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Abstract—Solid-state transformers (SST) provide voltage scaling
and galvanic isolation between medium-voltage (MV) and low-
voltage (LV) dc busses. Most SST topologies arrange several
isolated dc-dc converter cells in an input-series, output-parallel
(ISOP) configuration, whereby each cell’s medium-frequency
transformer (MFT) must withstand the very high lightning impulse
(LI) surge test voltage resulting in a significant volume overhead
from bushings and clearance distances. This paper focuses on
an alternative structure that employs capacitive isolation of the
individual cells (CC-SST) and thus requires only a single output-
side MFT with LI withstand capability, whose dry-type isolation,
advantageously, is not stressed with high dc voltages during normal
conditions, which ensures a long lifetime of the insulation material.
The operating principle of the CC-SST is thoroughly explained
using an exemplary system (12 kV dc input, 800 V dc output,
400 kW), and design challenges, in particular circulating currents
among the converter cells, are highlighted. Finally, a comparative
evaluation against a similar concept using ISOP-connected MFTs
indicates that the capacitive coupling approach could achieve an
efficiency improvement of up to 0.5 percentage points without an
increase in size.

Index Terms—Solid-state transformer, capacitive isolation,
input-series output-parallel (ISOP), dc transformer, medium
voltage.

I. Introduction

In high-power applications supplied from the medium-voltage
(MV) grid, solid-state transformers (SSTs) replace conventional
low-frequency transformers (LFTs) with medium-frequency
transformers (MFTs) and power electronic conversion stages on
both, the MV input and the (typically) low-voltage (LV) output
side. Originally developed for space- and weight-constrained
applications, in particular onboard traction vehicles [1], [2],
SSTs are widely considered as important building blocks of a
future smart grid due to the increase in functionality compared
to LFTs [3]. However, in typical ac-ac grid applications, the
combination of efficiency, robustness, and costs of an LFT
are very hard to beat [4]. In contrast, there is a high interest
in SSTs for MVac-LVdc applications like datacenter power
supplies [5], electrolysis [6], and especially for high-power EV
charging [7]–[15] (where several industrial demonstrators with
several hundred kilowatts rated power have been built [11],
[13], [14] and full-load efficiencies of 98% have been measured
[11]). Finally, MVdc grids are envisioned for reinforcing or
replacing the existing ac grid in utility [16], [17] and traction
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Fig. 1. MVdc-LVdc SST topologies. (a) Conventional multicell system with one MFT per converter cell that is rated for LI tests and subject to continuous MV
stress in normal operation. (b) Inductively-coupled multicell SST (IC-SST) proposed in [30], where the coupling MFTs operate with MV stress under normal
conditions whereas, advantageously, the main MFT does not; only the main MFT is rated for LI stress. (c) Capacitively-coupled multicell SST (CC-SST)
proposed in [39], where the coupling MFTs are replaced by coupling capacitors, i.e., off-the-shelve components with negligible losses.
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Fig. 2. (a) Detailed power circuit of the CC-SST from Fig. 1c (for the sake of clarity the representation is limited to 4 cells whereas 15 cells are employed in
the actual system, see Tab. I), and (b) simulated key waveforms for operation as a DCX (considering 15 stacked cells, see Section II-A). Note the limited
voltage stress of the MFT insulation (𝑣Cps,A and 𝑣Cps,B) in normal operation.

[18] applications, as well as aboard future hybrid or all-electric
ships [19].

In all these cases, essentially an isolated MVdc-LVdc
converter is at the SST’s core. Whereas cutting-edge 10+ kV
SiC transistors enable standard converter topologies to interface
at least lower MV levels [20]–[22], modular approaches have
the advantage of scalability and support, in principle, higher
voltage and power ratings without direct series connection or
direct paralleling of transistors, respectively. Therefore, most
SST topologies, e.g., [2], [11], [13], [14], [23], [24], are built
from many identical dc-dc converter modules that each contain
an MFT and which are configured in an input-series, output-
parallel (ISOP) arrangement as shown in Fig. 1a. A drawback
of this fully modular topology, however, is that the primary-to-
secondary insulation of each individual MFT is stressed with
high dc offset voltages in normal operation and must also be
able to withstand the (significantly higher) lightning impulse
(LI) test voltages1 prescribed in standards [25]–[27]. As in
addition the power rating of a single MFT is only a fraction of
the SST’s rated power, the overhead in terms of volume created
by these high isolation requirements (e.g., large bushings [28])
limits the SST’s power density (“modularization penalty” [29]).

Fig. 1b shows a first option to address this drawback, which
has been published recently [30]: The secondary-side converter
stages of all cells are merged and an additional MFT processing
the rated power is introduced. The converter cells are inductively
coupled (IC-SST) via MFTs to a common ac link on the

1Note that the terms “lightning impulse” (LI) and “basic impulse level”
(BIL) are employed interchangeably.

primary-side of the main MFT.2 Advantageously, only the main
MFT must provide LI withstand capability but is not stressed
with high dc voltages under normal operation because the dc
offset voltages appear across the coupling MFTs’ insulation
(we will discuss the underlying mechanism later in Section II).
Therefore, the insulation systems of the coupling MFTs and of
the main MFT can be optimized for their sole respective task.
The coupling MFTs can be air-insulated and do not require
large bushings, as they only need to pass partial-discharge (PD)
testing but not LI tests, which would require significantly larger
clearance distances. Aiming for a compact implementation, the
main MFT thus should employ dry-type (solid) insulation.3
As discussed above, advantageously the circuit structure of the
IC-SST prevents a continuous MV stress of the main MFT’s
solid insulation, which greatly reduces the risk for PD and
hence simplifies achieving a highly durable insulation system
[30].4 Furthermore, only the main LFT requires bushings with
sufficient clearance to withstand LI tests, but given the higher
power rating compared to the coupling MFTs, the overhead is
less pronounced.

However, the second MFT in the power conversion path
reduces the achievable efficiency by typically 0.25 to 0.5 per-
centage points. In general, transformers have been replaced by
capacitors to achieve galvanic separation with lower losses in

2As an aside, note the similarity to MF ac power distribution concepts such
as described, e.g., in [31]–[33].

3Oil isolation should be avoided due to the fire hazard and environmental
considerations.

4Note that this is conceptually similar to the hybrid air/solid insulation
concept for an MFT described in [34].



low-voltage systems [35]–[37], but have also been considered
for fully modular MVdc-LVdc converters [38]. Therefore,
Fig. 1c shows a capacitively-coupled SST (CC-SST) topology,
which has been proposed in [39]. Advantageously, the small
MFTs are replaced by off-the-shelve capacitors with typically
very low losses. Again, these capacitors take the dc offset
voltages such that the main MFT finds similar conditions as
in the IC-SST approach.5 Even though very promising, the
CC-SST topology has not yet received much attention in the
literature. Therefore, this paper first describes the operating
principle and the design of an exemplary CC-SST in Section II
and then addresses the design challenges arising from the high-
frequency (HF) ac-side coupling of several converter cells
in Section III. Finally, Section IV provides a comparative
evaluation of the CC-SST against the IC-SST, and Section V
concludes the paper.

II. CC-SST Operating Principle and Design
Fig. 2a shows a detailed power circuit diagram of a CC-

SST. Considering the exemplary specifications from Tab. I and
operation as a dc transformer (DCX; details below), Fig. 2b
shows simulated key waveforms that illustrate the following
discussion of the CC-SST’s operating principle. The dc input
voltage of 𝑉dc = 12 kV is compatible with an ac-dc power-
factor-correcting (PFC) rectifier frontend interfacing the 6.6 kV
MV grid (considering 10% grid overvoltage and about 15%
modulation reserve).

To describe the CC-SSTs operating principle, it is useful to
consider the equivalent circuit shown in Fig. 3a, which then can
be split into a differential-mode (DM) and a common-mode
(CM) equivalent circuit. The following discussion assumes
that the total input dc voltage distributes equally among the
input-side dc-link capacitors as

𝑉dc,𝑖 =
𝑉in
𝑁

, (1)

where 𝑁 is the number of cascaded converter cells. For the
considered specifications, 𝑉dc,cell,𝑖 = 800 V and thus 1200 V
power transistors offer sufficient blocking voltage margin.
Furthermore, the desired output voltage of 𝑉out = 800 V results
in an advantageous unity turns ratio of the MFT.

A. DCX Operation
Operating the CC-SST as a resonant converter in the half-

cycle discontinuous-conduction-mode, i.e., with a resonance
frequency, 𝑓0 = 16.5 kHz, slightly higher than the switching
frequency 𝑓s = 16 kHz, results in an almost load-independent
output voltage without the need for active control [43], [44], i.e.,
it acts as a “dc transformer” (DCX) with fixed voltage transfer
ratio. Furthermore, the coupling capacitors and the MFT’s
leakage inductance can be utilized to form the resonant tank,
while the MFT’s magnetizing current facilitates soft-switching
for all transistors [45].

5There are also other SST topologies with only a single MFT, which are
based on the modular-multilevel converter (MMC) [40]–[42]. However, there,
typically the DM voltage applied to the transformer is in the order of the dc
input voltage to limit the currents processed by the converter cells [40].

Table I
Exemplary specifications and parameters of the CC-SST shown in Fig. 2.

Symbol Description Value

𝑉in Input dc voltage 12 kV
𝑉out Output dc voltage 800 V
𝑃nom Rated power 400 kW
𝑁 Number of cells 15
𝑉dc,𝑖 Cell dc voltage 800 V
𝑓𝑠 Switching frequency 16 kHz
𝑓0 Resonance frequency 16.5 kHz

𝐶c Coupling capacitor capacitance 5µF
𝐸𝑆𝐿 Equivalent series inductance 80 nH
𝐸𝑆𝑅 Equivalent series resistance 0.4 mW
𝑅s Series resistance 1.7 mW

𝑁1 : 𝑁2 Transformer turns ratio 1 : 1
𝐿𝜎 Leakage inductance 2.5µH
𝐿m Magnetizing inductance 1 mH
𝐶ps Isolation capacitance 250 pF
LI / BIL Lightning impulse voltage (RI) 59 kV

𝐶r Secondary-side resonant capacitor not used
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Fig. 3. (a) Schematic representation of the the primary-side part of the CC-SST
(limited to 4 of 15 cells, see Tab. I) from Fig. 2a and decomposition into (b)
DM and (c) CM equivalent circuits.

In the CC-SST, all primary-side full-bridges operate with
equal dc voltage and switch synchronously. Hence, from a
power-transfer perspective, all 𝑁 converter cells are connected
in parallel and thus can be represented by single voltage source
in the DM equivalent circuit from Fig. 3b. Similarly, the
effective series capacitor follows as

𝐶c,DM,eff = 𝑁
𝐶c
2
, (2)

where 𝐶c is the coupling capacitance and 𝐶c,DM,eff = 37.5µF
follows. This rather high value requires a quite small leakage
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inductance of the MFT transformer, i.e.,

𝐿𝜎 =
1

4𝜋2 𝑓 2
0 𝐶c,DM,eff

, (3)

which evaluates to 𝐿𝜎 = 2.5 µH. This is a low value but
compatible with MFT realizations described in the literature
[46], [47]. To cope with higher stray inductances (to which
also parasitic inductances of the wiring between the converter
cells and the MFT must be added), a secondary-side series
capacitor, 𝐶r, could be introduced to reduce the effective series
capacitance as needed for maintaining the desired resonance
frequency, 𝑓0; here, we do not further consider this in the
interest of a focused analysis.

B. DC Offset Voltages

As mentioned, the coupling capacitors take the respective
cell’s dc CM offset voltage, which we now illustrate using the
CM equivalent circuit from Fig. 3c. Considering the positive
half cycle, i.e., the cells’ terminal voltages are 𝑉ab,𝑖 = 𝑉dc,𝑖
(again assuming equal dc voltage sharing), the cell’s offset
voltages correspond to the CM voltage of the two output
terminals a and b with respect to a (virtual) input voltage
midpoint M. With

𝑣a,𝑖 =
𝑉in
2

− (𝑖 − 1)𝑉in
𝑁

and (4)

𝑣b,𝑖 =
𝑉in
2

− 𝑖
𝑉in
𝑁

, (5)

the CM offset voltages become

𝑣CM,𝑖 =
1
2
(
𝑣a,𝑖 + 𝑣b,𝑖

)
=
𝑉in
2

(
1 − 2𝑖 − 1

𝑁

)
. (6)

For the opposite (negative) switching state with 𝑉ab,𝑖 = −𝑉dc,
the same value results, i.e., ideally 𝑣CM,𝑖 = 𝑐𝑜𝑛𝑠𝑡.. The zero

state (𝑣ab = 0) should not be used to prevent the generation
of HF CM voltages. As the coupling capacitors present low
impedance at high frequencies, any generated HF CM voltage
components would appear at the MFT terminals and contribute
to isolation stress; however, in contrast to fully capacitvely
isolated systems [35]–[38], the MFT suppresses HF CM
currents. To handle short CM voltage spikes, e.g., resulting
from not perfectly aligned switching transitions, small CM
chokes (e.g., clamp-on cores) can be placed at the output
terminals of each cell [39].

Not considering such non-idealities but full symmetry of the
circuit, we have

𝑣CM,𝑖 = −𝑣CM,𝑁+1−𝑖 ∀ 𝑖 ∈ [1, 𝑁] (7)

and hence the CM voltage of the terminals A and B of
the MFT’s primary-side winding with respect to the input
voltage midpoint is ideally zero by a simple voltage divider
consideration (see Fig. 3c). Thus, if the input voltage midpoint,
M, is grounded or is guaranteed to be close to earth potential
(as is typically the case), the MFT’s insulation is not subject
to any MVdc stress in normal operation.

C. Coupling Capacitor Selection
From the above considerations, the maximum CM voltage

offset that defines the voltage rating of the series capacitors
occurs for 𝑖 = 1 or 𝑖 = 𝑁 and amounts to

max
��𝑣CM,𝑖

�� = 𝑉in
2

(
1 − 1

𝑁

)
≤ 𝑉in

2
. (8)

Hence, the dc voltage rating of the coupling capacitors is about
6 kV for the case at hand.

In DCX operation, the capacitor rms current becomes

𝑖Cc =
𝜋𝑃

2
√

2𝑁𝑉dc

√︄
𝑓0
𝑓s
, (9)

which evaluates to about 𝑖Cc = 38 A. In contrast to pure
resonant capacitors, the CC-SST’s coupling capacitors are
subject to a very high dc offset voltage; the HF ac voltage
component resulting from the resonant current should remain
comparably small to limit the maximum DM voltages applied
to the MFT’s primary-side winding. Hence, the usage of the
coupling capacitors is similar to that of dc-link capacitors. Thus,
we consider a typical series of standard metallized polyproylene
film capacitors (AIC E51 DC). The most compact capacitor
that meets the combined requirements of dc voltage rating and
rms current capability (limited by the permissible temperature
rise) is the E51.P22-502R20/H with 𝐶c = 5 µF and an 8 kV
dc voltage rating6. The capacitor features a boxed volume of
1.8 dm3 (90 mm diameter, 220 mm length). The total volume
of all 30 coupling capacitors thus becomes 53.5 dm3 and
corresponds, at 𝑃 = 400 kW, to a power density of 7.5 kW/dm3,
i.e., comparable to typical MFTs.

6Despite including some margin, the selected capacitor rated for 8 kV dc is
more compact than those rated with 6 kV dc. As this is due to the specific
components available in the considered series, there is, in principle, potential
for more compact implementations.
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Fig. 5. (a) Visualization of circulating current paths in the CC-SST during
a positive voltage pulse and (b) equivalent circuit representation, where 𝑅

includes the capacitor’s 𝐸𝑆𝑅 and 𝑅s as well as the on-state resistance, 𝑅on, of
one transistor; 𝐿 includes the 𝐸𝑆𝐿 and, possibly, an explicit series inductance,
𝐿c. The excitation Δ𝑉dc is either caused by dc voltage imbalances among the
cells due to component tolerances or by switching time mismatches.

The capacitor losses result from the ohmic series resistance,
𝑅s, and from dielectric losses (resulting from the ac compo-
nent of the capacitor voltage) that are characterized by the
dielectric’s tan 𝛿 = 2 · 10−4 as

𝑃c = 𝑖2c𝑅s + 𝑖2c

𝐸𝑆𝑅︷   ︸︸   ︷
tan 𝛿

2𝜋 𝑓s𝐶c
(10)

per capacitor (see also Tab. I). For the selected capacitor,
𝑃c = 3 W and hence the total coupling capacitor losses are
90 W or 0.023% of the rated power. This is far less than what
coupling MFTs of the IC-SST would dissipate.

D. Transient LI Voltage Sharing
Whereas the coupling capacitors relieve the MFT’s insulation

from any high dc voltage stress, it must withstand the LI tests
described in standards such as IEC 62477-2, which we consider
here as an example. For the mentioned grid voltage of 6.6 kV
(from which the 12 kV dc input voltage has been deduced
above), the standard requires an LI test voltage (1.2/50 µs
pulse shape) with 58.7 kV peak value (OVC-III, reinforced
isolation).

Whereas SST protection concepts in general must consider
also the propagation of a lightning surge inside of the primary-
side converter stages [24], [25], [27], from the MFT insulations’
perspective, a meaningful test is to apply the LI test voltage
as a CM voltage between the a- and b-terminals of all cells
connected together and ground. The equivalent circuit shown
in Fig. 4a represents this situation. As the LI pulse is a HF
waveform, the impedances formed by the (equivalent, i.e.,
paralleled) coupling capacitors and the MFT’s primary-to-
secondary isolation capacitances, 𝐶ps, define the voltage sharing.
Given that 𝐶c is in the µF range whereas 𝐶ps is, maximally,
in the nF range,

𝑣Cc =
𝐶ps

𝐶Cc + 𝐶ps
𝑣LI ≤

10−9

10−6 + 10−9 𝑣LI ≈
1

1000
𝑣LI, (11)

i.e., the coupling capacitors see less than one volt per one
kilovolt of the applied LI pulse. The simulation results shown
in Fig. 4b confirm this and also indicate that the presence
of the capacitor’s 𝐸𝑆𝐿 does not result in significant voltage
drops.7

III. CC-SST Design Challenges
Under ideal conditions, the CC-SST thus appears as a very

interesting approach. However, considering real-world non-
idealities such as component tolerances or switching time
mismatches, challenges arise in the design of a CC-SST, which
are briefly outlined in the following.

A. Component Tolerances and Current Sharing
The total primary-side MFT current 𝑖p distributes to the

cells according to the impedances of the respective series
elements (i.e., the coupling capacitors, but also lumped series
inductances, 𝐿, and resistances, 𝑅, which include parasitics8
and—as discussed later—possibly dedicated series inductors);
i.e., equally in case of perfectly matched component values.
However, off-the-shelve, the selected capacitors are only avail-
able with a ±5% tolerance rating, i.e., impedance mismatches
must be expected.

As an example, suppose that only the coupling capacitor
connected to the a-terminal of cell 1 has a different (higher)

7The highest frequency required for largely defining the standard pulse shape
is about 300 kHz; whereas the impedance of an exemplary (large) isolation
capacitance of 1 nF is 530W at this frequency, the impedance of an exemplary
(large) series inductance of 1µH is only 1.9W, i.e., still more than two orders of
magnitude smaller; the selected capacitors feature a much lower 𝐸𝑆𝐿 = 80 nH.

8At the selected switching frequency, the coupling capacitors dominate the
impedances even in the presence of stray inductances from cabling, etc. of up
to several µH.
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value than all other coupling capacitors. Intuitively, one would
think that thus the currents in both output terminals (a and
b) of cell 1 would be higher than in all other cells (due to
the lower impedance of the coupling capacitor connected to
terminal a). However, as can be seen from the equivalent circuit
in Fig. 5b, this is not necessarily true, as, given the much lower
impedances of the cells’ dc-link capacitors, essentially the b-
terminals of all cells are connected in parallel; i.e., the excess
current flowing into the a-terminal of cell 1 distributes to the b-
terminals of all other cells, thereby affecting the charge balance
of all dc link capacitors. This is an example only; in general,
during one switching state, all cells (including their coupling
and dc-link capacitors) form an impedance network from which
the ac current (and hence power) distribution and ultimately the
steady-state dc voltage sharing among the cells can be found.
In this way, component tolerances of the coupling capacitors
can lead to unequal dc voltages of the cells.

B. Circulating Currents
In case the cell’s dc voltages are not equal, though, the

voltage difference appears as a step voltage excitation upon
changing of the switching state (indicated in Fig. 5 by the step
voltage sources) and drives circulating currents between the
cells. Note that also mismatches of the switching timings have
the same effect, as then temporarily one cell might apply the
opposite voltage at its terminals a and b compared to the other
cells.

Similar issues have been described for SSTs based on a multi-
winding transformer, where stacked primary-side converter cells

and a single secondary-side rectifier stage are coupled via a
single magnetic core [1]. As a countermeasure, the decoupling
impedance between the primary-side converter cells should
be maximized, which in [1] is achieved by minimizing the
series resonant capacitor and thus maximizing the resonant
circuit’s characteristic impedance. However, the feasibility of
this approach is limited in the CC-SST, as the DM voltage
ripple of the coupling capacitors should remain comparably
low; first, because off-the-shelve capacitors with high dc voltage
rating do not support very high voltage ripples (ripple currents),
and, second, because otherwise the DM voltage applied to
the MFT’s primary-side winding increases to values above
𝑉dc, which diminishes the advantages of the CC-SST concept
regarding insulation stress of the MFT.

Alternatively, small inductors, 𝐿c, could be placed in series
to the coupling capacitors [39], as indicated in Fig. 5. For
example, consider a switching time mismatch of Δ𝑡sw = 100 ns,
i.e., cell 1 switches from positive to negative output voltage
100 ns before all other cells. During that interval, essentially
twice the dc-link voltage is applied to the series connection of
cell 1’s two 𝐿c (all other cells act in parallel, in this example,
and hence the contribution of their inductors is at least an order
of magnitude lower and thus neglected). Then, to limit the
peak current built up during Δ𝑡sw to 25% of the peak resonant
current, the required series inductance becomes

𝐿c =
𝑉dc𝑁Δ𝑡

0.25 · 𝑖p
, (12)

which evaluates to 𝐿c = 6µH. Placing such series inductors, of
course, reduces the leakage inductance budget for the main MFT
further, or, alternatively, requires a reduction of the coupling
capacitances with the limits discussed above. In addition,
damping would be required at the resonance frequency of
the circulating current loops, which is dominated by the series
connection of a cell’s two coupling capacitors and two series
inductors. However, for the exemplary 𝐿c and 𝐶c, a resonance
frequency of 29 kHz results, which is close to the operating
frequency ( 𝑓s = 16 kHz) of the circuit. This renders the damping
of oscillatory circulating currents without introducing high
losses challenging.

C. DAB Instead of DCX Operation

Finally, the CC-SST could also operate as a dual active bridge
(DAB) converter, which has been mentioned in [35] and then
thoroughly analyzed for a capacitively isolated cascaded-cells
LV system without any transformer in [37]. A DAB converter
inherently requires an inductive series impedance in the ac link,
i.e., the resonance frequency of the coupling capacitors and
the series inductors, including the MFT’s leakage inductance,
must be far below the switching frequency and hence both
elements can have large values. Advantageously, additional
series inductance can be distributed to the cells as discussed
above (𝐿c), but without impact on the sizing of the coupling
capacitors.

The upper limit for the total effective series inductance



follows from the desired power transfer capability as [37]

𝐿DAB =
𝑉2

out
2𝜋𝑃nom 𝑓s

𝜑nom

(
1 − 𝜑nom

𝜋

)
. (13)

With a typical nominal phase shift of 𝜑nom = 𝜋/4, 𝐿DAB =

9.4µH results. The series inductors of the cells are

𝐿c = (𝐿DAB − 𝐿𝜎) ·
𝑁

2
, (14)

and thus, assuming 𝐿𝜎 = 5 µH (about twice the low value
required by the DCX operation), 𝐿c = 33 µH results, i.e., a
relatively high decoupling impedance between the converter
cells. As shown in [37], the soft-switching mechanism of the
DAB converter contributes to equal dc voltage sharing among
the cells in spite of component tolerances or switching time
mismatches (within certain limits) and therefore mitigates the
source of the circulating current issue. Note further that during
an LI test, the explicit series inductors would saturate and hence
not adversely impact the voltage sharing between coupling
elements and the main MFT discussed above in Section II-D.

Thus, Fig. 6 shows simulated key waveforms of the CC-
SST operating as a DAB converter with the aforementioned
selection of 𝐿c. The resonance frequency of 𝑓0 = 8.5 kHz is
still relatively close to the switching frequency of 𝑓s = 16 kHz,
which reflects in the primary current waveform’s rounded top; a
slightly larger coupling capacitance would result in the typical
trapezoidal DAB current. The rms current stress of the coupling
capacitor remains similar, but the series inductors contribute
additional losses, which, to some extent, reduces the advantage
of the CC-SST over the IC-SST.

IV. Comparative Evaluation

The IC-SST and the CC-SST topologies are largely equal
except for the coupling elements, which facilitates a straight-
forward first comparison of volume and loss estimates. Based
on typical data found for prototypes described in the literature
[29], the following assumptions are made: The power electronic
converter stages on the MV and on the LV side each have
relative losses of 0.25% and a power density of 3 kW/dm3.
The MFTs have relative losses of 0.5% and a power density of
7.5 kW/dm3; the (negligible) losses and the volume of the
coupling capacitors have been calculated in Section II-C.
Finally, the series inductors required for DAB operation are
assumed to have half the losses and twice the power density
of the coupling MFTs.

Using these admittedly very general estimates, Fig. 7 com-
pares the volumes and relative losses of the IC-SST and the CC-
SST (for DCX and DAB operation); a more detailed quantitative
comparison of the approaches is subject of future research.
Clearly, all solutions feature similar volumes; the sensitivity
on the assumptions regarding the power densities is low, as the
power converter stages that contribute the major share of the
volume are identical for all three variants. On the other hand,
the CC-SST shows a clear efficiency gain of 0.25 percentage
points compared to the IC-SST, which is a direct consequence
of replacing coupling MFTs with coupling capacitors. This
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Fig. 7. Comparison of volume and loss estimates for the IC-SST (see Fig. 1b)
and the CC-SST (see Fig. 1c) operated as DCX or DAB converter. Note that
the loss contribution of the coupling capacitors is negligible in all cases.

advantage is reduced if DAB operation is considered instead
of DCX operation. To prevent this, DCX operation should be
used, which would require very precise timing of switching
instants and, e.g., low-jitter gate drivers [48], i.e., increased
complexity of the signal processing subsystems, as well as tight
tolerances of the coupling capacitors. Alternatively, further
countermeasures against the circulating current issue discussed
in Section III-B should be explored.

V. Conclusion
The capacitively-coupled SST (CC-SST) topology features

significant advantages over conventional SST topologies: first,
there is only a single medium-frequency transformer (MFT)
which must withstand lightning impulse (LI) surges but whose
isolation is not subject to high MVdc stress during normal oper-
ation, which prevents potentially accelerated aging of dry-type
insulation systems. Moreover, being rated at the full power, the
overhead incurred by the isolation (e.g., bushings, etc.) remains
limited. The capacitive isolation of the individual converter
cells can be implemented using off-the-shelve film capacitors
(lower implementation effort compared to isolation transformers,
see Fig. 1b) with negligible losses. On the other hand, the
direct coupling of several converter cells via a common ac link
creates challenges, specifically the suppression of circulating
currents that arise as a consequence of component tolerances or
switching time mismatches. Future research should clarify and
identify mitigation methods, compare operating modes, and
also aim at a more detailed quantitative comparison against
alternatives, such as the inductively-coupled SST (IC-SST),
the conventional multicell topology, and, in particular, also
single-MFT topologies based on modular-multilevel converter
(MMC) structures.

References
[1] B. Engel, M. Victor, G. Bachmann, and A. Falk, “15 kV/16.7 Hz energy

supply system with medium frequency transformer and 6.5 kV IGBTs in
resonant operation,” in Proc. 10th Europ. Power Electron. Appl. Conf.
(EPE), Toulouse, France, Sep. 2003.

[2] C. Zhao, D. Dujic, A. Mester, J. K. Steinke, M. Weiss, S. Lewdeni-Schmid,
T. Chaudhuri, and P. Stefanutti, “Power electronic traction transformer—
medium voltage prototype,” IEEE Trans. Ind. Electron., vol. 61, no. 7,
pp. 3257–3268, Jul. 2014.



[3] M. Liserre, M. A. Perez, M. Langwasser, C. A. Rojas, and Z. Zhou,
“Unlocking the hidden capacity of the electrical grid through smart
transformer and smart transmission,” Proc. IEEE, vol. 111, no. 4, pp.
421–437, Apr. 2023.

[4] J. E. Huber and J. W. Kolar, “Applicability of solid-state transformers in
today’s and future distribution grids,” IEEE Trans. Smart Grid, vol. 10,
no. 1, pp. 317–326, Jan. 2019.

[5] J. Huber, P. Wallmeier, R. Pieper, F. Schafmeister, and J. W. Kolar,
“Comparative evaluation of MVAC-LVDC SST and hybrid transformer
concepts for future datacenters,” in Proc. Int. Power Electron. Conf.
(IPEC/ECCE Asia), Himeji, Japan, May 2022, pp. 2027–2034.

[6] R. Unruh, F. Schafmeister, N. Froehleke, and J. Boecker, “1-MW full-
bridge MMC for high-current low-voltage (100V-400V) DC-applications,”
in Proc. Power Convers. Intelligent Motion Conf. (PCIM), Nuremberg,
Germany, Jul. 2020.

[7] S. Srdic and S. Lukic, “Toward extreme fast charging: Challenges and
opportunities in directly connecting to medium-voltage line,” IEEE
Electrific. Mag., vol. 7, no. 1, pp. 22–31, Mar. 2019.

[8] X. Liang, S. Srdic, J. Won, E. Aponte, K. Booth, and S. Lukic, “A
12.47 kV medium voltage input 350 kW EV fast charger using 10 kV
SiC MOSFET,” in Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC),
Anaheim, CA, USA, Mar. 2019, pp. 581–587.

[9] W. Collins, K. Gomatom, and M. Simpson, “DCaaS for high power
EV fast charging – Scalable, interoperable architecture,” Nov. 2020.
[Online]. Available: https://tinyurl.com/mr2psebx

[10] A. Meintz, M. Starke, and T. Bohn, “Charging infrastructure technologies:
Development of a multiport, >1 MW charging system for medium-
and heavy-duty electric vehicles,” Presented at the DOE Vehicle Techn.
Program Annu. Merit Rev. Peer Eval. Meet., Jan. 2021. [Online].
Available: https://www.nrel.gov/docs/fy22osti/79988.pdf

[11] C. Zhu, “High-efficiency, medium-voltage input, solid-state, transformer-
based 400-kW/1000-V/400-A extreme fast charger for electric vehicles,”
Presented at the DOE Vehicle Techn. Off. Annu. Merit Rev. Electrific.,
Jun. 2021. [Online]. Available: https://tinyurl.com/4nnjbm7u

[12] Resilient Power, “Containerized supercharging station,” 2021. [Online].
Available: https://www.resilientpower.com/

[13] Hitachi, Ltd., “Hitachi develops the most compact, lightweight EV
charging technology in the industry with fast cahrging and multi-vehicle
charging capabilities,” Tokyo, Japan, Aug. 2021, press release. [Online].
Available: https://www.hitachi.com/New/cnews/month/2021/08/210825.
html

[14] K. Nakatsu, T. Kumazaki, A. Kanouda, K. Ide, and T. Tsukishima,
“Development of smart power management for achieving carbon neutrality
by 2050: Energy ccosystems for widespread EV adoption,” Hitachi Rev.,
vol. 71, no. 1, pp. 51–57, 2022.

[15] K. Pouresmaeil, J. Duarte, K. Wijnands, M. Roes, and N. Baars, “Single-
phase bidirectional ZVZCS AC-DC converter for MV-connected ultra-fast
chargers,” in Proc. Power Convers. Intelligent Motion Conf. (PCIM),
Nuremberg, Germany, May 2022.

[16] N. Soltau, H. Stagge, R. W. De Doncker, and O. Apeldoorn, “Development
and demonstration of a medium-voltage high-power DC-DC converter
for DC distribution systems,” in Proc. 5th IEEE Int. Power Electron.
Distrib. Generation Syst. Symp. (PEDG), Galway, Ireland, Jun. 2014.

[17] R. De Doncker, “Energy system transition and DC hybrid power
systems,” Presentation at the EU Directorate General for Energy Round
Table, Brussels, Belgium, 2018. [Online]. Available: https://ec.europa.
eu/energy/sites/ener/files/documents/2.dedoncker rwth aachen.pdf

[18] J. Fabre, P. Ladoux, H. Caron, A. Verdicchio, J.-M. Blaquière, D. Flumian,
and S. Sanchez, “Characterization and implementation of resonant
isolated DC/DC converters for future MVdc railway electrification
systems,” IEEE Trans. Transport. Electrific., vol. 7, no. 2, pp. 854–869,
Jun. 2021.

[19] U. Javaid, D. Dujić, and W. van der Merwe, “MVDC marine electrical
distribution: Are we ready?” in Proc. 41st Annu. IEEE Ind. Electron.
Soc. Conf. (IECON), Yokohama, Japan, Nov. 2015, pp. 823–828.

[20] D. Rothmund, T. Guillod, D. Bortis, and J. W. Kolar, “99% efficient 10 kV
SiC-based 7 kV/400 V DC transformer for future data centers,” IEEE
Trans. Emerg. Sel. Topics Power Electron., vol. 7, no. 2, pp. 753–767,
Jun. 2019.

[21] S. Mocevic, J. Yu, B. Fan, K. Sun, Y. Xu, J. Stewart, Y. Rong, H. Song,
V. Mitrovic, N. Yan, J. Wang, I. Cvetkovic, R. Burgos, D. Boroyevich,
C. DiMarino, D. Dong, J. K. Motwani, and R. Zhang, “Design of
a 10 kV SiC MOSFET-based high-density, high-efficiency, modular
medium-voltage power converter,” iEnergy, vol. 1, no. 1, Mar. 2022.

[22] A. Anurag, S. Acharya, S. Bhattacharya, T. R. Weatherford, and A. A.
Parker, “A Gen-3 10-kV SiC MOSFET-based medium-voltage three-phase
dual active bridge converter enabling a mobile utility support equipment
solid state transformer,” IEEE Trans. Emerg. Sel. Topics Power Electron.,
vol. 10, no. 2, pp. 1519–1536, Apr. 2022.

[23] J. Saha, D. Hazarika, N. B. Y. Gorla, and S. K. Panda, “Machine-
learning-aided optimization framework for design of medium-voltage
grid-connected solid-state transformers,” IEEE Trans. Emerg. Sel. Topics
Power Electron., vol. 9, no. 6, pp. 6886–6900, Dec. 2021.

[24] L. Zheng, X. Han, C. Xu, R. P. Kandula, L. Graber, M. Saeedifard,
and D. Divan, “7.2 kV three-port SiC single-stage current-source solid-
state transformer with 90 kV lightning protection,” IEEE Trans. Power
Electron., vol. 37, no. 10, pp. 12 080–12 094, Oct. 2022.

[25] T. Guillod, F. Krismer, and J. W. Kolar, “Protection of MV converters
in the grid: The case of MV/LV solid-state transformers,” IEEE Trans.
Emerg. Sel. Topics Power Electron., vol. 5, no. 1, pp. 393–408, Mar.
2017.

[26] S. Ozdemir, N. Altin, A. Nasiri, and R. Cuzner, “Review of standards
on insulation coordination for medium voltage power converters,” IEEE
Open J. Power Electron., vol. 2, pp. 236–249, 2021.

[27] C. Xu, J. Wei, L. Zheng, X. Han, M. Saeedifard, R. P. Kandula,
K. Kandasamy, D. Divan, and L. Graber, “Insulation coordination design
for grid-connected solid-state transformers,” IEEE Trans. Emerg. Sel.
Topics Power Electron., vol. 10, no. 4, pp. 3746–3758, Aug. 2022.

[28] Z. Li, Y.-H. Hsieh, Q. Li, F. C. Lee, and C. Zhao, “Insulation design on
high-frequency transformer for solid-state transformer,” in Proc. IEEE
Energy Convers. Congr. Expo. (ECCE USA), Vancouver, Canada, Oct.
2021, pp. 1149–1155.

[29] J. W. Kolar and J. Huber, “The essence of solid-state transformers,”
Tutorial presented at the IEEE Energy Convers. Congr. Expo.
(ECCE USA), Detroit, MI, USA, Oct. 2022. [Online]. Available:
https://u.ethz.ch/bWWoV

[30] U. Drofenik, T. Gradinger, and F. Canales, “Transformer assembly with
medium frequency transformers,” U.S. Patent 11 480 602B2, Oct. 25,
2022.

[31] L. T. Keister, J. D. Keister, B. J. Schafer, and A. A. M. Esser, “Power
management utilizing a high-frequency low voltage pre-charge and
synchronous common coupling,” U.S. Patent 9 906 155B2, Feb., 2018.

[32] U. Drofenik, F. Canales, and K.-B. Park, “A charging system for electric
vehicles,” Europ. Patent Appl. 3 905 480A1, Nov., 2021.

[33] W. Wen, K. Li, Z. Zhao, L. Yuan, X. Mo, and W. Cai, “Analysis and
control of a four-port megawatt-level high-frequency-bus-based power
electronic transformer,” IEEE Trans. Power Electron., vol. 36, no. 11,
pp. 13 080–13 095, Nov. 2021.

[34] T. B. Gradinger, U. Drofenik, and S. Alvarez, “Novel insulation concept
for an MV dry-cast medium-frequency transformer,” in Proc. 19th Europ.
Conf. Power Electron. Appl. (EPE), Warsaw, Poland, Sep. 2017.

[35] M. Antivachis, M. Kasper, D. Bortis, and J. W. Kolar, “Analysis of
capacitive power transfer GaN ISOP multi-cell DC/DC converter systems
for single-phase telecom power supply modules,” in Proc. 42nd Annu.
Conf. IEEE Ind. Electron. Soc. (IECON), Florence, Italy, Oct. 2016, pp.
1280–1287.

[36] F. Sarrafin-Ardebili, B. Allard, and J.-C. Crebier, “Capacitive coupling
for high voltage ratio power transfer in multi-cell converters based on
GaN HFETs,” in Proc. 9th Int. Conf. Integr. Power Electron. Syst. (CIPS),
Nuremberg, Germany, Mar. 2016.
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