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Abstract: As third-generation semiconductors become commercial, SiC semiconductors are gradually
becoming more widely used in LLC resonant converters. The efficiency of the LLC resonant converter
is improved by employing soft switching. However, when designing LLC resonant converters,
semiconductors are usually regarded as ideal devices, and their turn-on and turn-off times are
neglected. Furthermore, the method of designing the dead time relies on engineering experience
and lacks precise theoretical foundations. In order to overcome the shortcomings of the current
empirical method and to improve the generality and practicality of the dead time design method,
a novel method for calculating the dead time of full-bridge LLC converters is proposed through
theoretical research based on the operating principle of full-bridge LLC converters and the conditions
for implementing soft switching. The method takes into account the switching characteristics of
semiconductors and the on-state delay time of their body diodes, stray inductance, drive circuits,
and errors arising from the first harmonic approximation (FHA) and improves the accuracy of the
dead time calculation. It can implement good soft switching with full-bridge LLC converters, reduce
switching losses, and improve system efficiency. Finally, the simulation experiment and the 2 kW
experimental prototype are built to verify the effectiveness of the proposed method.

Keywords: a full-bridge LLC resonant converter; soft switching; dead time; SiC semiconductors

1. Introduction

Due to the limitations of new energy sources themselves, a DC-DC converter is
generally required to achieve a stable and continuous conversion of energy. In recent years,
DC-DC converters have been rapidly developed with the development of new energy
technologies [1,2], especially in new energy vehicles [3]. Among the converter topologies
that have emerged, the LLC resonant converter topology has attracted much attention for
its soft switching and wide range of voltage regulation. LLC resonant converters have
high efficiency when they are operated at a resonant frequency. And their high switch
frequency is conducive to reducing the size of magnetizing components. At the same time,
a higher switching frequency is beneficial to improve the dynamic response of the converter.
Scholars have carried out various research on the operating principle [4-6], loss analysis [7]
and dead time [8-14] of LLC resonant converters.

Silicon carbide (5iC) and gallium nitride (GaN) semiconductors representing third-
generation semiconductors are gradually being used in DC-DC converters due to their
superior performance. SiC materials have three times the band gap width and nearly 10
times the dielectric breakdown strength compared to silicon (Si) materials; therefore, SiC
semiconductors possess superior resistance to pressure and irradiation [15], have higher
withstand voltage values, and switch frequency, while greatly reducing their conduction
losses [16,17]. SiC semiconductors operate stably even at high frequencies due to the double
electron saturation and axial drift rate of SiC. Moreover, their excellent thermal conductivity
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enables them to operate at much higher temperatures. In summary, SiC semiconductors
can operate at high voltages, high powers, high frequencies, and high temperatures [18-20].
Therefore, the application of SiC semiconductors to DC-DC converters is beneficial in
improving the power density and reducing the switching losses of the converters, etc.

SiC semiconductors have a certain time delay in the shutdown process. When used
in full-bridge LLC resonant converters, it is often necessary to set an appropriate dead
time to avoid simultaneous conduction of the upper and lower SiC semiconductors in
the same bridge arm, thus improving the safety of the converter operation [21]. More-
over, the appropriate length of dead time allows the converter to achieve soft switching,
reducing losses, and optimizing efficiency. However, if the dead time is too long, it will
lead to distortion of the output waveform and a reduction in efficiency, while a short dead
time will reduce the reliability of LLC resonant converters. The method commonly used
in engineering is to select the dead time based on experience in a wide range of tens to
hundreds of nanoseconds; then, on the basis of the relationship among the magnetizing
inductance, dead time, and ZVS (zero voltage switch), the selected dead time is used to
calculate the magnitude of the magnetizing inductance to confirm whether it can realize
ZVS [9-11]; if so, the selection of the dead time is completed; otherwise, all operations are
repeated. This method is simple to calculate, highly practical in engineering, and easy to
design the parameters of the converter, but it lacks accuracy. Different operating condi-
tions of the converter result in different current flows through the magnetizing inductor.
Therefore, the parasitic capacitors charging and discharging times are also different, and
the dead time should be varied as well. The dead time calculated by the above method
is fixed, so the loss of semiconductors will be greatly increased under certain conditions.
In [12], time domain analysis is used to calculate the exact dead time of the LLC resonant
converters and to determine the minimum dead time to achieve the ZVS by selecting a
normalized maximum switching frequency. The method has a higher degree of accuracy,
but it is difficult to apply in practical engineering because of the number of complicated
calculations involved. In [13], the effect of the semiconductor turn-off process on the
dead time is considered, and the minimum dead time required under the worst operating
conditions is accurately calculated. A high degree of accuracy can be achieved with this
method, but it requires simulation software and the datasheets of the semiconductors to
calculate the relevant parameters. There will be some errors in the calculation since the
parameters in the datasheet are derived from the corresponding scenarios rather than the
actual application scenarios. Simulation software performs numerical calculations in an
ideal environment, while the prototype will produce deviations when the simulated values
are brought into it for calculation. In addition, the method proposed in [13] considers the
parameters of the actual circuit, such as the driving resistance, which leads to a complex
and tedious calculation process and lacks universality. In [22], an adaptive dead time
design method for LLC resonant converters is proposed for the application scenario of
energy routers. In this method, the dead time can be dynamically adjusted according to
the operating conditions of the energy routers without having to calculate the dead time
accurately, taking into account the body diode loss of semiconductors. As a result, the
LLC resonant converter’s efficiency at light load can be improved, but real-time voltage
acquisition between the drain and source of the semiconductors (Vps) is required, which
requires high sensitivity and accuracy of the sampling circuit, and the controller design
is quite complex. Based on double-pulse tests, SiC semiconductors have better switching
performance than Si semiconductors [23]. However, a strict dead time calculation equation
is given considering the node capacitor of SiC semiconductors and the stray capacitance
of the circuit, and experiments show that SiC semiconductors lose ZVS once the dead
time deviates from the calculated time. This method is simple to calculate and easy to
implement. However, the actual switching characteristics of SiC semiconductors, such as
on and off delays, are ignored. However, stray inductance has an effect on ZVS, but only
the effect of stray capacitance is considered in [23].
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The paper proposes a novel method for designing the dead time of LLC converters,
focusing on the switching characteristics of SiC MOSFETs and the time delay characteristics
of driver circuits as well as errors generated by FHA. This method is widely applicable. The
dead time is usually set between tens and hundreds of nanoseconds, whereas the on-state
delay of the diode is usually between a few nanoseconds and hundreds of nanoseconds, so
its effect cannot be completely ignored, but in the above papers, the on-state delay time
of the diode is mostly ignored. In addition, the FHA used to derive the minimum dead
time in the above-mentioned papers has some errors that lead to inaccurate calculation
results. The design method proposed in this paper remedies the above-mentioned defects
and derives the equation for dead time calculation. At the same time, the effects of various
types of interference, such as stray inductance and stray capacitance in the driver circuit,
are also considered. To improve the accuracy of the calculation, a margin is added to the
calculated minimum dead time to ensure that the LLC resonant converters can achieve
ZVS regardless of operating conditions.

The remainder of the paper is structured as follows: in Section 2, the operating modes
of the LLC resonant converter and the principle of ZVS implementation are analyzed.
Based on the above analysis, the relationship between dead time and ZVS is derived in
detail, and the design steps of dead time are introduced in Section 3. Section 4 describes
the parameters of the experimental prototype as well as the presentation and analysis of
the experimental results. Section 5 draws the main conclusions of the paper.

2. Analysis of the Full-Bridge LLC Resonant Converter

The full-bridge LLC resonant converter topology is shown in Figure 1. This topology
is mainly composed of semiconductors S1~54 and corresponding body diodes and parasitic
capacitors, a resonant inductor L,, a resonant capacitor C,, a magnetizing inductor L, a
transformer T, and rectifier diodes Ds~Dg, and constitutes two resonant tunes with resonant
frequencies f, and f,, respectively:
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Figure 1. The topology of the full-bridge LLC resonant converter.

-~

When the converter works in the first half cycle, S; and S4 are turned on. The resonant
current I, flows through L,, C, and the primary winding of the transformer through S; and
S4. At first, Ly, is clamped by the output voltage and does not participate in resonance, so
the magnetizing current I, increases linearly. When the difference between the magnetizing
current and the resonant current flows to the secondary side, it provides energy to the
load R through D5 and Dg. The secondary output is short-circuited when the magnetizing
current and resonance current are equal, and no more energy is supplied to the load R. The
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second half of the cycle is similar to this process and will not be repeated. In addition, the
operating waveform of the converter is closely related to the switching frequency f;, which
is mainly discussed in the following cases.

)

@)

When f,; < f; < fr, the semiconductors on both the primary and secondary sides can
realize soft switching. The discharge of C; and C3 begins after I, = I;;, as shown in
Figure 2a,b. As S, and S3 drain-source voltages are clamped to zero, D, and Dj start to
conduct (the actual diode has a voltage drop of 0.6 to 0.8 V, which is approximated to
zero), thus preparing Sy and Ss to achieve ZVS. At this point, no current flows through
the primary side of the transformer, and the secondary current gradually decreases to
zero, so D5 and Dg achieve ZCS. It can be deduced that the dead time must be greater
than the sum of the capacitor discharge time and the diode conduction time, and the
energy stored in L, and L,, must be greater than the energy stored in C; to ensure that
the direction of the current will not change due to the capacitor discharge, otherwise,
D,, D3, cannot be conducted.

When f; > f;, only S;~S4 can achieve soft switching. C;, and Cz are discharged, and
I, drops rapidly, making the process time of I, dropping to I, shorter and preparing
for the realization of ZVS. However, since I, > I, during the dead time, there is still
current flowing to the secondary side, resulting in D5~Dg not achieving ZCS.
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Figure 2. The working waveform of the full-bridge LLC resonant converter. (a) i, <fs <f (b) fs = f»
(© fs > fr.

3. The Calculation Method of Dead Time
3.1. Calculation of Dead Time in Boost Mode

The circuit of the full-bridge LLC resonant converter is shown in Figure 1, where the
input voltage V;, is inverted by the semiconductors Sy, S4, and S;, S3, and the primary
input voltage becomes a square wave of amplitude V;, [24], which is then expanded by
Fourier expansion as shown as follows:

4 1 .
vap(t) = Evm Z . sin(2n7fst) 3)
n=135

The fundamental wave component of v 45 is obtained using Fourier expansion and

FHA as:
4

vs(t) = i Vin X sin(27 fst) 4)
Similarly, the output-side voltage is also a square-wave voltage, whose fundamental
component is:

ve(t) = % x n x Vo x sin(2rtfst — @) (5)

where 7 is the transformer ratio; Vj is the output voltage; and ¢ is the phase difference
between v, and vs.

The current flowing through the magnetizing inductor is:
_ve(t) 2 xnx Vyxsin(2nft — @)

() = oL, = 27 fiLm

(6)

According to the above analysis, Figure 3 shows the equivalent circuit for a full-bridge
LLC resonant converter [25], while Figure 4 shows how the square wave voltage is related
to the fundamental component determined by FHA. According to the operating principle
of a full-bridge LLC resonant converter, it is known that the resonant current is equal to
the magnetizing current in the dead time. The energy stored in the resonant inductor
and the magnetizing inductor is converted to the energy needed to charge and discharge
the parasitic capacitors, i.e., it is able to charge the parasitic capacitor of S; and discharge
the parasitic capacitor of S, before the body diode of S, is conducted. Since the resonant
capacitor C, is much larger than the two parasitic capacitors, the energy conversion of
C, is negligible. In order to realize the ZVS of the primary semiconductors, the parasitic
capacitor of the semiconductors must be fully charged and discharged during the dead
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time. Therefore, when the magnetizing current rises to its maximum, the energy stored in
the magnetizing inductor and the resonant inductor must be greater than the energy stored
in the parasitic capacitors. As a result, Equations (7) and (8) must be satisfied in order for
the diode to conduct during the dead time.

1 1
5 (Lr+ L) X Iy > 5(2Cgs) < Vi, @
t > Cys % Vin/ In_p (8)

where L, is the value of the resonant inductance; L, is the value of the magnetizing
inductance; I,_p is the maximum value of the magnetizing current; Cy;, is the parasitic
capacitor of the semiconductors; and ¢, is the discharge time of the parasitic capacitor.

. L. G,

/
N

Figure 4. The working waveform of the full-bridge LLC resonant converter.

As the full-bridge LLC resonant converter conducts two semiconductors simultane-
ously, there are two capacitors discharged at the same time. Then the minimum discharge
time of the parasitic capacitor of the full-bridge LLC resonant converter is:

te =16 X Cygs X fs X Ly, 9)

Semiconductors are assumed in all the above analyses to be ideal devices and to
be instantaneous, ignoring the fact that they turn on and off. In the actual application,
semiconductors also have a certain on-and-off time delay due to the semiconductors
themselves and the drive circuit. Although this time delay is very small, it should not be
ignored from a security analysis. To improve applicability, the time delay ¢; to prevent
simultaneous conduction of two semiconductors on the top and bottom of the same bridge
arm is calculated mainly from the datasheet.

ti =taon+tr —taoff —tf (10)
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where t; ,, is the on-delay time; ¢, is the on-rise time; t; o4 is the off-delay time; and ;is the
off-fall time.

Moreover, the body diode of the SiC semiconductor has a certain turn-on time £ o4,
because it is very small and usually ignored, the body diode is switched on instantaneously
by default. However, in the actual circuit, 4,4, is easily affected by the stray inductance
near the semiconductor, which usually varies from tens to hundreds of nanoseconds. And
the dead time is usually designed around a few hundred nanoseconds, so 4,4, should
not be ignored when designing the dead time. According to the above analysis, the dead
time for a full-bridge LLC resonant converter must be longer than the sum of the capacitor
discharge time, the diode delay time, and the turn-on time. Since the full-bridge circuit has
two semiconductors on and off, the dead time is:

tdead > Z(tc + i+ tdiode) (11)

The error from FHA can be derived from Figure 4. The equivalent voltage maximum
is about 4/ 7t (about 1.3) of the actual value, so the peak magnetizing current is greater than
the actual value, and the calculated capacitor charging and discharging time is less than the
actual time [26,27]. Consequently, the dead time calculated by Equation (11) is somewhat
smaller, and an increase factor of 1.5 is taken into account when considering the overall
effect of FHA as described above. So:

taead > 1.5 X 2 X (tc + tgioge) + 2ty (12)

During the operation of the actual circuit, there are various disturbances, such as
driver circuits, parasitic capacitance, and stray inductance. In addition, there are various
types of disturbances in the actual operation of the converter, such as the delay of the drive
circuit, so the margin « is added to Equation (12) to make £, still meet the requirements
under various types of disturbances.

tgead = (1 +a) X [1.5 X 2 X (tc + taiode) + 2t4] (13)

So,
taead = (1 +a) X [B(tc + taiode) + 2t4] (14)

where « is the margin, generally taken as 10% [13].

3.2. Calculation of Dead Time in Buck Mode

The converter operates in buck mode, with the current slightly ahead of the volt-
age. During the dead time, the magnetizing inductor L, is clamped not to participate in
resonance, and the resonant current forms a loop; thus, the current flowing through the
parasitic capacitor in Equation (7) is the resonant current. After the semiconductors are
turned off, the resonant current is subjected to factors such as parasitic capacitors that
accelerate the downward trend, and the calculation is complicated. To simplify the analysis,
the maximum of the magnetizing current is used instead of the resonance current. However,
the result on the right side of Equation (14) needs to be increased to ensure a sufficiently
large dead time. In buck mode, therefore, the dead time is similar to Equation (14), and
only the margin needs to be adjusted.

4. Experimental Validation and Analysis of Results
4.1. Calculation of Experimental Parameters

As shown in Figure 5, a 2 kW experimental prototype was designed and built to verify
the proposed dead time design method. The main specifications of the prototype are given
in Table 1, and the power stage component parameters are listed in Table 2.
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Figure 5. Experimental prototype.

Table 1. Specifications of the converter.

Parameter Symbol Value
range of input voltages (V) Vi 180-300
rated input voltage (V) Vin-nom 200
rated output voltage (V) Vout-nom 170
frequency of resonance (kHz) fr 125
the power of the output (kW) P, 2
Table 2. Design parameters for converter.
Component Symbol Value
SiC semiconductor S51~S4 CI60N120SM
Transformer (ratio) n 1.16
magnetizing inductance (uH) Ly 65
resonant inductor (uH) L, 16.53
resonant capacitor (nF) C, 100
filter capacitor of the primary side (uF) Cin 19.4
filter capacitor of the secondary side (uF) Cout 22.2

For the purpose of verifying the dead time design method described in this paper,
three switching frequency points of 100 kHz, 125 kHz, and 140 kHz were chosen based on
the operating characteristics of the experimental prototype. First, by consulting the data
sheet of the selected SiC semiconductor to get its body diode conduction time and parasitic
capacitor’s value, these data will be brought into Equation (14) to calculate the dead time
corresponding to the above three frequency points, and the value of & is 10%. To compare
the superiority of the method proposed in this paper, the dead time of the corresponding
three frequency points was also calculated using the method in [11]. All calculation results
are shown in Table 3. The results obtained by the method proposed in this paper are much
larger than those obtained by the method used in [11]. Moreover, the results in [11] only
give a small lower bound on the dead time, and it is not easy to determine an appropriate



Processes 2023, 11,973

90f13

and accurate dead time. It is important to set the actual dead time as close to the calculated
value as possible in order to verify the effect of these two methods on the converter. Thus,
the three dead times finally selected in this paper are: 295 ns, 310 ns, and 320 ns.

Table 3. Calculation results of dead time under different methods.

Switching Frequency (kHz) 100 125 140
the dead time calculated by the 293.37 308.95 318.26
proposed method (ns)
the dead time calculated by the >18.9 >23.62 52645

method in [11] (ns)

4.2. Analysis of Experimental Results

Experiments are performed separately according to the dead time in Table 3. Firstly,
the input voltage of the prototype is set to 200 V, and then the frequency and the corre-
sponding dead time are changed sequentially. However, according to the results of the
simulation experiment in Figures 6-8, it is known that the dead time set by the method
in [11] is too small, and there is a large overlap area between voltage and current when
the semiconductor is on, so the turn-on loss is large. Additionally, there is still a large
current spike at the turn-on instant, suggesting that the dead time setting is too short and
does not achieve soft switching in its fullest sense, and it is possible for the upper and
lower semiconductors of the same bridge arm to turn on simultaneously. The dead time
required for the experimental prototype will only be longer than that required for the
simulation, so from a safety point of view, the dead time calculated in [11] should not be
used for experiments on the experimental prototype, otherwise it is prone to the danger of
short circuit.

+ Vds=200V
Vds=200V

Vgs Vgs

(a) (b)

Figure 6. Simulation results for f; = 100 kHz: (a) Steady-state waveforms (time scale: 4 pus/div);
(b) partial amplification waveforms (time scale: 800 ns/div).

— Vids=200V
I
Vds=200V

[

Figure 7. Simulation results for fs = 125 kHz: (a) Steady-state waveforms (time scale: 4 ps/div);
(b) partial amplification waveforms (time scale: 800 ns/div).
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—Vds=200V B ‘
Vds=200V

Vgs
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Figure 8. Simulation results for f; = 140 kHz: (a) Steady-state waveforms (time scale: 4 ps/div);
(b) partial amplification waveforms (time scale: 800 ns/div).

The results of the prototype experiment are shown in Figures 9-11, which are derived
from the oscilloscope. According to Figure 9, when the switching frequency is 100 kHz,
there is still a very small overlap between the drive signal and the drain-source voltage,
which results in some turn-on loss. However, due to the very short overlap time, the
current rises very slowly during this time, which can be approximated as the realization
of ZVS. The above analysis shows that when the converter works at f; < f, the dead time
calculated by using the method in this paper is small, so when the converter works at
under-resonant operation, the calculated dead time can be increased appropriately, and
a certain margin can be added to ensure the complete realization of ZVS. As obtained
from Figures 10 and 11, the converter operates in the range of f; > f;, and the drain-source
voltages have all dropped to zero when the drive signal comes, thus fully achieving ZVS
and verifying the correctness of the method in this paper. According to Figure 10, the drive
signal arrives just in time when the drain-source voltage drops to zero, so that minimum
switch loss is maintained while the ZVS is achieved.

VY ooviai ‘ _ B V,,(100V/div)
i AL R v, (1V/d
o 4] I—
|
Vs
(a) (b)

Figure 9. Experimental results for f; = 100 kHz: (a) Steady-state waveforms (time scale: 4 ps/div);
(b) Soft-switching waveforms (time scale: 800 ns/div).

The size of the dead time is a compromise between the switching losses and the overall
efficiency of the converter. As can be seen in Figure 12, the converter efficiency increases or
remains almost constant with increasing dead time when the dead time is less than 400 ns.
If the dead time exceeds 400 ns, the loss of duty cycle caused by the excessive dead time
leads to a reduction in output power, causing the converter’s efficiency to decrease.

However, Figure 12 shows that the actual resonant frequency of the prototype deviates
from the theoretical calculation, so that the maximum efficiency of the converter is not at
the calculated resonant frequency. From Table 4, it can be seen that the maximum efficiency
of the designed experimental prototype is about 93%, while the maximum efficiency of this
paper is about 96%. The design of all the parameters in this paper is the same as that in [11],
except for the dead time. Therefore, the dead time design method proposed in this paper is
beneficial to improving the overall efficiency of the converter. Moreover, the margin « can
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also be adjusted to make the efficiency reach the optimal value according to actual circuit
conditions, which has the advantages of flexibility and practicality.

o

®

f f F

| V,,(100V/div)
V(1V/div) v, (1V/div)
m V., (250V/d) m ool N

V3

(a) (b)

Figure 10. Experimental results for f; = 125 kHz: (a) Steady-state waveforms (time scale: 2 ps/div);
(b) Soft-switching waveforms (time scale: 800 ns/div).

V,,(1V/div) V,.(100V/div) v, (100V/div)

v, (1V/div)

T mr 1mr 1(‘“—! rmr i

i NG

ZV§

(a) (b)

Figure 11. Experimental results for f; = 140 kHz: (a) Steady-state waveforms (time scale: 4 us/div);
(b) Soft-switching waveforms (time scale: 800 ns/div).

100

e 100k
98- —— 125k
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ol /’\\\_‘
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80 1 ] ] 1 I ]
100 200 300 400 500 600 700
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Figure 12. The relation curve between dead-time and efficiency.

Table 4. The proposed method compared with the other paper.

Description [11] Proposed
Resonant frequency 135 kHz 125 kHz
Dead time Fixed Adaptive

Maximum efficiency 93% 96.1%
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5. Conclusions

With the rapid development of third-generation semiconductors, SiC semiconductors
are also being applied to LLC resonant converters. It is necessary to research the char-
acteristics of SiC semiconductors, especially the dead time, which plays a crucial role in
the realization of ZVS. In this paper, we analyze the process and necessary conditions
for soft switching of a full-bridge LLC resonant converter and establish the equivalent
circuit model of the converter using FHA. According to the analysis of the soft switching
implementation process, the actual dead time of a full-bridge LLC resonant converter is not
only determined by the parasitic capacitors charging and discharging times, but also by the
delay in conduction of the semiconductors, the delay in conduction of the body diodes, and
the error caused by FHA. At the same time, due to problems like the printed circuit board,
there is usually some interference in the actual circuit, such as stray inductance and stray
capacitance, so a certain margin needs to be considered when designing the dead time. The
dead time has a definite effect on the switching losses and has an important influence on
the efficiency of converters. Too large or too small a dead time can lead to a reduction in
efficiency. Thus, there is a great deal of importance for the converter to have an accurate
and suitable dead time. In this paper, a new method of dead time calculation is proposed
that can reduce computation time and improve the efficiency of the system. However,
when analyzing the influence of the driver circuit on the dead time, the driver circuit is not
modeled precisely, but the method of adding margin is adopted. This method is applicable
to all LLC resonant converters but gives up some accuracy. Later on, a generalized method
can be derived based on the accurate modeling of the drive circuit, thus further improving
the accuracy of the dead time.
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