
175CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 10, NO. 2, JUNE 2025

Research on Dead Time Optimization Characteristics 
of High-Power Three-Phase LLC Resonant Converter
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Abstract—Reasonable dead time is a prerequisite for realiz-
ing zero-voltage turn-on (ZVS) of IGBT in a three-phase LLC 
converter. At the same time, the operating temperature greatly 
affects the output capacitance characteristics of IGBT. When the 
operating temperature of the IGBT rises, it will result in the dead 
time that has been set is no longer appropriate, thus making the 
IGBT lose the soft-switching operating characteristics. To address 
this problem, the article analyzes the soft-switching realization 
conditions of the three-phase LLC converter and studies the rela-
tionship between the soft-switching realization and the dead time. 
The shutdown characteristics of IGBTs at different operating 
temperatures are analyzed. It is found that the higher the operat-
ing junction temperature of IGBTs in three-phase LLC resonant 
circuits, the more unfavorable it is to realize soft switching, and 
the formulas of the minimum dead time and the maximum dead 
time to ensure the zero-voltage turn-on of IGBTs at the worst 
operating temperatures are deduced. A 100 kW three-phase 
LLC converter prototype is constructed for verification. The soft 
switching can still be realized and the high efficiency can be main-
tained under the case of higher operating power, which verifies 
the accuracy of the dead time optimization design.

Index Terms—Dead time, IGBT, soft switching, three-phase 
LLC resonant converter.

I. Introduction

THE LLC resonant converter has the advantages of high 
efficiency, lightweight, small size, and soft-switching  

characteristics, and is capable of realizing zero-voltage switching  
(ZVS) conduction of the primary-side switching tube and  
zero-current switching (ZCS) turn-off of the secondary-side 
rectifier diode within the full-load range, which greatly  
improves the efficiency of the converter[1]-[3].To meet the  
high-power, high-current output requirements, the LLC resonant  
converter can be a multi-phase staggered parallel connection, 
the structure on the one hand, can reduce the current stress of 
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each phase of the switching device of the LLC resonant con-
verter, reduce its loss, on the other hand, can reduce the ripple in 
the output current, improve the service life of the filter capacitor 
[4]-[8]. In practice, a three-phase LLC converter needs to be 
controlled with a dead time to maintain the effective turn-off 
signal until the other switch in the same bridge arm is com-
pletely turned off to avoid the occurrence of the two switching 
tubes in the same bridge arm going straight through [9]. To 
realize the soft-switching operation of the primary switching 
tube, the converter needs to operate in the inductive region 
and the resonant current of the resonant network must be large 
enough to ensure that the parasitic capacitance of the primary 
switching tube and the secondary rectifier diode is fully charged 
and discharged within the dead time [10]. The dead time setting 
is very important for realizing soft switching and is determined 
by the parasitic capacitance of the primary-side switching tube 
and the resonance parameters of the converter. In conventional 
parametric design, the junction capacitance of the IGBT is 
often converted to a definite value when determining the dead 
time, but in practice, the IGBT output capacitance is affected 
by the voltages at the C- and E-pole terminals and the operat-
ing temperature of the IGBT [11]. [12] proposed an efficien-
cy-optimized dead time and excitation inductance design to 
find the efficiency-optimized dead time design by deriving the 
relationship between the switching tube loss and the minimum 
dead time that can satisfy the soft-switching case. The effect 
of power switching tube junction capacitance variation with 
the operating environment is not considered. [13] analyzes 
the principle of selecting the dead time of the LLC converter 
to realize ZVS in a wide regulation range and uses the data in 
the MOSFET manual to calculate the minimum value of the 
dead time of the LLC converter to realize ZVS under the worst 
operating conditions without considering the effects of the 
converter's operating power and the switching tube's operating 
temperature on the switching tube. [14] considered the effect of 
different operating states of the LLC converter on the dead time 
and determined the maximum value of the dead time under ex-
treme operating conditions, but did not analyze the minimum 
dead time. [15] proposed an adaptive deadband modulation 
scheme, which no longer needs to calculate the deadband time 
so that the deadband time changes dynamically with the oper-
ating conditions to realize soft switching, but the control design 
is more complex and may affect the performance of the LLC 
converter using other control methods. [16] proposed a dead 
time design method considering various controllable factors  
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and noise factors in the LLC resonant circuit, the main principle  
is to use the Monte Carlo method to simulate the fluctuation 
characteristics and fluctuation contribution rate of the dead time 
range, and to optimize the calculated dead time range, but the 
method requires a large amount of data as a support, and the 
design process is very cumbersome. [17] proposed a zero-volt-
age analysis and dead-time design of a half-bridge LLC-DCX 
converter considering nonlinear capacitance and different load 
values, analyzed in detail the charging and discharging process 
of the output capacitance during the dead-time and gave the 
dead-time formula considering nonlinear capacitance and dif-
ferent load values, but the design process is relatively cumber-
some and the analysis is not comprehensive enough, and the 
junction capacitance is not analyzed from the characteristics  
of the power switching tubes to analyze the effect of the  
dead-time. The effect of junction capacitance on the dead time 
is not analyzed from the characteristics of the power switching 
tube.

In the high-power converter after a long period of operation 
of the IGBT module temperature produces a sharp change, this 
time if the dead time is set unreasonably, the power switching 
tube will lose the soft switching so that the converter efficiency 
is reduced, so it is necessary to amend the existing dead time 
design method. Based on the characteristics of the three-phase 
LLC circuit topology, this paper analyzes in detail the rela-
tionship between dead time and soft switching and obtains the 
dead time range formula, then analyzes the switching charac-
teristics of the IGBT, studies in detail the relationship between 
the IGBT output capacitance and its junction temperature 
and the output load, and determines the size of the worst-case 
IGBT output capacitance, and makes corrections to the dead 
time range.

II. Three-Phase LLC Resonant Converter

A. Three-Phase LLC Resonant Converter Working Principle

The three-phase LLC resonant converter circuit topology is 
shown in Fig. 1, where Q1~Q6 are IGBTs, C1~C6 are the junction  
capacitances of the IGBTs, Uin is the input voltage, Uo is the 
output voltage, Cin is the input capacitance, Co is the output  
capacitance, Lr1, Lr2 and Lr3 are the resonant inductances, Lm1, 
Lm2 and Lm3 are the excitation inductances, Cr1, Cr2 and Cr3 are 
the resonant capacitors and n is the transformer turns ratio. The 
three-phase LLC resonant converter is mainly composed of 
four parts: inverter bridge, resonant cavity, rectifier bridge and 
filter capacitor. Among them, in order to solve the problem of 
uneven power due to uneven current when there is a difference 
in parameters, the transformer's primary and secondary sides 
are Y-Y connected three-phase LLC resonant converters. The  
inverter bridge consists of six power switching tubes, the resonant  
cavity includes resonant inductor Lr, resonant capacitor Cr, and 
excitation inductance Lm, and the rectifier bridge consists of six 
diodes. 

The three-phase LLC converter drive signals are shown in 
Fig. 2, and the three-phase PWM operates with a 120° phase 
difference between them [18].

B. Calculation of Resonant Current of Three-Phase LLC Res-
onant Converter

In the ideal case, the resonance parameters between the three 
phases of the three-phase bidirectional LLC resonant converter 
are exactly the same, so it can be analyzed as a single phase 
[19]. The first resonant frequency fr and the second resonant 
frequency fm are shown in (1) and (2). The operating modes of 
the three-phase LLC resonant converter can be categorized into 
four operating modes: fm < fs < fr , fs = fr , fs > fr , and fs < fm.

r
r rπ                                  (1)

π
r rm

m                             (2)

Fig.3 shows the equivalent circuit of a three-phase LLC 
operating at the resonant frequency. As for the three-phase 
LLC converter, operating at the first resonant frequency can 
realize the ZVS of the primary switching tube and the ZCS of 
the secondary diode, which can obtain the highest efficiency, 

Fig. 1. Three-phase LLC resonant converter topology.
Fig. 3. Equivalent circuit at resonant frequency.

Fig. 2. gate signal.
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and also can obtain the DC gain that does not change with the 
load. Moreover, when the switching frequency fs is close to the 
resonant frequency fr, the current in the resonant slot circuit is 
approximated as a sinusoidal waveform, so the fundamental 
waveform approximation can be used to simplify the converter 
into a linear circuit analysis, which can greatly reduce the diffi-
culty of circuit analysis.

Fig. 4 shows the key current waveform of a three-phase 
LLC operating at the resonant frequency, where ir is the reso-
nant current and im is the excitation current. From Fig. 4, it can 
be seen that the resonant current at the resonant frequency has 
a sinusoidal waveform with the expression,

r rrms_ p                     (3)

where Irms_p is the RMS value of the primary current, θ is the 
phase difference between the resonant current and the exci-
tation inductor current, and ωr is the angular frequency of the 
resonant frequency. From Fig. 4, it can be seen that the exci-
tation current and resonant current are equal at one-half reso-
nant cycle. At this time im_pk is the peak value of the excitation 
current and the magnitude is,

m_ pk
ro

m
                                (4)

where Tr is the resonance period resonance, the average value 
of the difference between the current and the excitation current 
is the average value of the output current converted to the pri-
mary side. So the following two equations are established,
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where RL is the output load, the expression for the RMS value 
of the primary current can be introduced from (5) and (6) as,

m L
prms

m L sπo                  (7)

where Ts is the switching period, the secondary current is 
equivalent to the difference between the primary resonant cur-
rent and the excitation current folded to the secondary current, 
then can get the RMS value of the secondary current as,

srms
oπ

L
                                 (8)

III. Deadband Characterization of Three-Phase 
LLC Resonant Converter

A. Analysis of Soft-Switching Realization Conditions for LLC 
Resonant Converter

Generally when designing the LLC resonant converter the 
closer the switching frequency is to the resonant frequency, 
the higher the efficiency of the converter, so the switching fre-
quency is usually chosen to be slightly less than the resonant 
frequency, to be able to realize the ZVS of the primary-side 
switching tube and the ZCS of the secondary-side diode, 
whose typical operating waveforms are shown in Fig. 5.

High-power three-phase LLC resonant converters generally 
use IGBT as a switching tube, and LLC converter IGBT to 
achieve soft switching prerequisite is that before the arrival of 
the drive signal, the voltage at both ends of the IGBT junction 
capacitance has dropped to 0. Let td be the dead time; ωr be the 
angular frequency for the resonance frequency; t0 be the time 
for the resonance current to pass through the zero time, where 
t0 = θ0 / ωr ; Qc be the power switching tube junction capaci-
tance charge; Qs is the resonant current to the junction capaci-
tance charge supply. According to the equivalent model shown 
in Fig. 4, it can be obtained that,

c j in                                     (9)
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Fig. 4. The resonant current and magnetizing current.

Fig. 5. The key waveform in the under-resonant state.

0                    Tr/2                     Tr

ir

im

UgQ1

UgQ2

ir(t)

UCr(t)

iD1(t) iD2(t)

t0 t1 t2  t3 t4    t5 t6 t7 t

t

t

t

t

im(t)



178 CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 10, NO. 2, JUNE 2025

s

s

s

d

s

s

r d

r

r

r
r dd

d

                   (10)

According to the balanced relationship between the resonant 
current charge supply and the switching tube junction capac-
itance charge demand, as well as the magnitude relationship 
between the current over-zero time and the dead time, the con-
verter can be divided into four operating regions, whose distri-
bution diagrams are shown in Fig. 6. The operating principle of 
each operating region is analyzed in detail below.

Region A ( t0 < td , Qs > Qc ). At the moment when the res-
onant current ir over 0, the drain-source voltage of switching 
tube Q1 has dropped to 0 and the anti-parallel diode conducts. 
However, since the dead time has not yet ended, the resonant 
network maintains resonance, resulting in the current reversal 
during the dead time and D1 cutoff. Since the drive signal has 
not yet arrived, the resonant current charges C1 again, causing 
the voltage to rise continuously and the soft-switching operat-
ing conditions to be destroyed. When the drive signal arrives, 
the voltage at both ends of D1 is no longer zero, and this region 
is the non-soft-switching operating region.

Region B ( t0 < td , Qs < Qc ). At the moment when the reso-
nant current ir passes 0, the drain-source voltage of switch Q1 
has current ir passes 0, and the drain-source voltage of switch 
Q1 has not yet dropped to 0. During the t0 < td period, the resonant 
network operates in the same state as that in region A, where 
the drain-source voltage is recharged before it drops to 0, and 
soft-switching operating conditions cannot be created. Therefore 
this region is also a non-soft-switching operating region.

Region C ( t0 > td , Qs < Qc ). In this region, although the cur-
rent back to 0 time is greater than the dead time, the amount 
of charge that can be provided during the dead time is less 
than the charge demand. Before the drive signal of Q1 arrives, 
the drain-source voltage of Q1 has not dropped to 0, and the 
soft-switching operating conditions cannot be created. There-
fore this region is a non-soft-switching operating region.

Region D ( t0 > td , Qs > Qc ). The voltage of Q1 has dropped 
to 0 during the dead time, and at the end of the dead time, 
the anti-parallel diode D1 of Q1 maintains conduction, which 
creates the conditions for the soft-switching operation of Q1. 
Therefore, this region is the soft-switching operation region.

According to the above analysis, the soft-switching operating 
region of the LLC resonant converter is region D and the rest is 
the non-soft-switching operating region, and the demarcation 
line between the two is the ray L1 and the ray L2 (as shown by 
the thick solid line in Fig. 6). Thus these two rays constitute the 
soft-switching boundary curve of the LLC resonant converter, 
and L1 and L2 can be expressed as (11) and (12), respectively.
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B. Dead Time Design of Three-Phase LLC Resonant Converter

From the boundary analysis of the soft-switching realization 
in the previous section, it can be seen that in order to realize the 
ZVS turn-on of the power switching tube, the converter must 
always work in the above-analyzed region D. If the dead time 
is too small, the IGBT junction capacitance is not discharged 
completely, and zero-voltage turn-on can not be realized; if 
the dead time is too large, the loss will be increased, and it 
may be out of the soft-switching working condition. After the 
parameters of the resonant network are determined, the length 
of the dead time directly determines whether the converter can 
successfully realize the soft-switching operation within the 
full design load range. In order to determine the required dead 
time, the minimum dead time required to realize soft-switching 
must be considered to ensure that the converter can work in the 
soft-switching state under the worst condition, which in turn 
affects the voltage stress of the IGBTs and the efficiency of the 
converter, and the selection of the dead time is mainly limited 
by the minimum dead time and the maximum dead time. The 
first is the determination of the minimum dead time because 
the parasitic capacitance of the power switching tube must 
have enough time to be completely discharged during the dead 
time. As can be seen in Fig. 5 LLC operating waveforms, in 
im through the peak after a very short period of time, it can be 
assumed that the resonant current value is unchanged, at this 
time, the power switching tube parasitic capacitance begins to 
discharge, just when the parasitic dead time when the charge 
is drained the shortest time. If less than this time, the power 
switching tube parasitic capacitance has not been completely 
discharged, can not realize the ZVS open. From the above 
analysis, to meet the primary power tube ZVS turn on the min-
imum dead time,

d j
r

d
                                   (13)

where Cj is the parasitic capacitance of the IGBT and du is the 

Fig. 6. Distribution figure of operation region.
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differential of the voltage. Minimum dead time to satisfy the 
turn-on of the primary-side power tube ZVS,

jd
in

m_ pk
                                (14)

The maximum dead time must be less than the primary side 
current reverse over zero time to avoid the output capacitor 
reverse charging. According to the LLC operating waveform in 
Fig. 5, it can be seen that at the moment of t2, the circuit enters 
the three-element resonant operating state of Lr, Cr, and Lm , and 
if (15) or (16) is satisfied, the vice-side diode starts to conduct 
and Lm is clamped. At the moment t3, the circuit enters the dead 
time and the parasitic capacitance starts to discharge. At the 
moment t5, if the parasitic capacitance is not fully discharged, 
the power switching tube will lose the ZVS turn-on condition. 
Therefore, the end of discharging the parasitic capacitance 
exactly at the moment of t5 is the critical condition for the ZVS 
turn-on of the power switching tube, and the maximum dead 
time is the interval [ t3, t5 ].

in Cr
m

m r
o                     (15)

in Cr
m

m r
o                      (16)

Based on the above analysis, the maximum dead time to sat-
isfy the turn-on of the primary power tube ZVS is obtained.
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where Po is the single-phase output power, and fr is the series 
resonant frequency.

IV. Characterization of IGBT Output Capacitance

A. IGBT Output Capacitance

There is a parasitic capacitance between every 2 electrodes 
of the 3 electrodes of IGBT, which are CGE, CGC, and CEC. The 
output capacitance Coss of IGBT mainly includes CGC and CEC 

[20]-[21]. The typical IGBT parasitic capacitance versus volt-
age is shown in Fig. 7. 

For the three-phase LLC converter whether it can success-
fully realize the zero-voltage turn-on of IGBT, the output ca-
pacitance value of IGBT is very critical data.

According to the previous section on the maximum and 
minimum dead time limit analysis, if you want to realize the 
IGBT zero-voltage turn-on, the same bridge arm between the 
two IGBT drive signal dead time must be greater than its out-
put capacitance charging and discharging time and is less than 
the primary side of the current reversal over the zero time. In 
practice, the IGBT output capacitance size is not a constant 
value, it will receive VCE and operating temperature. Therefore, 
when VCE is unchanged, the charging time of IGBT output ca-
pacitor C1 (i.e., the time corresponding to the establishment of 
Q1 voltage) will vary with the temperature. If the three-phase 
LLC dead time is calculated based on the typical value in the 
technical specifications at room temperature, there is a possibil-
ity that the charge on the junction capacitor C1 has not yet been 
drained by the resonant current and Q2 has already been turned 
on in practical applications, thus losing the ZVS turn-on condi-
tion. Therefore, the output capacitance of the IGBT should be 
determined under the worst operating conditions to determine 
the required dead time.

B. Analysis of the Effect of Temperature Variation on the Oper-
ating Characteristics of IGBTs

The study of IGBT operating characteristics is carried out 
using the double-pulse test method. The test schematic is 
shown in Fig. 8, in which LLd is the load inductance, Lp is the 
line parasitic inductance, and Cbus is the bus capacitance. 2 
IGBTs form a half-bridge structure. 

The upper tube drive applies a negative voltage to ensure 
that the IGBTs are turned off. In contrast, the lower tube ap-
plies a normal drive signal to observe the voltage buildup and 
current decay characteristics of the lower tube when it is turned 
off [22]-[23]. Table I shows the parameters of the IGBT test 
setup.

According to the subsequent prototype parameters bus volt-
age VDC = 800 V, the on-state current of the IGBT is set at 20 A,  

Fig. 7. Relationship between output capacitance and VCE.

Fig. 8. Double pulse test schematic diagram of the half-bridge IGBT module.
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and the temperature of the thermostat box starts from 25 °C, 
and 1 double-pulse test is carried out for every 25 °C of tem-
perature rise to obtain the waveforms of the voltage at both 
ends of the IGBTs between the C-pole and the E-pole at differ-
ent temperatures as shown in Fig. 9.

From Fig. 9, it can be seen that with the same bus voltage 
and collector current, the dv/dt decreases and the voltage build-
up time grows as the junction temperature increases. Finally, 
the junction capacitance of the IGBT corresponding to the 
highest junction temperature is used as a reference for the set-
ting of the dead time, and the worst-case junction capacitance 
size is determined to be 4.5 nF.

V. Experimental Verification
To verify the accuracy of the proposed theory, a 100 kW 

three-phase bidirectional LLC resonant converter prototype is 
designed in this paper with the parameters shown in Table Ⅱ, 
and the physical diagram of the prototype is shown in Fig. 10. 

During the operation of the LLC circuit, the IGBT output 
capacitance must be selected according to the maximum value 
to ensure that the IGBT achieves zero-voltage turn-on in the 
full temperature range so that the IGBT output capacitor volt-
age can be discharged to 0 V. The IGBT output capacitance is 
also selected according to the maximum value. In the worst 
operating conditions (i.e., the highest operating temperature), 
the IGBT output capacitance of 4.5 nF, so that the calculation 
of the dead time selection range of 0.482 μs < td < 1.252 μs, 
in practice, tdmin will be with the temperature and load current 

changes, but also to take into account the deviation of the ex-
citation inductance manufacturing and measurement error, so 
the actual charging and discharging time than the theoretical 
calculation of the value of the larger, the actual take the dead 
time. Considering a certain margin, the actual dead time is td = 
1.1 μs.

The primary-side PWM drive waveform of the three-phase 
LLC converter prototype is shown in Fig. 11. From the figure, 
it can be seen that phase A exceeds phase B by one-third of the 
cycle, and phase B exceeds phase C by one-third of the cycle. 
Three-phase drive phase difference of 120°, and in each phase 
of the power switching tube drive there is a certain dead time 
to meet the drive requirements.

The optimized design dead time td=1.1 μs, based on [12] 

TABLE I
Parameters of the IGBT Test Device

TABLE II
Parameters of the Prototype

Component Parameter
Bus capacitance Cbus  (μF) 2340
Load inductance LLd  (μH) 150
Parasitic inductance Lp  (nH) 140

Component Parameter
Power rating Po (kW) 100
Input voltage Uin  (V) 800
Output voltage Uo (V) 600
Resonant inductance Lr (μH) 8.5
Excitation inductance Lm (μH) 715.5
Resonant capacitance Cr (μF) 9.4
Switching frequency fs (kHz) 17
Ratio n 1.333

Fig. 9. Turn off voltage waveforms of IGBT at different junction temperatures.

Fig. 10. Efficiency test and experiment platform.
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under the traditional design of the dead time td = 0.8 μs. Deter-
mine the efficiency of the two groups under different power at 
the rated voltage and the temperature rise of the prototype at an 
ambient temperature of 25 ℃, plot the efficiency comparison 
curve of the two groups as shown in Fig. 12, and the approx-
imate temperature rise curve of the prototype  operation as 
shown in Fig. 13. The experimental temperature rise diagram 
of the three-phase LLC resonant converter prototype is shown 
in Fig. 14. The three-phase LLC prototype startup voltage and 
current waveforms are shown in Fig. 15, where the dark blue 
waveform is the input voltage, the light blue waveform is the 
output voltage, the red waveform is the C-phase resonant cur-
rent waveform, and the green waveform is the output current 
waveform.

Analysis of the plotted curve can be seen, in the prototype 
load is small prototype work stability when the temperature 

rise is also small, this time the dead time design method pro-
posed in this paper and the traditional dead time design method 
to get the prototype efficiency is not much difference. In the 
prototype load aggravation when the IGBT operating tempera-
ture becomes high, the IGBT operating characteristics have 
changed, resulting in the dead time setting being unreasonable, 
the IGBT lost the soft switching characteristics, as shown in 
Fig. 16 using the traditional dead time design method of the 
soft switching characteristics of the waveform, resulting in a 
great decline in the efficiency of the prototype, the traditional 
design method compared to this paper's design method, the 
efficiency of the prototype decreased by 2.5%.

The dead time half-load and full-load operation circuit under 
the design method in this paper reaches a steady state when 
the C-phase power switch turn-on voltage and turn-on current 
signals are shown in Fig. 17, from Fig. 17, it can be seen that 
in the full load range of the power switch voltage is reduced 
to 0 before the current begins to increase, the power switch 
to achieve the ZVS turn-on. Therefore, it can be seen that the 
dead time optimization method proposed in this paper can still 

Fig. 11. Three-phase LLC drive waveform. (a) A-phase bridge arm up and 
down tube driving waveforms. (b) Three-phase driving waveform.

Fig. 14. Photograph of temperature rise of three-phase LLC converter prototype. 
(a) Starting temperature. (b) Final temperature.

Fig. 15. Three-phase LLC prototype startup voltage and current waveforms.

Fig. 16. The prototype loses the soft switching waveform in the traditional 
design. (a) Power-switching tube soft-switching waveform. (b) Soft-switching 
detail waveform.

Fig. 12. Efficiency curve comparison chart.

Fig. 13. Working temperature change of prototype.
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achieve soft switching and improve the converter's efficiency 
when the IGBT's operating temperature is high after the work-
load is aggravated.

In summary, the nonlinear effects of operating temperature 
and current on the IGBT output capacitance need to be con-
sidered in the actual product design. The dead time design 
needs to be theoretically calculated under the highest junction 
temperature of the IGBT and the maximum load condition and 
finally adjusted finely through the test, to ensure that the IGBT 
can realize soft switching in the full temperature range and the 
full load range.

VI. Conclusion
In this paper, the operating principle of the three-phase LLC 

circuit is analyzed, the equivalent model of the converter oper-
ating at the resonance point is established and the original and 
secondary resonant currents are calculated. On this basis, the 
soft-switching realization range of the switching tubes of the 
LLC converter is analyzed. The converter is divided into four 
operating regions in the full input voltage and full load range, 
of which three are non-soft-switching operating regions, which 
need to be avoided in the design process. Then this paper ana-
lyzes the relationship between the dead time and soft-switching 
realization of the LLC converter and deduces the mathematical 
expressions for the maximum and minimum dead times. Then, 
based on the problem that the ambient temperature in engineer-
ing practice will make the IGBT output capacitance undergo 
a nonlinear transformation, the operating characteristics of 
IGBT are analyzed, the worst operating condition of the output 
capacitance is determined, and the dead time setting formula 
is corrected to make it more in line with engineering practice. 
Finally, a three-phase LLC converter prototype is constructed 

to verify the accuracy of the dead time setting method in this 
paper. This will help promote the three-phase LLC resonant 
soft-switching technology to realize a wide range of applica-
tions in high-power converters.
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