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Abstract-Deadtime is a critical design target for soft switching 

dc/dc converters. On the one hand, the deadtime is necessary to 

ensure safety operation of the devices in one switching leg; on the 

other hand, enough deadtime is required to achieve zero voltage 

switching (ZVS) operation. Due to the complexity of LLC 

converters, traditionally, the deadtime selection is either based on 

engineering experience or inaccurate analysis of converter, which 

leads to an unoptimized deadtime. Specifically, a large deadtime 

will lead to the efficiency degradation due to the body diode 

conduction during deadtime. The ZVS operation cannot be 

completely achieved with a small deadtime, which will also 

degrade the converter efficiency. Therefore, there is a demand for 

the accurate analysis of deadtime effect on LLC converters. In this 

paper, an accurate and in-depth analysis of deadtime effect on 

LLC converter is performed with the aid of time domain analysis. 

But the proposed adaptive deadtime strategies can also be 

implemented based on the experiment or simulation results for 

those who do not have access to time domain analysis of LLC 

converters. Based on the analysis, novel adaptive deadtime 

strategies are proposed for LLC converter. Compared with 

traditional fixed deadtime strategy, around 1% efficiency 

improvement is achieved for a 125 W experimental prototype 

during the whole operating range. 

 

I.  INTRODUCTION 

With the ever-increasing demand on power converter 

efficiency, especially under light load operation conditions, 

converter optimizations are of great interest to improve the 

system efficiency performance. Commonly, lots of efforts have 

been put to optimize the converter circuit parameters. For 

example, in [1], a computer-aided automated design algorithm 

is developed to find the optimized circuit parameters.  
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However, the dead time analysis is ignored and only 

optimization on the circuit parameters is presented. In [2], the 

LLC converter is optimized at the peak gain operating point, 

although the voltage gain performance of the converter can be 

fully explored. The converter is operating at the boundary of 

zero voltage switching (ZVS) operation and zero current 

switching (ZCS) operation. In addition, the deadtime design 

and analysis are missed. In [3], the deadtime is selected as the 

converter specifications, so it is known for engineers 

beforehand. In [4], a complete step by step design optimization 

algorithm is proposed for LLC converter. However, the 

deadtime optimization is not performed. Therefore, it can be 

concluded that most of the LLC converter design algorithms 

either ignore deadtime effect or treat it as known parameter. 

However, deadtime is important for LLC converter 

performance. Deadtime can directly affect the soft switching 

performance of the switches, which is critical in today’s very 

high frequency applications, where dv/dt or electro-magnetic 

interference (EMI) are critical issues in applications with wide 

band gap (WBG) devices [5, 6]. A large deadtime will lead to 

efficiency degradation caused by the conduction loss of body 

diode, and a small deadtime will lead to incomplete of ZVS 

operation, and ultimately cause high EMI noise and even 

destruction of power converters. Thus, optimization on LLC 

converter deadtime can improve both converter efficiency and 

EMI performances. In [7], the complete analysis of ZVS 

operation of LLC converter is performed. The necessary 

condition for ZVS operation is that there should be a negative 

current before the switch is turning on. The sufficient condition 

is that the deadtime is large enough to charge/discharge the 

parasitic capacitances. The author analyzed that an extreme 

large deadtime will lead to the loss of ZVS operation, which are 

commonly ignored in existing literature. Nevertheless, the 

analysis is performed based on the inaccurate frequency domain 

analysis. In addition, only the analysis is presented, while the 

design and optimization of deadtime are missed. There are 

some references focus on the ZVS performance analysis of 

unregulated LLC converters or DC transformers (DCX), where 

the converter is operating at resonant frequency operating point 

[8, 9]. However, in most applications, the LLC converters are 

operating in a wide switching frequency range to satisfy the 

converter voltage gain requirement. In these applications, the 

analysis at resonant frequency point is no longer true. In [10], 

the ZVS analysis for full-bridge LLC converter is presented. It 

is found out that the real ZVS requirement for full-bridge LLC 

converter is Lm<tdead/(8×Coss×fr) instead of traditional 
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requirement Lm<tdead/(16×Coss×fr). Thus, a large magnetizing 

inductance value can be selected, which reduces the circulating 

current and conduction losses, ultimately improves converter 

efficiency. However, the deadtime analysis is still based on 

frequency domain and the derived ZVS requirement is only 

valid at resonant frequency point. 

In [11], the minimum deadtime is optimized to satisfy the 

ZVS operation requirement under the worst operating case. For 

LLC converter, it is tricky to achieve ZVS operation at 

maximum input voltage and minimum output power. The 

required maximum switching frequency and minimum 

deadtime are optimized to improve converter efficiency. Again, 

inaccurate frequency domain analysis is used, which leads to 

unsatisfactory results.  

In addition, in most of the existing literature in academia, the 

deadtime is fixed during whole operating range. By selecting 

the deadtime based on the worst operating case, the efficiency 

degradation and even ZVS lost under other circuit conditions 

may occur. From industry point of view, the commercial 

resonant mode controllers, like NCP1399 series from ON 

Semiconductor [12], UCC256303 LLC resonant controller 

from Texas Instrument [13], L6699 resonant controller from 

STMicroelectronics [14], adaptive deadtime strategies are all 

adopted to improve the converter efficiency during the whole 

operation range. The general idea for these adaptive deadtime 

strategies is to use a dv/dt detector to recognize the realization 

of ZVS operation, and then turned on the primary switch. 

Although the optimized deadtime can be generated during the 

whole operation range, the high switching frequency 

characteristic of power converters makes the dv/dt detection 

circuit sensitive to circuit noises and parasitics, which reduces 

the power converter reliability in high power applications. 

To fully optimize the converter performance and improve 

reliability during whole operation conditions, novel adaptive 

deadtime strategies are proposed in this paper. Firstly, the 

deadtime analysis for LLC converter is implemented with 

accurate time domain analysis. Then, based on the analysis 

results, the adaptive deadtime strategies are proposed. Finally, 

experiment results are presented to validate the effectiveness of 

the proposed strategy. In addition, efficiency comparisons 

between the proposed strategies and traditional strategy are 

made. Discussions are made to summarize the application 

scenarios and considerations for the proposed adaptive 

deadtime strategies. 

 

II. DEADTIME ANALYSIS FOR LLC CONVERTER WITH TIME 

DOMAIN ANALYSIS 

The asymmetric half-bridge LLC converter shown in Fig. 1 

is used to demonstrate the ZVS operation mechanism. Please 

note that similar analysis and method can be used for other LLC 

topologies as discussed in [15]. In Fig. 1, Cossp1 and Cossp2 are 

the output capacitance of primary switch, CW is the transformer 

wiring capacitance, Cosss1 and Cosss2 are the secondary rectifier 

diodes output capacitance. 

During the deadtime, the necessary condition to achieve ZVS 

operation can be expressed as Eq. (1) [7]. The detailed analysis 

on the secondary parasitic capacitance influence on primary 

switch ZVS performance can be found in [8]. 
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where ioff is the primary switch turn-off current, which can be 

viewed constant during deadtime since the deadtime is very 

short, and tdead is the deadtime. 
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Fig. 1. Asymmetric half-bridge LLC converter with parasitic capacitances. 

 

From Eq. (1), to satisfy the deadtime requirement, the 

information of primary switch turn-off current is required. 

Traditionally, the analysis is performed based on first harmonic 

analysis (FHA), which assumes that the converter is operating 

at resonant frequency point. Then, the primary switch turn-off 

current can be simply derived as 

o
off

m r4

NV
i

L f
=                                         (2) 

By substituting Eq. (2) into Eq. (1), a design criteria for the 

deadtime or magnetizing inductance value is derived. 

However, Eq. (2) is no longer true when the converter is not 

operating at the resonant frequency point, which will lead to 

miscalculation of the required deadtime. Many LLC papers are 

using Eq. (2) to either design deadtime or magnetizing 

inductance value. For example, in [16], the magnetizing 

inductance value is designed as 

dead
m

ossp r8

t
L

C f
=                                        (3) 

In Eq. (3), the other circuit parasitic capacitances are not 

considered, which will lead to a larger magnetizing inductance 

value than the real magnetizing inductance value to satisfy the 

ZVS operation. With a large magnetizing inductance value, the 

ZVS operation condition may not be satisfied. 

In [17], the ZVS analysis is performed under no load 

operation, and the magnetizing inductance value is selected 

based on the no load ZVS requirement. Clearly, although the 

ZVS operation can be achieved during the whole operating 

range, a large deadtime or small magnetizing inductance value 

should be selected, which degrades the converter efficiency 

performance under heavy and medium load operation 

conditions. 

Generally, in the existing publications, the deadtime or 

magnetizing inductance value is either designed based on the 

resonant frequency operating point or no load operating point. 

The first design method will result in insufficient ZVS 

operation under light load operation in above resonant 

frequency region. The second design method will result in 
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excessive deadtime for medium and heavy load operation 

conditions. Thus, there is a demand for adaptive deadtime 

strategy that can adjust the converter deadtime based on the 

circuit operating conditions. 

The commercial resonant mode controllers utilize dv/dt 

detector to recognize the ZVS realization of switch, and 

generate the corresponding gating signal. However, with the 

ever increasing demand for high frequency operation and the 

penetration of wide band gap devices, the switch dv/dt is very 

large, which challenges the dv/dt detector design. In addition, 

due to the small signal characteristic of dv/dt, it is sensitive to 

circuit noise, which affects the reliable operation of the 

converter. 

In this paper, the adaptive deadtime strategies are proposed 

based on the large signals, which resolves the issue of sensitive 

to circuit noises of commercial resonant mode controllers. To 

obtain the accurate desired deadtime under different circuit 

conditions, the time domain analysis method is utilized.  

A. Introduction of the Developed Time Domain Analysis 

Based Evaluation Tool 

The issue with FHA analysis method is that when the LLC 

resonant converter is not operating at resonant frequency point, 

the calculated switch turn-off current based on FHA is different 

from the actual turn-off current. Fig. 2 makes comparisons 

between the theoretical results and simulation results for the 

LLC resonant converter when load resistance equals 5 Ω and 50 

Ω with different input voltage. For the conventional FHA based 

analysis method, the switch turn-off current is independent of 

the converter input voltage and output power. However, when 

compared with the accurate time domain analysis (TDA) results, 

it can be seen that except at resonant frequency operation, 

where the FHA analysis results are close to the actual results, in 

other operation regions, considerable errors between the 

theoretical results and actual results exist, which will make the 

ZVS analysis inaccurate. In addition, the ZVS operation may 

not be ensured in the whole operation range since the converter 

is designed simply at resonant frequency point for FHA method. 
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Fig. 2. Switch turn-off current comparison between conventional FHA and 
accurate TDA. 

 
Therefore, the motivation of using time domain analysis in 

this paper is to improve the analysis accuracy, which can help 

optimize the LLC resonant converter. Since time domain 

analysis is not the novelty of this paper, many papers have 

discussed the time domain analysis process for the LLC 

resonant converter [1, 17], only the general principles regarding 

the time domain analysis are discussed in this paper. In addition, 

brief introductions will be made on the developed time domain 

analysis based evaluation tool. 

Firstly, the general principles for the time domain analysis 

for LLC resonant converter are discussed. 

Step 1: Operation stages of LLC resonant converter 

There exist three operation stages for LLC resonant converter, 

namely, P, O, and N stage, the equivalent circuits are shown in 

Fig. 3. When the voltage across the magnetizing inductor is 

clamped by the positive output voltage NVo, the converter is 

operating in P stage; if the magnetizing inductor is clamped by 

the negative output voltage -NVo, the converter is operating in 

N stage; during the O stage operation, the magnetizing inductor 

is not clamped by the output voltage. 
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 Fig. 3. Three operation stages for LLC resonant converter. (a) P stage; (b) N 
stage; (c) O stage. 

 

The circuit equations for each operation stage can be derived 

based on the Kirchhoff's Voltage Law (KVL) and Kirchhoff's 

Current Law (KCL). 

Step 2: Non-linear equations 

For an LLC resonant converter, there are many different 

operation modes based on the sequence of the operation stages 

in half of the switching cycle [1, 17]. For example, the PO 

operation mode means that the LLC resonant converter is 

operating at P operation stage first and then followed by an O 

operation stage. The following principles are used to derive the 

non-linear equations: 1) continuity of circuit voltages and 

currents: at the stage transition point, the circuit voltages and 

currents should be same by using equations from two operation 

stages; 2) symmetric characteristic of circuit voltages and 

currents: the voltage or current value at initial of the switching 

cycle and the value at the end of the half switching cycle are 

symmetric; 3) power conservation law: assuming there is no 

loss for the converter so that the input power equals output 

power. Based on these characteristics, the non-linear equations 

can be derived. By using the mathematical software, the circuit 

solutions can be derived. The details of these non-linear 

equations can be found in Appendix. 

Step 3: Switch turn-off current  

Once the circuit is solved in Step 2, the switch turn-off 

current can be easily calculated, which can be used to perform 

the ZVS analysis for LLC resonant converter. 

Step 4: Calculating the optimized deadtime 

Based on the circuit parameters and parasitic capacitors, the 

required minimum deadtime can be found by satisfying the 

inequality (1). 

Authorized licensed use limited to: Linkoping University Library. Downloaded on June 21,2021 at 03:06:29 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3058234, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE Journal of Emerging and Selected Topics in Power Electronics 

With the aid of the time domain model and the calculation 

mechanism discussed above, a ZVS analysis evaluation tool for 

LLC resonant converters is developed based on the MATLAB 

graphical user interface (GUI). Brief introductions are made for 

the developed evaluation tool. Fig. 4 shows the overall structure 

of the developed evaluation tool. It mainly includes the 

following seven parts: 1) topology structure selection: 

according to [15], for LLC resonant converter, there are mainly 

five structures for the primary inverter and three structure for 

the secondary rectifier. Then, based on the different 

combinations of inverter and rectifier, there are mainly 15 

different LLC topologies that can be selected based on the 

converter specifications. Generally speaking, stacked structure 

is favored in high input voltage applications; full-bridge 

structure is preferred in high power applications; half-bridge 

structures are advantageous in low power and step-down 

applications. For the secondary rectifier, the full-bridge rectifier 

is preferred in high output voltage applications; the transformer 

center-tapped rectifier is advantageous in high output current 

applications due to the reduction of conduction loss; the voltage 

doubler rectifier is usually adopted in step-up applications. The 

developed evaluation tool includes all 15 different LLC 

topologies, which is convenient in real applications; 2) circuit 

parameters: similar to commercial simulation software, the 

circuit parameters are required as input; 3) closed-loop 

selection: there are typically three closed-loop strategies, 

namely, constant output voltage, constant output current, and 

constant output power. The users can select the output 

regulation type based on the converter specifications and 

applications; 4) circuit parasitic capacitors: for the ZVS 

analysis of LLC resonant converters, the parasitic capacitors are 

required. The primary switch and secondary rectifier junction 

capacitances are modelled as a function of the device voltage 

stress. 
3 DS 1 DS

oss 4 2
k V k VC k e k e=  +                            (4) 

where k1-k4 are the coefficients of the equation, which can be 

obtained by using curve fitting tool. In this research, the data 

is extracted from the manufacture datasheet, the “cftool” in the 

MATLAB is used to get k1-k4. The curve fitting results are 

presented in the Appendix.  

In most of the design, the junction capacitances of the 

primary switch and secondary rectifier are regarded as constant 

values at the input voltage and output voltage level, respectively. 

However, from the ZVS waveform, during the transition, the 

voltage across the primary switch is varying from input voltage 

to zero, correspondingly, the junction capacitor of the primary 

switch should be a variable based on the C-V curve provided by 

the manufacture. Therefore, instead of a constant junction 

capacitance value, an equivalent junction capacitance should be 

used to perform the ZVS analysis and design [24]. The 

equivalent junction capacitance for the primary switch and 

secondary rectifier can be calculated as 
i O

oss
0

eq

i o

C ( )
V orV

v dv
C

V orV
=


                               (5) 

5) calculate and run buttons: by clicking the “Calculate” button, 

the ZVS analysis will start running and results will be shown; 

by clicking the “Refresh” button, the results will be removed; 6) 

analysis results: after running the analysis, the important results 

are demonstrated, including the required switching frequency, 

switch turn-off current, calculation time, and required deadtime; 

7) current waveform: the resonant inductor current and 

magnetizing inductor current waveforms are plotted. 

①
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Fig. 4. Overall structure of the developed ZVS evaluation tool for LLC resonant 

converters. 

 
Fig. 5 shows a specific analysis result of the evaluation tool. 

It can be seen that the calculation time is very short (less than 

0.5 seconds) when you compared with commercial simulation 

software. A live demonstration is provided in the 

supplementary files to show the operation of the developed 

evaluation tool. In addition, it is very convenient to perform 

iterations with the aid of the developed evaluation tool by 

adding “for” loops in the code. Therefore, for the proposed 

adaptive deadtime strategy, the required data for the curve 

fitting or look-up tables can be easily generated. 

 
Fig. 5. ZVS analysis result for a specific LLC resonant converter. 

 

Authorized licensed use limited to: Linkoping University Library. Downloaded on June 21,2021 at 03:06:29 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3058234, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE Journal of Emerging and Selected Topics in Power Electronics 

B) ZVS Analysis for LLC Resonant Converter in Different 

Operation Regions 

With the aid of the developed evaluation tool, the ZVS 

analysis for LLC resonant converter in different operation 

regions is made. The circuit parameters optimization is not the 

focus of this paper, which are treated as known parameters. The 

main focus of this paper is the deadtime optimization. The 

converter specifications are summarized in Table 1. 
TABLE. I. CONVERTER SPECIFICATIONS 

Description Value 

Input voltage Vi 160 V-240 V 

Output voltage Vo 24 V 

Output power Po 11.5 W-115 W 

Resonant frequency fr 100 kHz 

Resonant capacitor Cr 66 nF 

Resonant inductor Lr 38 μH 

Magnetizing inductor Lm 204 μH 

Transformer turns ratio N 4 

Primary switch  C3M0075120K 

Secondary rectifier diode IPB026N06N 

Transformer wiring capacitance CW 450 pF 

Printed circuit board (PCB) stray 

capacitance Cstray 
15 pF 

 

1). Below Resonant Frequency Operation Region 

When the input voltage is below 200 V, the LLC converter is 

operating in below resonant frequency region. Fig. 6(a) shows 

the turn-off current with different input voltage and output 

power. Clearly, the switch turn-off current increases with the 

decrease of output power initially, which makes the ZVS 

operation easier to be achieved under low output power 

applications. When the load further decreases, the switch turn-

off current slightly decreases too. On the other hand, with the 

increase of input voltage, the switch turn-off current is 

decreasing. Thus, the worst case to achieve ZVS operation in 

below resonant frequency region is at rated output power. Fig. 

6(b) shows the required minimum deadtime with different 

circuit conditions. The maximum deadtime around 175 ns is 

required at the rated output power. Overall, in below resonant 

frequency operating region, the deadtime variation is small. 
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(a) Primary switch turn-off current 
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(b) Required minimum deadtime 

Fig. 6. ZVS analysis in below resonant frequency region. 

 

2). At Resonant Frequency Point Operation 

At resonant frequency operating point, the primary switch 

turn-off current and required minimum deadtime are shown in 

Fig. 7. The primary switch turn-off current does not vary with 

the output power at resonant frequency operating point since 

the first two digits are same. This results also explain why the 

traditional analysis method only valid for resonant frequency 

operating point. At this operating point, the magnetizing 

inductor is always clamped by the output voltage, so Eq. (2) can 

be used to calculate the turn-off current. While in other 

situations, turn-off current cannot be calculated by using Eq. (2). 
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(a) Primary switch turn-off current 
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(b) Required minimum deadtime 

Fig. 7. ZVS analysis at resonant frequency point. 

 

3). Above Resonant Frequency Operation Region 

Fig. 8 shows the switch turn-off current and required 

minimum dead time with different input voltage and output 

power in above resonant frequency region. Clearly, the switch 

Authorized licensed use limited to: Linkoping University Library. Downloaded on June 21,2021 at 03:06:29 UTC from IEEE Xplore.  Restrictions apply. 



2168-6777 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2021.3058234, IEEE Journal
of Emerging and Selected Topics in Power Electronics

IEEE Journal of Emerging and Selected Topics in Power Electronics 

turn-off current decreases with the output power, so a large 

deadtime is necessary under light load operation. As shown in 

Fig. 8(b), the maximum required deadtime is around 570 ns. 

Based on the above analysis, it can be concluded that the worst 

case for ZVS operation occurs when input voltage reaches its 

maximum value and the output power reaches its minimum 

value. 
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(a) Primary switch turn-off current 
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(b) Required minimum deadtime 

Fig. 8. ZVS analysis in above resonant frequency region. 

 

The conclusions for the ZVS analysis based on the specific 

LLC resonant converter can also be applied for other LLC 

converters with different circuit parameters. ZVS analysis is 

performed for the LLC converter proposed in [23] and the 

results are shown in the Appendix, which have the same 

conclusions in this Section. The reasons for these conclusions 

can be expressed as follows: 1) in below resonant frequency 

region, the converter is operating in PO or OPO operation mode, 

then, the switch turn-off current is determined by the O 

operation stage, where the magnetizing inductor is resonating 

with resonant inductor and resonant capacitor. Under heavy 

load condition, the voltage across the magnetizing inductor is 

small and even negative due to the large voltage drop on the 

other elements, so the slop for magnetizing inductor current is 

either very small or negative, which makes the primary switch 

turn-off current small. In contrast, under light load conditions, 

the voltage across the magnetizing inductor is large, so the 

current slope is large, which results in a large switch turn-off 

current. Therefore, the worst case operation is usually achieved 

at the minimum input voltage with rated output power in below 

resonant frequency region; 2) at resonant frequency operation, 

the voltage across the magnetizing inductor can be assumed to 

be clamped by the output voltage during the whole operation 

range. Therefore, there would be no difference on the 

magnetizing inductor current; 3) in above resonant frequency 

region, the higher the output power, the larger the resonant 

inductor current, the switch turn-of current is around the 

maximum inductor current. Therefore, it is easier to achieve 

ZVS operation under heavy load conditions when compared 

with light load conditions.  

III. PROPOSED ADAPTIVE DEADTIME STRATEGIES   

 

Traditionally, the deadtime is selected based on Eqs. (1) and 

(2). With the given parameters in table 1, the required deadtime 

is calculated as tdead=237 ns. Although the ZVS operation can 

be ensured at resonant frequency point and below resonant 

frequency region, the ZVS operation is lost at above resonant 

frequency region with medium and light load operation as 

labeled in Fig. 8(b), which will cause efficiency degradation 

and EMI issues, especially under light load conditions. 

Moreover, hard switching operation will also lead to circuit 

noise, which affects the reliability and safety operation of the 

converter. Therefore, the traditional deadtime strategy is not 

preferred in applications require above resonant frequency 

operation. On the other hand, if the deadtime is selected based 

on the worst case, like 570 ns in this case, then, the deadtime is 

more than five times greater than that under the minimum input 

voltage and maximum output power operation condition. 

Therefore, adaptive deadtime strategy is required to increase 

converter efficiency and improve converter performance. 

Inspired by Fig. 6-Fig. 8, clearly, the required deadtime is 

different with both input voltage and output power. Then, two 

adaptive deadtime strategies can be proposed: 1) adaptive 

deadtime strategy based on input voltage; 2) adaptive deadtime 

strategies based on input voltage and output power. 

A. Adaptive Deadtime Strategy based on Input Voltage 

Firstly, the deadtime is adjusted based on the input voltage, 

which is normally given for the LLC converters for the purpose 

of protection, so there is no additional requirement on the 

converter hardware. To satisfy the ZVS operation during the 

whole output power range, the maximum deadtimes at specific 

input voltage level are used and drawn in Fig. 9. The proposed 

adaptive deadtime strategy can be simply achieved by using a 

look-up table. Clearly, by using the proposed adaptive deadtime 

strategy, the LLC converter efficiency performance can be 

optimized during the whole operating range. The detailed 

control diagram is shown in Fig. 10. The control signal vc is 

generated from the proportional integral (PI) controller. Then, 

after the voltage-controlled oscillator (VCO) block, the 

required switching frequency fs can be generated to regulate the 

output voltage.  
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Fig. 9. Relationship between input voltage and required deadtime. 
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Fig. 10. Control diagram of the proposed adaptive deadtime strategy based on 
input voltage. 

 

B. Adaptive Deadtime Strategy based on Input Voltage and 

Output Power 

 

Although the adaptive deadtime strategy based on input 

voltage can optimize the converter performance to some extent, 

as shown in Fig. 8, the required deadtime varies with output 

power or load greatly in above resonant frequency operation 

region. For example, at 240 V, the required deadtime at 

minimum output power is more than five times larger than that 

at heavy load. Thus, a simple adaptive deadtime strategy based 

on input voltage is not enough, the influence of output power 

should also be taken into consideration. 

Traditionally, to detect the output power, the output current 

is required. However, the current measurement equipment is 

bulky and lossy, especially at high output current applications. 

Although some chip based current transformers are 

commercially available, the cost and complexity of the system 

are increased. Thus, there is a need for a simple but effective 

method to recognize the output power of the converter. 

Fortunately, with the aid of time domain analysis, the 

relationship between the output power or load resistance and 

other variables can be explored, which can indirectly reflect the 

output power. Theoretically, the parameters for LLC converter 

including: 1) input voltage Vi; 2) output voltage Vo; 3) resonant 

inductor Lr; 4) resonant capacitor Cr; 5) magnetizing inductor 

Lm; 6) transformer turns ratio N; 7) load resistance RL; 8) 

switching frequency fs. For these eight parameters, by giving 

any seven of them, the last one can be mathematically derived 

by using time domain analysis. Therefore, in the real 

application, the circuit parameters are known, the input voltage 

and output voltage are sampled, the switching frequency is 

generated based on the closed-loop controller. Therefore, only 

the load resistance value is unknown. Thus, the switching 

frequency generated by the closed-loop controller can actually 

reflect the output power. 

Next, the relationship between the switching frequency and 

load resistance is investigated under different input voltage. As 

shown in Fig. 6-Fig. 8, the deadtime variation with load 

resistance is small when the converter is operating at resonant 

frequency or below resonant frequency. Thus, to reduce the 

control complexity, the load resistance influence is only 

investigated in above resonant frequency operation region. Fig. 

11 shows the relationship between the normalized switching 

frequency and load resistance value for LLC converter 

operating in above resonant frequency region. Based on Fig. 11, 

the load resistance value can be estimated based on the input 

voltage and switching frequency.  
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Fig. 11. Relationship between the normalized switching frequency and load 
resistance value. 

 

Therefore, for the adaptive deadtime strategy that considers 

both input voltage and output power, the control diagram in Fig. 

10 can be modified as shown in Fig. 12. Both the input voltage 

and switching frequency are required to determine the 

optimized deadtime under different circuit conditions.  
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Fig. 12. Control diagram of the proposed adaptive deadtime strategy based on 
input voltage and output power. 
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The implementation flow chart for the proposed adaptive 

deadtime strategies can be summarized as shown in Fig. 13, 

where Vref is the desired output voltage and ΔVo is the accepted 

output voltage variation. In the case discussed in this paper, 

Vref=24 V, and ΔVo=1 V. The details about each step are shown 

below. 

Step 1: Input circuit parameters and parasitics to the developed 

deadtime evaluation tool 

In this step, the circuit components parameters and 

corresponding parasitics are set in the developed deadtime 

evaluation tool. The main purpose of this step is to generate the 

required data for curve fitting or look-up tables based on the 

selected adaptive deadtime strategy.  

Step 2: Select adaptive deadtime strategy 

As analyzed in this paper, there are two adaptive deadtime 

strategies, one is solely based on the input voltage, while 

another one is based on both the input voltage and output power. 

It is recommended that the input voltage based adaptive 

deadtime strategy can be used when the converter output power 

variations are small. Otherwise, to further optimize the 

converter performance, the input voltage and output power 

based adaptive deadtime strategy is preferred. 

Step 3: Generate and load the look-up tables 

Based on the system requirement, the input voltage and/or 

the output power variation step can be determined. Then, with 

the aid of the developed evaluation tool, the look-up tables can 

be generated easily. Finally, the look-up tables are loaded in the 

digital controller. 

Step 4: Sampling input voltage Vi and output voltage Vo  

The input voltage and output voltage are required during the 

whole operation range to achieve the adaptive deadtime control 

and output voltage closed-loop control. 

Step 5: Large and fixed deadtime 

Initially, a large and fixed deadtime is applied for the LLC 

converter to ensure ZVS operation during the non-steady state 

conditions, like start up, load change, and input voltage change 

etc. The non-steady state conditions are determined based on 

the output voltage, if the detected output voltage is not at the 

proximity of the reference value, then, the converter is 

considered to work in non-steady state conditions.  

Step 6: Frequency control to regulate output voltage 

During the operation, the frequency control is enabled to 

regulate the converter output voltage. 

Step 7: Record switching frequency fs 

The switching frequency is only recorded when the converter 

reaches into steady state operations, where the output voltage is 

at the proximity of the reference value. Then, the recorded 

switching frequency is combined with the input voltage to 

obtain the output power information. 

Step 8: Look-up tables and Optimized deadtime 

In this step, the required input voltage and switching 

frequency information are send to the look-up tables to generate 

the optimized deadtime based on the selected adaptive deadtime 

strategy. Then, the converter is operating with the optimized 

deadtime to improve the performance. 
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Fig. 13. Flow chart of the proposed adaptive deadtime strategy in real circuit 

implementation. 

 

Therefore, when the transients occur, the converter will 

operate in non-steady state conditions. According to the flow 

chart, once the converter output voltage is not at the proximity 

of the reference voltage, the adaptive deadtime strategy is 

disabled and the converter is operating with a large and fixed 

deadtime. Thanks to the large deadtime during transients, the 

ZVS operation can also be ensured during the transients, which 
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avoids device failures caused by over-temperature and over-

stress.  

As can be seen from Fig. 13, the proposed adaptive deadtime 

generate the optimized deadtime based on the large signal input 

voltage and switching frequency. It is understandable that these 

signals have higher noise immunity when compared with the 

dv/dt signal that required in commercial resonant mode 

controllers. 

IV. EXPERIMENT RESULTS 

 

In this Section, experiment results are presented to validate 

the effectiveness of the proposed strategy, and efficiency 

comparisons between the proposed adaptive deadtime 

strategies and traditional deadtime strategy are made. Fig. 14 

shows the picture of the experimental setup. 
Half-bridge

Gate 

driver

LLC resonant 

tank

 
Fig. 14. Picture of the experiment setup. 

 

A. Steady-State Experiment Waveforms 

Fig. 15 shows experiment waveforms with the proposed 

adaptive deadtime strategy based on input voltage when input 

voltage equals 160 V, where vGS is the gate voltage of S2, vDS is 

the voltage across S2, iLr is the resonant inductor current, and iD 

is the secondary rectifier diode current. The deadtime is 160 ns 

when input voltage equals 160 V. Clearly, the ZVS operation is 

achieved for primary switch during whole power range. More 

importantly, the ZVS operation is easier to be achieved under 

light load operation as shown in Fig. 15(b), which agrees with 

the theoretical analysis.  
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Fig. 15. Experiment waveform in below resonant frequency region. 

 

Fig. 16 shows the experiment waveforms at resonant 

frequency point. The required deadtime is around 210 ns. As 

analyzed previously, the ZVS operation at resonant frequency 

with different output power are almost same.  
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Fig. 16. Experiment waveform at resonant frequency point. 

 

Fig. 17 shows the experiment waveform in above resonant 

frequency region when input voltage equals 220 V. The 

required deadtime is 310 ns. Clearly, under heavy load, the ZVS 

operation is much easier to be achieved than the light load 

operation, the results in consistent with the theoretical analysis. 
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Fig. 17. Experiment waveform in above resonant frequency region with 

adaptive deadtime strategy based on input voltage. 

 

From Fig. 15 to Fig. 17, it can be seen that with the proposed 

adaptive deadtime strategy based on input voltage, it can 

optimize the converter deadtime in below resonant frequency 

region as we analyzed. However, in above resonant frequency 

operating region, the required deadtime under heavy load is 

much smaller than that under light load. Thus, the efficiency 

under heavy load operation is degraded due to the conduction 

loss of body diode. To further increase the converter efficiency, 

the adaptive deadtime strategy based on both input voltage and 

output power is adopted. Fig. 18 shows the corresponding 

experiment waveforms with different load resistance. Clearly, 

under heavy load operation, the required deadtime is much 

smaller than that of the light load operation. Thus, by 

introducing the effect of output power in the proposed adaptive 

deadtime strategy, the converter operation performance can be 

further improved. 
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Fig. 18. Experiment waveform in above resonant frequency region with 
adaptive deadtime strategy based on both input voltage and output power. 

 

To make comparisons, the traditional fixed deadtime strategy 

is utilized. To ensure the ZVS operation during the whole 

operating range, a deadtime of 570 ns is required. Fig. 19 shows 

some ZVS experiment waveform with deadtime of 570 ns when 

RL=5 Ω. Clearly, the deadtime is too large for other operating 

conditions expect the worst case operating point, the body diode 

will conduct and the system efficiency is degraded. 
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Fig. 19. Experiment waveform with fixed deadtime strategy. 

 

B. Transient Operation Experiment Waveforms 

To validate the effectiveness of the proposed adaptive 

deadtime strategy during transient operations, the 

corresponding experiment results are presented and analyzed. 

Fig. 20 shows the experiment waveforms when the load 

changes from 30 Ω to 8 Ω with the input voltage based adaptive 

deadtime strategy, where the converter input voltage is fixed at 

220 V. When the converter is operating under light load, the 

deadtime is optimized. Once the load step change occurs, the 

converter will operate in non-steady state condition, where a 

large and fixed deadtime of 600 ns is generated to ensure the 

ZVS operation. When the new steady state operation is reached, 

the adaptive deadtime is enabled and since only the input 

voltage is used to generate the optimized deadtime, the same 

deadtime that used in light load condition is generated for the 

new steady state condition as shown in Fig. 20(d). Clearly, the 

deadtime is not optimized for heavy load conditions with the 

adaptive deadtime strategy only based on input voltage.  
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(c) during transient operation           (d) load resistance equals 8 Ω 

Fig. 20. Dynamic experiment waveform when there is a load step change with 

input voltage based adaptive deadtime strategy. 

 

Therefore, to further improve the converter performance, the 

switching frequency is also used to generate the optimized 

deadtime. It is understandable that under light load conditions, 

a higher switching frequency is required when compared with 

heavy load conditions. Thus, by introducing the switching 

frequency into the look-up table, the deadtime can be optimized 

by taking both input voltage and output power into 

considerations. Fig. 21 shows the experiment waveforms under 

the same condition with input voltage and output power based 

adaptive deadtime strategy. Clearly, the deadtime is optimized 

both in light load and heavy load conditions. Meanwhile, the 

ZVS operation is also ensured during the transient operations 

by applying a large and fixed deadtime. 
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(c) during transient operation        (d) load resistance equals 8 Ω 

Fig. 21. Dynamic experiment waveform when there is a load step change with 
input voltage and output power based adaptive deadtime strategy. 

 

Clearly, for the input voltage based adaptive deadtime 

strategy, the deadtime is constant under light load and heavy 

load conditions, which is 400 ns. On the other hand, the 

deadtime generated based on both input voltage and output 

power is 400 ns under light load condition and only 280 ns 
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under heavy load condition. An optimized deadtime is 

generated and the body diode conduction during deadtime can 

be further reduced.  

Videos are also attached in the supplementary files to 

demonstrate the dynamic operations of the proposed adaptive 

deadtime strategies. In Video 1, it shows the operation of the 

input voltage based adaptive deadtime strategy with light load 

operation (RL=50 Ω), Video 2 shows the heavy load operation 

(RL=5 Ω). It can be seen that different optimized deadtime is 

generate based on the input voltage. For light load operation, 

the deadtime is optimized, while for the heavy load operation, 

the deadtime is unoptimized. In Video 3, it shows the operation 

of the input voltage based adaptive deadtime strategy when 

there is a load step change. Although the input voltage based 

adaptive deadtime strategy can optimize the converter deadtime 

to some extent, when the output power changes, especially for 

the heavy load operation, the converter deadtime is not 

optimized. Thus, in Video 4, it shows the operation of the input 

voltage and output power based adaptive deadtime strategy, it 

can be seen that the optimized deadtime can be generated under 

different load conditions.  

 

C. Efficiency Comparison 

Fig. 22 shows the efficiency comparison between the 

proposed strategy and the traditional fixed deadtime strategy. 

Clearly, with the proposed adaptive deadtime strategy, around 

1% efficiency improvement can be achieved. In above resonant 

frequency region, the adaptive deadtime strategy with both 

input voltage and output power has better efficiency 

performance that the adaptive deadtime strategy only with input 

voltage.  
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Fig. 22. Efficiency comparison under different operating conditions. 

 

D. Discussions and Contributions 

This paper discusses the analysis, design, and 

implementation of two adaptive deadtime strategies to improve 

the LLC converter performance. The recommendations for each 

adaptive deadtime strategy in real applications are summarized 

as follows: 

1) Based on the analysis results, it can be concluded that the 

deadtime variation with output power is small in below resonant 

frequency region. Therefore, to reduce control complexity, the 

adaptive deadtime strategy based on input voltage can be used 

for LLC converters that are designing only in below resonant 

frequency operation region, like the LLC converters in [17, 18]. 

2) In above resonant frequency operation region, the required 

deadtime variation with output power is significant. Thus, the 

adaptive deadtime strategy based on both input voltage and 

output power can be adopted for LLC converters include above 

resonant frequency operation, like the LLC converters in [19, 

20]. 

3) Since the deadtime variation is very small at resonant 

frequency operation, the simple fixed deadtime strategy can be 

adopted for LLC converters that are designing at resonant 

frequency operation, which are also known as DC transformers 

(DCT) [21, 22].  

The contributions of this paper can be summarized in the 

following aspects: 

1) An accurate ZVS analysis method for LLC resonant 

converters is proposed. Conventionally, the ZVS analysis is 

performed by using the first harmonic approximation (FHA) 

method and assuming a constant junction capacitor for the 

primary switch, which results in considerable errors. To 

improve the accuracy, this article proposed to use time domain 

analysis and equivalent junction capacitance to analyze and 

design the LLC resonant converters, which has higher accuracy.  

2) The proposed adaptive deadtime strategy can improve the 

LLC converter performance. Traditionally, the fixed deadtime 

strategy is applied for the LLC converter. If the fixed deadtime 

is selected based on the nominal operating point, in some 

operation regions, the ZVS operation cannot be achieved, 

which degrades the converter efficiency and generate 

considerable EMI noise. On the other hand, if the fixed 

deadtime is selected based on the worst case operation, in some 

operation regions, the deadtime is not optimized since deadtime 

is too large, and the body diode conduction loss during 

deadtime will degrade the converter efficiency. With the aid of 

the proposed adaptive deadtime strategy, the deadtime can be 

optimized during the whole operation range. 

3) Compared with the adaptive deadtime strategy used in 

commercial LLC controllers, the proposed adaptive deadtime 

strategy has the advantages of simple, no cost, and high noise 

immunity and reliability. Only the input voltage is sampled for 

the proposed adaptive deadtime strategies, which is commonly 

available for the engineers for the purpose of protection. The 

output power is indirectly reflected by the switching frequency 

and input voltage, which requires no additional sampling circuit. 

In addition, input voltage and switching frequency are large 

signals, which has higher noise immunity when compared with 

the dv/dt signal required in the commercial controllers. 

4) An evaluation tool is developed, which can simplify the 

application of the proposed adaptive deadtime strategy. The 

required look-up tables or data can be easily generated. In 

addition, the developed evaluation tool is suitable for all LLC 

topologies with different circuit parameters. For those who do 

not have access to time domain analysis of LLC converters, 
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experiment or simulation data can be used to implement the 

proposed adaptive deadtime strategies based on the system 

requirements. 

5) Although the proposed adaptive deadtime strategies are 

implemented based on a specific converter, the methods and 

conclusions in this article can be applied for any LLC 

converters with different devices and circuit parameters. For 

example, the following conclusions we have drawn from the 

analysis are also true for other LLC converters with different 

circuit parameters: 1) in below resonant frequency operation 

region, the required deadtime variation with output power is 

small; 2) at resonant frequency operating point, the required 

deadtime almost remain constant with different output power; 

3) in above resonant frequency operation region, the required 

deadtime varies a lot with output power, and the most tricky 

operating point to satisfy ZVS operation is at the maximum 

input voltage with minimum output power.  

 

V. CONCLUSION 

It was found out that the required deadtime for LLC 

converter varies with circuit operating conditions, especially in 

above resonant frequency region. To optimize converter 

performance, two adaptive deadtime strategies based on input 

voltage and output power are proposed. For LLC converters 

only operating in below resonant frequency operation region, 

the adaptive deadtime based on input voltage can be adopted. 

For the LLC converters including above resonant frequency 

operation region, the adaptive deadtime strategy based on input 

voltage and output power can be adopted. For the proposed 

adaptive deadtime strategies, the following features are 

achieved: 1) simple and no cost, this paper simply utilize the 

input voltage and switching frequency to achieve adaptive 

deadtime strategies; 2) the proposed strategies can be utilized 

for all LLC topologies; 3) ZVS operation during the whole 

operating range is ensured; 4) efficiency improvement is 

achieved when compared with traditional strategies. 

 

APPENDIX 

A. Time domain modelling for LLC converter 

Before we talk about the derivation, some definitions of the 

LLC resonant converter are summarized in Table A1. The main 

purpose of Table A1 is to simplify the expressions of equations. 
Table A1. LLC CONVERTER DEFINITIONS 

Angular series resonant frequency 

ωr 
r

r r

1

L C
 =  

Angular parallel resonant 

frequency ωm 
m

r m r

1

( + )L L C
 =  

Operation angle θ rt =  

Normalized switching frequency F 
s

r

F



=  

Half period switching cycle γ 
r

s2 f


 =  

Converter voltage gain m 
o

i

nV
m

V
=  

Normalized voltage Vbase base oV nV=  

Normalized impedance Zbase 
r

base

r

L
Z

C
=  

Normalized current Ibase 
base

base

base

V
I

Z
=  

Normalized resonant capacitor 

voltage mCr(θ) 

Cr

r
Cr

base

( )

( )

V

m
V



 =  

Normalized magnetizing inductor 

voltage mLm(θ) 

Lm

r
Lm

base

( )

( )

V

m
V



 =  

Normalized resonant inductor 
voltage mLr(θ) 

Lr

r
Lr

base

( )

( )

V

m
V



 =  

Normalized resonant inductor 

current jLr(θ) 

Lr

r
Lr

base

( )

( )

i

j
I



 =  

Normalized magnetizing inductor 

current jLm(θ) 

Lm

r
Lm

base

( )

( )

i

j
I



 =  

Normalized output current jout 
out

out

base

i
j

I
=  

Normalized output load resistance 
rL 

2
L

L

base

N R
r

Z
=  

Inductor ratio λ 
r

m

L

L
 =  

Ratio of two resonant frequencies 

k1 

m

1

r

k



=  

Generally, there are three possible resonant stages during half 

period as shown in Fig. 3, which are denoted as P, O and N, 

respectively. The half switching period is denoted as γ, and the 

end of the first stage is denoted as α, while the end of the second 

stage is denoted as β. Take PO operation mode for an example, 

as shown in Fig. A1, the end of the fist P stage is α, and the end 

of second O stage is γ, which is half of the switching period. 

For those operation modes with three operation stages, like 

OPO or PON operation mode, anther angle β exists. Then, 

based on the normalization of the resonant unit, different 

resonant stages can be described mathematically as follows. 

α0 γ

vHB

iLr&iLm

vCr

P O

iLr
iLm

Vin/2

vLm

ωrt

ωrt

ωrt

ωrt

 
Fig. A1. Typical operation waveform for PO operation mode. 
 

For P stage, the circuit can be solved as: 
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For N stage, the circuit can be solved as: 
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For O stage, the circuit can be solved as: 
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In this article, the PO operation mode is selected as an 

example. Based on the general principles discussed in Step 2 of 

Section II, the required non-linear equations for PO operation 

mode can be derived as follows. 
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It is noted that θini represents the initial angle of the stage, and 

the initial value of the resonant capacitor voltage, resonant 

inductor current and magnetizing inductor current can be 

described as jLr(0), jLm(0) and mCr(0), respectively. Finally, with 

the aid of mathematical software, the LLC converter in PO 

operation mode can be solved. In this article, the ‘fslove’ 

function in MATLAB is used to solve non-linear equations. The 

modelling process for other operation modes are same. 

 

B. Curve fitting results for primary switch and secondary 

rectifier diode output capacitances 

By extracting data from the datasheet provided by 

manufacture and using the curve fitting tool “cftool” in 

MATLAB, the coefficients in equation (4) for the 

semiconductor junction capacitance can be derived. The 

primary switch is selected as an example, and Fig. A2 shows 

the curve fitting results. 

 

C. ZVS analysis for other LLC converter with different circuit 

parameters 

To validate the conclusions that we have drawn in Section II, 

the circuit parameters in [23] are used to analyze the switch 

turn-off current. Please note that the converter structure is also 

different, in [23], it is a full-bridge LLC resonant converter. The 

circuit parameters are: Cr=330 nF, Lr=3.9 μH, Lm=11 μH, N=1/7, 

Po,max=150 W, Vo=210 V. Fig. A3 shows the switch turn-off 

current in different operation regions with different output 

power. Similarly, the following conclusions can be drawn: 1) in 

below resonant frequency region, the worst case occurs at rated 

output power. However, it is hard to say that the worst case in 

whole below resonant frequency region occurs at the minimum 

input voltage with rated output power or maximum input 

voltage with rated output power. As can be seen from Fig. A3(a), 

before the crossing point of two curves, the worst operation 

point is at the minimum input voltage with rated output power, 

while if the converter output power is lower than the crossing 

point corresponded output power, then, the worst operation 

point is not at the minimum input voltage. Nevertheless, most 

of the case, the worst operation point for below resonant 

frequency region occurs at the minimum input voltage with 

rated output power; 2) at resonant frequency operation, the 

switch turn-off current is almost independent of output power, 

so the ZVS operation at this point is almost same for different 

output power; 3) in above resonant frequency region, the worst 

case occurs at the maximum input voltage with the minimum 

output power and the primary switch turn-off current decreases 

dramatically with the decrease of output power.  
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(c) above resonant frequency region 

Fig. A3. Primary switch turn-off current in different operation regions with the 
circuit parameters in [23]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. A2. Curve fitting result for primary switch with part number of C3M0075120K. 
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