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Abstract—The hybrid-clamped three-level full-bridge LLC res-
onant converter is widely employed in subway power systems and
ship-integrated power systems due to its notable attributes of soft
switching and low input voltage requirements for the switching
devices. Nonetheless, the existing wide voltage range modulation
modes suffer from thermal imbalances in switching devices, posing
limitations on their application in high-power scenarios. In order
to address these issues, the three modulation modes optimized
for thermal balance are proposed by analyzing the conditions
for achieving soft-switching and thermal equalization. When inte-
grated with the original modulation modes, these optimized modes
effectively balance the conduction loss in the switching devices and
achieve a wide range of voltage gain. Moreover, the proposed mod-
ulation transition method facilitates swift and efficient transitions
between modulation modes, while minimizing the impact on voltage
and current caused by the transition process. The experimental
prototype with 1.5 kW power level and 125 V-1 kV input voltage
range is built to verify thermal balance effect of switching devices
under the proposed modulation mode and performance of the
proposed modulation transition method.

Index Terms—Heat balance optimization, LLC resonant
converter, modulation transition, multilevel dc—dc converter.

I. INTRODUCTION

HE isolated dc—dc power supplies with a wide voltage
T regulation range are widely used in photovoltaic systems,
high-speed train and subway power systems, ship power sys-
tems, aerospace power systems, and so on [1], [2], [3], [4], [5].
Full-bridge or half-bridge LLC resonant converter have become
the primary choice for isolating dc—dc due to their simple struc-
ture, high efficiency, and full-range soft-switching capabilities.
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The input voltage of converter has been increasing in recent
years. However, the commonly used full-bridge or half-bridge
topologies lead to high voltage stress on switching devices [6],
(71, [81, [9], [10], [11].

Three-level converters comprise various topologies, most of
which can effectively reduce the voltage stress on switching
devices, making them more suitable for applications with high
input voltage. The serial-half-bridge topology, which consists of
two half-bridge circuits connected in series, is currently one of
the simplest three-level options [12], [13], [14]. Nevertheless,
the neutral-point voltage of the serial-half-bridge topology will
diverge if there is time delay of control and driver circuits.
Therefore, the neutral-point voltage balance control is necessary
to maintain the voltage stress balance of switching devices,
resulting in an increased complexity of control [15], [16], [17].
Compared with the other three-level half-bridge topologies, the
hybrid-clamped three-level half-bridge topology combines the
advantages of both diode-clamped and flying-capacitor three-
level half-bridge topologies, allowing for maintaining devices
stress balance without control. A wide voltage gain range can be
achieved with the hybrid-clamped three-level half-bridge con-
verter through the combination of different modulation modes
[18], [19]. However, the current stress on the switching devices
of the half-bridge converter is excessively high in high-power
applications, which hinder its utilization in such scenarios.

The multilevel full-bridge inverter is capable of outputting
various levels while reducing the current stress on the switching
devices. When combined with the LLC resonator, it can achieve
a variety of modulation modes. In the diode-clamped three-level
full-bridge LLC resonant converter, a flexible variable-mode
control for wide gain range application is proposed in [20].
Similarly, in the diode-clamped four-level full-bridge LLC res-
onant converter, a pulse amplitude modulation operating at the
resonant frequency is proposed in [21]. Nevertheless, these two
modulations increase the analytical complexity and reduce the
efficiency of the converter because some switching devices are
turned OFF near the peak current. In contrast, the two-level
modulation mode is more suitable for LLC resonant converter.
Three two-level modulation modes for serial flying-capacitor
three-level half-bridge LLC resonant converter are proposed
in [22]. The amplitude of the square wave level in the input
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resonator exhibits significant variations under different modula-
tion modes, enabling a wide range of gain modulation through
the combination of various modulation modes. However, there
are noticeable differences in the conduction time of switch-
ing devices in certain modulation modes, which can result in
imbalanced losses for these switching devices and affect their
application in high-power scenarios. Moreover, the transition
method between different modulation modes will affect the
output characteristics of the converter.

There are differences in voltage and current states among
modulation modes, so direct transition may result in signifi-
cant current overshoot and output voltage variation. The tran-
sition method proposed in [23] involves gradually changing
the duty cycle to transition between modulation modes in the
LLC resonant converter. The frequency is adjusted dynamically
throughout the conversion process, ensuring a smooth output
voltage. Nevertheless, the mode transition time is long, and the
switching devices cannot achieve zero voltage switching (ZVS)
during the transition process. In [24], a transition method is
proposed in which all switching devices are first turned OFF
and then start at highest frequency during the transition process,
but the turn-OFF period of the converter results in a significant
voltage drop under full load. It is proposed that increasing the
switching frequency of modulation mode after transition can
reduce the current overshoot caused by direct transition in [25].
Furthermore, a modulation transition method based on trajectory
control for LLC resonant converter is proposed in [ 12]. However,
the method requires that the two state trajectories before and
after the transformation to coincide, and the calculation process
is complex.

To address these issues, this article proposes the heat balance
optimization modulation mode for hybrid-clamped three-level
full-bridge LLC resonant converter by analyzing its charac-
teristics. Furthermore, a modulation transition method is pro-
posed to minimize the impact on voltage and current caused by
the transition process, which can be easily implemented. The
rest of this article is organized as follows. In Section II, the
hybrid-clamped three-level full-bridge LLC resonant converter
topology and normal modulation modes are analyzed. Section III
describes the conditions of heat balance optimization and soft
switching. In Section IV, three modulation modes after heat
balance optimization are proposed based on the conditions. In
Section V, a modulation transition method is presented, which
can realize the transition between modulation modes quickly
and effectively. In Section VI, a prototype with 1.5 kW power
level and 125 V-1 kV input voltage range is built to validate the
modulation mode and transition method. Finally, Section VII
concludes this article.

II. TOPOLOGY AND NORMAL MODULATION MODES

Fig. 1 shows the topology of hybrid-clamped three-level full-
bridge LLC resonant converter. It consists of a hybrid-clamped
three-level full-bridge inverter, an LLC resonant tank, a trans-
former 7, and a rectifier connecting to the load. Series resonant
inductor L., parallel resonant inductor L,,, and series resonant
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Fig. 1.
topology.

Hybrid-clamped three-level full-bridge LLC resonant converter

capacitor C, form the LLC resonant tank. The reference direc-
tions of resonant current iy, transformer magnetizing current
iL.m, and resonant capacitor voltage vc, are also illustrated in
Fig. 1. The flying capacitor in the topology is larger, and the
operating characteristics of the topology are more similar to the
flying-capacitor three-level topology.

The hybrid-clamped three-level full-bridge inverter is capable
of outputting five levels (Vin, -Vin, Vin/2, -Vin/2, and 0), and
various types of modulation can be achieved by combining
different levels. However, the application of multilevel modula-
tion in the resonant converter leads to the significant turn-OFF
losses due to partial switching devices being turned OFF near
the peak current. Meanwhile, the implementation of multilevel
modulation may result in the loss of ZVS for certain switching
devices. In contrast, two-level modulation fully utilized the
characteristics of resonant converter while employing simpler
modulation methods.

Lietal. [22] proposed three modulation methods for the serial
flying-capacitor three-level half-bridge LLC resonant converter,
which are also applicable to the hybrid-clamped three-level
full-bridge LLC resonant converter. The ratio of the modula-
tion square wave’s half to the input voltage is utilized in the
subsequent discussion to effectively illustrate the characteristics
of each modulation mode. The three modulation modes can be
described as the unity gain modulation mode, the 1/2 gain modu-
lation mode, and the 1/4 gain modulation mode. Furthermore, the
3/4 gain modulation mode and three level modulation mode are
proposed by analyzing the hybrid-clamed three-level full-bridge
inverter for all output levels. All modulation modes are depicted
in Figs. 2 and 3.

The loss of switching devices is mainly composed of con-
duction loss, turn-ON loss, and turn-OFF loss. For the MOSFET
switching device, the turn-ON loss of the device will be signif-
icantly greater than the turn-OFF loss due to its large junction
capacitance. The LLC resonant converter can achieve ZVS,
which means that the switching devices experience no turn-ON
loss. The loss analysis of the LLC resonant converter in [26]
indicates that the conduction loss of the MOSFET reaches a high
level of 83.88%, even though the output current is only 0.6 times
the rated current. The diagram is depicted in Fig. 4.
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Fig. 2. Driving waveforms of the three gain modulation modes proposed
in [22]. (a) Driving waveform in unity gain modulation mode. (b) Driving
waveform in 1/2 gain modulation mode. (¢) Driving waveform in 1/4 gain
modulation mode.
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Fig. 3. Two modulation modes driving waveforms. (a) Driving waveform in
3/4 gain modulation mode. (b) Driving waveform in three-level modulation
mode.
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Fig. 6. State switching process of the hybrid-clamped three-level half-bridge
inverter. (a) State before switching. (b) State during switching. (c) State after
switching.

The conduction time of some switching devices exhibits
significant differences in the 1/2 gain modulation mode, the 1/4
gain modulation mode, and the three-level modulation mode.
The heating of the switching devices in these modulation modes
is illustrated in Fig. 5. In these modulation modes, the heating
of switching devices is uneven, which limits their application in
medium and high-power occasions.

III. CONDITION OF SOFT-SWITCHING AND
THERMAL EQUALIZATION

To simplify the analysis difficulty, the condition for soft-
switching and thermal equalization of hybrid-clamped three-
level half-bridge switching devices are analyzed.

A. Condition of Soft Switching

The implementation of soft-switching is not only associated
with the resonant converter but also involves the state switching
of the inverter. A typical state switching process is shown in
Fig. 6, where the current remains in the state that flows out of the
inverter. Before the state switching, switches Sy and S4 maintain
their conducting states, which prompts the current to flow out
of the inverter through them. During the dead-time of switching
between the two states, switch S, remains ON and switch Sy is
turned OFF. The antiparallel diode of switch Sy is conducting,
and the current path of the inverter remains unchanged. Since
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Fig. 7. Four states of the hybrid-clamped three-level half-bridge operation.
(a) State I. (b) State II. (c) State III. (d) State I'V.

the current does not flow through the antiparallel diode of switch
S1, the charge on the junction capacitor is not discharged when
switch S; is turned ON. Consequently, switch S; is turned ON
without ZVS.

By analyzing the four states of the inverter when current flows
out, the state switching satisfying the ZVS condition can be
obtained, which is represented by the orange arrow in Fig. 7.
The arrow in Fig. 7 leads to the following conclusion: Only state
switching that results in a decrease in the output potential of the
inverter can achieve ZVS when current flows out it. Accordingly,
when the current is reversed, the arrow of the state switching
should also be reversed.

B. Condition of Thermal Equalization

The conduction loss constitutes the main portion of the total
power dissipation in the switching device under full load condi-
tion. The thermal unevenness occurs in switching devices when
the duty cycle is inconsistent; and the greater the difference in
duty cycle, the more severe the thermal unevenness becomes.

The four operating states of the hybrid-clamped three-level
half-bridge inverter are depicted in Fig. 7. To maintain voltage
equalization on the flying capacitor, the state time in Fig. 7(b),
and the state time in Fig. 7(c) should be consistent when the
converter operates in two-level modulation mode. Denote by 7,
(x = a, b, ¢ or d) duration of state x in one switching cycle.
The switching period of the converter is 7, then #; and ¢, can be
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expressed as

T—t, —tq
B) .

Ignoring the dead time, the hybrid-clamped three-level half-
bridge inverter must be in one of its four operating states.
Therefore, the half bridge output voltage V4 can be expressed
as follows:

tq by + te V}n tq to —taq VI
=2V LU Vi + -2 (2

Va=gVat =55t 0=—gp Vet 5 @

According to the switching conditions of the half bridge, the
duty cycle of each switching devices can be expressed as follows:

by =t = ey

ta +1 ta +te
d(Gr) = =5, d(Ga) = <
ty+1t tet+t
d(G) = =5, d(Ga) = = 3)

By substituting (1) and (2) into (3), it can be expressed as
follows:
1 ta—th Va
2 2T Vin
1 t,—1t Va

ST :17W. 4)

d(Gl) = d(Gz) =

d(G3) = d(Ga) =

The relationship between the duty cycle of the switching
devices and the average output voltage of the inverter is ex-
pressed in (4). The duty cycle of the switching device affects its
conduction time, which in turn influences its conduction loss.
The duty cycle difference of switching devices becomes smaller
as the average output voltage of the inverter approaches half
of input voltage. The switching devices can achieve thermal
equalization when the average output voltage of the inverter
is half of input voltage. Additionally, the dc component of
the resonant capacitor voltage becomes zero when the average
output voltage of both inverter bridges reaches zero.

IV. MODULATION MODE AFTER HEAT
BALANCE OPTIMIZATION

A. 1/2 Gian Modulation After Heat Balance Optimization

A hybrid-clamped three-level half-bridge inverter can output
three levels (Viy, Vin/2, and 0). The addition of intermediate
level states to the modulation mode can result in an average
output voltage that is approximately half of the input voltage.
When outputting unidirectional current, it is necessary to ensure
that the modulation mode includes both intermediate level out-
put states. Otherwise, the voltage on the flying capacitor will
diverge. Each driving waveform in 1/2 gain modulation mode
after heat balance optimization is shown in Fig. 8. Each operating
state diagram of 1/2 gain modulation mode after heat balance
optimization is shown in Fig. 9.

B. Three-Level Modulation After Heat Balance Optimization

The converter will enter the three-level modulation mode once
the frequency of 1/2 gain modulation mode after heat balance
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Fig. 8. Driving waveform in 1/2 gain modulation mode after heat balance
optimization.

Fig.9. Eachoperating state diagram of hybrid-clamped three-level Full-bridge
LLC resonant converter in 1/2 gain modulation mode after heat balance opti-
mization. (a) Stage to—t1. (b) Stage t1—t2. (c) Stage t2—t3. (d) Stage t3—t4.
(e) Stage t4—t5. () Stage t5—t¢. (g) Stage tg—t7. (h) Stage t7—tg.

optimization reaches its maximum value. The three-level mod-
ulation mode can be achieved by incorporating the states of out-
putting zero level into the 1/2 gain modulation mode. However,
the hybrid-clamped three-level full-bridge inverter is capable of
achieving a zero-voltage state among its six states. It is difficult
to realize the symmetrical three-level modulation mode under
the condition of soft switching, as it requires introducing eight
zero-level states in modulation cycle. In contrast, the asymmetric
three level modulation mode only needs to add four zero-level
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Fig. 11. Two additional states in the three-level modulation mode after heat
balance optimization. (a) State A. (b) State B.
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Fig. 12.  Driving waveform in 1/4 gain modulation mode after heat balance
optimization.

states in the modulation cycle, which significantly reduces the
implementation difficulty. Each driving waveform in three-level
modulation mode after heat balance optimization is shown in
Fig. 10. The two additional states are shown in Fig. 11.

C. 1/4 Gian Modulation After Heat Balance Optimization

Similar to the 1/2 gain modulation mode, the 1/4 gain modu-
lation mode can be optimized for thermal balance by increasing
the duration of the output intermediate level state. Each driving
waveform in 1/4 gain modulation mode after heat balance opti-
mization is shown in Fig. 12. Each operating state diagram of 1/4
gain modulation mode after heat balance optimization is shown
inFig. 13. After optimizing heat balance, the 1/4 gain modulation
mode can maintain its advantage of reducing turn-OFF losses
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bridge LLC resonant converter in 1/4 gain modulation mode after heat balance
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(e) Stage t4—t5. (f) Stage t5—1¢. (g) Stage tg—t7. (h) Stage t7—tg.

for switching devices by having fewer switching times in the
modulation period.

V. MODULATION TRANSITION METHOD

Apart from the transition between the 1/2 gain modulation
mode and the three-level modulation mode, it is not possible to
achieve a natural and fast transition between other modulation
modes due to their different driving waveforms. An unreason-
able transition method may result in significant voltage and
current impacts. The factors that influence voltage and current
impacts are mainly divided into two parts: one is the difference in
trajectory radius before and after the transition, and the other is
the inconsistent gain before and after the transition. Furthermore,
irrational choices of transition moments can also lead to impacts.

A. Modulation Transition Moment

The trajectories of the 1/2 gain modulation mode and the
3/4 modulation mode for the modulation transition under ideal
conditions are plotted in Fig. 14. The transition of the remaining
modulation modes is similar. The input voltage, output voltage,
and output power of the converter are considered to remain
unchanged before and after the transition since the transition
process occurs very rapidly. The state trajectory of the 1/2 gain
modulation mode contains two circle centers (02, O3), which
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Fig. 14.
modulation mode (green) for the modulation transition.

Trajectories of the 1/2 gain modulation mode (red) and the 3/4 gain

are determined by the two-level states of the input resonator.
Similarly, the 3/4 gain modulation mode also includes two circle
centers. Since the same level state is included in both modulation
mode, O2 is the common center of the two trajectories. The
common center of the circle causes the two trajectories to
coincide between points B and C. The 3/4 gain modulation mode
changes the resonator input level state at either point A or point C
on the trajectory diagram. Under ideal conditions, the transition
from 3/4 gain modulation mode to 1/2 gain modulation mode
at point A is completed immediately without any transients.
Furthermore, fast transition can be easily achieved by switching
between two modulation modes at the beginning of the same
output level state.

B. Impact of Trajectory Radius Difference

The trajectories depicted in Fig. 14 represent an ideal situa-
tion. However, the trajectories of the two states may not perfectly
coincide. In more general cases, the mode transition may result
in a certain voltage and current overshoot. As an example, the
waveform of modulation transition from 3/4 gain modulation
mode to 1/2 gain modulation mode is illustrated in Fig. 15. The
switching frequency is f; in the 3/4 gain modulation mode and f
in the 1/2 gain modulation mode, while the output voltage of both
modes remains the same. The ac component of the voltage across
the serial resonant capacitor is represented as AV,. At time #,
the driving signal is switched from 3/4 gain modulation mode
to 1/2 gain modulation mode. At time #;, the series resonant
inductor current and the ac component of the series resonant
capacitor voltage can be expressed as

: nV,
ZLr(tl) = 74L fl
I,

In Fig. 14, d; is defined as the distance between O, and the
average voltage of the resonant capacitor before transition, while
ds represents the distance between O; and the average voltage
of the resonant capacitor after transition. By normalizing all
voltages with the voltage factor nV,, and all currents with the
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Fig. 15.  Waveform of modulation transition from 3/4 gain modulation mode
to 1/2 gain modulation mode.

current factor nV,/Z, the following expressions are derived:

Zy \* I, 2
T””¢@um>+<mnaﬁ+m>'(®

Assuming that the circuit has been operating stably at time 7o,
the radius r» can be expressed as follows:

Zo \? I, 2
rﬁ”:¢gmm>+<M%&ﬁ_®>'(”

By ignoring distances d; and ds, and combining (4) and (5),
the following can be derived:

Tg(tz) ﬁ
rat) ~ fo

Ary represents the difference in radius before and after the
transition, while Ary* represents the difference between the
radius during the transition and the radius after reaching steady
state, so

®)

A?";<A?"2:7"2(t2)77"2(t1). (9)

The maximum value of the radius rs in the transition process
is denoted as rop,.x, and it can be expressed as follows:

T2 ra(t2) + T2 _g_f2

ro(t2) ro(t2) fi

When the converter operates stably at switching frequency fa,
i Lrmax represents the maximum value of the resonant current
and vy max represents the maximum value of the resonant volt-
age. The upper limit of the impact caused by the resonant voltage

(10)
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Vormax and resonant current iz, max during the transition

process can be estimated as follows:

‘ 2 .
Zerax* < (2 - ]T ? L max
1

f2
UCrmax* < (2 - ‘]T UCr max-
1

The switching frequency before and after the transition will
not have a significant difference due to the operating frequency
limitation of magnetic. Additionally, considering the influence
of the distance d; and distance ds in Fig. 12, the overshoot of res-
onant voltage and resonant current during the transition process
is small. When transitioning from the 1/2 gain modulation mode
to the 3/4 gain modulation mode, the voltage and current impact
during the transition will not exceed the voltage and current
before the transition. The only difference between all the other
transition is the distance d; and ds, which results in the same
conclusion.

(1D

C. Impact of Gain Change

Taking the example of a hybrid-clamped three-level full-
bridge LLC resonant converter with a quality factor Qr, = 0.5
and an inductance ratio L,,/L. = 2.5, the curves of the gain
transformation with normalized frequency or phase shift angle
under five modulation modes are illustrated in Fig. 16. Point A
in the figure is in the 3/4 gain modulation mode, while points B,
C, and D are in the 1/2 gain modulation mode. The voltage
gain at point A is equivalent to that at point B, ensuring a
smooth transition between the two points without any circuit
impact caused by the gain transformation. The circuit operating
at point C has a higher voltage gain. When the circuit switches
from point A to point C, the output voltage is lower than the
steady state value, and a large impact current will be generated
by the circuit to charge the output capacitor. The current impact is
primarily influenced by the impedance of the resonant network.
If the switching frequency is close to the resonant frequency,
the impedance effect of the resonant network will be reduced,
resulting in a larger current impact on the circuit. When the
circuit switches from point A to point D, the output voltage
becomes higher than the steady state value and is primarily
maintained by the output capacitor. The LLC resonant converter
primarily operates in the three-element resonant state without
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TABLE I
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE
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Quantity Values
Input voltage Vi, 125V-1kV dc
Output voltage V, 400V dc
Output power P, 1.5 kW
Resonant capacitor C, 72 nF
Resonant inductor L, 18 uH
Magnetic inductor L, 45uH
Resonant frequency f; 140 kHz

Switching frequency f 100 kHz—200 kHz
Transformer turn ratio 1:2

MOSFETs S;-Ss IV1Q06040T4
Secondary diodes VS-40EPS08-Ms
Clamped diodes D;-D, S10MC
Dead time 200 ns

energy output, thereby avoiding voltage and current impact
during switching. When the output voltage is lower than the
target value, the control circuit reduces the switching frequency
in order to increase the output voltage back up to the target
value. The control parameters determine the voltage and the
current overshoot of the voltage regulation process. Therefore,
switching from point A to point B represents the optimal strategy.
Since the calculated voltage gain curve may differ from the
actual voltage gain, it is advisable to choose a transition point
slightly lower than point B in order to avoid the impact of voltage
and current during transition.

VI. EXPERIMENTAL VERIFICATION

The LLC resonant converter has the advantage of soft switch-
ing for its switching devices, which allows an increase in the
converter’s switching frequency to 100 kHz—-200 kHz. The de-
sign of high-frequency transformers is based on common design
method. The transformer magnetic inductor and conversion ratio
can be determined based on the normalized inductance ratio,
quality factor, and actual application requirements. Similarly,
the type and size of the core are selected based on the converter’s
switching frequency and power level. By selecting the maximum
magnetic flux density, the number of turns ON the primary and
secondary sides of the transformer can be determined. Finally,
the diameter of the wire in the transformer is determined by
selected current density.

An experimental prototype with 1.5 kW power level and 125V
— 1 kV input voltage range is built to verify the effectiveness
of the proposed modulation mode and transition method. The
experimental prototype is shown in Fig. 17, and the parameters
of this prototype are presented in Table I.

Fig. 18.  Soft switching experimental waveforms of three modulation modes
with optimized heat balance at full load. (a) Soft switching effect of S3 in
1/2 gain modulation mode after heat balance optimization, with Vi, = 400 V.
(b) Soft switching effect of S3 in 1/4 gain modulation mode after heat balance
optimization, with Vi, = 700 V. (c) Soft switching effect of S3 in three-level
modulation mode after heat balance optimization, with Vi, = 600 V.
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Fig. 19. Temperature rise curve of the switching devices.
A. Soft Switching Effect of Modulation Modes After Heat
Balance Optimization

Fig. 18 illustrates the soft switching experimental waveforms
of three modulation modes with optimized heat balance at full
load. Here, i1, represents the current flowing through the serial
resonant inductor, Vggs represents the driving signal of the
switching device S3, Vpgs represents the voltage across the
switching device S3, and Vap represents the input voltage of
the resonator. The experimental waveforms demonstrate that the
switching devices can achieve excellent soft-switching effects
under three modulation modes after heat balance optimization.

B. Effect of Heat Balance Optimization

The temperature rise curve of the switching device is depicted
in Fig. 19. The curve indicates that the temperature stabilizes
when the operation time of the switching device reaches 20 min.
Fig. 20 illustrates the temperature comparison of switching
devices S; and S before and after heat balance optimization.
Before the heat balance optimization, the temperature difference
between switching devices S; and S4 is 15.2 °C in 1/2 gain
modulation mode, 18.6 °C in three-level modulation mode, and
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Fig. 20. Temperature difference of switching devices S1 and S4 before and
after heat balance optimization. (a) In total, 1/2 gain modulation mode before
heat balance optimization. (b) In total, 1/2 gain modulation mode after heat
balance optimization. (c¢) Three-level modulation mode before heat balance
optimization. (d) Three-level modulation mode after heat balance optimization.
(e) In total, 1/4 gain modulation mode before heat balance optimization. (f) In
total, 1/4 gain modulation mode after heat balance optimization.
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Fig. 21. Transition waveforms from three level modulation mode to 1/4 gain
modulation mode at Vi, = 650 V with full load. (a) Whole process waveform.
(b) Transient waveform.

21.8 °C in 1/4 gain modulation mode. After optimizing the
thermal balance, the temperatures of switching devices S; and
S, are nearly identical in 1/2 gain modulation mode and three-
level modulation mode, with a difference of 6.5 °C in 1/4 gain
modulation mode. Therefore, the proposed optimal modulation
mode can effectively achieve heat balance in switching devices.

C. Transition Process Between Modulation Modes

Figs. 21 and 22 demonstrate the experimental waveforms
of transitions between different modulation modes under full
load conditions. As can be observed, the resonant voltage and
current exhibit no overshoot throughout the entire switching
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Fig. 22.  Experimental waveforms of the proposed transition method. (a) In

total,1/4 gain modulation mode to three level modulation mode at Vin = 650 V
with full load. (b) In total, 3/4 gain modulation mode to 1/2 gain modulation
mode at Vin = 350 V with full load. (c) In total, 1/2 gain modulation mode to
3/4 gain modulation mode at Vin = 350 V with full load. (d) In total, 3/4 gain
modulation mode to unity gain modulation mode at Vin = 250 V with full load.
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Fig. 23.  Transition waveforms from unity gain modulation mode to 3/4 gain
modulation mode at Vi, = 250 V with full load. (a) Transition by gradually
changing the duty cycle and switching frequency in [23]. (b) Transition by
proposed method.
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Fig.24.  Operating efficiency curves of the converter under full load conditions
with various modulation modes and different input voltage.

process, and the transition between the two modes occurs instan-
taneously. The waveforms between [23] and the proposed tran-
sition method is shown in Fig. 23. Compared with the method
in [23], the output voltage variation of the proposed method is
smaller in the transition process. Therefore, the effectiveness of
the proposed method has been verified.

D. Efficiency Curve

Fig. 24 illustrates the operating efficiency curves of the con-
verter under full load conditions with various modulation modes
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Fig. 25. Operating efficiency curves of the converter from light load to full
load under 1/2 gain modulation mode when Vj, =400 V.
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Fig. 26.  Loss distribution of the converter under different modulation mode
at full load.

and different input voltage. The efficiency curve of the proposed
converter under different loads with the input voltage of 400 V
is illustrated in Fig. 25. The loss distribution of the converter
under different modulation mode at full load is shown in the
Fig. 26. The operating efficiency of each modulation mode
can be high within its corresponding input voltage range. By
switching between each mode, the converter can maintain high
efficiency under most operational conditions.

VII. CONCLUSION

In this article, the heat balance optimization modulation
modes of hybrid-clamped three-level full-bridge LLC resonant
converter are proposed. To validate the effectiveness of the pro-
posed modulation modes and transition method, an experimental
platform with 1.5 kW power level and 125 V-1 kV input voltage
range has been established. The use of field programmable gate
array (FPGA) as the controller in the prototype can effectively
reduce the implementation difficulty of the proposed modula-
tion and transition method. The optimized modulation modes
achieve the thermal equilibrium in the switching devices, thereby
enhancing the output power level of the converter. Additionally,
the proposed transition method facilitates quick and effective
transition between modulation modes. With these optimized
modulation modes and transition method, the hybrid-clamped
three-level full-bridge LLC resonant converter offers significant
advantages in a wide voltage regulation range and high-power
application.
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