter charging time for the capacitor Ca. The maximum voltage across Ca will be 

reduced. Thus, lower voltage rating MOSFETs can be used, which usually have 

lower on-state resistance.  

2) Less deviation on quality factor of the LLC converter. The quality factor of the 

LLC converter is derived as, 
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With large delay angle α, the equivalent resonant capacitance Cr_eq will be towards 

to the original series resonant capacitor Cr. Thus, the modified quality factor will 

be closer to the nominal quality factor. Besides, the modified LLC operating points 

will be closer to the pre-designed operating points with nominal resonant 

parameters, which usually have been optimized. 

3) Larger tolerance compensation margin. SCC circuit compensates component 

tolerance by reducing angle α. For full-wave SCC, it will loss compensation 
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capacity when angle α is decreased to 90°. Therefore, larger angle α provides more 

compensation margin than smaller angle α. 

Simulation studies are carried out by using PSIM software to verify the validity of the 

above mathematical analysis. The first phase delay angle α1 is set to 180° and 150°, 

respectively. The required delay angle α2 and α3 for the second phase and the third phase 

will be derived for current sharing. The simulation performance between α1 = 180° and α1 

= 150° are compared.  

Case 1: α1 = 180° 

Angle α1 is set to 180° to bypass the first phase SCC capacitor Ca. At 380V input, 14V 

output and 340kHz frequency, the first phase with -5% tolerance outputs 63A load. Fig. 

6.9 shows the relationship of output current versus SCC angle α for the second phase and 

the third phase. To deliver the same amount of load, the required angle α2 and α3 of 0% 

tolerance and +5% tolerance phases should be 123° and 103°. Thus, the total output current 

of three phases will be 189A (3 × 63A).  

 

Fig.  6.9: Output current versus angle α at 380V input, 14V output and 340kHz frequency  
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With SCC compensation, the voltage gain curves at 380V input, 14V/63A output are 

drawn in Fig. 6.10. Three gain curves are intersected at 340kHz with a voltage gain of 1.54, 

which means that three phases have the same voltage gain at same switching frequency 

with same load condition. Thus, current sharing could be achieved by using SCC 

compensation from voltage gain point of view. 

 

Fig.  6.10: Voltage gains of LLC converter with SCC compensation at 340kHz frequency 

Fig. 6.11 shows the simulation result of three-phase operation at 380V input, 

14V/189A output, and 340kHz frequency without SCC compensation. From Fig. 6.11, the 

rms values of the primary side current are 6.2A, 2.4A, and 1.8A, respectively. In addition, 

the average values of the secondary side rectified current (output current) are 143A, 46A, 

and 0A, respectively. Thus, severe current unbalance is existing due to the resonant 

component tolerance.  



145 

 

ILr1: -5% tolerance     ILr2: 0% tolerance     ILr3: +5% tolerance 

Io1: -5% tolerance     Io2: 0% tolerance     Io3: +5% tolerance 

Fig.  6.11: Simulation waveform at 380V input, 14V output and 340kHz frequency without SCC 

compensation 

Fig. 6.12 shows the simulation result at 380V input, 14V/189A output, and 340kHz 

frequency by using PSIM software. SCC compensation is applied in this simulation case. 

Angle α1 of the first phase is set to 180°, angle α2 of the second phase is set to 123°, and 

angle α3 of the third phase is set to 103°. From Fig. 6.12(a), the rms values of the primary 

side current are 2.9A, 2.8A, and 2.7A, respectively. Besides, the average values of the 

secondary side rectified current are 64A, 63A and 62A, respectively. Three phases carry 

almost the same amount of output current, which confirms the effectiveness of the SCC 

compensation. The SCC capacitor voltage of the first phase is zero since the capacitor is 

short circuit by the SCC MOSFTs, as shown in Fig. 6.12(b). It can also be observed from 

Fig. 6.12(b) that the peak capacitor voltage is 130V for the +5% tolerance phase. In 

addition, the SCC MOSFET is turned and turned off with zero voltage.   
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ILr1: -5% tolerance     ILr2: 0% tolerance     ILr3: +5% tolerance 

Io1: -5% tolerance     Io2: 0% tolerance     Io3: +5% tolerance 

(a)  Secondary side rectified current 

 

SCC1B: SCC gate signal 1 of the +5% tolerance SCC2B: SCC gate signal 2 of the +5% tolerance 

Vscc1: -5% tolerance     Vscc2: 0% tolerance     Vscc3: +5% tolerance 

(b)  SCC capacitor voltage  

Fig.  6.12: Secondary side rectified current and SCC capacitor voltage at 380V input, 14V output 

and 340kHz frequency with SCC compensation  

Case 2: α1 = 150° 

If set angle α1 of the -5% tolerance phase to 150°, another combination of α2, α3, and 

fs could be solved to achieve current sharing. To deliver 63A load at 380V input and 14V 

output, the switching frequency is increased to 343kHz. Fig. 6.13 shows the relationship 
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of output current versus SCC angle α for the second phase and the third phase. The required 

α2 and α3 of 0% and +5% tolerance phases should be set to 118° and 99°, respectively. Fig. 

6.14 shows the voltage gain curves with SCC compensation. All three phases could achieve 

1.54 voltage gain at 343kHz frequency. 

 

Fig.  6.13: Output current versus angle α at 380V input, 14V output and 343kHz frequency  

 

Fig.  6.14: Voltage gains of LLC converter with SCC compensation at 343kHz frequency 

Fig. 6.15 shows the simulation result at 380V input, 14V output, and 343kHz 

frequency by using PSIM software. The SCC angle α for three phases are set to 150°, 118°, 

and 99°, respectively. It can be observed from Fig. 6.15(a) that the rms values of the 
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primary side current are 2.85A, 2.82A and 2.7A, respectively. In addition, the average 

values of the secondary side rectified current are 63A, 64A and 62A, respectively. Good 

current sharing performance is also achieved. However, the peak capacitor voltage of the 

+5% tolerance phase is increased to 145V as shown in Fig. 6.15(b).  

 

ILr1: -5% tolerance     ILr2: 0% tolerance     ILr3: +5% tolerance 

Io1: -5% tolerance     Io2: 0% tolerance     Io3: +5% tolerance 

(a)  Secondary side rectified current 

 

SCC1B: SCC gate signal 1 of the +5% tolerance SCC2B: SCC gate signal 2 of the +5% tolerance 

Vscc1: -5% tolerance     Vscc2: 0% tolerance     Vscc3: +5% tolerance 

(b)  SCC capacitor voltage 

Fig.  6.15: Secondary side rectified current and SCC capacitor voltage at 380V input, 14V output 

and 343kHz frequency with SCC compensation 
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The above simulation results verify that multiple combinations of frequency fs and 

angle α are present to satisfy load current sharing requirement. It is noted that SCC circuit 

decreases the equivalent resonant capacitance and increases the resonant frequency by 

reducing the angle α. The increasing on resonant frequency increases the voltage gain at 

same switching frequency, and therefore, increases the output current at same voltage gain. 

Thus, when angle α decreases, the output current increases. Besides, larger angle α reduces 

the charging time of capacitor Ca, leading to lower peak voltage across it. Lower voltage 

rating MOSFETs can be used. It is a good choice to set the delay angle α to its maximum 

for the phase that carries the highest load current; then, reducing delay angle α of other two 

phases to increase their output current to match with the highest load current phase. 

6.4 Proposed Adaptive Hysteresis Comparison Control Strategy 

Among digital controllers, the cost-effective MCU is preferred in industrial 

applications. In this work, two Microchip dsPIC33FJ32GS610 MCUs are used to 

implement the proposed control scheme.  

The voltage loop is implemented in secondary side MCU by using conventional PI 

control method. Frequency modulation is performed to regulate the output voltage. The 

digital implementation of the voltage loop is shown in Fig. 6.16. A resistor voltage divider 

is used to scale down the output voltage. The divided output voltage is then sensed by the 

MCU ADC module and compared with the reference voltage. The error signal is processed 

by digital PI controller in MCU to calculate the required switching period information. 

Based on the calculation result, the PWM module generates the gate signal at specific 

switching frequency for primary side switches.  
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Fig.  6.16: Digital implementation of voltage loop 

The current loop is implemented in primary side MCU. An adaptive hysteresis 

comparison control scheme is proposed to adjust SCC angle α. It is desirable to achieve 

largest angle α for the phase that carries the highest load current so that the voltage rating 

of SCC MOSFETs can be reduced. In addition, when delay angle α is reduced, the output 

current of that phase will be increased, and vice versa. The proposed SCC angle α tuning 

process is described as follows.  

At start up, three phases angle α are set to the maximum value. The difference among 

three phases output current is large. Based on energy balancing, all three phases’ input 

current are sampled and compared to estimate output current sharing performance. Of all 

three phases, there is one phase which carries the highest current; and there is another phase 

which carries the lowest current. Delay angle α is tuned by Δα degree every step based on 

the comparison result. The controller keeps checking angle α of the highest current phase. 

If the angle α is smaller than its maximum value, the controller increases the angle α to 

decrease its load current at first. Until the angle α arrives its maximum value, the controller 

starts to decrease angle α of the lowest current phase to increase its load current. After 
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several cycles, new relationship among three phases’ input current will be built, and the 

controller adjusts angle α based on new comparison result. The angle α is tuned step-by-

step to eliminate the difference among three-phase input currents. Finally, the total output 

current will be distributed into three phases equally. Fig. 6.17 shows the flowchart of the 

proposed current sharing strategy. To filter out unexpected current sensing noise, hysteresis 

is added into the current loop. Only if the comparison result of three phases input current 

keeps constant for consecutive several times, angle α of the corresponding phase will be 

updated then; otherwise, angle α will keep unchanged. Due to the existing of SCC on each 

phase, current sharing could always be achieved no matter which phase potentially carries 

the highest or the lowest load current. 

Phase with highest Iin

α = α + Δα

Set α1, α2, α3 to αmax

Sense and compare 

Iin1, Iin2, Iin3

Check α of the highest 

Iin phase

If (α == αmax)

Y

Phase with smallest Iin

α = α - Δα

N

 

Fig.  6.17: Control flowchart of the proposed current sharing control strategy 

To avoid oscillation and eliminate the interference between two loops, current loop is 

designed much slower than voltage loop. By doing so, the tuning of angle α is always 

performed with stabilized and constant output voltage. Besides, current loop will not 
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interfere the operation of voltage loop, which is the highest priority for the LLC converter 

to work correctly.  

Fig 6.18 shows the digital implementation of the current loop. PWM module in MCU 

is used to generate gate single for SCC MOSFETs. The PWM signal is synchronized with 

the zero-crossing points of resonant current of the corresponding phase. A current 

transformer (CT) and a comparator are used to sense the resonant current zero-crossing 

point. Then, the output of the comparator is transmitted to MCU as an external interrupt 

(INT) to reset SCC PWM signal every switching cycle.  
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Fig.  6.18: Digital implementation of the proposed current loop 

6.5 Experimental Results 

The photo of the developed three-phase interleaved LLC prototype is shown again in 

Fig. 6.19. The SCC circuit has already been added on the main power PCB of the prototype. 

As the SCC circuit is connected in series with the series resonant capacitor, it is placed on 

the top side of the main power board. The parameters of the prototype including SCC 

circuit are presented in Table 6.1. Silicon MOSFET of IPB200N25N3 from Infineon is 
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used as the SCC switches. Three 450V/4700pF NP0 series ceramic capacitors connected 

in parallel are used as the SCC capacitor. In addition, when delay angle α changes from 

140° to 180° (as shown in Fig. 6.6), the equivalent resonant capacitance variation is very 

limited. Therefore, the maximum angle α is set to 140° in the following testing. 

 

Fig.  6.19: Photos of the designed three-phase LLC LDC with full-wave SCC 

Fig. 6.20 shows the waveforms of single-phase SCC-LLC converter at 380V input, 

14V/90A output. The SCC angle α is set to 140°, which is the largest delay angle α in 

testing. From Fig. 6.20, SCC MOSFET is turned on as soon as the capacitor voltage is 

discharged to zero. ZVS turn-on is achieved. Moreover, the body diode of the SCC 

MOSFET is not conducted. In addition, the SCC capacitor voltage increases slowly after 

the SCC MOSFET is turned off, resulting in ZVS turn-off.  

Fig. 6.21 compares the measured efficiencies of single-phase converter with and 

without SCC at 380V input, 14V output. When output current is below 55A, the efficiency 

with SCC circuit is lower than that of without SCC circuit. However, the efficiency with 

SCC circuit is higher at heavy load condition. Due to the ZVS turn-on and turn-off, SCC 

circuit does not have much impact on system efficiency. 

 

#1 phase 

#2 phase 

#3 phase 
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Table 6.1: Parameters of the designed three-phase LLC LDC with full-wave SCC 

Transformer N = 44, PQ35/35 core 

Parallel inductor 

Lm1 = 125.5µH, Lm2 = 

124.2µH, Lm3 = 127.2µH, 

PQ35/35 core 

Series inductor 
Lr1 = 26.1µH, Lr2 = 25.7µH, 

Lr3 = 26.1µH, PQ32/20 core 

Series capacitor 
C1808C681JGGAC7800 

2KV, 680pF × 5 (per phase) 

SCC capacitor 
C2012NP02W472J125AA, 

450V, 4700pF × 3 (per phase) 

Primary side GaNs 
GS66508B (650V, 30A) × 4 

(per phase) 

Secondary side SRs 
TPHR8504PL (40V, 150A) × 

12 (per phase) 

SCC MOSFETs 
IPB200N25N3 (250V, 64A) × 

2 (per phase) 

Output capacitor 
C3216JB1E336M160AC, 

25V, 33µF × 10 (per phase) 

MCU DSPIC33FJ32GS610 × 2 

 

CH1: gate signal of SCC1     CH2: gate signal of SCC2 

CH3: SCC capacitor voltage     CH4: series resonant current    

Fig.  6.20: Waveform of single-phase SCC-LLC converter at 380V input, 14V/90A output 
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Fig.  6.21: Measured efficiencies of single-phase LLC converter with and without SCC circuit at 

380V input, 14V output 

To improve the light load efficiency, phase shedding technique is performed. The 

prototype is tested at 250V, 330V and 380V input voltages, with single-phase, two-phase 

and three-phase modes, respectively.  

1. At 250V input, 14V output, the converter operates at single-phase mode if the 

output current is less than 50A. It will operate at two-phase mode if the output 

current is between 50A and 100A. From 100A to 165A output current, the 

converter works at three-phase mode. 

2. At 330V input, 14V output, the converter operates at single-phase mode if the 

output current is less than 70A. If the output current is changing from 70A to 120A, 

the converter works at two-phase mode. If the output current is between 120A and 

270A, the converter operates at three-phase mode.  

3. At 380V input, 14V output, the converter operates at single-phase mode if output 

current is less than 70A. If output current is between 70A and 140V, the converter 
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operates at two-phase mode. In addition, if the output current is between 140A and 

270A, the converter operates at three-phase mode.  

Two oscilloscopes are used during the testing, one is used to measure the series 

resonant current; the other one is used to measure the SCC capacitor voltage. 

6.5.1 Testing Results of Single-phase Operation 

Fig. 6.22 shows the waveforms of the resonant current and the SCC capacitor voltage 

at 250V input, 14A/50A output. Single-phase operation is performed to carry the output 

current. The first phase is enabled. The second phase and the third phase are disabled. 

Delay angle α of the first phase is set at 140°. The rms current of the series resonant inductor 

is 3.36A. In addition, the SCC capacitor peak voltage of the first phase is 50V.  

Fig. 6.23 shows the thermal image captured at the testing condition with fan cooling 

and liquid cooling. It can be observed from Fig. 6.23 that only the first phase is operating, 

and the hottest spot is the parallel resonant inductor winding, which is around 42°C. 

 

(a) series resonant current 
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(b) SCC capacitor voltage 

Fig.  6.22: Waveform of single-phase SCC-LLC converter at 250V input, 14V/50A output 

 

Fig.  6.23: Thermal images at 250V input, 14V/50A output with fan cooling and liquid cooling 

6.5.2 Testing Results of Two-phase Operation 

Fig. 6.24 shows the waveforms of the resonant current and the SCC capacitor voltage 

at 250V input, 14A/100A output. Two-phase operation is performed to carry the output 

current. The first phase and the third phase are enabled. The second phase is shut down. 

Besides, 0° and 90° interleaving are implemented in the testing to attenuate output voltage 

ripple. From Fig. 6.24, the measured rms current of the series resonant inductor are 3.26A 

and 3.18A. Good current sharing performance is obtained. The delay angle α of the first 
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phase is at its maximum value, which is 140°. The delay angle α of the third phase is 

reduced to 128° for current sharing. In addition, the SCC capacitor peak voltage of the third 

phase is 50V.  

 

CH1: #1 series resonant current     CH3: #3 series resonant current    

(a) series resonant current 

 

CH2: #1 SCC capacitor voltage     CH3: #3 SCC capacitor voltage    

(b) SCC capacitor voltage 

Fig.  6.24: Waveform of two-phase SCC-LLC converter at 250V input, 14V/100A output with 

interleaving 

Fig. 6.25 illustrates the waveform of the resonant current and the SCC capacitor 

voltage at 330V input, 14A/120A output. 0° and 90° interleaving are also implemented. 

From Fig. 6.25, the measured rms current of the series resonant inductor are 3.26A and 
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3.14A. The delay angle α of the first phase and the third phase are 140° and 126°, 

respectively. Good current sharing performance is also achieved between two phases. 

 

CH1: #1 series resonant current     CH3: #3 series resonant current    

(a) series resonant current 

 

CH2: #1 SCC capacitor voltage     CH3: #3 SCC capacitor voltage    

(b) SCC capacitor voltage 

Fig.  6.25: Waveform of two-phase SCC-LLC converter at 330V input, 14V/120A output with 

interleaving 

Fig. 6.26 shows the waveform of the resonant current and the SCC capacitor voltage 

at 380V input, 14A/130A output. The first phase and the third phase are enabled. 0° and 

90° interleaving are implemented. From Fig. 6.26, the measured rms current of the series 

resonant inductor are 3.11A and 2.90A. The delay angle α of the first phase and the third 
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phase are 140° and 133°, respectively. The SCC capacitor peak voltage of the third phase 

is around 40V. 

 

CH1: #1 series resonant current     CH3: #3 series resonant current    

(a) series resonant current 

 

CH2: #1 SCC capacitor voltage     CH3: #3 SCC capacitor voltage    

(b) SCC capacitor voltage 

Fig.  6.26: Waveform of two-phase SCC-LLC converter at 380V input, 14V/130A output with 

interleaving 

Fig. 6.27 shows the thermal image captured at 380V input, 14V/130A output with fan 

cooling and liquid cooling. It can be observed from Fig. 6.27 that the first phase and the 

third phase are operating, and the second phase is shut down. The highest temperature is 

52°C at the testing condition. 
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Fig.  6.27: Thermal images at 380V input, 14V/130A output with fan cooling and liquid cooling 

6.5.3 Testing Results of Three-phase Operation 

Fig. 6.28 shows the waveforms of the resonant current and the SCC capacitor voltage 

at 250V input, 14A/165A output. All three phases are operating at the same time. From 

Fig. 6.28, delay angle α1, α2 and α3 are 140°, 136°, and 122°, respectively. The rms current 

for three phases are 3.56A, 3.48A, and 3.39A. The rms current difference is 0.17A. Good 

current sharing performance is achieved among three phases. 

 

CH1: #1 series resonant current     CH2: #2 series resonant current     CH3: #3 series resonant current    

(a) series resonant current 
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CH1: #1 SCC capacitor voltage     CH2: #2 SCC capacitor voltage     CH3: #3 SCC capacitor voltage    

(b) SCC capacitor voltage 

Fig.  6.28: Waveform of three-phase SCC-LLC converter at 250V input, 14V/165A output 

without interleaving 

Due to power limitation of electronics load, a maximum output current of 260A is 

tested rather than 270A full load. Fig. 6.29 shows the waveform of the resonant current and 

the SCC capacitor voltage at 330V input, 14A/260A output. 0°, 60° and 120° interleaving 

are implemented in the testing to attenuate output voltage ripple. The measured rms current 

of the series resonant inductor are 4.42A, 4.15A and 4.43A, respectively. The first phase 

and the third phase carry the same output current. But the second phase carries a little bit 

lower output current. The angle α2 is at 140°. The angle α1 and α3 of the first phase and the 

third phase are reduced to 138° and 130°, respectively, to obtain current sharing.  
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CH1: #1 series resonant current     CH2: #2 series resonant current     CH3: #3 series resonant current    

(a) series resonant current 

 

CH1: #1 SCC capacitor voltage     CH2: #2 SCC capacitor voltage     CH3: #3 SCC capacitor voltage    

(b) SCC capacitor voltage 

Fig.  6.29: Waveform of three-phase SCC-LLC converter at 330V input, 14V/260A output with 

interleaving 

Fig. 6.30 shows the resonant current and the SCC capacitor voltage at 380V input, 

14A/260A output. 0°, 60° and 120° interleaving are also implemented in the testing to 

attenuate output voltage ripple. From Fig. 6.30, angle α2 of the second phase is at the 

maximum value of 140°. Angle α1 and angle α3 of the first phase and the third phase are 

decreased to 107° and 99°, respectively. The measured rms current of the series resonant 
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inductor are 3.86A, 3.95A and 4.00A, respectively. The maximum rms current difference 

is 0.14A.  

 

CH1: #1 series resonant current     CH2: #2 series resonant current     CH3: #3 series resonant current    

(a) series resonant current 

 

CH1: #1 SCC capacitor voltage     CH2: #2 SCC capacitor voltage     CH3: #3 SCC capacitor voltage    

(b) SCC capacitor voltage 

Fig.  6.30: Waveform of three-phase SCC-LLC converter at 380V input, 14V/260A output with 

interleaving 

Fig.6.31 presents the thermal images captured at 380V input, 14V/260A output with 

fan cooling and liquid cooling. The temperature of the parallel inductors is around 60°C, 

and the temperature of the transformers is around 67°C. It is noted that the temperature for 
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three phases transformer are almost the same, which can also indirectly indicate that the 

output current is distributed into three phases equally.  

                

                                 (a) Input side                                                     (b) Output side 

Fig.  6.31: Thermal images at 380V input, 14V/260A output with fan cooling and liquid cooling 

Fig. 6.32 shows the three-phase efficiency measured at 250V, 330V and 380V input 

with 14V output. Both fan cooling and liquid cooling are used during the testing. Due to 

the good current sharing performance, high efficiency is achieved. A full load efficiency 

of 96% is obtained at 250V. A peak efficiency of 96.4% and a full load efficiency of 95.2% 

are achieved at 330V input. In addition, a peak efficiency of 96.4% and a full load 

efficiency of 95.8% are achieved at 380V input. It can be observed that the efficiency is 

quite stable when output load is above 40A. Taking 380V input as an example, from 15A 

to 60A load, the converter is tested with single-phase operation; from 70A to 130A load, 

the converter is tested with two-phase operation; and from 140A to 260A load, the 

converter is tested with three-phase operation. For two-phase operation, the load assigned 

to each phase is from 35A to 65A. For three-phase operation, the load assigned to each 

phase is from 47A to 87A. No matter for single-phase operation, two-phase operation and 

three-phase operation, each phase converter is working within the load range of 15A to 

87A, where high efficiency is usually achieved. In addition, due to phase shedding 
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technique, the efficiency at light load is improved. The efficiency at 380V input 14V/15A 

output is measured at 91.6%. 

 

Fig.  6.32: Measured efficiencies of three-phase LLC converter at 250V, 330V and 380V input 

and 14V output 

On the developed prototype, the output side of all three phases are connected in 

parallel. Thus, it is difficult to measure the output current carried by each phase directly. 

The rms value of series resonant current is used to investigate the current sharing 

performance. Fig. 6.33 shows the rms value of series resonant current from 70A to 130A 

load at 380V input, 14V output with two-phase operation. Fig. 6.34 shows the rms value 

of series resonant current from 140A up to 260A load at 380V input, 14V output with three-

phase operation.  

From Fig. 6.33, the rms value of the first phase and the third phase resonant current 

are similar, which indicates that the current sharing performance is good at different load 

condition. However, the rms current of the first phase is around 0.2A (or error of 0.1A/3A 

= 3.3%) higher than that of the third phase. From Fig. 6.34, the current sharing performance 

with three-phase operation becomes better. The rms current error is reduced within 0.1A 

(or error of 0.05A/4A = 1.25%).  
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Fig.  6.33: rms value of series resonant current at 380V input with two-phase operation 

 

Fig.  6.34: rms value of series resonant current at 380V input with three-phase operation 

6.5.4 Performance Comparison with Other LDC Topologies 

The most recent literatures about LDC are listed in Table 6.2. It can be observed that 

most LDCs consisted of two or three phases in parallel could achieve high efficiency 

because of the reduction of conduction loss and copper loss. Due to the SCC compensation, 

the proposed LDC could achieve both high efficiency and high power density at the same 

time compared with other LDCs. 
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Table 6.2: Comparison between proposed three-phase LLC LDC and most recent literatures 

Refe

rence 

 Specification of the Converter 

Topology 
Switch

es 

Configur

ation 

Input 

voltage 

Output 

voltage 
Power 

Peak 

efficiency 

Full-load 

efficiency 

Power 

density 

Switching 

frequency 

[39] 

Phase-shift 
full bridge 

converter 

MOSF

ET 
1 modular 200V~400V 12V 1.2kW 95.5% 90% 0.5kW/L 100kHz 

[42] 
LLC 

converter 

MOSF

ET 
1 modular 220V~450V 6.5V~16V 2.5kW 93.2% 92% 1.17kW/L 

90kHz 

~200kHz 

[43] 
Phase-shift 
full bridge 

converter 

MOSF

ET 
1 modular 235V~431V 11.5V~15V 2kW 93.5% 93% 0.94kW/L 200kHz 

[88] 

Phase-shift 

full bridge 

converter 

MOSF
ET 

1 modular 300V 12V 2kW 94% 93.2% - 
227kHz 

~297kHz 

[89] 
Phase-shift 
full bridge 

converter 

SiC 1 modular 300V~400V 12V~16V 0.7kW 93.5% 90% - 100kHz 

[90] 

Phase-shift 

full bridge 
converter 

MOSF

ET 
1 modular 250V~400V 13V~15V 1kW 93% 92% - 100kHz 

[91] 

Phase-shift 

full bridge 

converter 

IGBT 

3 

modulars 

in parallel 

300V 14V 1.2kW 94.7% 93.9% - 100kHz 

[92] 

Three-level 
phase-shift 

half bridge 

converter 

GaN 1 modular 200V 12V 0.5kW 91% 90%  40kHz 

[93] 
Two-stage 

converters 

MOSF

ET 

2 
modulars 

in parallel 

200V~400V 12V 2kW 95.9% 94.3% - 
100kHz 

~133kHz 

[94] 
LLC 

converter 

MOSF

ET 
1 modular 260V~430V 12.5V~14.5V 1.9kW 93% 91% 1.02kW/L 

65kHz 

~150kHz 

[95] 
LLC 

converter 

MOSF

ET 

2 

modulars 
in parallel 

330V~410V 14V 2.5kW 95% 93% 1kW/L 250kHz 

The 

prop

osed 

LDC 

SCC-LLC 

converter 
GaN 

3 

modulars 

in 

parallel 

250V~430V 9V~16V 3.8kW 96.7% 95.8% 3kW/L 
260kHz 

~400kHz 

6.6 Conclusion 

Three-phase interleaved LLC converter is designed for high power EV high voltage to 

low voltage DC-DC converter application. Due to the component tolerance on resonant 

tank, severe current unbalance exists. Full-wave SCC circuit is applied into the converter 

to compensate the resonant component tolerance and achieve current sharing.  

The operation principle of half-wave SCC and full-wave SCC are introduced and 

compared. Since the symmetric operation on both positive and negative cycles, full-wave 
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SCC is more suitable for LLC converter than half-wave SCC for high power application. 

The SCC MOSFETs can be turned on/off with ZVS operation, thus, only conduction loss 

is present on SCC circuit. 

The load sharing characteristic of LLC converter with and without SCC is analyzed 

and compared. Simulation results verified the effectiveness of the SCC circuit. Besides, the 

solution with large delay angle a could help reduce the voltage rating for SCC MOSFETs.  

Two MCUs are used to implement the control strategy. One is for output voltage 

regulation, and the other one is for current sharing control. Frequency modulation with PI 

control is used to regulate the output voltage. A digital comparison control strategy is 

proposed to control SCC MOSFETs.  

Experimental results of a 250V – 430V input, 9V – 16V/270A output, three-phase 

interleaved SCC-LLC prototype demonstrate the effectiveness of the SCC circuit and the 

correctness of the control strategy. Phase shedding technique is performed during the 

testing to improve light load efficiency. Good current sharing performance and high 

efficiency are obtained at the same time. 
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Power Converter Controlled Capacitor Ripple Cancellation for Single-

stage LLC Converter in Electric Vehicle AC-DC On-board Charger 

Applications 

7.1 Introduction 

The diagram of the electric vehicle (EV) power train system is shown in Fig. 7.1. In 

chapter 5 and chapter 6, the high power on-bard low voltage DC-DC converter (LDC) is 

investigated. The LDC transfers the high Li-ion battery voltage (250V – 430V) to the low 

Lead-acid battery voltage (9V – 16V). Expect for the LDC, the on-board charger (OBC), 

which takes responsible to charge the high voltage (HV) Li-ion batteries from utility grid 

is also considered as one of the critical parts in EV power train system.  
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Fig.  7.1: Diagram of EV power train system 
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Conventional OBC is implemented by using two-stage configuration, as shown in Fig. 

7.2. The first stage is consisted by a diode rectifier bridge and boost converter. The second 

stage is an isolated LLC converter. The drawback of this two-stage configuration is that 

the output power needs to be converted twice. The first time is in the boost converter, which 

is designed to achieve power factor correction (PFC). The second time is in the LLC 

converter, which regulates the output voltage to certain level and provides galvanic 

isolation. Therefore, the efficiency will be reduced. Besides, due to the existing of bulky 

inductor in boost stage, the power density is limited. In addition, the cost can be very high 

as each stage should be developed to handle full output power, thus, high voltage/current 

rating components are needed.  
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Fig.  7.2: Schematic of conventional two-stage boost-LLC OBC 

Instead of using two-stage configuration, a single-stage LLC-based AC-DC converter 

has been proposed and verified for OBC application. The schematic of the single-stage 

LLC OBC is shown in Fig. 7.3. Both AC-DC stage with PFC and DC-DC stage with 

voltage regulation and galvanic isolation are realized by using a single-stage LLC 

converter. The LLC OBC essentially removes the bulky boost inductor and reduces the 

number of switches, leading to a solution with higher power density and lower cost. In 
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addition, taking advantage of the soft switching feature of LLC converter, higher efficiency 

is also very promising.    
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Fig.  7.3: Schematic of single-stage LLC OBC 

When PFC is achieved, the input current of the converter (before the diode bridge) is 

a sinusoidal waveform in phase with the input AC voltage. No matter for single-stage 

configuration or for two-stage configuration, it is commonly known that the output voltage 

of the PFC stage contains double line frequency ripple (100Hz for Europe, Asia, and 120Hz 

for North America). The amplitude of the ripple voltage depends on the output capacitance 

and the load current. For two-stage configuration, the double line frequency ripple exists 

on the DC bus voltage, Vbus, as shown in Fig. 7.2. To suppress this ripple, large value 

electrolytic capacitor should be added on DC bus side. By doing so, the DC bus voltage 

variation range is reduced, and the second-stage LLC converter helps remove the 100Hz 

or 120Hz voltage ripple.  

However, for single-stage configuration, the double line frequency ripple exists on the 

output voltage, Vo, as shown in Fig. 7.3. There is no second-stage converter to remove it. 

Thus, large value electrolytic capacitor should be added on the output side. For example, 

for 6.6kW single-stage LLC OBC with output voltage range of 250V to 430V, the load 
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current is 16.5A at 400V/6.6kW output. To suppress the double line frequency voltage 

ripple to ±10V, six 560µF/450V electrolytic capacitors should be connected in parallel as 

the output capacitor. However, this ±10V voltage ripple will introduce significant amount 

of AC current flowing through the high voltage battery pack. Such high AC current will 

convert into extra heat on battery pack because of the existing of internal resistor. The 

lifespan of the battery pack will be reduced. Based on [96], with nominal cell voltage and 

capacity of 3.3V and 18Ah, the internal resistance is around 10mΩ. Thus, for an 

400V/36Ah/14.4kWh EV Li-ion battery pack, the internal resistance can be estimated as 

0.6Ω. The total dissipated power on the internal resistor will be 83W. To reduce the power 

loss on battery pack internal resistor, the double line frequency voltage ripple should be 

further suppressed. To achieve ±1V double line frequency voltage ripple, sixty 

560µF/450V electrolytic capacitors are needed. However, the dimension for an 

560µF/450V electrolytic capacitor is already 4.5cm (height) × 3.5cm (diameter). Sixty of 

such large electrolytic capacitors connected in parallel is too large to be possible in practice.  

In this chapter, a new technology called power converter-controlled capacitor (PCCC) 

is proposed to eliminate the double line frequency ripple for single-stage LLC OBC 

application. This chapter is organized as follows. Section 7.2 introduces the details of the 

proposed PCCC; Section 7.3 investigates the design procedure of the full bridge PCCC and 

its control strategy; Section 7.4 verifies the PCCC method along with the single-stage LLC 

OBC by using PSIM simulation; Section 7.5 shows the conclusion of this chapter.  
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7.2 Power Converter Controlled Capacitor 

In this section, the ripple cancellation converter (RCC) is briefly reviewed. Then, the 

basic idea of PCCC method and the operation principle of full bridge PCCC are introduced. 

Finally, the performance between proposed PCCC with conventional RCC is compared.  

7.2.1 Ripple Cancellation Converter 

The diagram of the LLC PFC converter with RCC is shown in Fig. 7.4 [97]. The output 

terminal A of the LLC PFC converter is connected to the output positive terminal. The 

output terminal R1 of the RCC is connected in series with the output terminal B of the LLC 

PFC converter. The output terminal R2 of the RCC is connected to output negative terminal. 

The RCC is normally implemented by using a bi-polar converter, such as buck-boost 

converter and full bridge inverter.  
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Fig.  7.4: Diagram of the single-stage LLC OBC with conventional RCC 

The RCC generates a pure opposite AC voltage with zero DC bias to cancel the double 

line frequency voltage ripple on LLC PFC output. Fig. 7.5 illustrates the voltage 

waveforms of the LLC output voltage VLLC, the RCC output voltage VRCC, and the 

combined output voltage Vbattery, respectively. 
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Fig.  7.5: Waveform of the output voltage for single-stage LLC PFC converter with RCC 

The output voltage VLLC of the LLC PFC converter contains both the AC and the DC 

components. It can be expressed as, 

 ( )LLC DC rippleV V v t= +                                                (7.1) 

Where, VDC is the DC component of the output voltage, vripple(t) is the AC component of 

the output voltage at double line frequency. The switching frequency ripple is neglected. 

The output voltage VRCC of the RCC is a pure AC voltage with zero DC bias. To achieve a 

ripple-free output voltage on Vbattery, VRCC should be controlled to satisfy,  

  ( )RCC rippleV v t= −                                                    (7.2) 

Then, the output voltage Vbattery is the sum of the output voltage of the LLC PFC 

converter and the output voltage of the RCC. It can be calculated as, 

 ( ) ( )( )battery LLC RCC DC ripple ripple DCV V V V v t v t V= + = + + − =           (7.3) 
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It is noted from (7.3) that the AC component on the battery voltage is cancelled. The 

Vbattery only contains DC component as shown in the bottom green line in Fig. 7.5. With 

RCC compensation, the double line frequency voltage ripple can be effectively eliminated. 

7.2.2 Basic Idea of PCCC 

The diagram of the LLC PFC converter with the proposed PCCC is shown in Fig. 7.6. 

The output terminal A of the LLC PFC converter is still connected to the output positive 

terminal. The output terminal P1 of the PCCC is connected in series with the LLC output 

capacitor, CLLC. Both the output terminal P2 of the PCCC and the output terminal B of the 

LLC PFC converter are connected together to output negative terminal. As compared with 

Fig. 7.4, the RCC is connected in series with the LLC PFC converter, which is two 

converters connected in series. However, the proposed PCCC is connected in series with 

the output capacitor CLLC other than the LLC PFC converter.  
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Fig.  7.6: Diagram of the single-stage LLC PFC converter with proposed PCCC 

The ripple cancellation principle of proposed PCCC is same as the conventional RCC. 

The output voltage of the PCCC, VPCCC is controlled to be the opposite of the double line 

frequency voltage ripple on LLC PFC converter output side so that the voltage ripple can 

be cancelled. The PCCC output voltage VPCCC is expressed as, 
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 ( )PCCC rippleV v t= −                                                  (7.4) 

Then, the battery voltage of the whole system can be derived as,  

  ( ) ( )( )battery LLC PCCC DC ripple ripple DCV V V V v t v t V= + = + + − =           (7.5) 

The double line frequency voltage ripple across the CLLC can be expressed as, 

 ( ) ( )
_

4
2

rip pp

ripple line

V
v t sin f t=                                          (7.6) 

Where, Vrip_pp is the peak to peak value.  

Based on (7.4) and (7.6), the output voltage of the PCCC can be calculated as, 

  ( ) ( ) ( )
_

4
2

rip pp

PCCC ripple line

V
v t v t sin f t= − = −                             (7.7) 

Since the PCCC is connected in series with the CLLC, the current flowing through 

PCCC is same as the current flowing through CLLC, which is a double line frequency AC 

current. The switching frequency ripple is also neglected. Considering that the CLLC is a 

pure capacitor, the AC current flowing through it is leading its voltage by 90°. In addition, 

the peak value of the AC current is equal to the DC output current. Thus, the double line 

frequency AC current can be derived as, 

 ( ) ( ) ( )4 90 4PCCC o line o linei t I sin f t I cos f t = +  =                    (7.8) 

Where, Io is the DC output current. 

Considering the voltage and current direction shown in Fig. 7.6, the instantaneous 

output power of the PCCC can be derived as, 
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( ) ( ) ( )

( )
_

_

(4 ) 4
2
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p t v t i t
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= −

 
=   
 

=

                (7.9) 

It is noted from (7.9) that the instantaneous output power is a sinusoidal with four 

times line frequency. For half of the cycle, the PCCC absorbs power from DC input source, 

when power value is positive. For the other half of the cycle, the PCCC delivers power to 

the DC input source, when power value is negative. In addition, the average output power 

of PCCC is zero. This is very helpful in practical application, since the output power of the 

PCCC that is generated by the DC input source will be very small. It is only the power loss 

on the PCCC circuit. The actual power rating of the PCCC can be estimated by taking the 

average value of the absolute number of the output power. Therefore, the power handling 

capacity of the PCCC can be derived as, 

 

_

2

rip pp o

rate

V I
P


=

                                               (7.10) 

Ignoring the power loss on PCCC, the input current of the PCCC can be calculated as, 

  ( )
_

(8 )
4

rip pp o

in line
in

V I
i t sin f t

V
=                                         (7.11) 

It is noted from (7.11) that the frequency of the PCCC input current is two times of 

the frequency of the LLC output capacitor current, which becomes four times of the line 

frequency. Due to the increased current frequency, the input capacitance of the PCCC can 

be reduced to maintain the same voltage ripple on PCCC input side.  
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It is also noted that although the above analysis of PCCC is based on double line 

frequency, the control method of (7.4) and the circuit connection shown in Fig. 7.6 can also 

compensate the ripple voltage caused by multiple frequencies.  

7.2.3 Operation Principle of Proposed Full-bridge PCCC 

Compared to linear regulators, power converters are more suitable to be the PCCC, 

because of the lower power loss and higher efficiency. A full bridge inverter can be used 

as the PCCC converter to generate the opposite AC ripple voltage. The input voltage of the 

full bridge converter should be electrically isolated from the terminal A and the terminal B 

so that the complete circuit can operate as expected. Fig. 7.7 shows the circuit of single-

phase LLC PFC converter with full bridge PCCC. The DC input voltage of the PCCC can 

be achieved from an auxiliary DC power source such as flyback converter.  
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Fig.  7.7: Single-stage LLC PFC converter with proposed full bridge PCCC 

Fig. 7.8 shows the operation waveform of the full bridge PCCC. Sine Pulse Width 

Modulation (SPWM) is used to control the switches Q5 ~ Q8 [98, 99]. A sinusoidal signal 
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is compared with a sawtooth signal to determine the turn on and turn off time of the four 

switches. If Vsaw is smaller than Vsin, Q5 and Q7 are turned on, Q6 and Q8 are turned off, 

and vice versa. The output current of the PCCC, IPCCC is same as the current flowing 

through CLLC, which is a double line frequency AC current. The PCCC inductor current 

ILPCCC contains both double line frequency ripple and switching frequency ripple. The 

double line frequency ripple current is equal to the output current IPCCC. The switching 

frequency ripple current flows through the PCCC output capacitor, CPCCC. 
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Vgs5

Vgs7

Vgs6

Vgs8

VPCCC ILPCCC
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B A B
 

Fig.  7.8: Switching waveform of the full bridge PCCC 

Based on the polarity of the PCCC output current IPCCC, the switching operation at 

IPCCC > 0, and IPCCC < 0 can be described separately.    

A. IPCCC > 0 
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Fig. 7.9 shows the circuit operation at IPCCC > 0. When Q5 and Q7 are turned on, the 

inductor LPCCC is discharging to charge the input capacitor Cin, as shown in Fig. 7.9(a). The 

inductor current is decreasing. In contrast, when Q6 and Q8 are turned on, the inductor 

LPCCC absorbs power from the DC input source and its current is increasing in this mode. 

At both charging and discharging conditions, the PCCC inductor current ILPCCC is always 

positive. The current is flowing through the inductor from the right side to the left side as 

shown in Fig. 7.9.  
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                    (a) LPCCC discharging                                          (b) LPCCC charging 

Fig.  7.9: Circuit operation with IPCCC > 0 

LPCCC

CPCCC Vrcc

Q5

Q6

Q8

Q7

ILPCCC IPCCC

Ci

Vdc

          

LPCCC

CPCCC Vrcc

Q5

Q6

Q8

Q7

ILPCCC IPCCC

Ci

Vdc

 

                       (a) LPCCC charging                                          (b) LPCCC discharging 

Fig.  7.10: Circuit operation with IPCCC < 0 

B. IPCCC < 0 

Fig. 7.10 shows the circuit operation at IPCCC < 0. The operation principle becomes 

exactly opposite. When Q5 and Q7 are turned on, the DC source provides power to charge 

the inductor LPCCC. On the contrary, when Q6 and Q8 are turned on, the inductor LPCCC is 

discharging to transfer power to the DC input source. At both conditions, the PCCC 
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inductor current ILPCCC is always negative, which flows through the inductor from the left 

side to the right side.  

7.2.4 Performance Comparison between PCCC and RCC 

To fairly compare, a full bridge inverter is also used as the RCC in an LLC PFC 

converter. Since the RCC is connected in series with the LLC output terminal, the output 

current of the RCC, IRCC is equal to the DC load current. Thus, the instantaneous output 

power of the RCC can be calculated as, 

 ( ) ( ) ( )
_

(4 )
2

rip pp o

RCC RCC RCC line

V I
p t v t i t sin f t= =                  (7.12) 

It is noted that the average power of the RCC is also zero. There is only the power loss 

on the RCC circuit. The actual power rating of the RCC can also be estimated by taking 

the average value of the absolute number of the output power. Therefore, the power rating 

of the RCC can be derived from (7.12) as, 

 

_rip pp o

rate

V I
P


=

                                               (7.13) 

Ignoring the power loss on RCC, the input side current can be calculated from input 

and output power balance as, 

  ( )
_

(4 )
2

rip pp o

in line
in

V I
i t sin f t

V
=                                         (7.14) 

Table 7.1 shows the performance comparison between proposed PCCC and 

conventional RCC. The details are described as follows. 

1) The peak value of the PCCC input current is reduced by half, and the frequency of 

the input current is doubled as compared to the RCC. 
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2) Due to the reduced peak value and increased frequency on input current, the input 

capacitance of the PCCC is reduced to 1/4 to maintain the same input voltage ripple 

amplitude. 

3) The output current of the RCC is the DC load current, however, the output current 

of the PCCC is the sinusoidal current with a peak value equals to DC load current 

and a frequency equals to double line frequency.  

4) The instantaneous output power of the PCCC is half of the instantaneous output 

power of the RCC. The frequency of the output power of the PCCC is doubled as 

compared to the RCC. 

5) The power rating of the PCCC is also reduced by half. 

Table 7.1: Comparison between proposed PCCC and conventional RCC 

 PCCC RCC 

Input current 
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4
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V
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_rip pp o
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P


=  

7.3 Design Procedure and Control Strategy of the PCCC 

In light of the analysis discussed above, the design procedure of proposed full bridge 

PCCC is summarized in this section. Besides, the corresponding control strategy of the full 

bridge PCCC is also introduced in this section.  
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7.3.1 Single-stage LLC PFC Converter 

The maximum output power of single-phase LLC PFC converter is designed to be 

1.65kW. Four such converters can be connected in parallel to achieve a 6.6kW power rating 

converter for EV OBC application with decreased current stress on the components. The 

specifications of the single-phase LLC PFC converter are shown in Table 7.2. The AC 

input voltage is between 200V rms and 240V rms. The output voltage is changing from 

250V DC to 430V DC. Full power is provided from 330V to 430V output voltage. The 

output current is 5A at 330V output voltage. With output voltage above 330V, the output 

current will be reduced accordingly to keep output power constant at 1.65kW. In addition, 

the output power is decreased between 250V and 330V output voltage with 5A load current 

at maximum. 

Table 7.2: Specification of single-phase LLC PFC converter 

AC input voltage (Vin) 
Rated output voltage 

(Vo) 

Rated output current 

(Io) 

Rated output power 

(Po) 

200Vrms – 240Vrms 250V DC – 430V DC 5A @ 330V 1.65kW 

To achieve PFC operation, the LLC converter should be designed to satisfy the voltage 

gain requirement at θ = 90°, where the AC input voltage is at its peak value and the output 

load is twice the rated load. The design process of the single-stage LLC converter with 

PFC operation can be found in [100], which will not be covered in this section. The 

designed parameters of the LLC converter are presented in Table 7.3.  

Table 7.3: Parameters of the designed LLC PFC converter 

Resonant 

frequency (fr) 
Turns ratio (n) 

Series resonant 

inductor (Lr) 

Series resonant 

capacitor (Cr) 

Magnetizing 

inductor (Lm) 

650kHz 23 : 17 8.5µH 7nF 21µH 

7.3.2 Design Procedure of the Proposed Full-bridge PCCC 
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In practice, two 360µF/450V electrolytic capacitors are connected in parallel to be the 

output filter for the LLC PFC converter. With 720µF capacitance and 5A load current, the 

peak to peak value of the double line frequency voltage ripple can be derived as, 

   _

5
18.4

2 2 60 720

o
rip pp

line o

I A
V V

f C Hz F  
= = =

                   (7.15) 

Therefore, the PCCC should be designed with the capacity of generating an opposite 

double line frequency voltage with 18.4V peak to peak value. The input voltage of the 

PCCC should be higher than half of the peak to peak output ripple, which is 9.2V. Thus, 

the input voltage can be set to 15V. Considering the hard switching of the full bridge 

inverter, a relatively low switching frequency of 100kHz is selected to reduce the switching 

loss. The specification of the PCCC is shown in Table 7.4. 

Table 7.4: Specification of the full bridge PCCC 

DC input voltage (Vin) 
Rated output voltage 

(Vrip_pp) peak to peak 

Rated output current 

(Io) peak value 

Switching frequency 

(fs) 

15V 18.4V 5A 100kHz 

A. Input Capacitor  

The ripple frequency on PCCC input voltage is same as the input current, which is 

four times of the line frequency. Taking input voltage ripple into consideration, the energy 

released from Cin with its voltage changes from maximum value to minimum value (half 

cycle) can be derived as,  

 
2 2

_ _

1 1

2 2
in in_max in in_min in in in rip ppE C V C V C V V = − =                     (7.16) 

Where, ΔVin_rip_pp is the peak to peak voltage ripple on input capacitor. 

The energy delivered to the PCCC output side during the above period can be 

calculated as, 
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 ( ) ( )
_8

0 8

lineT
o rip pp

PCCC PCCC
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I V
W pt v t i t

f
= =  =                      (7.17) 

From energy balance point of view, the input capacitance of the PCCC can be 

expressed as, 

 
_

_ _8

o rip pp

in
line in in rip pp

I V
C

f V V
=

                                            (7.18) 

To generate 18.4V peak to peak ripple, the minimum input voltage should also be 

higher than 9.2V. Thus, the voltage ripple on the PCCC input side can be set to ±4V, 

leading to a minimum input voltage of 11V and a maximum input voltage of 19V. The 

input capacitance is derived as,  

 
5 18.4

508
8 60 15 8

inC F



= =

  
                                      (7.19) 

As the maximum input voltage is 19V, a 25V/560µF electrolytic capacitor with the 

dimension of 10mm (diameter) × 10mm (height) can be used as the input capacitor. Please 

note that the designed 508µF input capacitor could maintain the PCCC works correctly if 

with an initial stored energy on the capacitor, and without power loss and extra DC power 

source. In practice, a separate DC power supply is used to provide the PCCC input power 

so that the input voltage can be viewed as constant, and the input capacitor value can be 

reduced a lot.  

B. Output Inductor  

As mentioned before, the current flowing through PCCC inductor contains both double 

line frequency AC current and switching frequency current ripple. At switching frequency, 

the relationship between inductance and current ripple can be calculated as, 
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V
L

f I
=

                                                     (7.20) 

Where, ΔIrip_pp is the peak to peak switching frequency current ripple. fs is the switching 

frequency of the PCCC. Assuming a 5A peak to peak current ripple, the required output 

inductance is derived as, 

 3

15
15

2 100 10 5
PCCCL H= =

  
                                  (7.21) 

Therefore, at 100kHz switching frequency, the maximum and minimum instantaneous 

inductor currents can be calculated as, 

 _ _

1
5 2.5 7.5

2
PCCC max o rip ppIL I I A A A= +  = + =                    (7.22) 

 _ _

1
5 2.5 2.5

2
PCCC min o rip ppIL I I A A A= −  = − =                     (7.23) 

C. Full Bridge MOSFETs 

The peak voltage exerting on MOSFETs is the maximum input voltage, which is 19V 

including input voltage ripple. In addition, the peak current flowing through MOSFETs is 

the maximum inductor current, which is 7.5A. For safety purpose, MOSFETs with voltage 

rating around 30V, and current rating around 12A can be used as the full bridge switches.  

D. Output Capacitor 

For PCCC, the output inductor LPCCC and the output capacitor CPCCC together form a 

second-order LC filter. On one hand, the designed LC filter should provide enough high 

cut-off frequency so that the double line frequency voltage signal cannot be attenuated. On 

the other hand, the designed LC filter should have enough low cut-off frequency so that 
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the switching frequency voltage ripple can be attenuated. Thus, the cut-off frequency of 

the LC filter should satisfy, 

 ( )100 or 120 100cut offHz Hz f kHz−                               (7.24) 

A cut-off frequency of 10kHz can be used. Therefore, the output capacitance can be 

calculated as, 

 
( ) ( )

2 2
3 6

1 1
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2 2 10 10 15 10
PCCC

cut off PCCC

C F

f L


  −

−

= = =

   
   (7.25) 

In practice, a 22µF/25V ceramic capacitor is selected as the PCCC output capacitor. 

Table 7.5 shows the parameters of the designed full bridge PCCC converter.  

Table 7.5: Parameters of the designed full bridge PCCC 

Input capacitor (Cin) MOSFET Output inductor (LPCCC) Output capacitor (CPCCC) 

560µF/25V 30V/12A 15µH 22µF/25V 

7.3.3 Modeling of the Proposed PCCC 

To simply the state-space model, the symbols of the components, the current and the 

voltage in full bridge PCCC are redefined in Fig. 7.11. M and N represents the center points 

of two switch branches. The DC resistance of the output inductor is considered. The state-

space model is built by considering the output current Ip as a perturbation factor so that the 

designed model can be applied for different load applications [101, 102]. 
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Fig.  7.11: Components, current and voltage re-definition in full bridge PCCC 

The duty cycle for switches Q5 and Q7 is defined as d, and the duty cycle for switches 

Q6 and Q8 is defined as (1 – d). The inductor current iL and the capacitor voltage vP are 

selected as the state variables. When Q5 and Q7 are turned on, the following relationship 

can be built based on KCL and KVL theories, 

  

p

P L p

L
P in P s L

dv
C i i

dt

di
L v v r i

dt


= −



 = − −


                                        (7.26) 

When Q6 and Q8 are turned on, Q5 and Q7 are turned off, new relationship is written 

as,  

  

p

P L p

L
P in P s L

dv
C i i

dt

di
L v v r i

dt


= −



 = − − −


                                        (7.27) 

Calculating the average of (7.26) and (7.27) over one switching cycle, the following 

relationship can be built, 
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p

P L p

L
P MN P s L

dv
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dt

di
L v v r i

dt


= −



 = − −


                                                 (7.28) 

Where, vMN(t) is the center point voltage and is calculated as, 

                            ( ) ( )2 1MN inv t d v= −                                                  (7.29) 

Equation (7.28) can also be rewritten in matrix form as,  
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                   (7.30) 

Considering the perturbation factor ip as zero, the transfer function of the full bridge 

PCCC can be derived as,  
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p P P
PCCC

sMN

P P P
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rv s
s s

L L C
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+ +
                            (7.31) 

Fig. 7.12 shows the block diagram of the full bridge PCCC. It is a typical second-order 

system consisted by an inductor Lp and a capacitor Cp.  

1/LP 1/s 1/(sCP)

r/LP

VMN(s)

IP(s)

VP(s)

 

Fig.  7.12: Block diagram of the full bridge PCCC 
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7.3.4 Control Strategy of the Proposed PCCC 

Fig. 7.13 presents the control diagram of the proposed PCCC circuit. It can be observed 

from Fig. 7.13 that the control system mainly includes the following four parts: 1) double 

line frequency voltage ripple sensing circuit; 2) PCCC output voltage sensing circuit; 3) PI 

controller; 4) SPWM generator.  
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Fig.  7.13: Control diagram of the proposed PCCC 

The ripple component Vrip_pp on the LLC PFC converter output voltage is sensed and 

scaled as the reference signal for the PCCC circuit. An analog high pass filter (HPF) 

consisted of a capacitor and a resistor is added to block the DC component. In addition, an 

analog differential mode amplifier (DMA) is used to scale down and reverse the voltage 

ripple signal. Besides, a two-stage analog inverting amplifier is used to scale down the 

PCCC output voltage. The transfer function of the PCCC output voltage sensing circuit is 

expressed as,  
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( )

( )
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P sen
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PCCC

v s RR
G s

v s R R
= = 

                                  (7.32) 
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It is noted that the scaling down factor for the double line frequency voltage ripple 

sensing circuit and the PCCC output voltage sensing circuit should be same. Therefore, the 

following relationship should be satisfied,  

   
5 6 811

3 4 10 7

R R RR

R R R R
= =                                               (7.33) 

An analog PI controller is implemented by using an Op-Amp. With PI controller, the 

sensed output voltage VP_sen is able to track the AC reference signal Vref, which can help 

cancel the double line frequency voltage ripple on the LLC PFC converter output side. The 

PI controller needs to be designed to provide enough high loop gain at double line 

frequency, so that good voltage ripple suppression can be achieved. The transfer function 

of the analog PI controller shown in Fig. 7.13 is calculated as, 

  
( )

( )

( )
14

_ 13 13 3

1sin i
PI p

P sen

v s K R
G s K

v s s R sR C
= = + = +

                      (7.34) 

The output signal of the PI controller Vsin(t) is the sinusoidal modulation signal for the 

SPWM generator. It is compared with a sawtooth waveform to generate the gate signal 

with specific duty cycle to control the full bridge PCCC switches. For bi-polar SPWM 

modulation, the produced duty cycle is calculated as,   

   

( )1
1

2

sin

saw

V t
d

V

 
= +  

 
                                              (7.35) 

Where, Vsaw is the peak value of the sawtooth waveform. Substituting (7.35) into (7.29), 

the center point voltage vMN(t) can be rewritten as, 

   ( )
( )sin

MN in
saw

V t
v t V

V
=                                                 (7.36) 
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The voltage gain of the SPWM generator is then derived as, 

   ( )
( )

( )
MN in

SPWM
sin saw

v s V
G s

v s V
= =                                       (7.37) 

By combing (7.31), (7.32), (7.34), and (7.37), the open loop transfer function of the 

whole system is expressed as, 

 ( ) ( ) ( ) ( ) ( )open PCCC sen PI SPWMG s G s G s G s G s=                     (7.38) 

The parameters of the designed control circuit are shown in Table 7.6.  

Table 7.6: Parameters of the designed control circuit 

R1 R2 R3 R4 R5 R6 

120kΩ 120kΩ 100kΩ 100kΩ 10kΩ 10kΩ 

R7 R8 R9 R10 R11 R12 

100kΩ 0kΩ 10kΩ 10kΩ 10kΩ 10kΩ 

R13 R14 C1 C2 C3  

12kΩ 24kΩ 470nF 470nF 10nF  

 

Fig.  7.14: Frequency response of the PI controller 
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Fig.  7.15: Frequency response of the open loop system 

Fig. 7.14 and Fig. 7.15 present the frequency responses of the analog PI controller and 

the open loop circuit, respectively. It can be observed from Fig. 7.15 that the open loop 

crossover frequency is 10.5kHz, which is around ten times higher compared to the double 

line frequency, and ten times lower compared to the switching frequency. The open loop 

gain at double line frequency 100Hz or 120Hz is around 20dB. 

7.4 Simulation Results 

To verify the effectiveness of the proposed PCCC ripple cancellation method for 

single-stage LLC PFC converter, the simulation model of the LLC PFC converter and the 

proposed PCCC has been built and simulated in PSIM software. The parameters of the two 

converters and the control circuit are already given in Table 7.3, Table 7.5, and Table 7.6, 

respectively.  

7.4.1 Simulation Studies of Single-stage LLC PFC Converter 

Fig. 7.16 presents the circuit diagram of the closed loop LLC PFC converter. A micro-

controller unit (MCU) is used to implement the outer voltage loop and inner current loop 
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for PFC operation. Besides, a sinusoidal loop-up table (LUT) is used to generate the AC 

input current reference. The LUT is synchronized with the zero-crossing point of the AC 

input voltage. In addition, conventional frequency modulation is applied to control the 

primary side switches Q1 to Q4.  
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Fig.  7.16: Closed loop circuit diagram of the single-stage LLC PFC converter 

Fig. 7.17 shows the simulation results of the single-stage LLC PFC converter at 220V 

AC input, and 250V DC output with 5A load current. At this simulation condition, a power 

factor (PF) of 99.6% is achieved. The average output voltage is regulated to 250V. The 

peak to peak value of the double line frequency output voltage ripple is 18V, which is 

consistent with the mathematical analysis. 
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(a) Input AC voltage and AC current 

 

(b) Output voltage 

Fig.  7.17: Simulation results of single-stage LLC PFC converter at 220V AC input 250V DC 

output with 5A load current 

Fig. 7.18 shows the simulation results at 220V AC input, and 330V DC output with 

5A load current. The PF can be 99.8% at the condition. The average output voltage is 

controlled to 330V. The peak to peak value of the double line frequency voltage ripple is 

also 18V at the testing condition, since the output current is still 5A. 
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(a) Input AC voltage and AC current 

 

(b) Output voltage 

Fig.  7.18: Simulation results of single-stage LLC PFC converter at 220V AC input 330V DC 

output with 5A load current 

Fig. 7.19 shows the simulation results at 220V AC input, and 430V DC output with 

reduced load current of 3.8A. The output power is fixed at 1.65kW. A PF of 99.9% is 

obtained at the condition. The average output voltage is controlled to 430V. The peak to 

peak double line frequency voltage ripple is reduced to 14V as the load current is decreased 

from 5A to 3.8A.  
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(a) Input AC voltage and AC current 

 

(b) Output voltage 

Fig.  7.19: Simulation results of single-stage LLC PFC converter at 220V AC input 430V DC 

output with 3.8A load current 

Fig. 7.20 shows the experimental waveform at 220V AC input, and 330V DC output 

with 5A load current. The converter works at rated output power of 1.65kW. A PF of 99.1% 

and an efficiency of 96.9% are achieved at the testing condition.  

Both simulation and experimental results verify the effectiveness and the correctness 

of the single-stage LLC PFC converter. In addition, the fact of double line frequency 

voltage ripple existing on output side is also confirmed.  
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Fig.  7.20: Experimental waveform of single-stage LLC PFC converter at 220V AC input 330V 

DC output with 5A load current 

7.4.2 Simulation Studies of Full Bridge PCCC 

Fig. 7.21 shows the simulation waveform of the full bridge PCCC at 250V DC output 

with 5A load current of the LLC PFC converter. It can be observed from Fig. 7.21(a) that 

the PCCC output voltage VPCCC could track the reference signal very well. The peak to 

peak double line frequency voltage ripple on output side is decreased from 18V to 1V. 

Besides, from Fig. 7.21(b), the PCCC inductor current contains both double line frequency 

component and switching frequency component. The double line frequency current 

component is equal to the current flowing through LLC PFC converter output capacitor. 

The maximum current of the PCCC inductor at switching frequency is 7.5A. The peak to 

peak current ripple is 5A, which is the same as the theoretical analysis. In addition, from 

Fig. 7.21(c), the output voltage of the PCCC is leading its current by 90°. 

Vac 

Iac 
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(a) PCCC voltage waveform 

 

(b) PCCC current waveform 

 

(c) PCCC output voltage and output current 

Fig.  7.21: Simulation results of the PCCC with 250V DC output and 5A load current of the LLC 

PFC converter 
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Fig. 7.22 shows the simulation waveform of the full bridge PCCC at 330V DC output 

with 5A load current of the LLC PFC converter. The peak to peak double line frequency 

voltage ripple on output side is reduced from 18V to 1.4V. The maximum and minimum 

current of the PCCC inductor at switching frequency are 7.5A and 2.5A, respectively. The 

peak to peak current ripple is 5A.  

 

(a) PCCC voltage waveform 

 

(b) PCCC current waveform 

Fig.  7.22: Simulation results of the PCCC with 330V DC output and 5A load current of the LLC 

PFC converter 

Fig. 7.23 shows the simulation waveform of the PCCC at 430V DC output with 3.8A 

load current of the LLC PFC converter. The peak to peak double line frequency voltage 
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ripple is 14V without PCCC compensation. It is reduced to 1V with PCCC cancellation. 

The maximum and minimum current of the PCCC inductor at switching frequency are 6.3A 

and 1.3A. The peak to peak current ripple is also 5A.  

 

(a) PCCC voltage waveform 

 

(b) PCCC current waveform 

Fig.  7.23: Simulation results of the PCCC with 430V DC output and 3.8A load current of the 

LLC PFC converter 

Simulation results confirms the effectiveness of the proposed PCCC ripple 

cancellation method. In addition, the validity of the mathematical analysis on the full bridge 

PCCC is also verified. Good ripple cancellation performance can be achieved at different 
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operation conditions. Due to the reduced double line frequency voltage ripple, the power 

dissipation on battery pack internal resistor becomes acceptable.  

It is noted that the double line frequency voltage ripple is reduced to around 1V instead 

of totally cancelled. This is because the open loop gain with PI controller at 120Hz is 

limited to 20dB, and steady-state error exists. To further improve the ripple cancellation 

performance, proportional resonance (PR) controller can be used in the future, which could 

provide much high open loop gain at double line frequency [103]. 

7.5 Conclusion 

A signal stage LLC converter is designed with PFC operation for EV AC-DC OBC 

applications. Due to the absence of the second stage, the double line frequency voltage 

ripple on output side cannot be eliminated. The high voltage ripple leads to high AC current 

flowing through the battery pack, which will cause unacceptable thermal concern due to 

the existing of internal resistor. Adding lots of electrolytic capacitors on output side to 

suppress the double line frequency voltage ripple to a small value is impractical because of 

the large size and high cost of the electrolytic capacitor. To cancel the double line frequency 

voltage ripple effectively, a new PCCC method is proposed in this chapter.  

The basic idea of the proposed PCCC is introduced. The comparison between 

proposed PCCC and conventional RCC is analyzed with full bridge inverter 

implementation. The proposed PCCC provides many added benefits, such as, lower input 

current, lower input capacitance, lower power handling capacity, and lower instantaneous 

output power over conventional RCC.  

The design procedure and the control strategy of the proposed full bridge PCCC are 

investigated. Besides, simulation studies on the designed 1.65kW single-stage LLC PFC 
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OBC with full bridge PCCC are carried out by using PSIM software. The results verify the 

effectiveness of the single-stage LLC PFC converter and the proposed PCCC ripple 

cancellation method. The double line frequency ripple has been reduced from 14V/18V to 

1V with PCCC compensation at different output conditions.  

Because of the severe condition caused by Covid-19, the experimental verification of 

the proposed PCCC method is not performed and presented in this chapter. 
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Conclusion and Future Work 

8.1 Conclusion of the Thesis 

Inspired by the ever-increasing demand of high power density and high efficiency in 

different power electronics applications, this thesis focuses on the improvement of the 

front-end AC-DC and DC-DC power converters for specific requirements including wide 

input voltage range, and high output current. LLC converter is selected as the main research 

object due to its feature of zero-voltage-switching (ZVS) for primary side switches and zero-

current-switching (ZCS) for secondary side switches. In addition, gallium nitride (GaN) 

devices featuring of low on-state resistance, low gate charge and low output capacitance are 

used as the primary side switches to achieve further power density and efficiency improvement. 

In this thesis, GaN-based LLC converter with proposed techniques are applied into different 

power rating applications including 65W AC-DC power adapter without power factor 

correction (PFC), single-stage 500W DC-DC converter that can be used for data center 

application, three-phase interleaved 3.8kW electric vehicle (EV) low voltage DC-DC charger 

(LDC), and single-stage 1.65kW AC-DC EV on-bard charger (OBC) with PFC. Specifically, 

Chapter 3 proposes a half bridge LLC resonant converter for 65W AC-DC power 

adapter application. Voltage doubler circuit is used at input AC side to reduce the DC bus 

voltage variation range when the AC voltage changes from 120Vrms to 220Vrms. Thus, 

the LLC converter is designed with large magnetizing inductance to reduce the rms current 

and turn-off current. Both Si-based and GaN-based half bridge LLC power adapters are 

designed by using first harmonic approximation (FHA) method and examined through 

simulation and experimental testing. The simulation and experiment results justify the 
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effectiveness of the designed power adapters. Due to the higher switching frequency, the 

magnetics size of GaN-based converter is reduced by 65% compared to Si-based converter. 

In addition, GaN-based converter also obtains 0.5% efficiency improvement compared to 

Si-based converter at 220V AC input. 

Chapter 4 proposes a frequency modulation and nonlinear voltage-controlled oscillator 

(VCO) control strategy for 500W LCLC resonant converter with holdup time requirement 

in data center applications. Due to the steeper voltage gain variation compared to 

conventional LLC converter, conventional linear VCO may cause oscillation at low input 

voltages, and slow dynamic response at high input voltages for LCLC resonant converter. 

The proposed control strategy achieves better output voltage regulation over all input 

voltages and output loads. Moreover, it increases the stability margin at low input voltages 

and improves the transient response at high input voltages. Both simulation and 

experimental results verify the effectiveness of the proposed control strategy. The output 

voltage was regulated to its desired value over entire input voltage and output current range. 

Moreover, faster dynamic response has been achieved at high input voltages with proposed 

nonlinear VCO. 

Chapter 5 proposes a three-phase interleaved 14V/270A/3.8kW output LLC resonant 

converter for EV LDC application. With three-phase interleaved, the conduction loss and 

current rating for active switches can be decreased. The design process of the converter is 

presented. The power loss on primary side switches, secondary side switches and 

magnetics are analyzed. A power density of 3kW/L is achieved by using proposed two 

printed circuit board (PCB) vertical structure. Both simulation and experimental results 

show that the designed converter works properly at different input and output conditions. 
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A peak efficiency of 96.7% and a full load efficiency of 96% are obtained at 380V input, 

14V output for single-phase converter.  

Chapter 6 proposes a full-wave SCC method with digital comparison controller to 

achieve current sharing among the above-mentioned three-phase interleaved LLC 

converter for EV LDC application. The operation principle of half-wave and full-wave 

SCC circuits is introduced and compared. The load sharing characteristic of LLC converter 

with and without SCC is analyzed by taking resonant component tolerance into 

consideration. A digital comparison control strategy is proposed to control SCC circuit to 

achieve current sharing. Both simulation and experimental results demonstrate the 

effectiveness and validity of the proposed full-wave SCC circuit and the corresponding 

digital current sharing control strategy. Good current sharing performance is achieved at 

different input voltage and output current conditions. In addition, phase shedding 

technology is implemented to improve the light load efficiency. The efficiency is above 

90% from 15A to 260A load. 

Chapter 7 proposes a power converter-controlled capacitor (PCCC) method for double 

line frequency voltage ripple cancellation in single-stage AC-DC rectifier with PFC 

operation using LLC converter for 1.65kW EV OBC application. The PCCC circuit is 

connected in series with the LLC PFC converter output capacitor. An opposite voltage with 

zero DC bias is generated by PCCC to cancel the double line frequency voltage ripple on 

LLC PFC converter output side. The comparation between proposed PCCC and 

conventional ripple cancellation converter (RCC) is investigated. The proposed PCCC 

method provides many added benefits including lower input current, lower input 

capacitance, lower power handling capacity, and lower instantaneous output power. 
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Simulation studies carried out by using PSIM software validate the proposed PCCC ripple 

cancellation method. The double line frequency voltage ripple can be eliminated on LLC 

PFC converter output side.  

8.2 Future Work 

To further improve the performance of SCC current sharing and to verify the validity 

of the PCCC ripple cancellation method experimentally, some future work is expected to 

be performed. 

In chapter 6, digital comparison control strategy is used to control the SCC switches 

for current sharing. Either phase carries the smallest output current, the corresponding SCC 

angle α of that phase is reduced to increase its current, and vice versa. However, it takes 

quite long time to achieve current sharing at specific testing condition, leading to poor 

dynamic response. In the future, PI controller will be designed to improve the dynamic 

performance. Moreover, the rms current of the resonant inductor is used to evaluate the 

current sharing performance in practice, as the output current measurement is not available. 

However, the rms current of the resonant inductor cannot exactly represent the average 

output current of that phase. Thus, the current sharing performance estimated in chapter 6 

contains some error. In the future, the relationship between the rms current of the resonant 

inductor and the average output current will be analyzed. In addition, a two-phase 

interleaved LLC converter with 1.9kW power rating for single-phase can be built and tested 

to further improve the power density. 

In chapter 7, the proposed PCCC ripple cancellation method is validated through PSIM 

simulation. The prototype is not built and tested in practice yet, due to COVID-19. In the 

future, the prototype can be built and tested to verify the proposed PCCC, experimentally. 
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Besides, the double line frequency voltage ripple cannot be totally removed by using PI 

controller as the reference signal is a sinusoidal waveform, and the open loop gain at double 

line frequency is limited. In the future, a proportional resonance (PR) controller can be 

designed to increase the open loop gain at double line frequency, and further improving 

the ripple cancellation performance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



210 

Reference 

[1] X. Huang, Z. Liu, Q. Li, and F. C. Lee, "Evaluation and Application of 600 V GaN HEMT 

in Cascode Structure," IEEE Transactions on Power Electronics, vol. 29, no. 5, pp. 2453-

2461, 2014, doi: 10.1109/TPEL.2013.2276127. 

[2] W. Zhang, F. Wang, D. J. Costinett, L. M. Tolbert, and B. J. Blalock, "Investigation of 

Gallium Nitride Devices in High-Frequency LLC Resonant Converters," IEEE 

Transactions on Power Electronics, vol. 32, no. 1, pp. 571-583, 2017, doi: 

10.1109/TPEL.2016.2528291. 

[3]  B. Hughes, Y. Y. Yoon, D. M. Zehnder, and K. S. Boutros, "A 95% Efficient Normally-

Off GaN-on-Si HEMT Hybrid-IC Boost-Converter with 425-W Output Power at 1 MHz," 

in 2011 IEEE Compound Semiconductor Integrated Circuit Symposium (CSICS), 16-19 

Oct. 2011 2011, pp. 1-3, doi: 10.1109/CSICS.2011.6062460.  

[4]  D. Costinett, H. Nguyen, R. Zane, and D. Maksimovic, "GaN-FET based dual active 

bridge DC-DC converter," in 2011 Twenty-Sixth Annual IEEE Applied Power Electronics 

Conference and Exposition (APEC), 6-11 March 2011 2011, pp. 1425-1432, doi: 

10.1109/APEC.2011.5744779.  

[5]  M. Zdanowski, K. Kozdroj, and J. Rabkowski, "High-frequency isolated DC-DC 

converter with GaN HEMTs," in 2017 Progress in Applied Electrical Engineering (PAEE), 

25-30 June 2017 2017, pp. 1-6, doi: 10.1109/PAEE.2017.8009023.  

[6]  M. D. Seeman, S. R. Bahl, D. I. Anderson, and G. A. Shah, "Advantages of GaN in a high-

voltage resonant LLC converter," in 2014 IEEE Applied Power Electronics Conference 

and Exposition - APEC 2014, 16-20 March 2014 2014, pp. 476-483, doi: 

10.1109/APEC.2014.6803351.  

[7]  W. Saito, T. Domon, I. Omura, T. Nitta, Y. Kakiuchi, K. Tsuda, and M. Yamaguchi, 

"Demonstration of resonant inverter circuit for electrodeless fluorescent lamps using high 

voltage GaN-HEMT," in 2008 IEEE Power Electronics Specialists Conference, 15-19 June 

2008 2008, pp. 3324-3329, doi: 10.1109/PESC.2008.4592468.  

[8]  P. Czyz, A. Reinke, A. Cichowski, and W. Sleszynski, "Performance comparison of a 650 

V GaN SSFET and CoolMOS," in 2016 10th International Conference on Compatibility, 

Power Electronics and Power Engineering (CPE-POWERENG), 29 June-1 July 2016 

2016, pp. 438-443, doi: 10.1109/CPE.2016.7544228.  

[9]  J. L. Lu, D. Chen, and L. Yushyna, "A high power-density and high efficiency insulated 

metal substrate based GaN HEMT power module," in 2017 IEEE Energy Conversion 

Congress and Exposition (ECCE), 1-5 Oct. 2017 2017, pp. 3654-3658, doi: 

10.1109/ECCE.2017.8096647.  

[10]  L. Xue and J. Zhang, "Active clamp flyback using GaN power IC for power adapter 

applications," in 2017 IEEE Applied Power Electronics Conference and Exposition 

(APEC), 26-30 March 2017 2017, pp. 2441-2448, doi: 10.1109/APEC.2017.7931041.  

[11]  Y. Li, F. C. Lee, Q. Li, X. Huang, and Z. Liu, "A novel AC-to-DC adaptor with ultra-high 

power density and efficiency," in 2016 IEEE Applied Power Electronics Conference and 

Exposition (APEC), 20-24 March 2016 2016, pp. 1853-1860, doi: 

10.1109/APEC.2016.7468120.  



211 

[12]  Y. Cui and L. M. Tolbert, "High step down ratio (400 V to 1 V) phase shift full bridge 

DC/DC converter for data center power supplies with GaN FETs," in The 1st IEEE 

Workshop on Wide Bandgap Power Devices and Applications, 27-29 Oct. 2013 2013, pp. 

23-27, doi: 10.1109/WiPDA.2013.6695554.  

[13] A. Taylor, J. Lu, L. Zhu, K. Bai, M. McAmmond, and A. Brown, "Comparison of SiC 

MOSFET-based and GaN HEMT-based high-efficiency high-power-density 7.2 kW EV 

battery chargers," IET Power Electronics, vol. 11, no. 11, pp. 1849-1857, 2018, doi: 

10.1049/iet-pel.2017.0467. 

[14]  X. Huang, J. Feng, W. Du, F. C. Lee, and Q. Li, "Design consideration of MHz active 

clamp flyback converter with GaN devices for low power adapter application," in 2016 

IEEE Applied Power Electronics Conference and Exposition (APEC), 20-24 March 2016 

2016, pp. 2334-2341, doi: 10.1109/APEC.2016.7468191.  

[15]  G. Longobardi, L. Efthymiou, and M. Arnold, "GaN power devices for Electric Vehicles 

State-of-the-art and future perspective," in 2018 IEEE International Conference on 

Electrical Systems for Aircraft, Railway, Ship Propulsion and Road Vehicles & 

International Transportation Electrification Conference (ESARS-ITEC), 7-9 Nov. 2018 

2018, pp. 1-6, doi: 10.1109/ESARS-ITEC.2018.8607788.  

[16]  M. Choi and D. Jeong, "18.6 A 92.8%-Peak-Efficiency 60A 48V-to-1V 3-Level Half-

Bridge DC-DC Converter with Balanced Voltage on a Flying Capacitor," in 2020 IEEE 

International Solid- State Circuits Conference - (ISSCC), 16-20 Feb. 2020 2020, pp. 296-

298, doi: 10.1109/ISSCC19947.2020.9063061.  

[17] "Gallium Nitride Semiconductor Devices Market Size, Share & Trends Analysis Report 

By Product, By Wafer Size, By Application, By Region, And Segment Forecasts, 2018 - 

2025," Report 2017. [Online]. Available: https://www.grandviewresearch.com/industry-

analysis/gan-gallium-nitride-semiconductor-devices-market. 

[18] G. Systems, "An introduction to GaN E-HEMTs," Application note GN001. 

[19]  F. Dianbo, L. Ya, F. C. Lee, and X. Ming, "An improved novel driving scheme of 

synchronous rectifiers for LLC resonant converters," in 2008 Twenty-Third Annual IEEE 

Applied Power Electronics Conference and Exposition, 24-28 Feb. 2008 2008, pp. 510-

516, doi: 10.1109/APEC.2008.4522769.  

[20] D. Huang, S. Ji, and F. C. Lee, "LLC Resonant Converter With Matrix Transformer," IEEE 

Transactions on Power Electronics, vol. 29, no. 8, pp. 4339-4347, 2014, doi: 

10.1109/TPEL.2013.2292676. 

[21] W. Feng, F. C. Lee, and P. Mattavelli, "Simplified Optimal Trajectory Control (SOTC) for 

LLC Resonant Converters," IEEE Transactions on Power Electronics, vol. 28, no. 5, pp. 

2415-2426, 2013, doi: 10.1109/TPEL.2012.2212213. 

[22]  Y. Bo, F. C. Lee, A. J. Zhang, and H. Guisong, "LLC resonant converter for front end 

DC/DC conversion," in APEC. Seventeenth Annual IEEE Applied Power Electronics 

Conference and Exposition (Cat. No.02CH37335), 10-14 March 2002 2002, vol. 2, pp. 

1108-1112 vol.2, doi: 10.1109/APEC.2002.989382.  

[23] Y. Lo, C. Lin, M. Hsieh, and C. Lin, "Phase-Shifted Full-Bridge Series-Resonant DC-DC 

Converters for Wide Load Variations," IEEE Transactions on Industrial Electronics, vol. 

58, no. 6, pp. 2572-2575, 2011, doi: 10.1109/TIE.2010.2058076. 

[24]  L. Bing, L. Wenduo, L. Yan, F. C. Lee, and J. D. v. Wyk, "Optimal design methodology 

for LLC resonant converter," in Twenty-First Annual IEEE Applied Power Electronics 

https://www.grandviewresearch.com/industry-analysis/gan-gallium-nitride-semiconductor-devices-market
https://www.grandviewresearch.com/industry-analysis/gan-gallium-nitride-semiconductor-devices-market


212 

Conference and Exposition, 2006. APEC '06., 19-23 March 2006 2006, p. 6 pp., doi: 

10.1109/APEC.2006.1620590.  

[25] D. Huang, D. Fu, F. C. Lee, and P. Kong, "High-Frequency High-Efficiency CLL Resonant 

Converters With Synchronous Rectifiers," IEEE Transactions on Industrial Electronics, 

vol. 58, no. 8, pp. 3461-3470, 2011, doi: 10.1109/TIE.2010.2093474. 

[26] D. Fu, "Topology investigation and system optimization of resonant converters," Ph.D. 

Dissertation 2010. Virginia Polytech. Inst. State Univ., Blacksburg, USA. 

[27] R. L. Steigerwald, "A comparison of half-bridge resonant converter topologies," IEEE 

Transactions on Power Electronics, vol. 3, no. 2, pp. 174-182, 1988, doi: 10.1109/63.4347. 

[28]  B. Lee, M. Kim, C. Kim, K. Park, and G. Moon, "Analysis of LLC Resonant Converter 

considering effects of parasitic components," in INTELEC 2009 - 31st International 

Telecommunications Energy Conference, 18-22 Oct. 2009 2009, pp. 1-6, doi: 

10.1109/INTLEC.2009.5351740.  

[29]  W. Feng, P. Mattavelli, F. C. Lee, and D. Fu, "LLC converters with automatic resonant 

frequency tracking based on synchronous rectifier (SR) gate driving signals," in 2011 

Twenty-Sixth Annual IEEE Applied Power Electronics Conference and Exposition 

(APEC), 6-11 March 2011 2011, pp. 1-5, doi: 10.1109/APEC.2011.5744567.  

[30] L. Bing, "Investigation of high-density integrated solution for AC/DC conversion of a 

distributed power system," Ph.D. Dissertation 2006. Virginia Polytech. Inst. State Univ., 

Blacksburg, USA. 

[31] L. Ya, "High efficiency optimization of LLC resonant converter for wide load range," M.S. 

Thesis 2007. Virginia Polytech. Inst. State Univ., Blacksburg, USA. 

[32] R. Yuancheng, X. Ming, S. Julu, and F. C. Lee, "A family of high power density 

unregulated bus converters," IEEE Transactions on Power Electronics, vol. 20, no. 5, pp. 

1045-1054, 2005, doi: 10.1109/TPEL.2005.854025. 

[33] T. Instruments, "Designing an LLC Resonant Half-Bridge Power Converter," Application 

note, 2010. 

[34]  C. Oeder and T. Duerbaum, "ZVS investigation of llc converters based on FHA 

assumptions," in 2013 Twenty-Eighth Annual IEEE Applied Power Electronics Conference 

and Exposition (APEC), 17-21 March 2013 2013, pp. 2643-2648, doi: 

10.1109/APEC.2013.6520669.  

[35]  S.-Y. Cho, I.-O. Lee, J.-E. Park, and G.-W. Moon, "Two-stage configuration for 60W 

universal-line AC-DC adapter," in IECON 2012 - 38th Annual Conference on IEEE 

Industrial Electronics Society, 25-28 Oct. 2012 2012, pp. 1445-1450, doi: 

10.1109/IECON.2012.6388560.  

[36]  Y. Panov and M. M. Jovanovic, "Performance evaluation of 70-W two-stage adapters for 

notebook computers," in APEC '99. Fourteenth Annual Applied Power Electronics 

Conference and Exposition. 1999 Conference Proceedings (Cat. No.99CH36285), 14-18 

March 1999 1999, vol. 2, pp. 1059-1065 vol.2, doi: 10.1109/APEC.1999.750500.  

[37]  Y. Chen, H. Wang, Z. Hu, Y. Liu, J. Afsharian, and Z. A. Yang, "LCLC resonant converter 

for hold up mode operation," in 2015 IEEE Energy Conversion Congress and Exposition 

(ECCE), 20-24 Sept. 2015 2015, pp. 556-562, doi: 10.1109/ECCE.2015.7309738.  



213 

[38] Y. Chen, H. Wang, Z. Hu, Y. Liu, X. Liu, J. Afsharian, and Z. Yang, "LCLC Converter 

With Optimal Capacitor Utilization for Hold-Up Mode Operation," IEEE Transactions on 

Power Electronics, vol. 34, no. 3, pp. 2385-2396, 2019, doi: 10.1109/TPEL.2018.2842022. 

[39] R. Hou and A. Emadi, "Applied Integrated Active Filter Auxiliary Power Module for 

Electrified Vehicles With Single-Phase Onboard Chargers," IEEE Transactions on Power 

Electronics, vol. 32, no. 3, pp. 1860-1871, 2017, doi: 10.1109/TPEL.2016.2569486. 

[40]  C. Hua, Y. Fang, and C. Lin, "A new LLC converter for electric vehicles battery charger," 

in 2015 18th International Conference on Electrical Machines and Systems (ICEMS), 25-

28 Oct. 2015 2015, pp. 768-772, doi: 10.1109/ICEMS.2015.7385137.  

[41] J. Deng, S. Li, S. Hu, C. C. Mi, and R. Ma, "Design Methodology of LLC Resonant 

Converters for Electric Vehicle Battery Chargers," IEEE Transactions on Vehicular 

Technology, vol. 63, no. 4, pp. 1581-1592, 2014, doi: 10.1109/TVT.2013.2287379. 

[42] C. Duan, H. Bai, W. Guo, and Z. Nie, "Design of a 2.5-kW 400/12-V High-Efficiency 

DC/DC Converter Using a Novel Synchronous Rectification Control for Electric 

Vehicles," IEEE Transactions on Transportation Electrification, vol. 1, no. 1, pp. 106-114, 

2015, doi: 10.1109/TTE.2015.2426506. 

[43] D. Hamza, M. Pahlevaninezhad, and P. K. Jain, "Implementation of a Novel Digital Active 

EMI Technique in a DSP-Based DC–DC Digital Controller Used in Electric Vehicle 

(EV)," IEEE Transactions on Power Electronics, vol. 28, no. 7, pp. 3126-3137, 2013, doi: 

10.1109/TPEL.2012.2223764. 

[44]  S. Dusmez and A. Khaligh, "A novel low cost integrated on-board charger topology for 

electric vehicles and plug-in hybrid electric vehicles," in 2012 Twenty-Seventh Annual 

IEEE Applied Power Electronics Conference and Exposition (APEC), 5-9 Feb. 2012 2012, 

pp. 2611-2616, doi: 10.1109/APEC.2012.6166191.  

[45] W. Liu, "Technologies to Improve Power Density of Power Electronic Systems," Ph.D. 

Dissertation 2020. Queen's University. 

[46] Q. Huang and A. Q. Huang, "Review of GaN totem-pole bridgeless PFC," CPSS 

Transactions on Power Electronics and Applications, vol. 2, no. 3, pp. 187-196, 2017, doi: 

10.24295/CPSSTPEA.2017.00018. 

[47]  W. Zhang, Y. Long, Z. Zhang, F. Wang, L. M. Tolbert, B. J. Blalock, S. Henning, C. 

Wilson, and R. Dean, "Evaluation and comparison of silicon and gallium nitride power 

transistors in LLC resonant converter," in 2012 IEEE Energy Conversion Congress and 

Exposition (ECCE), 15-20 Sept. 2012 2012, pp. 1362-1366, doi: 

10.1109/ECCE.2012.6342657.  

[48]  J. Kim, M. Kim, C. Yeon, and G. Moon, "Analysis and design of Boost-LLC converter 

for high power density AC-DC adapter," in 2013 IEEE ECCE Asia Downunder, 3-6 June 

2013 2013, pp. 6-11, doi: 10.1109/ECCE-Asia.2013.6579066.  

[49]  S. Choi, B. Ryu, and G. Moon, "Two-stage AC/DC converter employing load-adaptive 

link-voltage-adjusting technique with load power estimator for notebook computer 

adaptor," in 2009 IEEE Energy Conversion Congress and Exposition, 20-24 Sept. 2009 

2009, pp. 3761-3767, doi: 10.1109/ECCE.2009.5316397.  

[50]  P. Jeong-Eon, K. Jong-Woo, B. Lee, and G. Moon, "Design on topologies for high 

efficiency two-stage AC-DC converter," in Proceedings of The 7th International Power 

Electronics and Motion Control Conference, 2-5 June 2012 2012, vol. 1, pp. 257-262, doi: 

10.1109/IPEMC.2012.6258845.  



214 

[51] C. Kim, J. Baek, and J. Lee, "High-Efficiency Single-Stage LLC Resonant Converter for 

Wide-Input-Voltage Range," IEEE Transactions on Power Electronics, vol. 33, no. 9, pp. 

7832-7840, 2018, doi: 10.1109/TPEL.2017.2772443. 

[52]  G. Yilei, L. Zhengyu, and Q. Zhaoming, "Three level LLC series resonant DC/DC 

converter," in Nineteenth Annual IEEE Applied Power Electronics Conference and 

Exposition, 2004. APEC '04., 22-26 Feb. 2004 2004, vol. 3, pp. 1647-1652 Vol.3, doi: 

10.1109/APEC.2004.1296086.  

[53]  D. Kim, C. Yeon, J. Kim, Y. Jeong, and G. Moon, "LLC resonant converter with high 

voltage gain using auxiliary LC resonant circuit," in 2015 9th International Conference on 

Power Electronics and ECCE Asia (ICPE-ECCE Asia), 1-5 June 2015 2015, pp. 1505-

1512, doi: 10.1109/ICPE.2015.7167978.  

[54] D. Kim, S. Moon, C. Yeon, and G. Moon, "High-Efficiency LLC Resonant Converter With 

High Voltage Gain Using an Auxiliary LC Resonant Circuit," IEEE Transactions on Power 

Electronics, vol. 31, no. 10, pp. 6901-6909, 2016, doi: 10.1109/TPEL.2015.2510380. 

[55]  H. Wang, Y. Chen, and Y. Liu, "A passive-impedance-matching concept for multiphase 

resonant converter," in 2016 IEEE Applied Power Electronics Conference and Exposition 

(APEC), 20-24 March 2016 2016, pp. 2304-2311, doi: 10.1109/APEC.2016.7468187.  

[56] H. Wang, Y. Chen, and Y. Liu, "A Passive-Impedance-Matching Technology to Achieve 

Automatic Current Sharing for a Multiphase Resonant Converter," IEEE Transactions on 

Power Electronics, vol. 32, no. 12, pp. 9191-9209, 2017, doi: 

10.1109/TPEL.2017.2653081. 

[57] H. Wang, Y. Chen, Y. Liu, J. Afsharian, and Z. Yang, "A Passive Current Sharing Method 

With Common Inductor Multiphase LLC Resonant Converter," IEEE Transactions on 

Power Electronics, vol. 32, no. 9, pp. 6994-7010, 2017, doi: 10.1109/TPEL.2016.2626312. 

[58]  E. Orietti, P. Mattavelli, G. Spiazzi, C. Adragna, and G. Gattavari, "Current sharing in 

three-phase LLC interleaved resonant converter," in 2009 IEEE Energy Conversion 

Congress and Exposition, 20-24 Sept. 2009 2009, pp. 1145-1152, doi: 

10.1109/ECCE.2009.5316510.  

[59]  M. Shojaie and O. A. Mohammed, "A Multi-input DC-DC Converter with AC-DC PFC 

Buck-boost Stage for Hybrid Energy storage Systems," in SoutheastCon 2018, 19-22 April 

2018 2018, pp. 1-5, doi: 10.1109/SECON.2018.8478879.  

[60]  S. M. Park, Y. D. Lee, and S. Park, "Voltage sensorless feedforward control of a dual boost 

PFC converter for battery charger applications," in 2011 IEEE Energy Conversion 

Congress and Exposition, 17-22 Sept. 2011 2011, pp. 1376-1380, doi: 

10.1109/ECCE.2011.6063939.  

[61]  R. Zhang, S. Liu, B. Li, N. Zhao, G. Wang, and D. Xu, "Totem-Pole Bridgeless Boost 

PFC Converter Based on GaN HEMT for Air Conditioning Applications," in 2018 2nd 

IEEE Conference on Energy Internet and Energy System Integration (EI2), 20-22 Oct. 

2018 2018, pp. 1-9, doi: 10.1109/EI2.2018.8582164.  

[62]  X. Chen, T. Jiang, X. Huang, and J. Zhang, "A high efficiency bridgeless flyback PFC 

converter for adapter application," in 2013 Twenty-Eighth Annual IEEE Applied Power 

Electronics Conference and Exposition (APEC), 17-21 March 2013 2013, pp. 1013-1017, 

doi: 10.1109/APEC.2013.6520423.  

[63]  H. Choi, "Two-switch BCM flyback single-stage PFC for HB LED lighting applications," 

in 2013 Twenty-Eighth Annual IEEE Applied Power Electronics Conference and 



215 

Exposition (APEC), 17-21 March 2013 2013, pp. 3125-3130, doi: 

10.1109/APEC.2013.6520747.  

[64]  P. R. Mohanty, A. K. Panda, and D. Das, "An active PFC boost converter topology for 

power factor correction," in 2015 Annual IEEE India Conference (INDICON), 17-20 Dec. 

2015 2015, pp. 1-5, doi: 10.1109/INDICON.2015.7443118.  

[65]  Y. Jin, S. Liu, C. Wu, and Y. Li, "Design and Implementation of 6kW Boost PFC 

Topology in Discontinuous Current Mode," in 2019 IEEE 8th Joint International 

Information Technology and Artificial Intelligence Conference (ITAIC), 24-26 May 2019 

2019, pp. 1683-1686, doi: 10.1109/ITAIC.2019.8785598.  

[66] S. Wang, X. Ruan, K. Yao, S. Tan, Y. Yang, and Z. Ye, "A Flicker-Free Electrolytic 

Capacitor-Less AC–DC LED Driver," IEEE Transactions on Power Electronics, vol. 27, 

no. 11, pp. 4540-4548, 2012, doi: 10.1109/TPEL.2011.2180026. 

[67]  S. Wang, X. Ruan, K. Yao, and Z. Ye, "A flicker-free electrolytic capacitor-less ac-dc 

LED driver," in 2011 IEEE Energy Conversion Congress and Exposition, 17-22 Sept. 2011 

2011, pp. 2318-2325, doi: 10.1109/ECCE.2011.6064076.  

[68]  P. Fang, B. White, C. Fiorentino, and Y. Liu, "Zero ripple single stage AC-DC LED driver 

with unity power factor," in 2013 IEEE Energy Conversion Congress and Exposition, 15-

19 Sept. 2013 2013, pp. 3452-3458, doi: 10.1109/ECCE.2013.6647155.  

[69]  Y. Qiu, H. Wang, Z. Hu, L. Wang, Y. Liu, and P. C. Sen, "Electrolytic-capacitor-less high-

power LED driver," in 2014 IEEE Energy Conversion Congress and Exposition (ECCE), 

14-18 Sept. 2014 2014, pp. 3612-3619, doi: 10.1109/ECCE.2014.6953892.  

[70]  Y. Qiu, L. Wang, Y. Liu, and P. C. Sen, "A novel bipolar series Ripple compensation 

method for single-stage high-power LED driver," in 2015 IEEE Applied Power Electronics 

Conference and Exposition (APEC), 15-19 March 2015 2015, pp. 861-868, doi: 

10.1109/APEC.2015.7104450.  

[71] "International Electro technical Commission " IEC 61000-3-2, 1998. 

[72] J. Zhang, W. G. Hurley, and W. H. Wölfle, "Gapped Transformer Design Methodology 

and Implementation for LLC Resonant Converters," IEEE Transactions on Industry 

Applications, vol. 52, no. 1, pp. 342-350, 2016, doi: 10.1109/TIA.2015.2465932. 

[73]  C. R. Sullivan and R. Y. Zhang, "Simplified design method for litz wire," in 2014 IEEE 

Applied Power Electronics Conference and Exposition - APEC 2014, 16-20 March 2014 

2014, pp. 2667-2674, doi: 10.1109/APEC.2014.6803681.  

[74] Microchip, "Digital Compensator Design for LLC Resonant Converter," Application note, 

2012. 

[75]  C. Buccella, C. Cecati, H. Latafat, P. Pepe, and K. Razi, "Linearization of LLC resonant 

converter model based on extended describing function concept," in 2013 IEEE 

International Workshop on Inteligent Energy Systems (IWIES), 14-14 Nov. 2013 2013, pp. 

131-136, doi: 10.1109/IWIES.2013.6698574.  

[76]  C. Chang, E. Chang, C. Cheng, H. Cheng, and S. Lin, "Small Signal Modeling of LLC 

Resonant Converters Based on Extended Describing Function," in 2012 International 

Symposium on Computer, Consumer and Control, 4-6 June 2012 2012, pp. 365-368, doi: 

10.1109/IS3C.2012.99.  

[77] O. Semiconductor, "The TL431 in the Control of Switching Power Supplies," Application 

note. 



216 

[78] Y. Panov and M. M. Jovanovic, "Small-signal analysis and control design of isolated power 

supplies with optocoupler feedback," IEEE Transactions on Power Electronics, vol. 20, 

no. 4, pp. 823-832, 2005, doi: 10.1109/TPEL.2005.850926. 

[79] Z. Fang, J. Wang, S. Duan, K. Liu, and T. Cai, "Control of an LLC Resonant Converter 

Using Load Feedback Linearization," IEEE Transactions on Power Electronics, vol. 33, 

no. 1, pp. 887-898, 2018, doi: 10.1109/TPEL.2017.2672731. 

[80] X. Ren, Z. Xu, Z. Zhang, H. Li, M. He, J. Tang, and Q. Chen, "A 1-kV Input SiC LLC 

Converter With Split Resonant Tanks and Matrix Transformers," IEEE Transactions on 

Power Electronics, vol. 34, no. 11, pp. 10446-10457, 2019, doi: 

10.1109/TPEL.2019.2896099. 

[81] O. Semiconductor, "Secondary Side Synchronous Rectification Driver for High Efficiency 

SMPS Topologies," Application note, 2016. 

[82] G. Wen-Jian and K. Harada, "A new method to regulate resonant converters," IEEE 

Transactions on Power Electronics, vol. 3, no. 4, pp. 430-439, 1988, doi: 

10.1109/63.17964. 

[83] Z. Hu, Y. Qiu, Y. Liu, and P. C. Sen, "A Control Strategy and Design Method for 

Interleaved LLC Converters Operating at Variable Switching Frequency," IEEE 

Transactions on Power Electronics, vol. 29, no. 8, pp. 4426-4437, 2014, doi: 

10.1109/TPEL.2014.2300165. 

[84] Z. Hu, Y. Qiu, L. Wang, and Y. Liu, "An Interleaved LLC Resonant Converter Operating 

at Constant Switching Frequency," IEEE Transactions on Power Electronics, vol. 29, no. 

6, pp. 2931-2943, 2014, doi: 10.1109/TPEL.2013.2273939. 

[85] Z. H. Yanfei Liu, "Interleaved Resonant Converter," US Patent, 2017. 

[86]  N. Shafiei, M. A. Saket, and M. Ordonez, "Time domain analysis of LLC resonant 

converters in the boost mode for battery charger applications," in 2017 IEEE Energy 

Conversion Congress and Exposition (ECCE), 1-5 Oct. 2017 2017, pp. 4157-4162, doi: 

10.1109/ECCE.2017.8096721.  

[87]  T. Liu, Z. Zhou, A. Xiong, J. Zeng, and J. Ying, "A Novel Precise Design Method for LLC 

Series Resonant Converter," in INTELEC 06 - Twenty-Eighth International 

Telecommunications Energy Conference, 10-14 Sept. 2006 2006, pp. 1-6, doi: 

10.1109/INTLEC.2006.251606.  

[88] M. Pahlevaninezhad, J. Drobnik, P. K. Jain, and A. Bakhshai, "A Load Adaptive Control 

Approach for a Zero-Voltage-Switching DC/DC Converter Used for Electric Vehicles," 

IEEE Transactions on Industrial Electronics, vol. 59, no. 2, pp. 920-933, 2012, doi: 

10.1109/TIE.2011.2161063. 

[89] R. Hou and A. Emadi, "A Primary Full-Integrated Active Filter Auxiliary Power Module 

in Electrified Vehicles With Single-Phase Onboard Chargers," IEEE Transactions on 

Power Electronics, vol. 32, no. 11, pp. 8393-8405, 2017, doi: 

10.1109/TPEL.2017.2650482. 

[90] Y. Kim, C. Oh, W. Sung, and B. K. Lee, "Topology and Control Scheme of OBC–LDC 

Integrated Power Unit for Electric Vehicles," IEEE Transactions on Power Electronics, 

vol. 32, no. 3, pp. 1731-1743, 2017, doi: 10.1109/TPEL.2016.2555622. 

[91] K. Sayed, "Zero-voltage soft-switching DC–DC converter-based charger for LV battery in 

hybrid electric vehicles," IET Power Electronics, vol. 12, no. 13, pp. 3389-3396, 2019, doi: 

10.1049/iet-pel.2019.0147. 



217 

[92]  H. Kim and J. Kim, "Implement of High Efficiency Achievement Algorithm of LDC for 

xEV based on GaN HEMT," in 2019 IEEE Transportation Electrification Conference and 

Expo, Asia-Pacific (ITEC Asia-Pacific), 8-10 May 2019 2019, pp. 1-4, doi: 10.1109/ITEC-

AP.2019.8903835.  

[93] D. Moon, J. Park, and S. Choi, "New Interleaved Current-Fed Resonant Converter With 

Significantly Reduced High Current Side Output Filter for EV and HEV Applications," 

IEEE Transactions on Power Electronics, vol. 30, no. 8, pp. 4264-4271, 2015, doi: 

10.1109/TPEL.2014.2360470. 

[94] D. Kim, M. Kim, and B. Lee, "An Integrated Battery Charger With High Power Density 

and Efficiency for Electric Vehicles," IEEE Transactions on Power Electronics, vol. 32, 

no. 6, pp. 4553-4565, 2017, doi: 10.1109/TPEL.2016.2604404. 

[95] G. Yang, P. Dubus, and D. Sadarnac, "Double-Phase High-Efficiency, Wide Load Range 

High- Voltage/Low-Voltage LLC DC/DC Converter for Electric/Hybrid Vehicles," IEEE 

Transactions on Power Electronics, vol. 30, no. 4, pp. 1876-1886, 2015, doi: 

10.1109/TPEL.2014.2328554. 

[96] M. C. Kisacikoglu, "Vehicle-to-grid (V2G) Reactive Power Oper ower Operation Analysis 

of the ation Analysis of the EV/PHEV Bidirectional Battery Charger " Ph.D. Dissertation 

2013. The University of Tennessee. 

[97] Y. Qiu, "Offline Single-stage Electrolytic-capacitor-free Flicker-free High Power LED 

Driver," Ph.D. Dissertation 2017. Queen's University. 

[98]  M. F. N. Tajuddin, N. H. Ghazali, I. Daut, and B. Ismail, "Implementation of DSP based 

SPWM for single phase inverter," in SPEEDAM 2010, 14-16 June 2010 2010, pp. 1129-

1134, doi: 10.1109/SPEEDAM.2010.5542156.  

[99]  W. Ji and W. Lin, "Estimation of Harmonics for Generating SPWM Based on DSP," in 

2010 International Conference on Artificial Intelligence and Computational Intelligence, 

23-24 Oct. 2010 2010, vol. 3, pp. 70-74, doi: 10.1109/AICI.2010.255.  

[100]  Y. Qiu, W. Liu, P. Fang, Y. Liu, and P. C. Sen, "A mathematical guideline for designing 

an AC-DC LLC converter with PFC," in 2018 IEEE Applied Power Electronics 

Conference and Exposition (APEC), 4-8 March 2018 2018, pp. 2001-2008, doi: 

10.1109/APEC.2018.8341292.  

[101] Y. Cai, J. Xu, G. Liu, Z. Yao, and G. Zhou, "Effect of loop gain of ripple cancellation 

converter on twice-line-frequency voltage ripple in PFC converter," Electronics Letters, 

vol. 53, no. 13, pp. 873-875, 2017, doi: 10.1049/el.2017.1438. 

[102] Y. Cai, J. Xu, P. Yang, and G. Liu, "Design of Double-Line-Frequency Ripple Controller 

for Quasi-Single-Stage AC–DC Converter With Audio Susceptibility Model," IEEE 

Transactions on Industrial Electronics, vol. 66, no. 12, pp. 9226-9237, 2019, doi: 

10.1109/TIE.2019.2891454. 

[103]  C. Liu, J. Wang, K. Colombage, C. Gould, B. Sen, and D. Stone, "Current ripple reduction 

in 4kW LLC resonant converter based battery charger for electric vehicles," in 2015 IEEE 

Energy Conversion Congress and Exposition (ECCE), 20-24 Sept. 2015 2015, pp. 6014-

6021, doi: 10.1109/ECCE.2015.7310503.  

 


