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ABSTRACT A multilevel switched capacitor LLC-DC transformer (LLC-DCX) converter with an embedded
filter is presented for a power module of solid-state transformers. The proposed converter is a hybrid converter
composed of resonant switched capacitor converters (RSCCs) and a previously reported ripple-cancel con-
verter. In contrast to the conventional SCC, which faces the issue of an inrush hard-charging current during
switching transition, the proposed converter can be implemented using a soft-charging operation without
additional inductors. Further, it inherits the advantages of the two converters, including load-independent soft
switching, automatic voltage sharing, automatic current sharing, reduction of the current ripple, an embedded
filter function, constant voltage gain, and flexible extensibility. This paper comprehensively analyzes these
characteristics and the conditions for soft-charging operation. The design theory based on the analysis is also
presented. We fabricated a prototype of the proposed converter with input and output voltages of 900 V and
150 V, respectively and the rated output power of 2 kW to demonstrate the validity of the analysis and design.

INDEX TERMS LLC resonant converter, switched capacitor, embedded filter, high-voltage application, soft
switching, hybrid converter, solid-state transformer, DC transformer (DCX).

I. INTRODUCTION
Solid-State transformers (SSTs) are promising technologies
to replace the bulky and heavy line frequency transform-
ers (LFTs) for medium voltage (MV) applications, such as
distribution systems, traction systems, wind or photovoltaic
(PV) renewable energy systems, battery energy storage sys-
tems (BESS), shipboard-distribution systems, and even future
electric aircraft systems [1], [2], [3], [4], [5], [6]. One of the
major challenges with SSTs is the high voltage stress on the
MV side. Several studies have focused on two-level converters
utilizing MV power devices (10 kV–15 kV) [7], [8], which
feature a simplified and mature configuration. However, soft
switching on the MV side is difficult to achieve, and electro-
magnetic interference (EMI) becomes severe. In addition, the
highest blocking voltage of SiC-MOSFETs in the distribution
market is around 3.3 kV at present [9]. Thus, using low volt-
age (LV) power devices to handle the high voltage stress on
the MV side is considered effective in terms of soft switching,
cost, and EMI.

The majority of the existing SSTs consist of a modular
multilevel converter (MMC) or cascaded modular converter
(CMC) to handle high voltage stress on the MV side. With
an MMC, stacked half-bridge modules effectively reduce
the voltage stress [10], [11], but designing an MV medium
frequency transformer (MFT) with a large turn ratio has chal-
lenges related to compatibility between the insulation and
thermal management [12]. As for a CMC, stacked power
modules (PMs) also effectively share the voltage stress while
avoiding the difficulty of designing MVMFT [13], [14],
[15], [16].

Although there are several circuit topologies for an iso-
lated bidirectional DC/DC converter (IBDC) in a PM, the
LLC-DC-transformer (LLC-DCX) converter is an outstanding
candidate thanks to its load-independent soft switching, small
turn-off switching loss, small harmonic component by quasi-
sinusoidal current, and constant voltage gain against the load
variation without a closed loop voltage control. Furthermore,
modular SSTs consisting of LLC-DCXs feature automatic
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input voltage sharing without a closed-loop voltage control,
yielding a small control complexity [14], [15], [16]. For these
reasons, LLC-DCX is widely utilized in SST applications [7],
[8], [12], [14], [15], [16].

One of the challenges with LLC converters is that the
current ripples are generally high. Although the modular con-
figuration can mitigate the output current ripple by using
multiple-phase control between modules, the input current
ripple of each module remains. This input current ripple has
negative effects on both the reliability and the power den-
sity of the SST. The reliability of DC-link capacitors is a
particularly pressing concern in power electronic systems be-
cause they account for about 30% of converter failures [17].
Generally, an electrolytic capacitor bank is utilized as the
DC-link capacitor, but the lifetime of the electrolytic capac-
itor is shorter than that of film or ceramic capacitors due to
the evaporation of the electrolyte stemming from the power
dissipation loss of the current ripple. A hybrid capacitor bank
can resolve this problem to some extent, but there is still a
certain amount of high-frequency current ripple flowing into
the electrolytic capacitors [18], [19]. Thus, the standard solu-
tion is to utilize the film capacitor bank at the cost of power
density. Furthermore, the input current ripple causes a reduc-
tion in the output power of PV systems [20], [21], [22]: in
[20], experiments showed that the ripple reduction technology
increased the average output power from the PV modules by
7%. This problem may also happen in the cascaded modular
large-scale PV systems, where SST is applied [23], [24], [25].

In addition to reducing the current ripples, the number of
PMs should be reduced by increasing the voltage rating of
PMs to improve the power density of the SST. In fact, the
overall power density of the SST decreases significantly com-
pared to the power density of the PM converter as the number
of PMs increases [26], [27], which reinforces the fact that a
high-voltage LLC converter is required.

In response to the above two challenges, a multilevel
Dickson-type ripple-cancel LLC (DRCLLC) converter is pro-
posed for the PM. The proposed converter is a hybrid con-
verter consisting of a ripple-cancel circuit and Dickson-type
resonant switched capacitor converters (RSCCs). The general
switched capacitor converter (SCC) has an inrush hard-
charging current due to the charge redistribution, and the pro-
posed converter can solve this problem without an additional
inductance. In addition, it inherits the advantageous charac-
teristics of the two converters, namely, load-independent soft
switching, automatic voltage sharing, automatic current shar-
ing, reduction of the current ripple, embedded filter function,
constant voltage gain, and flexible extensibility.

Section II of this paper presents an overview of the con-
ventional solutions for the two challenges discussed above to
clarify their inherent limitations. The derivation of the pro-
posed converter is introduced in Section III. In Section IV,
the proposed converter is analyzed in detail, and in Section V,
its design methodology is presented. Experimental results are
provided in Section VI. Section VII presents a topology com-
parison. We conclude in Section VIII with a brief summary.

II. REVIEW OF CONVENTIONAL SOLUTIONS
In this section, we present a brief overview of the conventional
solutions for the challenges pertaining to ripple reduction and
the high-voltage LLC converter. We also introduce the moti-
vation underlying the proposed converter.

A. RIPPLE REDUCTION
Several topologies have been proposed to mitigate current
ripples, such as the interleaved converter [28], [29] and the
passive ripple-cancel circuit [20], [30], [31]. The interleaved
converter can effectively mitigate the current ripples, but it re-
quires multiple phases, which results in lower power density.
In addition, it is difficult to apply the interleaved technique
to an LLC-DCX without closed-loop control due to the res-
onant parameter mismatch [29], thus making it unsuitable
for a PM. As for the passive ripple-cancel circuit, while it
can cancel out the input current ripple without affecting the
original converter’s operation, it requires additional magnetic
components (e.g., transformers and coupled inductors) and
thus also reduces the power density. In addition, since this
circuit can be applied only to a current-fed converter, it cannot
be used with an LLC converter and thus is also unsuitable
for a PM. We previously proposed a ripple-cancel technique
[32] and applied it to a dual active bridge converter and
CLLC converter [33], [34]. As these converters require only
an additional clamping capacitor on each port and no extra
magnetic components for canceling current ripples, they can
improve the power density compared to a CLLC converter
with LC filters while maintaining the same current ripple
mitigation [34].

B. HIGH-VOLTAGE LLC CONVERTER
Three-level LLC converters are candidates to reduce high
voltage stress [35], [36], [37], [38]. [35], [36] proposed
neutral-point clamped (NPC) three-level LLC converters in
which the voltage stress can be halved by dividing the input
voltage equally into two series of DC-link capacitors. How-
ever, the inner switches suffer from a high voltage stress equal
to the input voltage when their driving signal turns off earlier
than that of the outer switch. To avoid this issue, the gate
driving signal of the outer switch can be turned off earlier than
that of the inner switch, but this is more complicated than the
simple driving signal with a duty ratio of 50% and compli-
cates the ZVS condition. In addition, the neutral point voltage
should be balanced for proper operation. The proposed in
[37], [38] feature a series half-bridge (SHB) that halves the
voltage stress on the switches with a simple duty ratio of 50%.
However, as this creates an imbalance in the neutral point
voltage, active voltage control is required [38]. In addition,
there is no simple way to extend the three-level converters
to higher levels due to the complicated gate driving signals
and the voltage imbalance between series of DC-link capac-
itors. [39], [40] proposed ladder SCC hybrid LLC converters
to automatically share the input voltage equally among two
series of DC-link capacitors. Despite the gate driving signals
of the switches being merely a duty ratio of 50%, the input
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voltage can be naturally shared among the two series thanks
to the SCC characteristics. Inspired by this technology, we
previously proposed a ripple-cancel multilevel converter with
automatic voltage/current sharing and flexible extensibility
[41]. However, the major challenge with the SCC is the inrush
hard-charging current due to the charge redistribution, and
to limit this current, a sufficiently large on-resistance of the
power devices or capacitance of the switched capacitors is
required, which sacrifices either the efficiency or the power
density or both. Thus, it may be difficult to maintain high
efficiency and high power density in high-power applications
over 50 kW, such as SSTs. Alternatively, an RSCC can limit
the inrush hard-charging current by utilizing the small induc-
tance, which is a technique known as soft-charging operation
[42], without the expense of efficiency and power density.
Thus, RSCC topologies have recently been applied to high-
power applications over 50 kW, and the reported efficiencies
have been as high as 97% [43], [44], [45]. A flying-capacitor-
based hybrid LLC converter based on the ladder RSCC has
been proposed [46]. This converter features automatic voltage
and current sharing and can easily be extended for the M
series of DC-link capacitors. However, an additional inductor
is required in each switched capacitor loop to suppress the
inrush current. As a result, the number of necessary inductors
increases as the level increases, and these additional inductors
must have the same inductance value in order to share the
switch currents. Thus, the converter is sensitive to component
tolerance.

C. MOTIVATION UNDERLYING PROPOSED CONVERTER
Our review of the two issues above indicates that integrating
the previously proposed ripple-cancel technique and RSCCs is
a good candidate for achieving a high-voltage LLC converter
suitable for high-power applications. However, as stated, the
general ladder RSCC is sensitive to component tolerance and
requires more inductors as the level increases. Thus, it is
attractive to ensure that no inductors are added except reso-
nant inductors for transferring power. According to [42], the
Dickson-type RSCC with clamping capacitors can overcome
this issue simply by utilizing an aggregated resonant inductor.
Thus, this paper proposes a hybrid converter consisting of the
ripple-cancel LLC-DCX and Dickson-type RSCCs.

III. CIRCUIT DERIVATION
Fig. 1 depicts the circuit diagram of (a) the 4-to-1 step-down
Dickson-type RSCC-based hybrid LLC converter and (b) its
mirrored converter, respectively. In the circuit diagrams, Lri

(i = 1, 2) is a resonant inductor, Cri (i = 1, …, 4) is a resonant
capacitor, and Cci (i = 1, 2) is a clamping capacitor whose ca-
pacitance is large enough compared with that of the resonant
capacitor. The odd- and even-numbered switches are comple-
mentarily operated with a duty ratio of 50%. In Fig. 1(a), when
Q1 and Q3 are conducted, Cr1 and Cr2 are discharged, and
when Q2 and Q4 are conducted, Cr1 and Cr2 are charged. On
the basis of the circuit operation of the Dickson converter, the

FIGURE 1. Circuit diagrams of (a) 4-to-1 step-down Dickson-type
RSCC-based hybrid LLC converter and (b) its mirrored one.

average voltage stresses of each capacitor are represented as

VCr1 = 1

4
V1, VCc1 = 1

2
V1, VCr2 = 3

4
V1. (1)

In the same manner, in Fig. 1(b), when Q9 and Q11 are con-
ducted, Cr3 and Cr4 are charged, and when Q10 and Q12 are
conducted, Cr3 and Cr4 are discharged. The average voltage
stresses of each capacitor are represented as

VCr3 = 1

4
V2, VCc2 = 1

2
V2, VCr4 = 3

4
V2. (2)

Since the resonant capacitors are charged and discharged
complementarily, and the average voltage stresses are sym-
metric, the proposed converter can be derived by combining
the two circuits, as shown in Fig. 2(a). The four switches
can be multiplexed since the gate driving signals of the
corresponding switches are the same. The generalized M-
level DRCLLC based on this circuit derivation is depicted in
Fig. 2(b), and the modified generalized M-level DRCLLC by
replacing parallel clamping capacitors with stacked clamping
capacitors is depicted in Fig. 2(c).

IV. ANALYSIS OF PROPOSED CONVERTER
A. OPERATING PRINCIPLE
We utilize the 6-level DRCLLC shown in Fig. 3 to explain
the operating principle. The proposed converter consists of
three half-bridge pairs, Q1–Q2, Q3–Q4, and Q5–Q6, on the
primary side, a full-bridge, Q7–Q10, on the secondary side,
a transformer with a split primary winding, S1, S2, and S3, a
magnetizing inductance of the transformer, Lm, resonant in-
ductors, Lr1 and Lr2, resonant capacitors, Cr1–Cr6, clamping
capacitors, Cc1–Cc3, and two DC-link capacitors, Cin and Co.
The odd- and even-numbered switches on the primary and
secondary sides are complementarily operated with a duty
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FIGURE 2. Circuit diagram of proposed converter with (a) 4-level
configuration, (b) generalized M-level configuration, and (c) modified
generalized M-level configuration.

FIGURE 3. Circuit diagrams of 6-to-1 proposed converter.

FIGURE 4. Key waveforms of proposed converter.

ratio of 50% and a small dead time Td [8], [47]. The switching
frequency, fsw, is set to the resonant frequency, fr. Fig. 4 shows
the key waveforms of the proposed converter. There are four
operating modes in one switching cycle. In the half-switching
cycle, there are two modes for power transferring and zero-
voltage-switching (ZVS) transition. In the ZVS transition, a
split magnetizing current charges or discharges the output ca-
pacitors of the switches on both sides [47]. The ZVS analysis
is described in subsection IV-B, here, the analysis of the power
transfer is focused on.

To simplify the following time-domain analysis of the cir-
cuit operation, we assume that the resonant inductors have
identical inductances Lr, the resonant capacitors have iden-
tical capacitances Cr, the clamping capacitors also have
identical capacitances Cc, the clamping capacitors and DC-
link capacitors are large enough and can be regarded as
constant voltage sources, the turn ratio of the transformer is
1:1:1, the switching frequency is the same as the resonant
frequency, and the dead time durations are ignored. During
the positive half-cycle, KVL and KCL yield the following set
of equations.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Lr
diLr1

dt + 1
Cr

∫
iCr1dt = vCr1 (t0) − Vo

Lr
diLr1

dt + 1
Cr

∫
iCr2dt = vCr2 (t0) − Vo − VCc1

Lr
diLr1

dt + 1
Cr

∫
iCr3dt = vCr3 (t0) − Vo − VCc1 − VCc2

Lr
diLr2

dt + 1
Cr

∫
iCr4dt = VCc3 − Vo − vCr4 (t0)

Lr
diLr2

dt + 1
Cr

∫
iCr5dt = VCc3 + VCc2 − Vo − vCr5 (t0)

Lr
diLr2

dt + 1
Cr

∫
iCr6dt = VCc3+VCc2 + VCc1 − Vo − vCr6 (t0)

Lr
diLr1

dt − Lr
diLr2

dt = Vin − VCc1 − VCc2 − VCc3 = 0
ir p = iLr1 + iLr2 = iCr1 + iCr2 + iCr3 + iCr4 + iCr5 + iCr6

(3)
On the basis of the circuit operation of the Dickson con-

verter, the average voltage stresses of each capacitor are

VCr1 = VCr4 = 1

6
Vin,VCr2 = VCr5 = 1

2
Vin,

VCr3 = VCr6 = 5

6
Vin,VCc1 = VCc2 = VCc3 = 1

3
Vin. (4)

Thus, the voltage stresses of the switches are automatically
shared. As explained in Section III, the upper and lower sides
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of the resonant capacitors are discharged and charged, respec-
tively, in the positive half-cycle. Hence, the voltages across
each resonant capacitor at t0 are

vCr1 (t0) = 1

6
Vin + �vCr, vCr2 (t0) = 1

2
Vin + �vCr,

vCr3 (t0) = 5

6
Vin + �vCr, vCr4 (t0) = 1

6
Vin − �vCr,

vCr5 (t0) = 1

2
Vin − �vCr, vCr6 (t0) = 5

6
Vin − �vCr, (5)

where �vcr is a voltage ripple across the resonant capacitors.
By substituting (4) and (5) into (3), the derivative equation of
irp is

1

2
Lr

dir p

dt
+ 1

6Cr

∫
ir pdt = �vCr . (6)

The solution for (6) is expressed

ir p (t ) =
√

2Ir p sin (2π frt − ϕ) ,

where

fr = 1

2π
√

3LrCr
. (7)

Here, Irp is the RMS value of irp. The average output cur-
rent, Io, can be calculated as

Io = 1

2Tsw

∫ to+Tsw/2

t0

ir p (t ) dt = 2

π

�vCr√
Lr
/

12Cr

. (8)

Thus, the voltage ripple across the resonant capacitors is
represented as

�vCr = π Io

2

√
Lr

12Cr
= π Io

12ωrCr
= πPo

12ωrCrVo
. (9)

Due to the symmetric circuit configuration, the current
through each resonant capacitor is represented as

iCrm = 1

6
ir p(m = 1, 2, 3, 4, 5, 6). (10)

Thus, the switch currents are automatically shared. By ap-
plying KCL, iLr1 is derived as

iLr1 = iCr1 + iCr2 + iCr3 + iCin + Iin = 1

2
ir p + iCin + Iin.

(11)
Note that (11) holds independently of the operating modes.

The average currents of the capacitors are zero based on the
charge balance of the capacitors in the steady state. Therefore,
iLr1 has a positive DC bias current whose amplitude is the
same as Iin. Similarly, iLr2 has a negative DC bias current.
Here, the AC components of iLr1 are irp and iCin. Referring to
(3), the derivatives of iLr1 and iLr2 are the same, which yields
the following equation:

d

dt
(iLr1 − iLr2) = 2

d

dt
(iCin + Iin) = 0. (12)

Therefore, the input current ripple is canceled out in the
proposed converter, as shown in Fig. 4. The component stress
of the proposed converter as based on this analysis is summa-
rized in Table 1.

TABLE 1 Component Stress of Proposed Converter

FIGURE 5. Equivalent circuit during ZVS transition.

B. ZVS ANALYSIS
In the proposed converter, the output capacitors of the
primary-side switches are connected in parallel, and those of
the secondary-side switches are connected in series-parallel
during the ZVS transition. Fig. 5 shows the equivalent circuit
of the proposed converter during the ZVS transition at t0 in the
forward power flow (cf. Fig. 4). In the equivalent circuit, the
magnetizing inductance is assumed to be a constant current
source, and voltage ripple by transferring power is assumed to
be a constant voltage source. To achieve both-side ZVS, the
charge delivered by magnetizing inductance should be greater
than the total charge of the output capacitors of both side
switches. Thus, the ZVS constraint in (13) can be derived:

Lm ≤ TZV STsw

8
(
6Coss.p + Coss.s

) , (13)

where Coss.p is the output capacitor of a switch on the primary
side, Coss.s is that on the secondary side, and TZVS is the
duration for ZVS transition. In addition to the constraint in
(13), the resonant currents irp and irs should be greater and
less than zero, respectively, during the ZVS transition, which
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are represented as⎧⎨
⎩

ir p = −irZV S + Coss.eq
Coss.s

iLm ≥ 0

irs = −irZV S − Coss.eq
6Coss.p

iLm ≤ 0
,

where,

irZV S = �vCr√
Lr
/

2Coss.eq

sin

⎛
⎝ t√

LrCoss.eq
/

2

⎞
⎠ ,

Coss.eq = 6Coss.p//Coss.s = 6Coss.pCoss.s

6Coss.p + Coss.s
. (14)

From (14), the constraint for irp is more critical for both-
side ZVS. Thus, (15) should be satisfied for the charge or
discharge output capacitors of the primary-side switches.∫ TZV S

0

(
−irZV S + Coss.eq

Coss.s
iLm

)
dt

≥
∫ TZV S

0

⎛
⎝Coss.eq

Coss.s

VoTsw

4Lm
− �vCr√

Lr
/

2Coss.eq

⎞
⎠ dt ≥ 6Coss.p · 2Vo

(15)

By substituting (9) into (15), another constraint for ZVS can
be derived:

Lm ≤ TSW TZV S

8
(
6Coss.p + Coss.s

)+ 2π2Po frCoss.sTZV S
V 2

o

√
2Lr

Coss.eq

. (16)

The constraint in (16) satisfies (13) and (14). Therefore, to
achieve both-side ZVS, the constraint in (16) should be satis-
fied in the forward power flow. Similarly, the ZVS constraint
for the backward power flow can be derived by replacing
Coss.s with 6Coss.p in (16). In summary, the ZVS constraint
for both-side ZVS independent of power flow directions is
derived as (17) shown at the bottom of this page.

C. DYNAMIC MODEL
Fast transient response and constant voltage gain character-
istics are essential for the proposed converter to operate as a
DCX. To evaluate these characteristics, the dynamic model
of the proposed converter is necessary. Among the various
available modeling methods, the equivalent circuit model is
the most intuitive and easy to use in terms of extensibility
[48], and so we derive it in this subsection. However, since
the proposed converter is a hybrid converter composed of a
ripple-cancel LLC and Dickson-type RSCCs, it is challenging
to derive them simultaneously. Therefore, referring to [49],
we derive a hybrid converter model by decomposing each
circuit according to its functions, modeling them individually,
and recombining them. Fig. 6 shows the decomposition of
the proposed converter, which consists of an embedded filter
block of a ripple-cancel LLC and three RSCC blocks. The DC

FIGURE 6. Decomposition of proposed converter in accordance with its
functions.

FIGURE 7. DC equivalent circuits of (a) RSCC block, (b) three RSCC blocks,
and (c) three simplified RSCC blocks.

equivalent model of the ripple-cancel circuit has already been
reported [34], so its derivation is not described in this paper.

The input terminals of each RSCC block are connected to
each clamping capacitor, and the output terminals are con-
nected to the output port through the transformer. Thus, the
RSCC block can be modeled by the equivalent circuit consist-
ing of an ideal transformer with a 2:1 turn ratio, DC equivalent
resistor RDC, and DC equivalent inductor LDC, as shown in
Fig. 7(a). Fig. 7(b) depicts the equivalent circuit of the three
RSCC blocks [48], [49], with a simplified version shown in
(c). The power flow through each RSCC block is associated
with a dissipation loss and a certain amount of stored energy
in the resonant tank. Therefore, the loss and stored energy
should be equal to those in the DC equivalent circuit. RDC

Lm ≤ TSW TZV S

8
(
6Coss.p + Coss.s

)+ 2π2Po frTZV S
V 2

o

√
2Lr

Coss.eq
· max

[
6Coss.p,Coss.s

] . (17)
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FIGURE 8. Dynamic model of proposed converter.

TABLE 2 Simulation Parameters

is derived on the basis of the energy consumption of the on-
resistance of the switch, Ron. From (10) and Fig. 7(b), RDC is
represented as(

1

3
Ir p

)2

Ron =
(

1

3
Io

)2

RDC ⇔ RDC =
(

Ir p

Io

)2

Ron. (18)

LDC is derived on the basis of the stored energy in the
resonant tank (resonant capacitor). From (9) and Fig. 7(b),
LDC is represented as

1

2
2Cr�v2

Cr = 1

2
LDC

(
1

3
Io

)2

⇔ LDC = 3π2

8
Lr . (19)

Due to the law of conservation of energy, RDC.tot and LDC.tot

in Fig. 7(c) are represented as

RDC

(
Io

3

)2

· 3 = RDC.tot I
2
o ⇔ RDC.tot = RDC

3
, (20)

1

2
LDC

(
Io

3

)2

· 3 = 1

2
LDC.tot I

2
o ⇔ LDC.tot = LDC

3
. (21)

By recombining the model of the ripple-cancel circuit in
[34] and the model of RSCC in Fig. 7(c), the DC-equivalent
circuit model of the proposed converter can be derived. Fig. 8
depicts the proposed converter with an embedded input fil-
ter consisting of resonant inductors and clamping capacitors.
Transient response and output impedance simulations were
conducted to verify the proposed model. Fig. 9(a) shows a
comparison of transient response under the step load change
from 110 � to 11 � with an input voltage of 900 V, and (b)
shows a comparison of the output impedance. The parameters
for this verification are summarized in Table 2. Based on the

FIGURE 9. Comparison between simulation result and proposed dynamic
model: (a) transient response, (b) output impedance.

parameters, the RDC.tot and LDC.tot are 49.3 m� and 14.8 μH,
respectively. As shown in the figure, the proposed model is
in good agreement with the simulation results under both the
time and frequency domains, which means it can be used
to evaluate the fast response and constant voltage gain and
even to design the converter parameters. When the clamping
capacitors are large enough, the embedded input filter and
RSCC blocks can be decoupled, and thus the embedded filter
does not provide the output impedance with additional poles
or zeros that could cause instability. The LDC.tot should be as
small as possible to achieve a fast transient response. As for
the corner frequency of the input filter, it is derived as

fc = 1

2π

√
3

2LrCc
. (22)

Note that the proposed converter will lose the input filter
characteristics with a small Lr. Thus, there is a trade-off be-
tween fast transient response and input filter capability.

D. CONDITIONS FOR SOFT-CHARGING OPERATION
Although the proposed converter can operate with soft-
charging under an ideal condition in which each resonant
component is identical and clamping capacitors are assumed
as the constant voltage sources, the exact condition for the
soft-charging operation remains unknown. In this subsection,
the exact condition for the soft-charging operation is clarified
by performing the following procedure.

1) Determine the condition for the amount of voltage in-
crease to prevent voltage mismatching.
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FIGURE 10. Waveforms of charge redistribution under insufficient
capacitance of clamping capacitors.

2) Determine the charge through each flying capacitor by
means of charge vector analysis.

3) From 1 and 2, determine the capacitor constraints for
the soft-charging operation.

The constraints for the resonant and clamping capacitors
are derived in (23) and (24), respectively. A detailed derivation
is provided in Appendix A.

Cr1 + Cr6 = Cr2 + Cr5 = Cr3 + Cr4 = 2Cr . (23)

CCc1 = ∞,CCc2 = ∞,CCc3 = ∞ (24)

Eq. (23) indicates that although the total capacitance of the
resonant capacitors in each leg should be the same, there are
degrees of freedom in the design of the capacitance values in
each leg. Thus, this analysis again confirms that the clamping
capacitors should utilize sufficiently large capacitances and
clarifies both the constraints and the design freedom of the
resonant capacitors.

E. INCOMPLETE SOFT-CHARGING OPERATION AND
COMPENSATION SCHEME FOR VOLTAGE MISMATCHING
Although the constraints for the capacitors to achieve soft-
charging operation are developed as discussed in subsec-
tion IV-D, the constraints of (24) imply that the hard-charging
operation may be possible as well. Thus, when the ca-
pacitances of the clamping capacitors are insufficient, the
soft-charging operation is incomplete, and the inrush hard-
charging current may occur in the internal flying capacitor
network due to the capacitor voltage mismatching during
the mode transition. Fig. 10 shows the voltage and current
waveforms under the incomplete soft-charging operation. The
parameter for the clamping capacitors Cc is set to 2.2 μF,
and all other parameters are the same as those in Table 2.
Although the capacitance of the clamping capacitors is more
than 50 times greater than that of the resonant capacitors, volt-
age mismatching and the inrush hard-charging current occur
(cf. Fig. 10), and the charge redistribution happens during the
mode transition.

FIGURE 11. Passive compensation scheme for voltage mismatching.

We propose a passive compensation scheme for voltage
mismatching to avoid charge redistribution. The proposed
scheme utilizes the dead time and magnetizing current effec-
tively. For simplicity, resonant components are assumed to be
identical in the following analysis. When the resonant com-
ponents are the same, the amount of voltage increase of Cc2,
�vCc2, becomes zero (cf. Appendix A). As such, the charge
redistribution can only happen by the voltage mismatching
in the flying capacitor network of Cr1–Cr2–CC1 during the
transition from the negative to the positive half-cycle and
of Cr2–Cr3–CC3 during the opposite transition. Furthermore,
since there is no voltage mismatching in the flying capacitor
network of Cr2–Cr3–CC2 during the transition from the neg-
ative to the positive half-cycle and of Cr1–Cr2–CC2 during
the opposite transition, vCc2 and vCc3 are the same during the
transition from the negative to the positive half-cycle, and vCc1

and vCc2 are the same during the opposite transition. Con-
sequently, vCc1 is |�vCc1| smaller than vCc2 and vCc3 during
the transition from the negative to the positive half-cycle, and
vCc3 is |�vCc3| smaller than vCc1 and vCc2. Note that |�vCc1| is
equal to |�vCc3|. Under these conditions, the proposed scheme
distinguishes three operating modes for dead time, as shown
in Fig. 11. Due to the analogous operation, the transition from
the negative to the positive half-cycle is explained.

Mode a [ta – tb]: Q2, Q4, and Q6 are turned off at ta. Since
vCc1 is slightly smaller than vCc2 and vCc3, the drain-source
voltage of Q1 reaches zero faster than those of Q3 and Q5. This
mode will end when the drain-source voltage of Q1 reaches
zero.

Mode b [tb – tc]: When the body diode of Q1 is conducted
at tb, the drain-source voltages of Q3 and Q5 are not zero,
and their amplitudes are |�vCc1|. Since the body diode of
Q1 is conducted, the converter starts to transfer the power
to the secondary side. During the operation of this mode, the
resonant current flows through only the resonant capacitor leg
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FIGURE 12. AC equivalent circuit of proposed converter.

consisting of Cr1 and Cr6, so Cr1 and Cr6 are charged and
discharged, respectively. Since the amplitude of voltage mis-
matching in the flying capacitor network of Cr1–Cr2–CC1 is
|�vCc1|, this mode continues until Cr1 is charged for |�vCc1|.
After Cr1 is charged, there is no longer voltage mismatching,
and the drain-source voltages of Q3 and Q5 reach zero.

Mode c [tc – td]: Since the drain-source voltages of Q1,
Q3, and Q5 are all zero, the body diodes of the switches are
conducted. Q1, Q3, and Q5 can be turned on with ZVS at td.

Similarly, the drain-source voltage of Q6 reaches zero faster
than those of Q2 and Q4 during the opposite transition. To
eliminate the voltage mismatching in mode b, the charge de-
livered by the negative resonant current during dead time Td

should be larger than the charge required to charge Cr1 and
discharge Cr6, as represented in (25).∣∣∣∣
∫ Td

0
ir p (t ) dt

∣∣∣∣ ≥ 2Cr |�vCc1|

⇔
√

2Ir p

2π

(
cos

(
2πTd

Tsw
− ϕ

)
− cos ϕ

)
≥ 2Cr

Cc
Iin (25)

F. RIPPLE-REDUCTION CAPABILITY UNDER THE
NON-IDEAL CONDITION
In subsection IV-A, it is introduced that the proposed con-
verter has a ripple-cancel capability under the ideal condition.
However, resonant components have tolerance in practice.
Although the component tolerance of a capacitor can be mit-
igated by applying class-I ceramic or film capacitors, that
of an inductor is difficult to mitigate and generally has a
±10% tolerance. Thus, a ripple-reduction capability under
the non-ideal condition is analyzed in this section. Based on
the analysis in subsection IV-D, the total capacitance of the
resonant capacitors in each leg is assumed to be the same,
and the clamping capacitors are assumed to be sufficiently
large. Since the total capacitance of the resonant capacitors
in each leg is assumed to be the same, the impedance of each
resonant capacitor leg is the same, and the irp is divided into
three equal parts. Consequently, the AC equivalent circuit of
the proposed converter can be constructed as represented in
Fig. 12. In the equivalent circuit, the clamping capacitors are
considered short circuits, and the switch-pairs are substituted

by the sinusoidal AC current sources with the amplitude of irp

/ 3. As shown in Fig. 12, the equivalent circuit of the proposed
converter can be represented as an aggregated Wheatstone
bridge-like circuit. The current ripple through the input ca-
pacitor is represented as

iCin = Lr1 (Cr1 + Cr2 + Cr3) − Lr2 (Cr4 + Cr5 + Cr6)

6 (Lr1 + Lr2)Cr
ir p.

(26)

Therefore, when the relationship in (27) holds, the input
current ripple will be canceled even under the non-ideal con-
dition.

Lr1 (Cr1 + Cr2 + Cr3) − Lr2 (Cr4 + Cr5 + Cr6) = 0 (27)

V. DESIGN EXAMPLE
To demonstrate the feasibility of the proposed converter and
the validity of the analysis, we fabricated a prototype with the
input and output voltages of 900 V and 150 V, respectively, the
rated output power of 2 kW, and the switching and resonant
frequencies of 130 kHz. In this section, the design methodol-
ogy of the prototype as based on the analysis in Section IV
is presented in this section. This section consists of five parts:
the design of 1) the magnetizing inductance, 2) the dead time
3) the resonant inductor, 4) the resonant capacitor, and 5) the
clamping capacitor.

A. DESIGN OF MAGNETIZING INDUCTANCE
To achieve both-side ZVS independent of the power flow
direction, the constraint in (17) should be satisfied. In the
proposed converter, Coss.p is 102 pF, and Coss.s is 400 pF.
Thus, the constraint for backward power flow is more critical.
The ZVS constraint for the prototype converter is

Lm ≤ TSW TZV S

8
(
6Coss.p + Coss.s

)+ 12π2Po frCoss.pTZV S

V 2
o

√
2Lr

Coss.eq

= 54.9 μH. (28)

Here, TZVS is assumed to be 80 ns, and Lr is assumed to be
12 μH. Based on (28), Lm was set to 50 μH in the prototype.

B. DESIGN OF DEAD TIME
Although dead time is required to achieve ZVS, an excessively
lengthy dead time may possibly lead to the failure of ZVS. To
prevent this, the switches should be turned on before the polar-
ity of the resonant current become positive. Assuming that the
ZVS transition Tzvs is much shorter than the switching period
Tsw and can be ignored, and that the magnetizing current is
split in accordance with the ratio of the output capacitors on
the both-side capacitance ratio as in (14), the lagging phase ϕ

in the forward power flow can be represented as

ϕ = tan−1
((

Coss.eq

Coss.s

Vo

4Lm fr

)/(
π Io

2

))
. (29)

Similarly, ϕ in the backward power flow can be derived by
replacing Coss.s with 6Coss.p in (29). Thus, the constraint of
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FIGURE 13. (a) FHA model of proposed converter and (b) voltage gains
with inductance ratio Lm / Lr = 4.

dead time Td is

TZV S = 80ns ≤ Td ≤ TZV S + ϕTsw

2π
= 212ns,

where,

ϕ = tan−1
((

min

[
Coss.eq

Coss.s
,

Coss.eq

6Cossp

]
Vo

4Lm fr

)/(
π Io

2

))
.

(30)
As discussed in subsection IV-E, the dead time needs to

include a period of time to compensate for the voltage mis-
matching. On the other hand, an increase in dead time duration
causes lower efficiency due to the long body diode conducting
period. Thus, Td was set to 200 ns in the prototype.

C. DESIGN OF RESONANT INDUCTOR
To operate the proposed converter as a DCX, the voltage gain
should be constant near the resonant frequency. The funda-
mental harmonic approximation (FHA) model is applied to
identify the voltage gain of the proposed converter. Fig. 13(a)
shows the FHA model as derived from (6). The voltage gains
with inductance ratio Lm/Lr = 4 are shown in Fig. 13(b),
where the eight curves represent the voltage gains correspond-
ing to the load factors of 10%, 25%, 50%, and 100% under
bidirectional power flows. With the inductance ratio, the volt-
age gains are constant near the resonant frequency under a
wide power range. Thus, the resonant inductor Lr was set to
12 μH in the prototype.

D. DESIGN OF RESONANT CAPACITOR
The parameter of the resonant capacitor can be designed on
the basis of the resonant frequency and resonant inductor
value, as

Cr = 1

12π2 f 2
r Lr

⇔ 41.6 nF. (31)

Since the total capacitance of the resonant capacitors in
each leg should be the same as that shown in (23), the class-I
C0G ceramic capacitors were applied to the prototype so
as to mitigate the component tolerance. Further, the capaci-
tance of the resonant capacitors in each leg can be arbitrarily
divided because the constraints for the soft-charging and
ripple-canceling operations depend on (23) and (27), respec-
tively. To improve the power density, it is preferable to reduce
the capacitance of Cr3 and Cr6, whose rated voltages are large.
Therefore, we made a prototype with different capacitance
arrangements compared to the first proposed circuit. In the
prototype, Cr1 = Cr4 = 2Cr, Cr2 = Cr5 = Cr, and Cr3 and
Cr6 are open.

E. DESIGN OF CLAMPING CAPACITOR
The parameters of Lm, Cr, and Td have already been designed
in the previous subsections, so the parameter of the clamping
capacitor can be calculated based on (25), as

Cc ≥ 2CrIin√
2Ir p
2π

(
cos

(
2πTd
Tsw

− ϕ
)

− cos ϕ
) = 12.5 μF. (32)

On the other hand, Cc requires enough capacitance to sat-
isfy the input filter characteristics. To prevent electromagnetic
interference generated by the switching source from reaching
the power line, the input filter should sufficiently attenuate the
gain above the switching frequency, and the corner frequency
of the input filter should be 1/10 of the switching frequency.
The corner frequency of the input filter is described in (22).
Thus, the other constraint can be derived as

Cc ≥ 3

8π2Lr f 2
c

= 18.7 μF (33)

Considering these two constraints, the Cc was set to 20 μF
in the prototype. Since Cc does not require a small tolerance,
class-II ceramic capacitors with high permittivity were used.
These capacitors suffer a capacitance degradation as the DC
bias voltage increases, so the number of capacitors connected
in parallel was designed to have the desired capacitance value
at the rated voltage.

VI. EXPERIMENTAL RESULTS
We fabricated a prototype of the proposed converter and
performed experiments to determine the validity of the com-
prehensive analysis and design theory. Fig. 14 shows a
photograph of the prototype and Table 3 lists its specifica-
tions and circuit parameters. We used 650-V SiC MOSFETs,
C3M0120065D, as the primary-side switches and 250-V
OptiMOSTM3 MOSFETs, IPP600N25N3G, as the secondary-
side switches. Class-I C0G ceramic capacitors, CGA5L4C0G,
were used as the resonant capacitors and class-II X7T ceramic
capacitors, CGA9P4X7T, were used as the clamping capaci-
tors. We connected 40 class-II ceramic capacitors in parallel
to compensate for the capacitance degradation.

The steady-state measured waveforms of the main switches
under 10% and full load conditions in the forward power flow
are shown in Fig. 15 and those in the backward power flow
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FIGURE 14. Prototype of proposed converter.

TABLE 3 Specifications and Electrical Parameters

in Fig. 16. The voltages through all the primary-side switches
were clamped and each voltage stress was 300 V, which means
automatic voltage sharing without additional circuits or con-
trols could be achieved. In addition, all switches achieved
ZVS operation independent of the load and power flow condi-
tion, thus demonstrating that load-independent soft-switching
under bidirectional power flow could be achieved.

Fig. 17 shows the currents through the primary-side
switches under the full load condition. As shown in the fig-
ure, the currents were well balanced not only in terms of
RMS values but also instantaneous values. There was also
no observation of inrush hard-charging current or ringing,
which proves the validity of the design theory. These results

FIGURE 15. Steady-state measured waveforms of primary-side switches
under (a) 10% load and (b) full-load conditions, and those of
secondary-side switches under (c) 10% load and (d) full-load conditions in
forward power flow.

demonstrate that the proposed converter can achieve auto-
matic current sharing with the soft-charging operation.

Key waveforms of the ripple-canceling characteristics un-
der the full load condition are shown in Fig. 18. As we can
see here, the peak-to-peak current of irp was 43.4 Ap-p, and
in contrast, that of the current through the input capacitor iCin

was just 0.412 Ap-p. This indicates that the proposed converter
significantly mitigated the input current ripple.
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FIGURE 16. Steady-state measured waveforms of primary-side switches
under (a) 10% load and (b) full-load conditions, and those of
secondary-side switches under (c) 10% load and (d) full-load conditions in
backward power flow.

Fig. 19 shows a comparison of the transient response of
the proposed converter with the proposed dynamic model,
where the load step proceeds from 10% to full load. In sub-
section IV-C, we only considered the conduction loss on the
primary side as dissipation loss for simplicity. However, to-
tal dissipation loss also includes the conduction loss on the
secondary side, the copper loss of magnetic components, and

FIGURE 17. Currents through primary-side switches under full-load
conditions in (a) forward power flow and (b) backward power flow.

FIGURE 18. Key waveforms of ripple-canceling characteristics under
full-load condition in forward power flow.

the output capacitor DC-link equivalent series resistor (ESR)
loss. Here, the input capacitor DC-link ESR loss can be ig-
nored thanks to the ripple-cancel feature, so RDC.tot can be
recalculated as

RDC.tot

=
(

Ir p

Io

)2

·
(

Ron.p

3
+ 2Ron.s + RLr + RTr.p

2
+ RTr.n

)

+
((

Ir p

Io

)2

− 1

)
RCo

= 393m� (34)
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FIGURE 19. Transient response of proposed converter.

FIGURE 20. Conducted DM noise measurement result under full-load
condition.

where, Ron.p and Ron.s respectively denote the on-resistance
of the primary-side switch and secondary-side switch, RLr

is the ESR of the resonant inductor, and RTr.p and RTr.n re-
spectively denote the winding resistance of the primary-side
and secondary-side transformer winding. The LDC.tot can be
calculated as 14.8 μH in accordance with the parameters listed
in Table 3. As shown in the Fig. 19, the transient response
of the proposed converter was good agreement with that of
the proposed dynamic model under both steady and transient
states, thus verifying the validity of the proposed dynamic
model.

Fig. 20 shows the measured differential-mode (DM) noise
spectrum of the proposed converter under full-load condition.
Due to its configuration, the embedded filter is effective at
suppressing DM noise but not at common-mode (CM) noise,
so only the DM noise spectrum was measured. In the exper-
imental system, a line impedance stabilization network was
utilized to keep the line impedance constant at 50 � in the
measured frequency band. To separate noise into DM and CM,
power combiners, ZSCJ-2-2+ and ZAPDJ2-5W-521+, were
used for measurements from 150 kHz to 5 MHz and from
5 MHz to 30 MHz, respectively. The output signals of the
combiners had to be processed in the test receiver to produce
the true DM voltage. First, the power combiners had specified

FIGURE 21. Measured efficiency of proposed converter.

FIGURE 22. Voltage gains in accordance with output power.

insertion losses compensated in the receiver. Second, since the
output signals of the combiners were twice as large as the
true DM voltage in theory, the test receiver subtracted 6 dB
μV from the received signals [50]. As shown in Fig. 20, the
proposed converter met FCC class A regulations at twice the
switching frequency with a margin of 14.2 dB μV. In addition,
the proposed converter cleared the regulation in the frequency
band up to the ninth harmonics. Although some frequency
bands above the 10th harmonics exceeded the regulation, the
DM filter can be downsized compared to the conventional
converters because it satisfies the regulation at low harmonics
where the DM noise is usually large. These results show that
the embedded filter characteristics of the proposed converter
have useful properties.

The measured efficiency of the proposed converter is shown
in Fig. 21. The maximum efficiencies were 96.8% at 813
W and 96.2% at −802 W under the forward and backward
power flows, respectively. Moreover, the proposed converter
had an efficiency of over 90% under the whole load range
in the bidirectional power flows since 1) it enables a wide-
range both-side ZVS operation, as shown in Figs. 15 and 16,
and 2) it achieves automatic current sharing, thus ensuring a
good balance between the RMS currents of different switches
and resulting in lower current stresses and conduction
loss.

Fig. 22 shows the voltage gains corresponding to the output
power, where we can see that these gains in the experiment
were slightly smaller than the unity voltage gain. The differ-
ence between these two gains increased as the output power
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TABLE 4 Topology Comparison

increased. Dissipation losses are mainly what caused this volt-
age drop. Using the dynamic model of the proposed converter,
the DC output impedance can be calculated as RDC.tot. The
compensated voltage gains considering the dissipation losses
are also plotted in Fig. 22. As shown in the figure, the voltage
gains are almost constant and unity when ignoring dissipation
losses under both power directions.

VII. TOPOLOGY COMPARISON
In this section, the proposed converter is compared with
the conventional high-voltage LLCs from various aspects in-
cluding ripple reduction, natural voltage-sharing, modulation
complexity, extensibility, suitability to high-power applica-
tions, component counts, switch stresses, conversion gain,
reported efficiency, and output power. The comparison is sum-
marized in Table 4. The primary-side component counts and
switch stress are targeted since the converters utilize general
full-wave rectifiers on the secondary side.

As discussed in Section II, the proposed converter is supe-
rior to conventional topologies in terms of ripple reduction,
automatic voltage-sharing, simple modulation, extensibility,
and suitability to high-power applications. Further, it requires
no additional inductors for the soft-charging operation even as
the level increases, indicating greater robustness to the compo-
nent tolerance compared to the ladder RSCC hybrid converter.
Since all the compared converters have soft-switching capa-
bility, the conduction loss has a significant impact on the
efficiency. Thus, the efficiency comparison was conducted in
the same output current range for all converters and found
that the proposed converter achieved the same level of high
efficiency.

On the other hand, the proposed converter has the largest
number of components among the converters when the same
number of switches with the three-level converter is used.
However, most of the components are resonant capacitors
with a small capacitance, and the number of clamping ca-
pacitors is the same as that of the DC-link capacitor of the
other three-level converters. Thus, the power density of the
proposed converter as a PM will be about the same or slightly
lower than those of the other three-level converters. In ad-
dition, as discussed in the Introduction, an increase in the
number of modules significantly reduces the entire power
density. To approximate this effect, we can use the modu-
larization penalty, which is a highly simplified consideration
[26]. From this, the entire power density of the SST consisting
of the proposed 6-level converter can be higher than that of
the three-level SHB converter unless the power density of the
proposed converter is less than 1/1.4 of that of the SHB LLC
converter, which has the fewest number of components. A
detailed calculation is provided in Appendix B. In addition,
the power density of the entire SST can be improved by further
reducing the number of modules based on the extensibility of
the proposed converter.

VIII. CONCLUSION
In this paper, we proposed a ripple-cancel multilevel converter
to overcome the high current ripples and high voltage stress of
PMs. In contrast to SCC-based hybrid converters, which gen-
erally have to deal with an inrush hard-charging current, the
proposed converter achieves soft-charging operation without
additional inductors. Further, since it consists of a ripple-
cancel LLC and Dickson RSCCs, our proposed converter
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inherits the advantageous characteristics of these converters,
namely, load-independent soft switching, automatic voltage
sharing, reduction of the current ripple, an embedded filter
function, constant voltage gain, and flexible extensibility. The
proposed converter also enables automatic current sharing due
to the symmetric circuit configuration, which results in low
current stress and conduction loss. We analyzed these char-
acteristics and the conditions for the soft-charging operation
in detail and presented a passive compensation scheme for
the soft-charging operation and a design methodology on the
basis of the analyses. Our experimental results demonstrate
the validity of the proposed converter and show that it is an
attractive candidate for use as the PM of SST.

APPENDIX
A. DERIVATION OF THE FLYING CAPACITORS’
CONSTRAINTS
Capacitor voltage mismatch causes an inrush hard-charging
current during operating mode transition, so there is a risk
of this occurring in internal flying capacitor networks. The
proposed converter features two such loops in each half-cycle.
In the positive half-cycle, Cr1 – Cr2 – CC1 and Cr2 – Cr3

– CC2 constitute such loops, and in the negative half-cycle,
Cr1 – Cr2 – CC2 and Cr2 – Cr3 – CC3 constitute such loops.
Note that although other flying capacitor networks can be
selected in both half-cycles, the same constraint is obtained
from KVL (e.g., Cr5 – Cr6 – CC1 in the positive half-cycle is
the same constraint as Cr1 – Cr2 – CC1). To prevent voltage
mismatching, KVL in each cycle must hold continuously at
the switching transition, i.e., KVL for the amount of voltage
increase in each cycle must be satisfied simultaneously. Under
the positive half-cycle with the soft-charging operation, KVL
yields {−vCr1 + vCr2 − vCc1 = 0

−vCr2 + vCr3 − vCc2 = 0
. (A.1)

Thus, a similar relationship holds for the amount of voltage
increase within the positive half-cycle.{−�vCr1.p + �vCr2.p − �vCc1.p = 0

−�vCr2.p + �vCr3.p − �vCc2.p = 0
(A.2)

Similarly, the relationship in the negative half-cycle can be
represented as{−�vCr1.n + �vCr2.n − �vCc2.n = 0

−�vCr2.n + �vCr3.n − �vCc3.n = 0
. (A.3)

Due to the charge balance of capacitors in the steady state,{
�vCri.p + �vCri.n = 0

�vCci.p + �vCci.n = 0
(i = 1, 2, 3). (A.4)

From (A.2) to (A.4), the constraints of the amount of volt-
age increase for the soft-charging operation are derived.{

�vCr1.p(n) = �vCr2.p(n) = �vCr3.p(n)

�vCc1.p(n) = �vCc2.p(n) = �vCc3.p(n)
. (A.5)

FIGURE 23. Charge flows of proposed converter with (a) odd-numbered
and (b) even-numbered switches on.

Charge vector analysis is performed to identify the con-
straints of the capacitor. Fig. 23 shows the charge flow of the
proposed converter, where the inductors and transformers are
modeled as current sources. During the positive half-cycle (cf.
Fig. 23(a)), KCLs at nodes Ap – Ep yield the following set of
equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

qi.p − qCr1 − qCr2 − qCr3 − qLr1.p = 0

qCr1 + qLr1.p − qCc1 − qCr6 = 0

qCc1 + qCr2 − qCc2 − qCr5 = 0

qCc2 + qCr3 − qCc3 − qCr4 = 0

−qi.p + qCr4 + qCr5 + qCr6 − qLr2.p = 0

. (A.6)

During the negative half-cycle (cf. Fig. 23(b)), KCLs at
nodes An – En yield the following set of equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

qi.n + qCr1 + qCr2 + qCr3 − qLr1.n = 0

−qCr1 − qCc1 + qCc2 + qCr6 = 0

−qCr2 − qCc2 + qCc3 + qCr5 = 0

−qCr3 − qCc3 + qCr4 + qLr2.n = 0

−qi.n − qCr4 − qCr5 − qCr6 − qLr2.n = 0

. (A.7)

The charges delivered from the input voltage and each res-
onant inductor are represented as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

qi.p + qi.n = IinTsw

qLr1.p = IinTsw
2 + Lr2

Lr1+Lr2

IoTsw
2 = IinTsw

2

(
1 + 6Lr2

Lr1+Lr2

)
qLr1.n = IinTsw

2 − Lr2
Lr1+Lr2

IoTsw
2 = IinTsw

2

(
1 − 6Lr2

Lr1+Lr2

)
qLr2.p = − IinTsw

2 + Lr1
Lr1+Lr2

IoTsw
2 = IinTsw

2

(
−1 + 6Lr1

Lr1+Lr2

)
qLr2.n = − IinTsw

2 − Lr1
Lr1+Lr2

IoTsw
2 = IinTsw

2

(
−1 + 6Lr1

Lr1+Lr2

)
.

(A.8)
Here, the charge delivered from the resonant inductor con-

sists of a DC bias current and resonant currents through each
resonant inductor. Since the resonant current is distributed in
accordance with the admittance of the resonant inductance,
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the charge is also distributed corresponding to the admittance.
From (A.6) to (A.8), the charges through the switches are
derived as

qQ1 = qQ2 = qQ3 = qQ4 = qQ5 = qQ6 = IinTsw. (A.9)

In other words, (A.9) indicates that the charge flowing
through each resonant capacitor leg is the same. Hence, the
constraints for the resonant capacitors are derived from (A.5)
and (A.9) as follows.

Cr1 + Cr6 = Cr2 + Cr5 = Cr3 + Cr4 = 2Cr . (A.10)

As for the charges through the clamping capacitors, they
are derived from (A.6) to (A.8).⎧⎪⎪⎪⎨
⎪⎪⎪⎩

qCc1 = IinTsw
2

(
6Lr2

Lr1+Lr2
− 1

)
qCc2 = IinTsw

2

(
6Lr2

Lr1+Lr2
− 3

)
= qCc1 − IinTsw

qCc3 = IinTsw
2

(
6Lr2

Lr1+Lr2
− 5

)
= qCc2 − IinTsw

⇔ qCc1 �= qCc2 �= qCc3

(A.11)

Therefore, the constraints for voltages across clamping
capacitors in (A.5) cannot be satisfied. To mitigate the hard-
charging inrush current, the constraints for the clamping
capacitors are derived from (A.5) and (A.11).

CCc1 = ∞,CCc2 = ∞,CCc3 = ∞ (A.12)

B. MODULARIZATION PENALTY
The modularization penalty is a concept indicating that mod-
ularization reduces the power density of the entire system
below the module’s power density due to additional isola-
tions and overheads. For simplicity, the power P here is
processed in a sphere with a radius R0. The volume of the
entire system can be denoted as follows with the number of
modules X.

V (X ) = 4

3
π

(
R0

X 1/3
+ diso

)3

· X (B.1)

Here, diso refers to the additional isolations and overhead
distance. As an example, the system in [27] consists of 27
modules composed of diode-clamped NPC AC-DC convert-
ers and SHB LLCs. In this case, the entire power density
decreases by about 1/10 of the module’s power density. There-
fore, diso can be calculated as 1.37 R0 in this case. By utilizing
the proposed 6-level converter, the number of modules can be
reduced to 2/3 according to the voltage stress of the switch in
Table 4, and the power density reduction improves from about
1/10 to about 1/7. Although each module includes an AC-DC
converter, it can be assumed to be negligible for simplicity
because it consists of only switches and diodes. In such a
case, the entire SST consisting of the proposed converters may
have a higher power density than that consisting of the SHB
LLCs unless the power density of the proposed converter is
less than 1/1.4 of that of the SHB LLC. Note that although the
proposed 6-level converter has 1.5 times as many components
per module as the SHB LLC in terms of clamping capaci-
tors and switches, the power density will not be significantly
reduced compared to SHB LLC because the power rating is

also 1.5 times higher due to the reduction of the number of
modules.
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