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Abstract

Commonly used lithium-ion battery on-board charger (OBC) for electric vehicles
(EVs) needs a wide output voltage range, but the traditional LLC converter is hard
to meet the need under the condition of high efficiency and high power density. In
this paper, a resonant converter with hybrid modulation is proposed. The converter
has a relatively simple topology and control method. Compared with the traditional
LLC topology, only two diodes are replaced by MOSFETs on the secondary side of
the transformer, and no auxiliary components are added. The primary-side switches
adopt pulse frequency modulation (PFM) and the secondary-side switches adopt
short-circuit control in the proposed converter, which can realize a wide output
voltage range, in a narrow switching frequency range with excellent soft-switching
performance. The proposed converter can effectively reduce the resonant current and
the volume of transformer core, and achieve energy delivery with high power den-
sity and high efficiency. The operation principles, voltage gain, and soft-switching
conditions of the converter are analyzed in this paper. Finally, a 3.3 kW SiC-based
prototype with 400V input and 250V-430V output is built to verify the feasibility
and validity of the proposed converter.
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1 INTRODUCTION

In recent years, electric vehicles (EVs) have been favored by people due to their potential to alleviate fossil fuel crisis and
increase energy sustainability. With the increasing capacity of the power battery packs of EVs on the market, the research on on-
board charger (OBC) has gradually become a hot spot all over the world1,2,3,4. Lithium battery has become the most widely used
battery for EVs globally because of its high energy density, good safety, long cycle life, and low cost5. The CC-CV (constant
current-constant voltage) two-stage charging method is the primary way to charge lithium battery at present. However, the CC-
CV charging method makes the battery pack charging process with a wide voltage range. At present, the output voltage range
of OBC is approximately 200V-450V. Therefore, it is necessary to design a DC-DC converter with a wide output voltage range
and high efficiency. LLC converter has been widely concerned by scholars because it is capable of zero-voltage switching (ZVS)
on the primary side and zero-current switching (ZCS) on the secondary side under certain conditions with low electromagnetic
interference and high power density6,7,8.
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However, to achieve a wide output range, the circuit parameters of the LLC converter need to be adjusted, or the converter
needs to operate in a wide frequency range. On the one hand, if the circuit parameters are adjusted, the ratio of the magnetizing
inductor𝐿𝑚 to the resonant inductor𝐿𝑟 needs to be reduced. When𝐿𝑚 decreases, the magnetizing current will increase, resulting
in higher losses. While increasing 𝐿𝑟 will lead to an increase in converter size, thus reducing the power density. On the other
hand, if the converter works in a wide frequency range, the switching frequency will be far away from the resonant frequency,
which will cause a higher circulating current and thus increase the losses9. And as the operating range less than the resonant
frequency increases, the volume of the transformer will also expand. In addition, when the input voltage is constant, as the
output voltage gets higher, the switching frequency of the LLC converter decreases with the increase of magnetizing current.
This increases the maximum magnetic flux density of the transformer and requires a larger magnetic core size when designing
the transformer, which leads to a reduction in the power density of the converter.

Therefore, the traditional LLC converter cannot perfectly meet the needs of wide output voltage applications. Recently, a large
number of scholars have conducted a series of researches around widening the output range and improving efficiency.

Some methods attempting to adjust the voltage by changing the modulation strategies are proposed in literature.10,11,12,13,14,15

In literature,10,11,12,13 the burst mode strategy is employed in the converter to improve the performance at light load and the
efficiency of the converter. However, this not only increases the control complexity, but also brings low-frequency output voltage
ripple and EMI problems to the system. In literature,14 the asymmetric PWM (APWM) control is used to expand the voltage
regulation range. However, this results in a DC bias in the magnetizing current flowing through transformer. In literature,15

Phase-shift modulation (PSM) of the primary switching network is adopted to reduce the switching frequency of the LLC
converter. Hence, the core loss of the transformer can be reduced, and a higher power density can be achieved. However, excessive
turn-off current of the primary side increases losses under heavy load condition. Some researchers in literature16,17,18,19 focus
on adding components in the primary side to increase the gain. In literature,16 by adding a notch LC filter to the LLC tank,
the converter can be soft-switched over the whole output voltage range with soft startup and over-current protection. However,
analysis of the topology is complex and efficiency decreases at high output voltage. The authors in literature,17 combined Sepic
and half-bridge LLC converter in the primary side to achieve high efficiency in a wide voltage range. Nevertheless, bulky
inductors and capacitors are required in the converter, which reduces the power density. In literature,18 an LLC resonant converter
with three operating modes is proposed to achieve higher efficiency and power density over a wide voltage range by adding a
resonant inductor and transformer in the primary side. However, the converter needs two identical transformers, and the leakage
inductance deviation of the transformers will cause current bias. In literature,19 the proposed topology uses three resonant tanks
to regulate the output voltage. The converter can operate in full-bridge mode and half-bridge mode with ZVS. However, adding
extra components increase extra losses and the system complexity.

In literature,20,21 the secondary-side switching networks are reconfigured to achieve a wide output voltage range. In litera-
ture,20 a variable structure rectifier consisting of a switched capacitor, two active switches, two diodes, and two output capacitors
is proposed to expand the output voltage range by PWM control. Although these structures can extend the output voltage range,
the introduction of additional components will bring more conduction losses and costs. In literature,21 two rectifying diodes
are replaced with GaN MOSFETs on the secondary side to realize a wide output voltage range in a narrow switching fre-
quency by specific modulation. However, the control scheme proposed in this paper needs to detect the drain-source voltage
of the secondary-side switches to probe the zero-crossing time of resonant current, which increases the complexity of system.
Additionally, the long conduction time of the body diodes of the secondary-side MOSFETs results in high conduction losses.

In this article, a resonant converter with hybrid modulation is proposed, which adopts pulse frequency modulation (PFM) on
the primary side and short-circuit control on the secondary side. Compared with the traditional LLC converter, only two rectifier
diodes are replaced by MOSFETs on the secondary side, and no auxiliary components are added. The proposed converter is
able to achieve a wide output voltage range with good soft-switching performance in a narrow switching frequency range by a
relatively simple control method. As a result, the size of the transformer core and the conduction losses are reduced, making
it more competitive for OBC applications. Finally, a 3.3 kW prototype with 400V input and 250V-430V output has been built
using SiC switching devices to verify the theoretical analysis the effectiveness of the converter.
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FIGURE 1 Proposed resonant converter with hybrid modulation.

2 PROPOSED CONVERTER AND OPERATIONAL PRINCIPLE

The schematic of the proposed resonant converter is illustrated in Fig. 1. In terms of circuit structure, one switching leg of
the full-bridge rectifier diodes is substituted by MOSFETs, which is the only change from a standard LLC resonant converter.
Depending on the output voltage gain, the converter operates in PFM control mode or short-circuit control mode.

The short-circuit control mode is adopted when the voltage gain is higher than 1. At this time, the switching frequency is fixed
at the resonant frequency 𝑓𝑟, and the driving signals for 𝑄5 and 𝑄6 of the secondary side lag behind the driving signals of the
primary side. The lag time is DT, where D (0 < 𝐷 < 1) represents the short-circuit duty cycle, and T represents the switching
period. By short-circuiting the secondary side, the energy stored in the resonant inductor 𝐿𝑟 is increased to boost the output
voltage. Fig. 2 shows the waveforms of key parameters in short-circuit control mode.

When the converter operates in short-circuit control mode during steady-state operation, the working process can be separated
into ten stages in a single switching period. Due to the symmetry of the operation, only five stages of the first half period are
discussed here. The equivalent circuits of the first five stages over a half switching period are illustrated in Fig. 3.

Mode I [𝑡0-𝑡1]. At 𝑡0, 𝑖𝐿𝑟 equals to 𝑖𝐿𝑚, the resonant current 𝑖𝐿𝑟 is negative, which discharges the parallel capacitors 𝐶𝑜𝑠𝑠1
and 𝐶𝑜𝑠𝑠4 of the switches 𝑄1 and 𝑄4 while charging parallel capacitors 𝐶𝑜𝑠𝑠2 and 𝐶𝑜𝑠𝑠3 of the switches 𝑄2 and 𝑄3, providing
the conditions for 𝑄1 and 𝑄4 to achieve ZVS. The voltage flowing through the transformer is positive during this stage, which
enables the conductions of 𝑄6 and 𝐷𝑟4. Hence, the voltage on 𝐿𝑚 is clamped to zero by short-circuiting the secondary side. No
energy is transmitted from the primary side to the load in this time interval, and the load voltage is maintained by the output
capacitor 𝐶𝑜.

Mode II [𝑡1-𝑡2]. 𝑄1 and 𝑄4 achieve ZVS at 𝑡1. Since 𝑖𝐿𝑚 is larger than 𝑖𝐿𝑟 in this stage, the short circuit state on the secondary
side continues with the conductions of 𝑄6 and 𝐷𝑟4. The resonant current 𝑖𝐿𝑟 rises rapidly with the resonance between 𝐿𝑟 and
𝐶𝑟. As the voltage across 𝐿𝑚 is clamped to zero, 𝑖𝐿𝑚 remains constant. At 𝑡2, 𝑄6 turns off, which marks the end of this mode.
The electronic equations in this stage can be expressed as follows:

{

𝐶𝑟
𝑑𝑣𝐶𝑟

𝑑𝑡
= 𝑖𝐿𝑟

𝑉𝑖𝑛 − 𝑣𝐶𝑟 = 𝐿𝑟
𝑑𝑖𝐿𝑟
𝑑𝑡

,
{

𝑣𝐶𝑟(𝑡1) = 𝑉𝐶𝑟0
𝑖𝐿𝑟(𝑡1) = 𝐼𝐿𝑟0

(1)

𝑣𝐶𝑟 and 𝑖𝐿𝑟 can be obtained as:
{

𝑣𝐶𝑟 = 𝑉𝑖𝑛 + (𝑉𝐶𝑟0 − 𝑉𝑖𝑛) cos𝑤𝑟(𝑡 − 𝑡1) + 𝐼𝐿𝑟0𝑍𝑟 sin𝑤𝑟(𝑡 − 𝑡1)
𝑖𝐿𝑟 = 𝐼𝐿𝑟0 cos𝑤𝑟(𝑡 − 𝑡1) +

𝑉𝑖𝑛−𝑉𝐶𝑟0

𝑍𝑟
sin𝑤𝑟(𝑡 − 𝑡1)

(2)

where 𝑤𝑟 = 1∕
√

𝐿𝑟𝐶𝑟 is the angular resonant frequency, 𝑍𝑟 =
√

𝐿𝑟∕𝐶𝑟 is the characteristic impedance of the resonant tank,
and the magnetizing current can be expressed as 𝑖𝐿𝑚 = 𝑖𝐿𝑟(𝑡1) = 𝐼𝐿𝑟0.

Mode III [𝑡2-𝑡3]. The voltage flowing through the transformer remains positive after 𝑄6 turns off at 𝑡2. Meanwhile, the primary
energy is delivered to the load through the body diode of 𝑄5 and the diode 𝐷𝑟4. The voltage on 𝐿𝑚 is clamped to 𝑛𝑉𝑜, causing
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FIGURE 2 Key waveforms of the short-circuit control mode.

the decline of the magnetizing current. Besides, as the body diode of 𝑄5 is turned on, the voltage across the parallel capacitors
of 𝑄5 is zero, which provides the condition for the realization of ZVS.

Mode IV [𝑡3-𝑡4]. 𝑄5 achieves ZVS at 𝑡3. The working state in this mode is similar to the conventional LLC resonant converter
with frequency modulation. 𝐿𝑟 continues to resonant with 𝐶𝑟 with the voltage (𝑉𝑖𝑛−𝑛𝑉𝑜) applied to the resonant tank consisting
of 𝐿𝑟 and 𝐶𝑟. This mode lasts until the moment 𝑡4 when 𝑖𝐿𝑚 equals 𝑖𝐿𝑟. The electronic equations in [𝑡2-𝑡4] can be expressed as
follows:

{

𝐶𝑟
𝑑𝑣𝐶𝑟

𝑑𝑡
= 𝑖𝐿𝑟

𝑉𝑖𝑛 − 𝑣𝐶𝑟 − 𝑉𝑜 = 𝐿𝑟
𝑑𝑖𝐿𝑟
𝑑𝑡

,
{

𝑣𝐶𝑟(𝑡2) = 𝑉𝐶𝑟1
𝑖𝐿𝑟(𝑡2) = 𝐼𝐿𝑟1

(3)

𝑣𝐶𝑟 and 𝑖𝐿𝑟 can be obtained as:
{

𝑣𝐶𝑟 = 𝑉𝑖𝑛 − 𝑛𝑉𝑜 + (𝑉𝐶𝑟1 − 𝑉𝑖𝑛 + 𝑛𝑉𝑜) cos𝑤𝑟(𝑡 − 𝑡2) + 𝐼𝐿𝑟1𝑍𝑟 sin𝑤𝑟(𝑡 − 𝑡2)
𝑖𝐿𝑟 = 𝐼𝐿𝑟1 cos𝑤𝑟(𝑡 − 𝑡2) +

𝑉𝑖𝑛−𝑛𝑉𝑜−𝑉𝐶𝑟1

𝑍𝑟
sin𝑤𝑟(𝑡 − 𝑡2)

(4)

𝑖𝐿𝑚 can be expressed as:
𝑖𝐿𝑚 = 𝐼𝐿𝑟0 +

𝑛𝑉𝑜

𝐿𝑚
(𝑡 − 𝑡2) (5)

Mode V [𝑡4-𝑡5]. 𝑖𝐿𝑚 equals to 𝑖𝐿𝑟 at 𝑡4. The secondary current naturally drops to zero. Thus, the secondary diodes achieve ZCS
without reverse recovery. 𝐿𝑚 begins to resonate with 𝐿𝑟 and 𝐶𝑟. Since (𝐿𝑚+𝐿𝑟) is much larger than 𝐿𝑟, the resonant current 𝑖𝐿𝑟
can be approximated as a constant. Mode V ends when 𝑄1 and 𝑄4 turn OFF at 𝑡5. The state equations in this mode are shown as:

{

𝐶𝑟
𝑑𝑣𝐶𝑟

𝑑𝑡
= 𝑖𝐿𝑟

𝑉𝑖𝑛 − 𝑣𝐶𝑟 = (𝐿𝑟 + 𝐿𝑚)
𝑑𝑖𝐿𝑟
𝑑𝑡

,
{

𝑣𝐶𝑟(𝑡4) = 𝑉𝐶𝑟2
𝑖𝐿𝑟(𝑡4) = 𝐼𝐿𝑟2

(6)

We can approximately assume:
{

𝑖𝐿𝑟 = 𝐼𝐿𝑟2
𝑣𝐶𝑟 = 𝑉𝐶𝑟2 +

𝐼𝐿𝑟2
𝐶𝑟

(𝑡 − 𝑡4)
(7)
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FIGURE 3 Equivalent circuit over half switching period in short-circuit control mode. (a) Mode I [𝑡0-𝑡1]. (b) Mode II [𝑡1-𝑡2].
(c) Mode III [𝑡2-𝑡3]. (d) Mode IV [𝑡3-𝑡4]. (e) Mode V [𝑡4-𝑡5].
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FIGURE 4 Key waveforms of PFM control mode.

The operation of 𝑡5-𝑡10 is similar to that of 𝑡0-𝑡5, so it is not discussed here.
The switching frequency 𝑓𝑠 is higher than the resonant frequency 𝑓𝑟 in PFM control mode. There is no drive signal on the

secondary side, and the output voltage is regulated by adjusting 𝑓𝑠. The proposed converter works in the same way as the LLC
resonant converter, and the waveforms of key parameters in this mode are shown in Fig. 4.



6 Tang Y ET AL

FIGURE 5 Equivalent circuit model of the converter in PFM control mode.

3 CIRCUIT ANALYSIS

3.1 Voltage Gain
When the converter operates in PFM control mode, the equivalent circuit model can be simplified as shown in Fig. 5. Where
𝑅𝑎𝑐 = 8𝑛2𝑅∕𝜋2 is the equivalent resistance. According to this equivalent circuit, the voltage gain in PFM control mode can be
derived as follows:

𝐺 =
𝑉𝑜

𝑉𝑖𝑛
= 1

𝑛
𝑀 = 1

𝑛
(𝑠𝐿𝑚)∕∕𝑅𝑎𝑐

1
𝑠𝐶𝑟

+ 𝑠𝐿𝑟 + (𝑠𝐿𝑚)∕∕𝑅𝑎𝑐

= 1
𝑛

1
√

(1 + 𝜆 − 𝜆
𝑓 2
𝑛
)2 +𝑄2 ⋅ (𝑓𝑛 −

1
𝑓𝑛
)2

(8)

where 𝜆 = 𝐿𝑟∕𝐿𝑚, 𝑓𝑛 = 𝑓∕𝑓𝑟, 𝑄 =
√

𝐿𝑟∕𝐶𝑟∕𝑅𝑎𝑐 . It should be noted that the voltage gain is inversely proportional to the
switching frequency when the switching frequency exceeds the resonant frequency. Hence, the output voltage decreases with
the increase of the switching frequency.

During the short-circuit control mode, the voltage applied to the resonant inductor 𝐿𝑟 increases due to the short-circuit of
the secondary side, which delivers a higher amount of energy to the load. Meanwhile, the current through the diodes on the
secondary side is discontinuous. Therefore, the operating process in this mode can be regarded as the Boost circuit in DCM
mode. The equivalent circuit and the voltage and current waveforms of the inductor in this mode are shown in Fig. 6. It is
assumed that the duty ratio of the switch is 𝐷𝑏, and the inductor current takes xT (0 < 𝑥 < 1 − 𝐷𝑏) to drop to zero after the
switch 𝑆 is turned off. According to the principle of inductor volt-second balance, the following equation can be obtained:

𝑉𝑖𝑛𝐷𝑏𝑇 = (𝑛𝑉𝑜 − 𝑉𝑖𝑛)𝑥𝑇 (9)

The average inductor current can be expressed as:

𝐼𝑎𝑣𝑒 =
𝑉𝑖𝑛𝐷𝑏𝑇
2𝐿𝑟

(10)

The average output current can be obtained as:

𝐼𝑜 =
1
𝑇

𝑡2

∫
𝑡𝑜𝑛

𝐼𝑎𝑣𝑒𝑑𝑡 = 𝑥𝐼𝑎𝑣𝑒 (11)

It can also be expressed as:
𝐼𝑜 =

𝑛𝑉𝑜

𝑅𝑎𝑐
(12)

From (9)-(12), it follows that:

𝑛(
𝑉𝑜

𝑉𝑖𝑛
)2 −

𝑉𝑜

𝑉𝑖𝑛
−

𝑅𝑎𝑐𝐷𝑏
2𝑇

2𝑛𝐿𝑟
= 0 (13)
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FIGURE 6 During the short-circuit control mode:(a) The equivalent circuit of the converter. (b) The voltage and current wave-
forms of the inductor.

Since there are two short-circuit controls in one switching period, the positive solution of the equation can be found by
substituting 𝐷𝑏 = 2𝐷 into the above equation:

𝐺 =
𝑉𝑜

𝑉𝑖𝑛
=

1 +
√

1 + 8𝐷2𝑇𝑅𝑎𝑐

𝐿𝑟

2𝑛
=

1 +
√

1 + 64𝐷2𝑛2𝑅
𝜋2𝑓𝐿𝑟

2𝑛
(14)

As can be observed from the above equation, the voltage gain of the converter is 1/n when 𝐷 = 0, which is the same as the
gain when the converter operates at its resonant frequency in PFM control mode. For a more intuitive analysis of the effect of
short-circuit duty cycle D and quality factor Q on voltage gain, the voltage gain can also be expressed as:

𝐺 =
1 +

√

1 + 16𝜋𝐷2

𝑄

2𝑛
(15)

Under the condition that the transformer turns ratio remains constant (𝑛 = 1), the relationship among voltage gain G, short-
circuit duty ratio D, and quality factor Q in short-circuit control mode is shown in Fig. 7. As can be seen in Fig. 7, the voltage
gain can be improved by increasing D or reducing Q. Nevertheless, increasing D may bring the converter to CCM mode, and
decreasing Q can also bring the risk of excessive voltage stress of components. Therefore, the appropriate values of D and Q
should be selected with comprehensive consideration.
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FIGURE 7 Three-dimensional voltage gain G curves versus D and Q (n=1).

3.2 ZVS Performance
The conditions for the primary-side switches to achieve ZVS in PFM control mode have been analyzed in literature.22 The con-
verter has to operate in DCM mode to ensure the primary-side switches with ZVS in short-circuit control mode. In literature,23

an accurate LLC model is established by mode analysis. Furthermore, the boundaries and distribution of modes are discussed.
Analysis with a similar method is illustrated in the following section.

The converter can operate in three resonant stages (stage P,O,N) depending on the short-circuit duty ratio and load conditions.
In the half switching cycle, i.e., 𝑄1, 𝑄4 turn ON and 𝑄2, 𝑄3 turn OFF, the different resonant stages can be distinguished by the
clamping voltage on 𝐿𝑚.

Stage P: The voltage on 𝐿𝑚 is clamped to 𝑛𝑉𝑜, 𝑉𝐿𝑚 = 𝑛𝑉𝑜. Stage O: The voltage on 𝐿𝑚 is not clamped, |
|

𝑣𝐿𝑚|| ⩽ 𝑛𝑉𝑜. Stage N:
The voltage on 𝐿𝑚 is clamped to −𝑛𝑉𝑜, 𝑉𝐿𝑚 = −𝑛𝑉𝑜. It should be noted that the P and N stages include the case where the 𝐿𝑚
voltage is clamped to zero due to the short circuit of the secondary side. In the other half switching cycle when 𝑄2, 𝑄3 turn ON
and 𝑄1, 𝑄4 turn OFF, the definitions of P and N modes are opposite to those mentioned above. The following discussion focuses
on the half switching cycle when 𝑄1, 𝑄4 turn ON and 𝑄2, 𝑄3 turn OFF. Various operation modes of the converter are formed
by different sequential combinations of the three stages in a half switching cycle. Fig. 8 shows three operation modes waveforms
in short-circuit control mode. As shown in Fig. 8(a), the PO mode starts at 𝑡0 when 𝑄2, 𝑄3 turn OFF. 𝑖𝐿𝑚 and 𝑖𝐿𝑟 have the same
negative initial value, and the converter enters stage P. 𝑖𝐿𝑚 equals to 𝑖𝐿𝑟 at 𝑡4, with a stage switching from P to O. Then, 𝐿𝑚 and
𝐿𝑟 resonate with 𝐶𝑟, and the voltage on 𝐿𝑚 decreases but is always above −𝑛𝑉𝑜 until 𝑡5. Otherwise, the converter will enter stage
N within the half switching cycle. Since there is no energy delivery from the primary side to the secondary side in stage O, the
current between 𝐷𝑟2 and 𝐷𝑟4 is discontinuous. By increasing the load or short-circuit duty ratio D, the converter may change
from PO mode to PON mode as shown in Fig. 8(b). The initial values of 𝑖𝐿𝑚 and 𝑖𝐿𝑟 are different negative values at 𝑡0. The
converter switches to stage O from stage P at 𝑡4, while the voltage on 𝐿𝑚 decreases below −𝑛𝑉𝑜 before 𝑡5. Thus, the converter
moves to stage N, with the short-circuit current flowing through 𝑄5 on the secondary side. As shown in Fig. 8(c), the PN mode
starts at 𝑡0 with a positive initial value of 𝑖𝐿𝑟 and a negative initial value of 𝑖𝐿𝑚, which makes the primary-side MOSFETs unable
to achieve ZVS. 𝑖𝐿𝑟 equals to 𝑖𝐿𝑚 at 𝑡4, after which 𝐿𝑚 will not resonant with 𝐿𝑟 and 𝐶𝑟. The converter enters stage N directly
without the appearance of stage O. Meanwhile, the converter operates in CCM with a continuous current on the secondary side.

According to the analysis mentioned above, in order to achieve ZVS of the primary side switches, the converter should operate
in PO or PON mode in short-circuit control mode, and avoid working in PN mode. From (1) and (2), 𝑣𝐶𝑟 and 𝑖𝐿𝑟 at 𝑡2 can be
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FIGURE 8 Waveforms of different operation modes in short-circuit control mode:(a) PO mode. (b) PON mode. (c) PN mode.

expressed as:
{

𝑉𝐶𝑟1 = 𝑣𝐶𝑟 = 𝑉𝑖𝑛 + (𝑉𝐶𝑟0 − 𝑉𝑖𝑛) cos𝑤𝑟𝐷𝑇 + 𝐼𝐿𝑟0𝑍𝑟 sin𝑤𝑟𝐷𝑇
𝐼𝐿𝑟1 = 𝑖𝐿𝑟 = 𝐼𝐿𝑟0 cos𝑤𝑟𝐷𝑇 + 𝑉𝑖𝑛−𝑉𝐶𝑟0

𝑍𝑟
sin𝑤𝑟𝐷𝑇 (16)

The voltage on 𝐿𝑚 is clamped to 𝑛𝑉𝑜 in 𝑡2-𝑡4. Hence,

𝑡4 − 𝑡2 =
2𝐼𝐿𝑟0
𝑛𝑉𝑜

𝐿𝑚

=
2𝐿𝑚𝐼𝐿𝑟0
𝑛𝑉𝑜

(17)
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The boundary condition at the edge of PON mode to PN mode is:

𝐿𝑚 ⋅
𝑑𝑖𝐿𝑟
𝑑𝑡

(𝑡4) = −𝑛𝑉𝑜 (18)

After combining (4) and (16)-(18), we can obtain:

−𝐼𝐿𝑟1 sin
2𝐿𝑚𝑤𝑟𝐼𝐿𝑟0

𝑛𝑉𝑜
+

𝑉𝑖𝑛 − 𝑛𝑉𝑜 − 𝑉𝐶𝑟1

𝑍𝑟
cos

2𝐿𝑚𝑤𝑟𝐼𝐿𝑟0
𝑛𝑉𝑜

=
−𝑛𝑉𝑜

𝐿𝑚 ⋅𝑤𝑟
(19)

The short-circuit duty cycle that satisfies the above equation is 𝐷0, and in order to avoid the converter entering PN mode, the
short-circuit duty cycle in practical operation should not exceed 𝐷0.

The required current for charging and discharging 𝐶𝑜𝑠𝑠1 and 𝐶𝑜𝑠𝑠4 in the dead time can be calculated according to the following
equation:

𝐼𝑝 = 2𝐶𝑜𝑠𝑠
𝑉𝑖𝑛

𝑇𝑑
(20)

where 𝐶𝑜𝑠𝑠 = 𝐶𝑜𝑠𝑠1 = 𝐶𝑜𝑠𝑠4, 𝑇𝑑 is the dead time, the resonant current at 𝑡1 when 𝑄1, 𝑄4 turn ON can be expressed as:

𝑖𝐿𝑟 = 𝐼𝐿𝑟0 cos𝑤𝑟𝑇𝑑 +
𝑉𝑖𝑛 − 𝑉𝐶𝑟0

𝑍𝑟
sin𝑤𝑟𝑇𝑑 (21)

In order to achieve ZVS of the primary-side switches, 𝑖𝐿𝑟 > 𝐼𝑝 is supposed to be satisfied.

4 EXPERIMENTAL RESULTS

A 3.3 kW laboratory prototype of the proposed converter, in which all switches are SiC devices, has been built to verify the theo-
retical analysis above. The components list of the proposed converter is presented in Table 1. Fig. 9 shows the photograph of the
experimental prototype. In order to make a comparison with the proposed converter and the conventional LLC converter, under
the same input and output voltage and load conditions, the modulation method proposed and the traditional LLC modulation
method are used for experiments, respectively.

TABLE 1 Parameters and components of the prototype

Component Symbol Value/Type
Input voltage 𝑉𝑖𝑛 400V
Output voltage 𝑉𝑜 250V-430V
Output power 𝑃𝑜 3.3kW
Resonant frequency 𝑓𝑟 98.7kHz
Resonant capacitor 𝐶𝑟 52nF
Resonant inductor 𝐿𝑟 50𝜇H
Magnetizing inductor 𝐿𝑚 100𝜇H
Turns ratio of transformer n 1.1:1
Transformer core PQ5050
SiC MOSFETs 𝑄1−6 UJ3C065030K3S
SiC diodes 𝐷𝑟2,4 UJ3D06530

The switching waveforms of𝑄1, and the waveforms of 𝑖𝐿𝑟 and 𝑉𝑜 are shown in Fig. 10. These waveforms are tested under short-
circuit control mode at full-load condition, the input voltage is 400V, the switching frequency is equal to the resonant frequency
(𝑓𝑟=98.7kHz), and the short-circuit duty ratio D is 0.1. As shown, the output voltage is 430V; the RMS value of resonant current
is 𝑖𝐿𝑟−𝑅𝑀𝑆=9.23A; the peak-to-peak value of magnetizing current is Δ𝐼𝐿𝑚=11.09A; the peak-to-peak value of resonant current
is Δ𝐼𝐿𝑟=29.45A. The experimental waveform is consistent with the simulation, which verifies the theoretical analysis of the
topology. When other conditions remain unchanged, the same prototype is used with the traditional LLC frequency modulation.
Note that the secondary side can be regarded as a full-bridge rectifier without driving signals. The key waveforms at full-load
condition with the switching frequency 𝑓𝑠=85kHz and output voltage 𝑉𝑜=430V are illustrated in Fig. 11. As illustrated in Fig.
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FIGURE 9 Experimental prototype.
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ΔILr=29.45A

ΔILm=11.09A

FIGURE 10 Experimental steady-state waveforms under full-load condition with 𝑉𝑖𝑛=400V, 𝑉𝑜=430V in short-circuit control
mode.

11, the RMS value of resonant current is 𝑖𝐿𝑟−𝑅𝑀𝑆=11.9A; the peak-to-peak value of magnetizing current is Δ𝐼𝐿𝑚=24.95A;
the peak-to-peak value of resonant current is Δ𝐼𝐿𝑟=36.12A. Therefore, the magnetizing current and the resonant current in the
traditional LLC frequency modulation are higher than those in short-circuit control mode.

In order to compare the efficiency of the converters under different control methods, the efficiency curves of 400V input and
430V output are measured as shown in Fig. 12. As can be seen in Fig. 12, the converter can work with higher efficiency in short-
circuit control mode, so the converter proposed in this paper can effectively reduce the resonant current, thus reducing the loss
and making the converter more efficient in the whole load range. According to the law of electromagnetic induction, we can get
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Vgs(10V/div) Vds(200V/div)
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iLr-RMS=11.90A

ΔILr=36.12A
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FIGURE 11 Experimental steady-state waveforms under full-load condition with 𝑉𝑖𝑛=400V, 𝑉𝑜=430V in the traditional LLC
frequency modulation.

FIGURE 12 Efficiency comparison of different control methods.

the following:
𝐿𝑚𝑖𝐿𝑚−𝑚𝑎𝑥 =

𝐿𝑚Δ𝐼𝐿𝑚
2

= 𝑁𝑝𝐴𝑒𝐵𝑚𝑎𝑥 (22)
𝑉𝑝 = 4𝑁𝑝𝐴𝑒𝐵𝑚𝑎𝑥𝑓𝑚𝑖𝑛 = 𝑛𝑉𝑜 (23)

where 𝐵𝑚𝑎𝑥 is the maximum magnetic flux density, 𝑖𝐿𝑚−𝑚𝑎𝑥 is the maximum magnetizing current, 𝑁𝑝 is the number of turns of
primary winding, 𝐴𝑒 is the effective cross-sectional area of magnetic core, and 𝑉𝑝 is the primary voltage of transformer. It can be
seen that the converter proposed in this paper has smaller Δ𝐼𝐿𝑚 than the traditional LLC resonant converter, and the minimum
switching frequency 𝑓𝑚𝑖𝑛 is equal to the resonant frequency 𝑓𝑟. According to (22) and (23), the proposed converter can minimize
the core volume of the transformer, resulting in lower core loss and higher power density.

When the converter works in PFM control mode, the key waveforms at full-load condition with the switching frequency
𝑓𝑠=120kHz and input voltage 𝑉𝑖𝑛=400V are illustrated in Fig. 13. As can be seen, the primary-side switches achieve ZVS with
an output voltage of 250V.
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FIGURE 13 Experimental steady-state waveforms under full-load condition with 𝑉𝑖𝑛=400V, 𝑉𝑜=250V in PFM control mode.
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FIGURE 14 Experimental steady-state ZVS waveforms under full-load condition with 𝑉𝑖𝑛=400V, 𝑉𝑜=430V in short-circuit
control mode.

Furthermore, the converter has been tested under the most challenging conditions for the primary-side switches to achieve
ZVS in short-circuit control mode with an input voltage of 400V, an output voltage of 430V, and a maximum short-circuit duty
ratio of 0.1. Fig. 14 shows gate-source voltage and drain-source voltage of the primary-side switch 𝑄1 and the secondary-side
switch 𝑄5 under this condition. As shown, 𝑄5 turns on after 𝑄1, and the switches achieve ZVS on both sides.

To verify the calculated gain by experiments and simulations, Fig. 15 shows the gains obtained by calculations, experiments,
and simulations according to the corresponding short-circuit duty ratios at full-load condition. It can be observed that the simu-
lated values are basically the same as the calculated values when the short-circuit duty cycle is less than 10%, while the converter
gradually enters the CCM after the short-circuit duty cycle exceeds 10%, and the equation proposed above is no longer suitable.
The gain observed in the experiment is lower than the others because the calculation and simulation are performed under ideal
conditions and the voltage drops between wires and switching devices are ignored. Fig. 16 shows the efficiency curves of the
experimental prototype under 400V input, different output voltages and loads. As shown, the peak efficiency of the experimen-
tal prototype reaches 97.25%, and the working efficiency of the converter is higher than 96% when the load is above 60%.As the
output power of the proposed converter increases, it can be seen from (22) that the magnetic flux density in the transformer and
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FIGURE 15 The voltage gains obtained by calculations, experiments, and simulations according to the corresponding short-
circuit duty ratios at full-load condition.

FIGURE 16 Efficiency curves of the experimental prototype under 400V input, different output voltages and loads.

resonant inductor increases, and the core loss of magnetic components increases according to the Steinmetz equation. Mean-
while, the increase of resonant current will bring more copper loss and conduction loss of switches. Therefore, the efficiency
will decrease when the load is above 80%.

Table 2 shows the comprehensive comparison between the proposed converter and some state-of-the-art topologies with wide
output voltage range. As can be seen, many topologies have been proposed to improve the performance of LLC for wide output
voltage range applications. In literature,24 a resonant converter with notch resonant tank is proposed, the converter features
narrow switching frequency and great soft-switching performance. However, the additional LC resonant tank brings higher core
loss and increases the current stress on the primary side. To improve the performance in wide output voltage range applications,
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TABLE 2 Comparison with the state-of-the-art wide output voltage range topologies

Topologies [24] [25] [26] [27] [28] This work
Modulation PFM PWM PFM PWM PWM PSM

Number of switches 4 5 4 6 5 6
Number of diodes 4 6 4 6 3 2

Number of transformers 1 1 2 2 1 1
Number of resonant inductors 2 1 2 2 1 1

Number of filter capacitors 1 2 4 2 2 1
Input voltage 380V 390V 400V 390V 390V 400V

Output voltage 50V-430V 250V-420V 50V-420V 230V-440V 250V-420V 250V-430V
Output power 3kW 1.3kW 1.5kW 1.3kW 1kW 3.3kW

Peak efficiency 96.8% 93.94% 95.65% 97.31% 96.7% 97.25%

the secondary-side structure of LLC is modified in literature25,26, and interleaving structure is introduced in literature27,28.
However, the introduction of extra components leads to additional power loss and costs and degrades the power density. In
literature,26 a modified voltage doubler architecture consisting of three diodes and a PWM-controlled auxiliary switch on the
secondary side is proposed to improve the output voltage range and power density. However, there are oscillations in the voltage
and current of the auxiliary switch. Compared with the literature, the proposed converter can achieve high efficiency with a
small number of components, which makes it a competitive candidate for OBC applications.

5 CONCLUSION

In this paper, a resonant converter with hybrid modulation is proposed to realize wide-range output voltage with high efficiency
for OBC applications. Voltage gain modulation is realized by adjusting the switching frequency or the short-circuit duty cycle
depending on the required voltage gain. The proposed topology demonstrates benefits that include the following:

1. Simple topology and control method. Compared with the traditional LLC topology, only two diodes are replaced by
MOSFETs on the secondary side, and no auxiliary components are added.

2. Excellent soft-switching performance. In short-circuit control mode, all switches can achieve ZVS, and the secondary-side
diodes can achieve ZCS. Primary-side switches are able to achieve ZVS in PFM control mode.

3. Wide voltage regulation range. A wide output voltage range can be achieved in a narrow switching frequency.

4. Energy delivery with high power density and high efficiency. The proposed converter can effectively reduce the RMS
value and the peak-to-peak value of resonant current, and reduce the volume of transformer core. Therefore, power density
and efficiency are improved.

Finally, a 3.3 kW experimental prototype with 400V input and 250V-430V output is built to verify the theoretical analysis
with the highest efficiency of 97.25%.
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