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Variable-Gain LLC Converter With Series—Parallel
Hybrid Switch-Controlled Capacitor Network

Li Gao", Kan Liu

Jinya Chen

Abstract—In this article, a variable-gain LLC converter with a
series—parallel hybrid switch-controlled capacitor network is pro-
posed. By tuning the duty cycle of two controlled switches, the reso-
nant capacitance of converter can be regulated and will slightly shift
the parameters of resonant tank. Meanwhile, the added switches
will be turned ON at the zero-crossing point of resonant current to
guarantee soft switching. Besides, a mode switching scheme based
on the modulation of both switching frequency and capacitance is
proposed, by which a group of converter voltage gain curves can be
obtained and consequently expands its operation range. In order to
verify the effectiveness of the proposed design, a 250 W prototype
converter is designed and tested under different loads and modes.
It shows that the proposed design can retain the characteristics
of conventional LLC converter, such as soft switching and high
efficiency, while it can achieve a wider range of input voltage and
a robust control of output voltage against disturbances from input
voltage.

Index Terms—LLC converter, mode switching, soft switching,
switch-controlled capacitor (SCC), variable-gain.

1. INTRODUCTION

OWADAYS, LLC resonant converters have been exten-
N sively studied and applied in new energy industry because
of their advantages in soft switching, high efficiency, high power
density, and wide working ranges [1], [2], [3]. However, factors
such as switching frequency, resonant tank, and load will exert
influence on the conventional LLC converter in the matter of
dc gain [4], [5], i.e., either changes in frequency or system
parameters, will inevitably affect the output voltage.

In some research works, the chopper unit has been employed
as an entry point to tune the switching duty cycle so as to regulate
the output voltage. Normally, conventional LLC converters’
switches are operated with 50% duty cycle complementally
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and symmetrically. Whereas, the pulsewidth modulation (PWM)
technology can simultaneously change the duty cycle of the com-
plementary switches in the same leg and adjust the output voltage
[6]. Similarly, a dual-bridge LLC converter with fixed frequency
and variable duty cycle is proposed in [7], which controls the
output voltage by tuning the operation time of half-bridge (HB)
and full-bridge (FB) conductions. In addition, an FB LLC con-
verter cooperating with boost circuits and asymmetric control
is proposed in [8], which benefits from the fixed frequency.
However, it will result in an increase in input current ripples.
Furthermore, an HB LLC converter with a boost-buck circuit is
proposed in [9], which can extend the gain range. However, its
upper and lower transistors will suffer from asymmetric current
stresses which will increase with the system gain.

Besides, the modification of the resonant tank is also an
alternative for achieving adjustable gain of LLC converter. The
resonant tank is composed of several magnetic components [10],
[11], [12], [13], [14], [15] and capacitors [16], [17], [18], [19],
[20], [21], [22], [23], [24], whose variations will impact on the
converter gain and control effects of output voltages. In [10],
dual transformers are adopted with an optimization of system
design. In [11], a bidirectional switching is added to control the
ratios of transformer turns, and the gain ranges can be extended
to different degrees. In addition, a LLC converter with split two
resonant tanks and control modes to switch between FB and HB
is proposed to achieve a scale-down control of system gain [12],
[13]. Besides, in [14], a capacitor is connected in series with the
magnetic inductor to optimize the inductance value. Since the
gain of the system will vary with the change of magnetic com-
ponents, it will result in a complex analysis in both design and
control algorithm. In [15], a current-controlled inductor adjusts
the resonant frequency to compensate for the gain imbalance
between two phases. This also triggers another line of thought:
tuning the system gain via adjustable capacitance.

Switch-controlled capacitors (SCCs) can achieve an ad-
justable impedance [16] and usually have a quite low switch-
ing loss, which can be good alternatives to tune the overall
impedance of converters. SCCs are categorized into half-wave
and full-wave structures. In [17] and [18], the full-wave and
half-wave SCCs are applied to a two-phase interleaved LLC
converter, in which their duty cycles are tuned slightly to en-
sure constant or controllable output at either fixed or variable
frequencies. Afterward, the SCCs are employed in the LC [19],
[20] and LCC [21], [22] resonant networks, and then a constant
output can be achieved by modulating the resonant frequency.
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Fig. 1. Proposed LLC converter with series—parallel hybrid SCC.
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Fig. 2. Structure of series—parallel hybrid SCC.

In [23], a controlled switch is employed to adjust the conduction
time of a diode so as to tune the equivalent impedance and
stabilize the output voltage. However, an increase in diode loss
is inevitable. In [24], a SCC is used to switch the control mode
of a wireless power transmission system under two different
working frequencies. Overall, the above methods can change
the circuit impedance with limited increase in switching loss.
However, compared with the rated capacitance, the modulated
capacitance can only be larger or smaller, and consequently, the
overall tuning range is quite limited.

In this article, an LLC converter with a series—parallel hy-
brid SCC network is proposed. It has four different switching
modes and can be selected one or more of them to control
according to actual demand. During switching among modes,
both switching frequency modulation (SFM) and capacitance
modulation are continuously adjustable. Therefore, the voltage
gain can be flexibly and robustly adjusted without excessive
spikes in resonant current and output voltage. Since controlled
switches are turned on at the zero-crossing point of current, the
system guarantees zero voltage switching (ZVS) to retain high
efficiency. A 250 W prototype LLC converter is then fabricated to
evaluate the effectiveness of the proposed design, which shows
that the output voltage can be well controlled by the tuning
of SCC with good stability and anti-interference capability.
Meanwhile, a higher system gain can also be achieved.

II. PROPOSED LLC CONVERTER WITH SERIES—PARALLEL
HYBRID SCC

The proposed LLC converter a series—parallel hybrid SCCs
network is introduced in Fig. 1. L, and L, are the resonant
inductor and the magnetic inductor, respectively. Ceq is the
equivalent capacitance, which is replaced by the series—parallel
hybrid SCCs network shown in Fig. 2. C; is the main resonant
capacitor, Cy; and C,4 are the series and parallel SCCs, respec-
tively, and S; and Sy are corresponding controlled switches.

By controlling the states of S; and S2, continuously variable
capacitance values can be obtained. According to different
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Fig. 3. Four switching modes of series—parallel hybrid SCC. (a), (b), (c), and
(d) are Mode 1, Mode 2, Mode 3, and Mode 4, respectively.
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Fig. 4. Typical waveforms of LLC converter with series—parallel hybrid SCC.
(a), (b), (c), and (d) are Mode 1, Mode 2, Mode 3, and Mode 4, respectively.

switch states, the control strategies for the proposed series—
parallel hybrid SCCs are divided into four modes, which are
detailed as follows.

Mode 1: §7 is at switch-state while So is at OFF-state. The
C;1 and S in parallel will be in series with C;, which be of a
series SCC structure, as shown in Fig. 3(a).When S; conducts
at the zero-crossing point of i, the voltage of C; is clamped
to zero and will be held for a duration, as depicted in Fig. 4(a).
The equivalent capacitance of the series SCC Cgcc1 [16] and the
hybrid SCC C,q; can be respectively calculated as follows:

207"1
sccl — . 1
Cacer 2 — (4ndy — sindwdy)/m M
27C,.C,
Coqt = Uiy 2)

27Cr1 + (27 — 4mdy + sindndy) C
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where d; is the valid duty cycle of S;, which overlaps with the
positive half cycle of 7. and is within 0 < d; < 0.5.

Mode 2: S5 is at switch-state while S is closed. The series
C,2 and S» will be in parallel with C;, which is of a parallel SCC
topology, as shown in Fig. 3(b). From Fig. 4(b), when S is at
OFF-state, the voltage of C,2 is clamped to a high potential. The
equivalent capacitance of the parallel SCC Cg.2 and the hybrid
SCC Ceq2 can be expressed as (3). Their calculations are given
in Appendix

27 C,. (Cr+Chra)
21Cy + (2w — 4mdy + sindwds) Cra

where ds is the effective duty cycle of S and 0 < dy < 0.5.

Mode 3: Ss is at switch-state while Sy is OFF. The series
parallel SCC in series with C;; will be one of series—parallel
hybrid SCC combinations, as shown in Fig. 3(c). From Fig. 4(c),
the voltage of C,s is reversed clamped when Ss is at OFF-state.
The equivalent capacitance of the series—parallel hybrid SCC
Ceq3 1s given as follows:

Ceq?) =

Och = CSCC2 =

3)

27TCTCT1 (Cr + C’r2)
27TCT (Cr + C»,nl + 07»2) + (271' — 47Td2 + sin 47T'd2) C,qcrg.
“)

Mode 4: S is at switch-state while S5 is closed. The series
SCC and the parallel SCC form another series—parallel hybrid
SCC combination, as shown in Fig. 3(d). In Fig. 4(d), the voltage
of C,; is clamped to zero as well as Mode 1. The equivalent
capacitance of this Mode C,q4 can be obtained as follows:

27TOT1 (Cr + Cr2)
27Cr1 + (Cr + Cy2) (27 — dwdy + sindndy)’

To simplify discussion, the series capacitor C;; and the par-
allel capacitor C,5 are guaranteed to be equal here. Define the
capacitance ratio n as the ratio of C; or Cys to Cy, and m is
denoted as the ratio of Ceq to C;.

Fig. 5 shows the distribution curves of m with changing duty
cycle whenn < I,n=1,andn > 1. Whenn < 1l or n =
1, Mode 4 can be selected to cover most of the capacitance
adjustment range. Similarly, when n > 1, Mode 2 can be used
as the main working mode. To maximize the impact of SCC, as
many modalities as possible will be combined, such as Mode 1
and Mode 2 or Mode 3 and Mode 4. Also, whenn < lorn=1,
the former control is more symmetrical, as in (6). When n > 1,
the latter is better, as (7)

C(eq4 =

(&)

Mode 1 m € ’#1,1} dy €[0,0.5] ©
Mode2 m e [1,1+n] dy€[0,0.5]

Mode3 m e [727, 5450]  do € [0,05] 0
Moded me [0 14| di € [0,05]

On top of that, the combination of three modes allows for
more accurate control, and it can be divided into the following
situations.

When n < 1, the method can be easily determined as (8) by
ignoring third powers and above terms in the Taylor formula of
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Fig. 5. Distribution curves of m with changing duty cycle.

a sinusoidal function

Mode3 m € [ z "(H")} ds € [0,0.5]

n+1’ 14+2n
. In2
dy € {\s/mﬁ-ﬂ

Model m € [”(H") 1}
dy € [0,0.5].
()

1+2n
When n = 1, the concrete way can be expressed as follows:

Mode2 m € [1,1+ n]
Mode3 m € |y, "1(_1:52)] dy € 10,0.5]
Mode | me |%En 1| dy€[025,05 - ©
Mode2 m € [1,1+ n] dy €0,0.5]
When n > 1, the combination mode is described as
dy € [0,0.5]
dy € [3 fg’;jig,o.ﬂ

1 —i—n] dy € [0,0.5].

Mode 1 me [27,1]

Mode3 m € [1, ”2(2111)]

Mode 4 m € {"2(21;)7

(10)
In practice, determine the capacitance value for the specific
occasion. In a multi-modular converter system, n < 1 is chosen
to compensate for device errors and achieve power balance.
When input interference of the system is obvious, n = 1 can
be selected to alleviate negative impacts brought by outside. To
ensure sinusoidal of the resonant current, the common practice
is to take n up to 1. However, n > 1 can be selected on some
occasions where the sinusoidal degree of current is not high.

III. ANALYSIS AND PARAMETER DESIGN OF THE PROPOSED
LLC CONVERTER WITH SERIES—PARALLEL HYBRID SCC

The SFM mode of the proposed LLC converter with series—
parallel hybrid SCC is similar to that of the conventional LLC
converter. Meanwhile, the proposed scheme can also tune the
system gain by adjusting the resonant frequency via the series—
parallel hybrid SCC. In this chapter, the proposed LLC converter
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Fig.6. External envelope diagram of gain curves of LLC converter with series—
parallel hybrid SCC and conventional LLC converter.

performance is analyzed by taking three mode combinations
with n = 1 as an example.

A. Analysis of the Proposed LLC Converter With
Series—Parallel Hybrid SCC Under SFM Mode

Since capacitance is affected by the duty cycle of the con-
trolled switch, the resonance frequency of the LLC converter
with series—parallel hybrid SCC f, is variable, and the specific
formula is given by

1
= 11
f 27/ L, Ceq (b
The expression of dc gain is written as follows:
1) £2
. (m—1)f3 1)
gz =102+ Q2m - 1242 - 1)
Wherefn =fslfoom=Ln+ L)/ L, Q= Lr/(CezqRZq)’

Req = 8N?R,/m?. f, is the switching frequency, N is the trans-
formation ratio, and R, is the load resistance.

Fig. 6 shows the gain curve comparison between the LLC
converter with series—parallel hybrid SCC and the conventional
LLC converter. The gain curve set of the proposed LLC converter
in each mode can form an envelope region. The marked star is
the resonant operating point of the conventional LLC converter.
By only changing the capacitance, the operating point can be
shifted up and down at a fixed frequency. If the capacitance and
switching frequency are tuned, the operating point can move
freely within the envelope region. In Mode 2 or Mode 4, it can
be shifted to a maximum gain of 1.34 times the original theo-
retically. In other words, the LLC converter with series—parallel
hybrid SCC can obtain a higher voltage gain, which is flexible
and variable.
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B. Realization of Zero Voltage Switch

Assume that the zero-crossing point of resonant current i,
from negative to positive is taken as a starting point of one
period. The fundamental frequency component of i;. is expressed
as follows:

» = I sin (27 ft)
where I, is the peak value of i, and I, = TMVin/(2N?R,).

Mode 1: S, is at switch-state while S5 is at OFF-state.

Stage 1 [0, dit5]: S; is turned ON and its voltage is clamp to
zero, i.e., ugy(dits) = ucr1(dits) =0

Stage 2 [di1ts, 0.5t,—d1t5]: S1 is turned OFF and i, charges the
capacitor Cy;. The voltage across Cyq

can be calculated as follows:

- dlts) = UCr1 (dlts)

(13)

1 0.5ts—d1tg

UCr1 (05ts + Cil
r dyts

iy (£)dt.

(14)
Stage 3 [0.5¢,—d1 15, ts—d1t5]: S1 is turned OFF. C,q is discharged,
which voltage can be obtained as follows:

—dqts ) = UCr1 (0.5ts — dlts)

1 to—dits
* Crl /O.Sts—dlts i

Obviously, the voltage across S; is equal to that of C,q, i.e.,
us (ts-dits) = ucy1 (ts-dqits) = 0. It creates ZVS conditions for
the controlled switch S;.

Stage 4 [ts—d1 1, ts]: the resonant current is negative, and the
antiparallel body diode of §; starts conducting.

Mode 2: S5 is at switch-state while S; is closed.

Stage 1 [0, dats]: So is turned ON and its voltage is clamp to
zero, thus both voltages of C; and C, are the same, as shown in
the following:

UCr1 (

(t)dt =0. (15)

Ucr (d2ts) = UCr2 (ths) . (16)
Stage 2 [dats, 0.5t5—dot,]: S is turned OFF and i, charges the
capacitor C;. The voltage across C, can be given as follows:

0. 5t —dzt
/ (1)t
dot

%))
Stage 3 [0.5t,—dsts, ts—dsts]: S is turned off. The capacitor
C, is discharged, which voltage can be written as follows:

1 ts—dats
Ucr (tsfdgts) = Uc(0.5t5*d2ts)+7/
Cr Jo

Ucr (0.5t5 - dgt ) = UCr th

iy (t)dt
BSts—dats

= UCr (dgts) . (18)
Since C;2 has no current in Stages 2 and 3, the voltage remains
unchanged, as shown in the following:

dgt ) = UCr2 (dgf,s) . (19)

Therefore, the voltage across So at this time is 0. It creates
ZVS conditions for the controlled switch Ss.

Stage 4 [ts—dot;, ts]: the resonant current is negative, and the
antiparallel body diode of S» starts conducting.

The rest of the modes are analyzed similarly and hence
omitted. From the above analysis, it is clear that the conduction
of controlled switches at the point where i, crosses zero is the
only necessary condition for the realization of ZVS.

Ucr2 (
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Fig. 7. Process of system parameters determination.

C. System Parameters Determination

The detailed process of design specification is presented in
Fig. 7. This process is simple and clearly to determine system
parameters. There are two key designs for the proposed LLC
converter with a series—parallel hybrid SCC network.

One is to ensure that gain regulation can be realized within
a certain switching frequency range. Particularly, the resonant
state at high gain corresponding operating frequency is desired.
Generally, this frequency is larger than the minimum frequency
of LLC converter fiiy, avoiding overly wide frequency ranges.
However, too large will have no effect. Therefore, it is necessary
to select the appropriate frequency for the proposed LLC con-
verter design. The minimum frequency that can be modulated
capacitance fiin_mod affects the maximum Ceq max, like the
following:

1

4m? fI%lin 7modLT’ -

The other is to undertake ZVS. The function of C,; is to
stabilize the output voltage using variable duty cycle with fixed
frequency when micro disturbance of input voltage occurs.
Meanwhile, it should be safely switch to other modes. In other
words, the input impedance of system needs to be maintained in
inductive states all the time, i.e.

QWfSLngq 1
S i N R
47T2fs2L$n + qu 27Tfsceq
Wherefs S [fminfmodsﬂ]-

(20)

Ceq,rnax =

Im >0 (2

D. Selection of Tuning Caps and MOSFETS

The largest transients that cause largest voltages across
switches (S and S2) and tuning caps (C,1 and C,2) will occur at
three scenarios, viz., capacitor C,; charged by i, to its maximum
value (the first scenario), capacitors C, and C,o charged or
discharged by i,- to the maximum value of u ¢, —u o2 (the second
scenario), and capacitor C,9 charged by i, to its maximum value
(the third scenario) during the positive half cycle. For our pro-
totype converters, according to our analysis by both calculation
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and simulation, the largest voltages across tuning caps (C,1 and
C,2) and switches (S; and Ss) during the largest transient will
be 311.3, 242.0, 311.3, and 487.6 V, respectively. The working
condition corresponding to the largest voltage 487.6 V across
S5 can be avoided, and u g5 can be reduced to 322.11 V with the
same gain and mode and different duty cycles.

In Section III-B, since switches S; and Sy guarantee ZVS in
different modes, ug1(0) = 0 and ugo(0) = 0. Meanwhile, i, oc
i,andi, o< V,, consequently, the variation trend of i, is similar
to the system’s gain. According to (12), when f,, and m are fixed,
the voltage gain M and resonant current will increase with Cg,.

Scenario 1: When the positive half-cycle resonant current i,
charges C, to its maximum value, the voltage across S is also
atits largest value. It is worth noting that not all modes’ resonant
currents flow through C,1. The equivalent capacitance Ceq, max
that i,- flow through C,1 occurs at Mode 3 d> = 0.5. Therefore,
the switch S is subjected to the largest voltage condition of
Vin = in13sfn =1, Ceq, max — Ceq?)(d2 =0.5) or Viy = Vina1,
Sn = Jfn31, Ceq, max = Ceq3(d2 = 0.5) at full load [17]. Where
Vin1s, Vins1, and f;,31 are the input voltage of Mode 1 switching
to Mode 3, the input voltage of Mode 3 switching to Mode 1 and
its normalized frequency, respectively.

S and C, are connected in parallel so that u 1 (f) = ug1(¥).
During positive half cycles, i, charges C,; from uc,1(0) =
ug1(0) = 0 to the peak voltage. The peak voltage across Sy
can be calculated as (22). The two operating parameters of S;
to undergo the largest voltage are brought into (22) to obtain
200.16 and 222.40 V, respectively. Since the higher harmonics
are neglected, the calculated peak voltages will be a little smaller.
Simulation analysis of the two conditions withstands 259.8 and
311.3 V, respectively, which gives the design of S; and C,q
selection to provide a certain reference

1 0.5t MV,
usl,max:uCﬂ,max:uCQQ)ﬁ /0 Zét)dtm
(22)

Scenario 2: When the positive half-cycle resonant current
i, charges and discharges C, and C,o so that ucg, — ucy2 is
maximum, the voltage across Sy is also at the largest at this
time. When C,; is completely shorted, both C, and C,o are
charged and discharged, or C, is charged and discharged and
C,2 is inversely clamped at some time during periods. The
voltage across the switch Sy is uc, — ucyr2, so the latter will
have the maximum ug>. The conditions under which switch So
is subjected to the largest voltage are Vi, = Vi nom, fn = 1,
Ceq = Cqu(d2 = 0) or Vi, = Vin,min,origafn :fn,min,orig’ Ceq =
Ceq2(d2 =0). Where Vin min,orig a0d f1, min,orig are the minimum
input voltage and normalized frequency of the conventional LLC
converter, respectively.

In Mode 2 dy = 0, the equivalent capacitance value is C,.
When ¢t = 0, MC'T(O) = —UCr, max> ug2(0) = 0, so uCr2(O) =
uc{0) — ug2(0) = —ucy, max. During positive half cycles, i,
charges C,. from —u ¢y max tO Ucr.max, and hence the peak volt-
age across C, can be calculated as (23). Since C,» is clamped,
ucr2(0.5t) = ucr2(0) = —ucr max. Hence, the peak voltage
across So can be obtained as (24). The two working parameters
of S5 to undergo the largest voltage are brought into (24) to
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get 200.16 and 307.95 V, respectively. Simulation analysis of
the two conditions withstands 253.3 and 487.6 V. Although the
voltage across the switch S5 is larger at Vi, = Vig min,origs fn =
Jrn,min,orig> Ceq = Ceq2(d2 = 0), this is an avoidable condition.
At the same gain Mode 2 d2 = 0.2, the maximum voltage across
S9i8322.1V

1 0.5t
o = e, (058) = 5o [ i (0
r JO

MV;
~ 4N2f,C.R, 23)
MV;
Us, max = uc, (0.5ts) —uc,, (0.5t5) = m. (24)

Scenario 3: When the positive half-cycle resonant current i,
charges C,» to its maximum value, the voltage across C,» is also
largest. When C,1 is completely shorted, both C,. and C,o are
charged and discharged, or C, is charged and discharged and
C,2 is inversely clamped at some time during periods. Both of
the above scenarios have the potential to maximize u¢,2. The
conditions under which C,5 is subjected to the largest voltage
are Vi, = Vin,nom»fn :fn, r2, d2 = 0.5 Ceq = eq2(d2 = 0.5),
Vin = Vin,min’fn :fn,mina Ceq - eq2(d2 = 05), Vin = Vin,noma
fn =1, Ceq = Ceq2(d2 =0)or Vi, = in,min,orig7fn :fn, min,orig»
Ceoq = Ceq2(da =0). Wheref,, =fi, r2, 42 — 0.5 1s the normalized
resonant frequency of Mode 2 dy = 0.5.

In Mode 2 d, = 0, the equivalent capacitance value is C,.
During positive half cycles, i, charges C,o from —ucr2 max
t0 Ucr2,max, and hence the peak voltage across C,o can be
calculated as (25). In Mode 2 d» = 0.5, C,. and C,o are con-
nected in parallel, and hence the peak voltage across C,o can
be obtained as (26). The four working parameters of C,o to
undergo the largest voltage are brought into (25) and (26) to get
71.49, 114.14, 100.08, and 153.98 V, respectively. Simulation
analysis of the four conditions withstands 105.2, 199.4, 125.7,
and 242.0 V, which gives the design of C, selection to provide

a certain reference
MV,

max — - MaxX — Taro o 2
uc,., uc,., 4N2fsCrRo 25)
Lo g, M
max — S5~ RN ‘T bt = o e 1
UC,,, 207«2 /0 Cr ¥ CrQZ ( ) 8N2fscr2Ro
(26)

Section III-B points out that the conduction of controlled
switches at the point that i, crosses zero is the only neces-
sary condition for achieving the ZVS. In Stage 4 [ts—dts, 1]
of Mode 1 and Mode 4, the antiparallel body diode of S
starts conducting, i.e., S1’s voltage is clamped to zero. To be
more precise, ug1(0) = 0 and dug1(0)/dt = 0. In Mode 1,
i,(0) = Crduc,(0)/dt = Crdlucr2(0)+ug2(0)]/dt = 0 and C.o
is clamped, so dug2(0)/dt = 0. In Mode 4, S5 is at switch-state
and then dug2(0)/dt = 0. The rest of the modes are analyzed
similarly. In Mode 2 and Mode 3, u52(0) = 0 and dug2(0)/dt =
0. In Mode 2, S is at switch-state and then dug1(0)/dt = 0. In
Mode 3, i(0) = C,1ducy (0)/dt = 0 and ucr1 (0) = ug1(0),
so dug1(0)/dt = 0. According to ig; (0) = dug,(0)/dt (x =
1, 2), controlled switches will not result in current transient
disturbances at any moment of conduction. In summary, the
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conduction of controlled switches S; and S5 will not produce
large current transient disturbances regardless of the system’s
working mode. However, the system’s measurement accuracy
of currents and the control delay will produce slight current
transient disturbances in the resonant current, which is quite
negligible. Therefore, the selection principle of current ratings
of switches S, and S5 will be similar to that of conventional LLC
converter.

E. Loss Analysis

The total power losses of LLC converter mainly come from:
driving, conduction, and turn-OFF loss of MOSFET, core and
copper losses of transformer, and loss of rectifier diode [25],
[26]. Assuming the temperature influence is neglected, several
simple approximation formulas can be derived to compute power
losses.

1) Driving Loss of MOSFET: The driving loss is caused from
charging and discharging the capacitor between the gate and
source of MOSFET. The driving loss of MOSFETS is given by

1
Pdrive - icissAngsfs

where Cigs is the input parasitic capacitance of MOSFET, and
AV, is the driving voltage difference.

Thus, the driving loss of conventional I converter Pqyive rLC 1S
4P 4rive, while the proposed LLC converter with a series—parallel
hybrid SCC network has one more driving loss.

2) Conduction Loss of MOSFET: The conduction losses in
MOSFET can be calculated as (28) using the drain—source re-
sistance (Rgs)

27)

L[t
Puvos = — / i2 (t) Rysdt. (28)
ts 0

The conduction losses of antiparallel diodes can be estimated
by diode forward voltage drop (Vpr), which is given by

Pantifdiode = VDFirfrmstbody(on) fs (29)
where 1,04y (on) 18 the conduction time of body diode and i, s
is the RMS of resonant current.

There are always two switches on in the conventional LLC
converter, so its conduction loss is 2Pn\ios+4Panti_diode. HOW-
ever, the conduction loss of the proposed LLC converter with a
series—parallel hybrid SCC network is closely related to the duty
cycle. For example, when the system enters Modes 1 or 3, the
conduction loss of P.; or P.3 relating to the controlled switch
Sq or Sy is

1 dyts
P.y = 2Pyos + —— / i2 (t) Rysdt (30)
dits Jo
1 dotg
P.3 = 2Pyos + 7/ Z% (t) Rgsdt. 31
d2ts 0

When the system enters Modes 2 or 4, one controlled switch
is always on state. At this time, the conduction loss of P.o or
P, cd is

1 dots
Peo = 3Pyvos + / i2 (t) Rasdt (32)
d2ts 0
dyts
P,y = 3Pvos + / i2 (t) Rasdt. (33)
dits Jo
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3) Turn-off Loss of MOSFET: ZVS is considered for both LLC
converters in the whole range of voltage. Therefore, only the
turn-OFF loss of switches is considered and can be calculated by

tais
Pturn— off = / Vds (T)ids (7_) dr
0

where vqs(f) is the drain—source voltage of MOSFET, i4s(?) is
the drain current in the process of turn-OFF, and z4;s is the
discharging time of two drain—source capacitors from Vi, to
ov.

According to working situations from Mode 1 to Mode 4, it
can be found that the turn-OFF loss of the controlled switch is
very small and can be ignored.

4) Core and Copper Losses of Transformer: The core loss of
the transformer is generally calculated by Steinmetz empirical
formula, which empirical formula is as follows:

Pcore = Kh X f;l X B"é], X V;:ore (35)
where By, is the peak magnetic induction intensity, Vcore 1S
the volume of the transformer, and K3, «, and 3 are empirical
parameters.

The copper loss is related to the current passing through the
winding and is calculated as (36) using an ac resistance (R,)

-2 -2
F copper — Z»,ers-Racfpri + ZsecirmsRacfsec- (36)

5) Loss of Rectifier Diode: The loss of rectifier diode is
calculated as follows:
P, .
Rsec_diode - (ﬂ;VF + Z(2liode_rms}‘id)
o
where P, and V,, are the output power and voltage, Vr, idiode_rms-
and Ry are the forward voltage drop, the RMS current and the
conduction resistance of the rectifier diode, respectively.

(34)

(37

F. Comparative Analysis

To make a fair and comprehensive comparison, we evaluated
the performances using many structures including adjustable
transformers [11], split resonant branches [13], a variable mag-
netic inductor [14], and a switch-controlled capacitor [17]. Their
working principles are all based on modifying the system gain
characteristics through the resonant tank. Meanwhile, their gain
range is wider or narrower than that of the proposed LLC
converter. Thus, they will be good examples for performance
comparison with the proposed method. As shown in Table I,
five LLC converters can be simply classified into two categories
based on the number of transformers: LLC converter with single
transformer and LLC converter with dual transformers.

1) Boththe LCLC converter [14] and the SCC-LLC converter
[17] employ single transformers. Their gain ranges are
all smaller than that of the proposed LLC converter. The
proposed LLC converter neither needs to investigate the
complex coupling design like the LCLC converter nor
compensate for component errors only as same as the
SCC-LLC converter.

2) Both the LLC converter with adjustable transformers [11]
and the DSBS LLC converter [13] are of dual transform-
ers. Compared with the proposed LLC converter, their
system gains are wider thanks to their dual-transformer
structure. However, their transformer designs are more
complex and losses are inevitably higher. In[11], one set of
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TABLE I
COMPARISON WITH OTHER LLC-BASED CONVERTER TOPOLOGIES
LLC con- = popg LCLC  SCC-
verter with Proposed
. LLC con- LLC
adjustable LLC
transformer converter converter verter converter
[11] [13] [14] [17]
Gain range [11,[4] [1,2.5] [1,1.81] [1,1.6] [1,1.33]
Ad41t10nal 5 0 2 0 )
switches
Reson?ant 1 5 3 5 5
capacitors
Resonant 1 5 1 1 1
inductors
Trans- ) 5 1 1 1
formers
Lower . Few Compen-
.. Flexible . sated
. Minimum magnet- addi-
Merits .S and ro- . compo-
core loss izing tional
bust . nents
current devices
error
Slight Com- Nonex-
Low Larger plex )
. asymmet- tensive
Demerits power overshoot . cou- .
. rical . gain
density of current pling
current . range
design

bidirectional switching is added for the control of ratios of
transformer turns, and its gain range can be extended to dif-
ferent degrees. Although its core losses are optimized, the
transformer’s size brings the disadvantage of low power
density. In addition, the DSBS LLC converter has two split
resonant tanks to achieve wide system gain [13], which has
one more transformer and inductor than the proposed LLC
converter. At the same time, a large overshoot current is
introduced when two modes are switched.

Thus, the results demonstrate the superiorities of the proposed
LLC converter with series—parallel hybrid SCC despite addi-
tional capacitors, such as flexible and robust voltage control,
extended gain range, and small voltage and current mutation
changes. Theoretically, the resonant currents of the proposed
control method are centrally symmetric, but there may be a slight
asymmetry in the currents due to the hardware’s layout and the
transformer’s influence, which is unavoidable.

G. Precautions Concerning Magnetic Components

The magnetic components in LLC converters mainly in-
clude transformers and inductors, and their design is closely
related to the system’s performance. Taking the design of the
transformer as an example, saturation, core loss, and copper
loss are analyzed to guarantee a high magnetic performance.
The optimization methods mainly include enough margin in
design, selection of magnetic material, reduction of core loss
caused by high-frequency excitation, and optimization of copper
losses.

1) Saturation is the main limit for working at low frequencies.
This transformer can undergo a maximum current of 7A
until the saturation occurs. However, the maximum current
in low frequency working region so far is only 4.48 A,
which is much smaller than 7 A. Thus, the proposed LLC
converter can work normally within the frequency range
of 50-150 kHz.
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TABLE II
PARAMETERS OF TESTED PROTOTYPE LLC CONVERTER WITH SERIES
PARALLEL HYBRID SCC

Items Values
Input voltage 110-200 V
Rated output voltage 36 V
Switching frequency 50—-150 kHz
Resonant inductor L, 66.05 uH
Magnetic inductor Ly, 270.2 uH
Resonant capacitor C; 38.36 nF
Series switch-controlled capacitor Cyy 38.43 nF
Parallel switch-controlled capacitor C,, 38.37 nF
Transformer ratio 5:1
Rated output power 250 W

2) For reducing the core losses, the proposed LLC converter
with a series—parallel hybrid SCC network employs a
ferrite PC95 series core from TDK, which is widely used
in switching power supplies. There is the lowest overall
core loss and is relatively unaffected by temperature in the
PC95 series core compared with other series. In addition,
the proposed LLC converter resonates at 100 kHz, and
its main high-gain operating frequencies are within 50—
100 kHz. At 100-150 kHz, the system gain range varies
very little, and it seldom operates in this high-frequency
band. This also avoids additional transformer losses asso-
ciated with too high frequency.

3) For the optimization of copper losses, the proposed LLC
converter mainly operates in the high-gain and low-
frequency region. For working in frequencies S0—100 kHz,
the copper loss is inevitably affected by the current flow
through the circuit. The ratios of copper loss to total
input power under different frequencies are obtained by
simulation calculation. Theoretical and simulation results
therefore provide a basis for actual transformer design and
manufacturing.

IV. EXPERIMENTAL VERIFICATION

To verify the feasibility of the LLC converter with
series—parallel hybrid SCC, a 250 W prototype is built. This
hardware version can not only complete the verification of
the LLC converter with series—parallel hybrid SCC but also
realize the testing of the conventional LLC. The basic parameters
are shown in Table II and the hardware photos are shown in
Fig. 8.

The control core is the digital signal processor (DSP) con-
troller TMS320F280049C from Texas Instruments (TT). Since
closed-loop control is to be realized, a current transducer LAH
25-NP is added to the main loop to measure current. The control
block diagram is shown in Fig. 9. The hardware circuit adds
a zero-crossing comparison circuit of the resonant current for
the ECAP module in DSP, making the controlled switch always
realize soft switching. When the input voltage is disturbed, PI
control is introduced to manipulate the duty cycle of controlled
switches or the switching frequency of all switches to stabilize
the output voltage.

From Fig. 10, users can choose the single mode, dual mode,
and multimode switching. In single mode, when the input

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 3, MARCH 2025

Fig. 8. Hardware of proposed LLC converter with series—parallel hybrid SCC.
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Fig. 9. Control chart of LLC converter with series—parallel hybrid SCC.
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Fig. 10.

Data processing of LLC converter with series—parallel hybrid SCC.
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Fig. 11.
(j), (k), and (1) are Mode 4.

voltage falls below the rated voltage, the system performs SFM
mode until it reaches SFM mode’s limit. Once fails to stabilize
the voltage, the system will move into Mode 2, which uses hybrid
modulation of both switching frequency and capacitance. When
the dual mode is enabled, the system enters Mode 1 through the
controlled switch and then transfers to Mode 2 by the hybrid
modulation for voltage stabilization. In addition, multimode
switching initially moves from Modes 1 to 3 by adjusting the
capacitance, then shifts to Modes 1 and 2 by hybrid modulation,
and finally reaches Mode 2.

A. Test Results Under Different Modes and Loads

Fig. 11(a)—(l) presents the resonant operating point wave-
forms at d, = 0.1, d, = 0.3, and dy, = 0.5 (x = 1 or 2) in
each mode under full load. Vg is the driving waveform of the
controlled switch Sy and i, is the resonant current. It can be found
that Sy switches on when i, is 0, which guarantees soft switching.
When d, = 0.5, currents are more resonant and symmetrical
than others because capacitors are fully connected to the circuit.
The duty cycle dy = 0.1 or 0.3 means that the series—parallel
hybrid SCC network accesses the circuit within 20% or 60%
of cycle time, which leads to the asymmetry of i,.. Therefore, it
is inevitable that the system has some asymmetry. Meanwhile,
there are small positive and negative spikes in the PWM, which
are caused by the periodic transients of the resonant tank’s input
voltage. However, this doesn’t threaten the safety of switch
tubes.
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Measured waveforms of different duty cycles under full load. (a), (b), and (c) are Mode 1. (d), (e), and (f) are Mode 2. (g), (h), and (i) are Mode 3.
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Fig. 13.

Output voltages of the proposed LLC converter with series—parallel hybrid SCC under fixed modes and direct switching among various switching

frequencies and duty cycles. (a) Mode 3 (d2 = 0.20 fs = 129 kHz to do = 0.30 fs = 125 kHz). (b) Mode 1 (d1 = 0.35 fs = 103 kHz to d; = 0.40 f5 = 99 kHz).

(c) Mode 2 (d2 = 0.20 fs = 86 kHz to do = 0.30 fs = 80 kHz). (d) Mode 3 (d2 = 0.30 f; = 125 kHz to d> = 0.20 fs = 129 kHz). (e) Mode 1 (d1 = 0.40 f;
99 kHz to di = 0.35 fs = 103 kHz). (f) Mode 2 (d2 = 0.30 f; = 80 kHz to d2 = 0.20 fs = 86 kHz).
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Output voltages of proposed LLC converter with series—parallel hybrid SCC under direct switching among various switching frequencies, modes and

duty cycles. (a) Mode 3 (d2 = 0.50 fs = 118 kHz) to Mode 1 (d1 = 0.25f; = 118 kHz). (b) Mode 1 (d; = 0.25 fs = 118 kHz) to Mode 3 (d2 = 0.50 f; = 118 kHz).
(c) Mode 1 (d1 = 0.50 fs = 96 kHz) to Mode 2 (d2 = 0.10 fy = 91 kHz). (d) Mode 2 (d2 = 0.10 fs = 91 kHz) to Mode 1 (d; = 0.50 fs = 96 kHz).

Fig. 12(a)—(c) shows the experimental results of various duty
cycles in each mode under different loads. Among them, the
conventional LLC converter used for comparison experiments is
the case of Mode 1 d; = 0.5, indicated by a marked star. The
efficiencies of the proposed LLC converter with series—parallel
hybrid SCC are not much reduced compared to the conventional
LLC converter under different loads. Overall, the proposed LLC
converter with series—parallel hybrid SCC is capable of resonant

operation in multiple modes with limited switching losses for
operation under different loads.

B. Mode Switching Under Various Switching Frequencies

In order to achieve a wider range of tunable gain, the proposed
LLC converter with series—parallel hybrid SCC needs to ensure
smooth and flexible switching among different modes. Fig. 13
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Output voltage waveforms under input perturbation. (a) Modulation of capacitance under constant frequency with input voltage ranging from 200 to

150 V. (b) SFM mode with input voltage ranging from 200 to 120 V. (¢) Single-mode modulation of both switching frequency and capacitance with input voltage
ranging from 200 to 100 V. (d) Multimode modulation of both switching frequency and capacitance with input voltage ranging from 200 to 100 V.

shows the switching transients under various switching frequen-
cies in the same mode. Fig. 13(a)—(c) exemplifies the variation of
duty cycles in Modes 3, 1, and 2, respectively, which correspond
to the switching points between a and b, e and f, and i and j in
Fig. 6, respectively. Fig. 13(d)—(f) shows their inverse switching
processes. In Fig. 13, the resonant current and output voltage
both change slightly under direct switching among different
frequencies and duty cycles. It shows that the proposed LLC
converter accomplishes switching and anti-switching success-
fully in the same mode.

The direct switching transients among different modes are
presented in Fig. 14. Fig. 14(a)—(b) shows the switching and
anti-switching process between Modes 3 and 1. In Fig. 14(a),
it switches from Mode 3 d, = 0.50 (point ¢ in Fig. 6) to
Mode 1 d; = 0.25 (point d in Fig. 6). The system gain will
consequently change from 1.02 to 1.01. This process, in which
both controlled switches are acted, causes a transient current
change in the primary side, with the maximum resonant current
Irmax = 4.88 A. During this process, Cy; and Cyo are rapidly
charged and capacitive characteristics of MOS transistor will
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also change with different drain—source voltages, resulting in
the current surge. However, the recovery of the current to a
steady state requires only 0.6 ms. Accordingly, during the inverse
transformation, although i.,,.x becomes larger, it is time to
return to a steady state is shorter.

Similarly, Fig. 14(c)—(d) show mutual switching process be-
tween Mode 1 d; = 0.50 (point g in Fig. 6) and Mode 2 dy =
0.10 (point h in Fig. 6). During this process, only one controlled
switch operates and C,9 is discharged, so the resonant current
and output voltage don’t vary much.

C. Stability of Output Voltage

In order to go ahead with proving that the proposed LLC
converter has a higher gain in the original frequency range,
so only modulation of capacitance, SFM, and modulation of
capacitance and switching frequency at the same time are carried
out under different input voltages, respectively.

Fig. 15(a) shows the effect of adjusting only series—parallel
hybrid SCC at a constant frequency (s = 100 kHz) with input
voltage ranging from 200 to 150 V. It can be seen that the output
voltage can still be stabilized at 35.46 V when the input voltage is
greater than or equal to 160 V. However, when the input voltage
is reduced to 150 V, the output voltage is decreased to 34.71 V.
These before-and-after output voltage differences exceed the 2%
rating, i.e., 0.72 V, and the system is considered to have lost its
voltage regulation. This is the stability limit of the output voltage
by adjusting the capacitor. In Fig. 15(b), the conventional LLC
converter employs the SFM mode to stabilize the output voltage,
which will also be used as a control experiment. For a given
frequency range, the system can stabilize the output voltage at
35.73 V before the input voltage falls to 130 V. When the input
voltage drops to 120 V, the output voltage can only be maintained
at a maximum of 34.85 V, which has reached the stability limit
of SFM.

Therefore, the SFM mode can achieve a higher gain than the
modulation of capacitance.

Moreover, the proposed LLC converter is capable of modu-
lating both switching frequency and capacitance, as shown in
Fig. 15(c)—(d). The proposed converter will be modulated by
the SFM first and then use the modulation of both switching
frequency and capacitance if the input voltage is lower than
the limited voltage. These solutions will ensure the stability of
voltage regulation if the input voltage is higher than 110 V.

Fig. 16 shows measured efficiencies under different input
voltages. It can be found that the proposed LLC converter with
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series—parallel hybrid SCC does not have much switching loss
due to its soft switching, compared with the traditional LLC
converter. In conclusion, the proposed LLC converter based on
the modulation of both switching frequency and capacitance will
guarantee the stability of voltage regulation over a wider range
of input voltage with high efficiency.

V. CONCLUSION

In this study, a series—parallel hybrid SCC network is pro-
posed and applied to an LLC resonant converter, which is
modulated by a compound of switching frequency and variable
resonant capacitance. It can change the gain characteristics of
LLC converter and convert the resonant operating point into
a group of resonant curves, which provides a good basis for
mode switching. The gain of the proposed LLC converter with
series—parallel hybrid SCCis higher than that of the conventional
LLC converter, and it can work with a wider range of input
voltage. Moreover, its wider range of variable gain can achieve
a higher flexibility in control and can also improve the stability
of output voltage. Furthermore, under different modes and loads,
it can achieve both soft switching and high efficiency. It is worth
noting that the proposed SCC structure cannot share source pins
to simplify the gate driving circuitry. Since the proposed SCC is
of half-wave structure, the resonant current of the LLC converter
with series—parallel hybrid SCC will be asymmetrical except for
duty cycles at 0 and 0.5. Thus, an investigation on the application
of full-wave SCC to replace the proposed half-wave structure
will be investigated in future work.

APPENDIX

For the convenience of analysis, the following hypotheses are
put forward to explain.
1) All switching devices are ideal components without loss.
2) When analyzing the waveforms of timing sequence, the
zero-crossing point of resonant current from negative to
positive is taken as a starting point of one period.
Mode 1: S; is at switch-state while Sy is at OFF-state.
Stage 1 [0, d115]: S is turned ON. The resonant capacitor C,
and L, participate in work. At this time, the RMS value of current
Ims1 can be expressed as follows:

1 dyts
Lims1 = 2 (t)dt.
! dlts ~/0 zr( )

Stage 2 and Stage 3 [d11s, ts- d1t5]: S is turned OFF, is; drops
to 0, and the resonant current i, charges and discharges C, and
C,1. At this time, C, and C,; work with the resonant inductor L,
until the voltage of C,; decreases to zero. In this case, the RMS
value of current /o i

1 te—dits
Loy =) ———— 2 (t) dt.
52 (1—2d1)t, /dlts 7 (®)

Stage 4 [15— d1 1, t5]: the resonant current is negative, and the
antiparallel body diode of S; starts conducting. In this condition,
C, and L, are involved in the operation and the RMS value of

(A.1)

(A.2)
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the current is

L
Limss = —/ i2 (t) dt. (A.3)
s \/dlts s—dits ( )
Based on the principle that thermal effects of ac and dc
currents are equal, the following equation can be listed:

dlts : Irzmlel + (1 — le)té . I2 Zg

rms2

+dits - 12,373 = T2 ZRts (A4)

where Zl = Zg = R1 + ](27TfSLr — 1/(27Tfscr)), ZQ = R2 +
JQnfsL, <(Cy+Cy1)/2nfiC.Cyr1)), R1 and Rs is the resistances
in the circuit and Zp is the equivalent impedance, I,,s is the
RMS value of resonant current.

When itis completely resonant, substitute the formulas (A.1)—
(A.3) into (A.4) and make Im{Zg } = O to obtain the equivalent
capacitance of the series SCC Cscc1 can be expressed as follows:

2Cr1
2 — (4mdy — sindndy)/m
which is consistent with the results of reference [20].

Since C; is connected in series with Cy.c1, the hybrid SCC

Ceq1 can be calculated as follows:
27TCTCT1
21Cy1 + (27 — 4ndy + sindndy) C,.

Mode 2: S5 is at switch-state while Sy is closed.

Stage 1 [0, daofs]: Sy is turned ON, and C,, Cio, and L,
participate in work. At this time, the RMS value of current /;.,,,41
can be expressed as follows:

1 dots
Lims1 = | —— 12 (t) dt.
=\ / 2 (1)

Stage 2 and Stage 3 [dats, ts-dats]: So is turned OFF, veyo 18
clamped, and the resonant current i, charges and discharges C;.
At this time, C, work with L, until the voltage of C, decreases
to equal v (daty). In this case, the RMS value of current /52
is

Osccl = (A.S)

Coq1 = (A.6)

(A7)

Iims2 = (AS)

1 ts—dots
- 2 (1) dt.
1 72d2)ts/d iz (t)

2ts
Stage 4 [t,— dsts, ts]: The resonant current is negative, and the
antiparallel body diode of Sy starts conducting. In this condition,
C;, Cyo, and L, are involved in the operation and the RMS value
of the current is

1 ts
Tomss = 1] —— / 2 (1) dt.
3 ths s—doty ( )

Based on the principle that thermal effects of ac and dc
currents are equal, the following equation can be listed:

doty - T2 71 + (1 = 2do)ts - T2 57

rmsl rms2

(A.9)

+dots - 12 373 = 2 Zrts (A.10)

where Zl = Zg = R1 +](27TfSLr — 1/(27rfS(Cr -+ Crg))), ZQ = R2
+Jj@nfsLy —1/Q27fsCy)).

Thus, the equivalent capacitance of the series SCC Cscc2 can
be expressed as follows:

27C, (Cr+Cha)
27C, + (21 — 4wdy + sindndy) Cra”

Cices = (A.11)
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