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An Input-Coupling LLC Converter With Wide Input Voltage
Range and High Efficiency

He Peng, Cheng Wang

Abstract—The LLC full-bridge converter is a highly efficient
solution for high-power secondary power supply applications. It
is known for its low stress operation and reduced electromagnetic
radiation. However, it has a relatively narrow optimized switching
frequency and is very sensitive to input voltage variations, particu-
larly at low input voltage conditions. Achieving a balance between
a wide input voltage range and high efficiency is challenging. This
article proposes an input-coupling type LLC converter (IC-LLC)
as a solution. The resonant converter shares the input voltage
with a pre-stage. Power is transferred through the prestage during
half of the switching cycle, while the resonant stage takes charge
during the other half cycle. This results in an improvement in the
efficiency of the converter. A 1.5-kW IC-LLC converter system was
built and tested. Experimental results show that the input coupling
mechanism significantly enhances the efficiency of the dual-stage
conversion setup, overcoming the operational challenges associated
with LLC converters.

Index Terms—Dual-stage converter, input-coupling, LLC con-
verter, wide step-up range.

I. INTRODUCTION

ESONANT converters are widely used in various applica-
R tions, such as electric vehicle battery chargers, distributed
power grids, energy routers, solid-state transformers, and more.
They are preferred due to their capability to achieve zero-voltage
switching (ZVS) and zero-current switching (ZCS) [1]. How-
ever, fluctuations in the input voltage cause notable changes to
the switching frequency, which would lead to the converter oper-
ating beyond the zero voltage or capacitive regions, resulting in
lower conversion efficiency [2]. It is crucial to widen the voltage
gain range in LLC resonant converters to handle input voltage
fluctuations effectively.

Several improvements can be made to prevent the resonant
converter from operating in the capacitive region, such as using
advanced control algorithms, alternated topology structures,
innovative power semiconductor technologies, and additional
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passive components [3], [4], [5], [6]. Integrating improved
control strategies and topology structures makes it possible to
narrow down the switching frequency range while maintaining
a broad input voltage range. This approach can also increase
the efficiency of conventional LLC resonant converters [3].
However, control strategies alone cannot fundamentally change
the minimum operating frequency of the converter, which can
limit its practical applications. Adjusting the resonant tank also
helps enhance LLC converters’ performance, as suggested in
[4]. This method involves modifying certain parameters, such
as resonant inductance, excitation inductance, or resonant ca-
pacitance. However, even after these adjustments, the lowest
attainable input voltage is still limited, making it difficult to
achieve a genuinely wide range of operation. This challenge
needs to be addressed to improve the overall performance of
LLC circuits. From the perspective of engineering practicality,
adding a conversion stage to the existing resonant converter is
more popular. In [5], a dual-phase interleaved boost converter is
integrated to the primary LLC full-bridge converter to increase
efficiency and reduce components. However, such an integration
poses a challenge in achieving ZVS for switch devices located
at the bottom of bridge arms. The boost current in the dead
zone impedes ZVS and restricts the energy transfer range of the
LLC stage. Using two boost inductors increases the system’s
volume and weight, thereby negating the advantage of high
switching frequency. To increase the input voltage range of the
LLC converter, one common approach is to cascade two stages: a
nonisolated dc—dc converter and an isolated one (as stated in [6]).
The second stage functions as a dc transformer, while the first
stage acts as a front-end or back-end regulator. By regulating the
output voltage, effective distribution of input voltage and output
current is ensured. However, the cascading connection results
in all power passing through the first-stage regulator before
reaching the second-stage converter, which leads to increased
losses.

A novel type of converter, namely, the input-coupling LLC
converter (IC-LLC), is proposed in this article. This converter is
unique in that only half of the power is supplied by the front-end
regulator, while the remainder comes directly from the original
power supply, which brings in the following advantages.

1) IC-LLC can operate near the quasi-resonant point even

if the input voltage varies widely, while the single-LLC
cannot.
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2) Compared with the dual-stage converters discussed in the
literature [6], IC-LLC converter has lower power losses
without any compromise on the operating range.

II. PROPOSED IC-LLC CONVERTER
A. Input-Coupling Structure

Fig. 1 illustrates the proposed IC-LLC converter. It consists
of a front-end regulator stage and an LLC resonant stage,
which is the same as the common dual-stage dc—dc converter
(see Fig. 2). The difference is that the input of the front-end
stage is directly connected to one primary bridge (namely Bridge
A) of the LLC stage. The input voltage of the front-end stage
is denoted as Uj, 4, while the output voltage is Ui, p. The
output of the front-end stage is directly connected to another
bridge of the LLC stage (namely, Bridge B). Both boost-type and
buck-type converters are alternatives to the front-end regulator.
The allowed operating frequency range determines the input
voltage range. If the input voltage is lower than the minimum
value allowed by a single LLC stage, a boost-type front-end
converter should be used. Alternatively, a buck-type converter
should be used.

B. Front-End Converter Modeling

In the continuous conduction mode (CCM) of the front-end
converter, the relationship between Ui, 4 and Ui, p can be
expressed as follows:

: _ JUina-Dy buck
Un_p = {Uin_A/(l —D,) boost M

where D, represents the duty cycle of the preregulator. In the
discontinuous conduction mode of the front-end converter, the
relationship between U;, 4 and the Uy, p is given as

in s
Upp_a — HintLpfor DLB b buck

Ui g = L boost 2)
1 _ Y
Un_a 2linyLBfsp

where 1;,,; is the input current of the front-end converter, Lp is
the buffering inductance, and f;; is the switching frequency of
the front-end converter.
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Fig. 3. IC-LLC resonant converter circuits. (a) IC-LLC resonant converter
equivalent circuit. (b) Equivalent circuit of the IC-LLC resonant tank. (c) Voltage
across the A/B terminals, u 4 5.

C. IC-LLC Converter Modeling

Fig. 3 illustrates the equivalent circuit of the IC-LLC resonant
converter. The pulse frequency modulation (PFM) is employed
for the modulation of LLC here. Such a technique can alter the
impedance of the LLC resonant circuit, thereby controlling the
output voltage by modifying the voltage on the primary side of
the transformer. The fundamental frequency analysis is used
to scrutinize the operational principles of the LLC resonant
converter

RLw82L2
R, = oyt m 3
= Rt 2L, )
2w
Le _ LT + RLWS m (4)

R? +w2L2°

where L. and R, are the equivalent resonant inductance and
equivalent load resistance, respectively.

The front-end converter is assumed as a boost converter in the
following analysis. The rated voltage of the boost converter is set
as Uip_rated- Fig. 3(a) shows that the converter’s input is fed by
two voltage sourcesi.e., Ui, 4 and Ui, p. With PEM control, the
switches on the same bridge are turned ON in a complementary
way. Each of the switches conducts for half of a switching cycle.
The equivalent input voltage of the positive half-cycle interval
has an amplitude of U;,, 4. Within the negative half-cycle, it has
an amplitude of -U;, p. The duration of both high and low levels
takes half of a switching cycle. When the input voltage deviates
from the rated point, the voltage across the AB terminals forms
a square wave with a frequency of f; and asymmetric plus/minus
amplitudes, as depicted in Fig. 3(b) and (c). Further, the
Fourier series expansion of the equivalent input voltage u 4 g is
expressed as

~ Unu—Una 4 Una+Uns
Upp = — e —
2 ™ 2
> sin(nwst
Y mlned ®)
n=1,3,5... n
where wy is

ws = 27Tfs. (6)
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Fig. 4. Waveforms of each power level of the converter when f;,, < fs < f;.

The rated input voltage is calculated as

l]in + Uin
e 5 B )

The expression for the fundamental component of the voltage
UaApB is

Uin_rated -

4

UAB_BASE = ; : Uin_rated Sin(wst)- (8)

Obviously, the fundamental component of u 4 p remains the
same as (7) is satisfied, no matter whether the input voltages
Uin_4 and U;, p are balanced or not. Similarly, the imbalance
in input voltages does not affect the resonant tank. Ensuring (7)
is met maintains consistent switching frequency and operation
at quasi-resonant frequency.

D. Operating Modes of IC-LLC

The first resonance is caused by the resonant inductor and
resonant capacitor elements. Its frequency is given by

- 1

" 2rVL,C,
The second one is caused by the resonance of the resonant

capacitor, resonant inductor L,., and excitation inductor L,,,. The

frequency is expressed as follows:

27/ (Ly + Ly,)C,

The operating range of the LLC resonant converter is divided
into four parts by the two resonant frequencies, i.e., fs < fin, fm
<fs <[frfs =fr and fs > f. When f; < f;,,, the LLC resonant
converter operates in the capacitive region where the primary-
side switches cannot achieve ZVS. Hence, this frequency range
will not be considered. This article focuses on the frequency
range of f,,, < fs <f, where the LLC resonant converter operates
in the inductive region. The primary-side switches achieve ZVS,
and the secondary-side current is discontinuous, allowing for
ZCS. The critical waveforms for comprehending the behavior of
the converter within this frequency range are depicted in Fig. 4.

During #p—t4, the voltage across Sro is Uin_a, while the
voltage across Sy 3 is U;, _p. Throughout t5—f9, the voltage across
Sr1 is Uin_a, while the voltage across Sr4 is Ui, p. Fig. 5
shows the resonance states of the resonant tank at different time
intervals, assuming that the output voltage is stable.

The resonant tank states during 7o—3 and t9—t1o are depicted
in Fig. 5(a). In this phase, the excitation inductor L,, voltage is

©))

(10)
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Fig. 5. Resonant tank states at different time intervals: (a)tp—t3 and t9—t10,
(b) t3~t4, () 1415, and (d) t5—t9.

clamped at nU,, while the excitation current iy, rises linearly.
The secondary current flows through Spzo.

The resonant tank state during 73—, is depicted in Fig. 5(b).
As shown, there is no energy transfer between the primary and
secondary sides, with |up,| < nU,.

The resonant tank state during #4—tg is depicted in Fig. 5(c).
At this point, the voltage across the excitation inductor L., is
clamped at —nU,, causing a linear decrease in the excitation
current iy,,,,. The secondary-side current flows through Sg1.

The resonant tank state during fs—fy is presented in Fig. 5(d).
Similarly to the states of Fig. 5(b), there is no energy transfer
between the primary and secondary sides, and |uy,,,,| < nU,.

When f; = f,, the unit voltage gain is achieved. ZVS is
realized by the primary-side switches, while the secondary-side
rectifier switch current is exactly at the critical point between
discontinuous and CCM. During this period, the efficiency of
the converter generally reaches its peak.

In the case of f; > f,., ZVS is attained by the primary-side
switches of the LLC resonant converter, but the secondary-side
current remains in the continuous state, preventing ZCS. In this
mode, the gain of the converter decreases with an increasing
switching frequency, making it suitable for light-load conditions.
However, the higher switching frequency results in increased
switch losses, leading to a lower efficiency.

E. Converter Loss Modeling and Analysis

The losses of IC-LLC can be categorized into two parts:
boost losses and LLC losses, which also apply to boost-LLC.
For boost converters, the losses generally include magnetic and
switching device losses. The magnetic losses comprise iron and
copper losses. The inductor core loss can be calculated using the
Steinmetz equation, as shown in the equation following:

P pe = ko fGV.B? (11)

where k. is the loss constant of the iron core, V. is the volume
of the iron core, B is the magnetic induction intensity, and « and
(3 are Steinmetz material coefficients

B =Li/(n,A.). (12)

In (12), L is the inductance (Lg for IC-LLC), I is the peak
value of the inductor current, n,, is the number of winding turns,
and A is the core cross-sectional area. The inductor copper loss
is calculated as follows:

PL?Cu = IiirmsRB,aC (13)
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where I, s is the effective value of the current, and Rp ac 1S
the equivalent resistance of the inductor. The total conduction
loss of the two switches on the boost stage (Sp1 and Sp2, see
Fig. 8) is

P.q 58 = Ronl2(Tsp1 + Tsp2)fe

where R, is the ON-resistance, Tsp1 is the ON-time of Sz, and
Tsps is the ON-time of Spgo. Since Spgo is turned ON with ZVS,
the total switching loss is actually only contributed by Sp;, as
expressed by the following:

Py 581 = (Eoft + 0.5CpsVi2) fop

where E,g is the dissipated energy when Sz is turned OFF, Cpg
is the drain—source capacitance, and Vi, is the input voltage
(Uin_a for IC-LLC). The diode conduction loss is

(14)

15)

Pra s = Vialptaead fob- (16)

The magnetic loss Py, _re_r, and copper loss P, cy_rr Of
the resonant inductor, the magnetic loss Py, g 7, primary-side
copper loss P, cu_ps and secondary-side copper loss Py, cu_rs
of the transformer can also be calculated according to (11)—(13).

Since ZVS turning-ON is achieved for the primary side of LLC,
only conduction loss and turn-OFF loss exist in the primary-side
semiconductors. The conduction loss is

Pcon_SL = I%'r'_rmsRDSfSL(OH) (17

where I, 11 18 the resonant current rms value and Rps_sr (on)
is the ON-state resistance of the switching devices. The turn-OFF
loss of the primary semiconductors is

Pyt g1, = 0.5VinIq ofitoftfs

where I o is the current flowing through the semiconductor
within the turning-OFF duration. And 7,y is the turning-OFF time
that can be obtained by looking up the semiconductor datasheet.

Since the synchronous rectification is adopted for the sec-
ondary side, there is only conduction loss on the secondary side.
The secondary side loss can be expressed by

(18)

Peon_sr = IZR msBps_sR(on) (19)

where Isr s 1S the effective value of the current flowing
through the secondary-side devices and Rps_sr(on) is the ON-
state resistance.
With the analysis above, the boost stage loss of IC-LLC can
be expressed by
Poss 01 = Pr_re1 + Pr_cu1 + Pea_sB_1
+ Pyw sBi1.1+ Pra_sp.1- (20)
The boost stage loss of the conventional boost-LLC can be
derived with a similar manner. The loss can be expressed by
Pioss b2 = P e 2+ Pr_cu 2+ Ped_sB 2
+ Pyw_sB1.2+Prq_sB 2. 2D

Note that, for comparison convenience, the variables with
subscript “_1” represent the losses for IC-LLC, while the ones
with subscript “_2" are for boost-LLC.
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Obviously, the loss of the boost stage is proportional to the
average value of the inductor current. It can be seen from Fig. 4
that the time of two voltage sources, U;, 4 and Uj,_p, acting
on the resonant tank is the same, i.e., Ts/2. Considering iz,
is symmetrical, the average current values flowing through the
two voltage sources, Ui, 4 and Ui, _p, are, therefore, the same.
Define P4 (Pp) as the power directly transmitted by voltage
source Ui, _a (Uiy_p) to the resonant tank within one LLC
switching cycle. P4 and Pp fulfil P4 + Pp = Pi,. The ratio
of P4 to Pgis

& _ Uin_A : Iavg _ Uin_A:
PB UviniB . Iavg (]iniB

1-D,. (22)

According to (22), where I, is average current of the two
sources, the boost stage of IC-LLC transfers only a part of
the total power. Hence, the average value of inductor current
i1, avg_1 Of IC-LLC is smaller than the average value of inductor
currentiy,_,ve 2 0f boost-LLC. And the ripple of inductor current
is calculated according to (23). It is obvious that, therefore, the
peak inductor current I 11 of IC-LLC is also smaller than the
one of boost-LLC (f L.2)

Aij, = UyD,T,/(2L). (23)

As aresult, the boost stage 10ss Pjogs 1 0f IC-LLC is smaller
than that of boost-LLC, i.e., Pjoss_p2. On the other hand, for
both the LLC stages of IC-LLC and boost-LLC, the total loss
Pioss_roc 1 and Ploss_rrc o are the same, i.e., Pioss LLC 1 =
Pioss_rc 2. Both can be expressed by the following:

Poss nr.c 1 = Pr re 1r + Pr_cu r + Pr ke 7 + Pr_cu_ps

+ PL?Cufrs +Pcon75’L + PofffSL + PconfSR-
(24)

The total loss of IC-LLC is Pioss 1 = Ploss_ b1+ Ploss LLC 1
and the total loss of boost-LLC is Pioss 2 = Ploss b2+
Pioss_rrc 2. Therefore, it yields Pjoss 1< Ploss_2, which means
that the efficiency of the IC-LLC converter is larger than that of
the boost-LLC converter.

For a more straightforward comparison, the losses of the
proposed converter and the conventional boost-LLC are com-
pared. The real sizes of the resonant tanks and semiconductors
employed are listed in Table I.

The losses of boost converter for IC-LLC and boost-LLC at
rated power are represented as Plogs p1 and Piogs p2, respec-
tively, in Fig. 6. Both converters have the same input voltage
range. In order to ensure the system’s efficiency, the loss of the
boost stage must not exceed the maximum loss, which is taken
as 30 W (Pioss_bmax)- For boost-LLC converter, the input voltage
(Uiyp) corresponding to Ploss 52 = Ploss_bmax 15 167 V, and for
IC-LLC converter, the input voltage (Ui, 4) corresponding to
Ploss b1 = Ploss_bmax 15 126 V. Therefore, the minimum input
voltage for IC-LLC converter is 126 V, while it is 167 V for
boost-LLC converter. Since the input voltage limit is 290 V, the
input voltage range for IC-LLC converter is [126 V, 290 V]. For
boost-LLC converter, itis [167 V, 290 V]. It can be concluded that
the input voltage range of IC-LLC converter is wider than that of
boost-LLC converter for the same boost losses. In addition, the
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TABLE I

LIST OF THE COMPONENTS USED FOR EFFICIENCY COMPARISON

Component Models Parameters
MOSFET SCO30N65H7 On-Resistance: 30 mQ
(S51,882,511=S14) from Pingwei Output capacitor: 180 pF
ON Delay time: 14 ns
Rise time: 15 ns
OFF Delay time: 28 ns
Fall time: 8 ns
MOSFET HGTO15N10S On-Resistance: 1.3 mQ
(Sr1,Sk2) from Hunteck Output capacitor: 2657 pF

Three in parallel ON Delay time: 30 ns
Rise time: 32 ns

OFF Delay time: 48 ns

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

0.96
0.94
= >
£ 0.92 —— U, 4= 126V (IC-LLO) |
5 —=— U, =126V gLLC)
5 —o—U;, =150V (LLC)
E 0.90 —&— U, = 163.6V (LLC)
—— U, =200V (LLC)
0.88 —_— Uy = 230V (LLC
: —— U, =260V (LLC
—>— Uy =290V (LLC)
0.86 0.2p.u 0.4p.u. 0.6p.u. 0.8p.u. 1p.u.

Output power P, (p.u.)

Fall time: 18 ns f(ljg.llc Efficiency comparison of the wide input range LLC and the proposed
Boost inductor Magnetic Effective :
magnetic core core: ECIW37A volume: 10932.84 mm?®
from Dmegc Effective central column
area: 206.67 mm?
Resonant inductor Magnetic Effective & L mlil psE
magnetic core; core: ECSTA volume: 23842.56 mm® Una+ I i C |,,p0 R%Zj
Transformer from Dmegc Effective central column T 1 SI.J%E T |E"3ﬂ -
magnetic core area: 354.8 mm’ e ;1"
Uin 4 < Upp_ratea a Uina Z Unn_ruted
50 l : QUin_rated - Uin_1) O [ P | : Sglg Sp1is always turned off
e | :
g 45 --.\.\ Ploss 12 v el b Sp i Sp is always turned on
E;D 40 \..\ Plossibl
35 Synchronous Sra
:‘% 30 *_ (126 3())‘\“\(167 5 -30) rectification l::Sm
g 25 ’ T s
Cg 20 i : . Us_rer
5 : : -
o 15 H i P———
2 10 h v "\"‘\1»-‘
| : : —®
5
120 140 160 180 200 220 240 260 Fig. 8. Control strategy of IC-LLC converter.
Uin!Uin_a (V)
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voltage range.

TABLE II
LLC PARAMETERS ALLOWING INPUT VOLTAGE RANGE 126-290V

Uin_min 126 V. Co 2500 uF
Unmx 290V C. 202897 nF
P, 1L5kW L, 12.48 uH
U, 305V L, 13.94 uH
I 100 kHz n 5.364

efficiency of IC-LLC converter is higher than that of boost-LLC
converter within a same input voltage range.

According to [7], the single-stage LLC can also be designed
to operate with an input voltage range from 126 to 290 V. With
the manner in [7], the corresponding LLC parameters can be
derived as listed in Table II.

With a similar loss analysis procedure, the theoretical effi-
ciency curve of the single-stage LLC converter, when the input
voltage is 126-290V, is depicted in Fig. 7. It is evident that the
maximum efficiency of the LLC converter reaches only 95.3%.
This is a result of a tradeoff between a wide voltage range and
high efficiency. Since the efficiency at the 126 V input voltage
point is the lowest for IC-LLC, only the efficiency curve for the
126 V condition is provided in Fig. 7. It can be concluded that,
in most operating conditions, the efficiency of the IC-LLC is
higher than that of the LLC designed for accessing a wide range
input voltage of 126-290V.

The control strategy for the IC-LLC converter is shown in
Fig. 8, where the front-end converter is considered as a boost
converter. In the front-end converter, in case Ui, 4 < Uin_rateds
the reference voltage is 2Uiy rated - Uin_a. The difference
between 2Uip rated - Uin_4 and the feedback voltage Ui, p is
fed into the PI controller to calculate the duty cycle D, of the
switch Spi. After that, the drive signal for the switch Spq is
generated by comparing the duty cycle D, with the carrier wave
v¢. The drive signal for Spo is the opposite of the one for Sp;.
Otherwise, in case Uin_a > Uin_rated. Sp1 1s always turned OFF
and Spo is always turned ON.

The error between the output voltage and its reference value is
then fed into a PI controller. The output of the PI controller is the
voltage compensation Veomp. A limitation is applied to ensure
that the IC-LLC converter remains outside the capacitive region.
Veomp 18 utilized as the input to a voltage-controlled oscillator,
generating a sine wave with a dynamically changing frequency.
This sine wave is employed to produce the drive signals for
the primary- and secondary-side switches, aligning with the IC-
LLC’s switching frequency.

Concurrently, synchronous rectification is employed for the
secondary-side switches. The drive signal for Sp1/Sp4 or
S12/S13 is obtained through delayed turn-ON and advanced
turn-OFF, subsequently serving as the drive signal for Sgo or Sg;.
The collection of output current /,, is undertaken for overcurrent
protection, preventing the occurrence of overcurrent or potential
short-circuit conditions within the converter.
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Fig. 9. Experimental prototype of the IC-LLC converter.
TABLE III
PARAMETERS OF THE IC-LLC PROTOTYPE
Ui _rated 260 V Co 2500 uF
Cin 8 uF C, 300 nF
Ly 150 uH L 8 uH
Cp 12 uF L, 80 uH
P,/U, 15kW/305V fs 100 kHz
1 102.73 kHz  m:1:1 17:2:2
T T Vds SL3
—— Ves SL3 0 A\
Vas st3 [250V/diVD J”*Afﬁ N'an
180V ZVS
Vs s23 [20VAdiv] ), uyp AL
o ——
win [SOOVAN] ) iy, v \
i [15AM] ) fi=1 00.13KkHz ¢ [1ps/div] |
Fig. 10.  Experimental result for the 180 V input voltage condition.

IV. EXPERIMENTAL VERIFICATION

This section provides the experimental results of the IC-LLC
converter, as well as the two benchmarks, the dual-stage boost-
LLC converter and the single-stage LLC converter. Fig. 9 shows
the experimental prototype. Table I1I outlines the key parameters
of the IC-LLC converter.

Fig. 10 depicts the experimental waveform with an input
voltage of 180 V under full-load operating condition. As illus-
trated, the primary-side switch achieves ZVS. When S5 isin a
conducting state, the u 4 5 magnitude is equivalent to the boost
output, which is —340 V. Conversely, when Sy 3 is turned OFF,
the u 4 p magnitude equals the input voltage, which is 180 V. The
u p amplitude displays asymmetry, as shown by the resonant
current i;, waveform. The switching frequency f; is slightly
lower than the resonant frequency f,, indicating operation be-
tween the underresonance and quasi-resonance states.

In Fig. 10, it can be observed that the resonant current is
still sinusoidal as the load condition is maintained at full load.
At the same time, the switching frequency decreases as the
load increases, indicating that the converter is functioning in
a quasi-resonant mode interval before full load. As a result, the
converter can operate at the quasi-resonant point even when the
input voltage is low.

Fig. 11 shows the experimental waveform when the input
voltage is 260 V. Fig. 11 presents the waveform at the full-load
condition. At this point, when Sz3 is conducting, the magni-
tude of u4p aligns with the boost output, resulting in uap =
—260 V. Conversely, when S 3 is turned OFF, u 4 p matches the
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Fig. 13.  Experimental result of LLC converter with input voltage of 265 V.

input voltage, yielding u 4 g = 260 V. The voltage amplitude of
u 4 p remains symmetrical. As indicated by the resonant current
waveform iy,,, the switching frequency f; is slightly lower than
the resonant frequency f,, indicating operation in a state between
underresonance and quasi-resonance. As shown in Fig. 11, when
the output power gradually decreases from full load, the resonant
current exhibits a sinusoidal trend, and the converter operates
in a quasi-resonant mode. Therefore, the converter operates at
the quasi-resonant point under rated input conditions, achieving
ZVS for the primary-side switch under the full-load condition.

As shown in Fig. 12, when the input voltage is increased
to 265 V that is higher than the rated level, the usp wave-
form becomes symmetric and has an amplitude of 265 V. This
indicates that the boost converter has been bypassed and is
no longer active. At full load, the converter operates in an
overresonant mode, as can be observed from the corresponding
curve of ir,. As the load intensifies, the converter reduces the
switching frequency f; to ensure output stability. When the load
still gradually increases, i, mainly exhibits a sinusoidal trend,
which signifies the converter’s operation will in a quasi-resonant
mode.

In contrast, the experimental results of the single-stage LLC
with different input voltage values, ranging from high to low,
are presented in Figs. 13—15. It is important to note that the
single-stage LLC used in the experiment is not the one designed
in Section II. Instead, it is the back-end stage of IC-LLC, and
its parameters can be found in Table III. Hence, the experiment
results can also be regarded as a good supplement to the simu-
lation results of Section II. Fig. 13 illustrates the scenario where
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Fig. 15. Experimental result of LLC converter with input voltage of 245 V.

the input voltage is 265 V, and the output power is 1.0 per unit
(p.u.). As seenin the figure, the switching frequency (f;) is higher
than the resonant frequency (f,.), indicating that the converter is
operating in an overresonant state. The primary-side switches
achieve ZVS. The waveform of the voltage u 4 5 is symmetrical,
with an amplitude of 265 V.

When the input voltage decreases to the rated voltage of
260 V (the output power remains at 1.0 p.u.), the converter will
operate in quasi-resonant mode, as illustrated in Fig. 14. It is
worth noting that under this condition, the converter’s efficiency
theoretically reaches its highest value.

When the input voltage is further decreased to 245 V,
the switching frequency drops to a relatively low value, i.e.,
79.46 kHz. The result is shown in Fig. 15. If the input voltage is
further decreased, the switching frequency will sharply decrease
and eventually enter the capacitive region, which will cause
damage to the converter and pose safety hazards. In contrast, the
switching frequency of the LLC stage in IC-LLC is 100.13 kHz
when the input voltage is 180 V (see Fig. 10), which is far from
the capacitive region, proving a wider safe margin.

The curves displayed in Fig. 16 showcase the efficiencies
of the single-stage LLC, IC-LLC, and boost-LLC converters at
different load ranges between 0.2 and 1.0 p.u. It is important to
note that the single-stage LLC’s input voltage range is limited to
245 t0 290V, which is permitted by the prototype hardware of the
IC-LLC. Therefore, the experiment test takes into account four
voltage points, 245, 260, 265, and 290V. In contrast, IC-LLC and
boost-LLC are considered at input voltages of 180, 260, 265, and
290 V. For either of the three converters, the highest efficiency
will be achieved at the voltage of 260 V. Voltage deviations,
either increasing or decreasing, will result in lower efficiency.
The single-stage LLC topology is a highly efficient method of
power conversion, despite having a narrow switching frequency
range. In other words, adding more conversion stages for both
boost-LLC and IC-LLC in order to expand the operating range
would result in a decrease in system efficiency. Thanks to the
input voltage sharing mechanism, the efficiency of the proposed
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Fig. 16. Experimental results of single-stage LLC with input voltage
245-290 V and IC-LLC and boost-LLC with input voltage 180-290 V.

IC-LLC s superior to that of the boost-LLC converter. Therefore,
it is clear that IC-LLC provides a better solution for balancing
the tradeoff between operating range and system efficiency.

V. CONCLUSION

This article proposes an input-coupling type LLC converter
capable of operating at the quasi-resonant point covering low
input voltage conditions. Sharing of input voltage reduces losses
in the preregulator stage, resulting in higher efficiency com-
pared with the conventional dual-stage high-gain solutions. The
experimental results validate the superior efficiency of IC-LLC
over boost-LLC and demonstrate the wider operational range
of IC-LLC compared to a single LLC converter. The proposed
IC-LLC converter proves to be a promising solution to enhance
the reliability and performance of high-power secondary power
supplies in practical applications.
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