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Abstract—In the rapidly evolving landscape of artificial intel-
ligence (AI), the demand for computational power has surged,
placing data centers at the forefront of technological progress.
This increasing need for computational resources has led to a
corresponding rise in energy consumption, currently estimated be-
tween 450 and 650 TWh/year and expected to reach 1000 TWh/year,
driven by the emergence of next-generation 2 kW GPUs. Wide-
bandgap (WBG) devices, including gallium nitride (GaN) and
silicon carbide (SiC), o!er the potential for up to a 1% e”ciency
improvement in applications such as state-of-the-art two-stage
ac-dc converters, which currently achieve e”ciencies of up to
98%. This paper presents a novel quasi-single-stage ac-dc topology
leveraging partial power processing to precisely control the input
ac current and output dc voltage, ensuring unity power factor
under constant power load conditions, while maintaining LLC
converter operation at its resonant frequency despite input voltage
variations. The eXtended Smart-Link (XS-Link) integrates both
voltage and current regulation across the two stages of ac-dc
converters, e!ectively improving e”ciency.

Index Terms—ac-dc conversion, data centers, galvanic isolation,
partial power processing, three-phase grid.

I. I!”#$%&’”($!

The widespread and rapidly expanding use of artificial intel-
ligence (AI) drives an unprecedented demand for computing
power. Thus, large-scale data centers are at the forefront of
technological advancements. The growth in computational
power has been accompanied by a parallel increase in en-
ergy consumption. Current estimates place the annual global
energy usage of data centers, including data computing and
transmission, between 450 TWh and 650 TWh, accounting for
up to 2.2% of the global electricity generation [1]. However,
future hyperscale data centers are expected to contribute to
more than a doubling of the energy consumption, reaching
1000 TWh/year, e.g., resulting from the next-generation of 2 kW
GPUs [2]. New cutting-edge power supplies tailored for data
center applications are thus needed, delivering exceptional
e!ciency, scalability, and reliability, while lowering operational
costs and reducing environmental impact. For example, wide-
bandgap (WBG) devices, such as gallium nitride (GaN) and
silicon carbide (SiC), promise up to a 1% improvement in
e!ciency [2]. Due to their higher operating temperatures and
greater thermal conductivity, they positively a”ect the liquid-
based cooling system in terms of performance and volume
[3].

The state-of-the-art power distribution architecture in modern
data centers incorporates includes a shared three-phase low-
frequency transformer (3ω-LFT) that steps down the medium-
voltage ac (MVAC) grid voltage (e.g., 13.4 kV) to low-voltage
ac (LVAC, e.g., 400 V...690 V line-to-line rms), which is then
distributed throughout the data center to the individual server
racks [4]. At the rack level, a two-stage conversion system,
consisting of an ac-dc converter followed by a dc-dc converter,
is usually adopted. While single-phase ac-dc converters were
predominant until recently, three-phase ac-dc converters are
now the preferred choice due to higher power levels. This
configuration supplies a 50 V backplane power bus of each
CPU/GPU rack, providing up to 25 kW for the latest generation
of processors. The front-end (FE) stage is designed to rectify
the three-phase grid to an HVDC voltage (e.g., 800 V or
± 400 V), and provide power factor correction functionality
through phase current control [5]. Then, the back-end (BE)
dc-dc step-down stage must only provide voltage scaling and
galvanic separation and regulate the output voltage, facing
rapid fluctuations in the load power due to the high dynamics
of the CPU/GPU current consumption depending on the
computational load. The LLC converter is commonly used
as the BE stage due to its outstanding performance. When
operating at its optimum operating point (i.e., at the resonant
frequency, known as DCX operation), the LLC converter
shows constant voltage gain and guarantees zero voltage/current
switching (ZVS/ZCS) commutations, drastically reducing the
losses [6]–[9]. To overcome the limitation of fixed voltage gain,
an additional partial power (PP) processing converter can be
used to adjust the LLC input voltage [10], [11]. Alternatively,
a dual active bridge (DAB) converter can be employed as
a BE stage, providing performance comparable to the LLC
converter but with increased control complexity [12]–[14].
Other approaches discussed in the literature feature single-phase
single-stage ac-dc converters utilizing three-level converters
[15], modified Cuk topologies [16], [17], and flying capacitors
[18], as well as three-phase isolated single-stage ac-dc matrix
converters with monolithic bidirectional switches [19] or anti-
series connections of SiC transistors [20]; the latter achieves an
e!ciency of 99% but requires relatively complex modulation
and commutation schemes. Finally, today, industrial state-of-
the-art power supply units with power levels of up to 12 kW
show rated e!ciencies in the order of 97.5% [21].



This paper proposes a novel isolated quasi-single-stage three-
phase ac-dc power converter that has the potential to achieve
e!ciencies of 99%. The output voltage and input current
regulation are integrated through a PP auxiliary converter (i.e.,
the “eXtended Smart dc-Link” or “XS-Link” concept), while
ensuring that the LLC converter operates as DCX even under
input voltage variations.

In the following, Section II introduces the XS-link con-
cept and explains the operating principle. Then, Section III
discusses design guidelines and the control method, before
Section IV verifies the proposed XS-Link with detailed closed-
loop circuit simulations. Finally, Section V concludes the paper.

II. O)*#+”(!, P#(!’()-*

The proposed XS-Link concept is depicted in Fig. 1, along-
side its predecessor, the “Smart dc-Link” (S-Link) introduced in
[22].1 In both cases, two-stage ac-dc power converters compris-
ing an ac-dc front-end stage performing power factor correction
(PFC) and an isolated dc-dc back-end stage that ensures the
required galvanic isolation for the targeted application. For a
first conceptual explanation of the operating principle, it is
convenient to model the S/XS-Link circuit as a single current
source in the S-Link configuration or as a pair of power-linked
current sources in the XS-Link configuration, as shown in
Figs. 1a and Figs. 1b, respectively. The interaction of the S/XS-
Link with both FE and BE converters enables to select the best
topology for each of these stages and operating them at their
maximum-e!ciency operating point. The considered hardware
implementation of the proposed ac-dc converter based on the
XS-Link circuit is reported in Fig. 2. Fig. 1 reports the key
voltage, current, and power waveforms to describe and highlight
the main di”erences and capabilities of both concepts (S-Link
and XS-Link), neglecting the switching-frequency components.
In the following analysis, unity power factor and lossless power
conversion is assumed.

A. Ac-dc FE Stage

Under the assumption of unity power factor and symmetric
grid voltages, the input three-phase voltages and currents of
the ac-dc PFC stage are defined as

𝐿𝐿 (𝑀) = �̂�𝑀𝑁 cos(2𝑂 𝑃𝑀𝑁𝑀 + 𝑄𝐿),
𝑅𝐿 (𝑀) = 𝑆𝑀𝑁 cos(2𝑂 𝑃𝑀𝑁𝑀 + 𝑄𝐿),

(1)

where 𝑅 = {𝑇, 𝑈, 𝑉}, 𝑄𝐿 = {0,↑ 2
3𝑂,

2
3𝑂} are the phase angles,

�̂�𝑀𝑁 and 𝑆𝑀𝑁 are the peak line voltage and current, respectively,
and 𝑃𝑀𝑁 is the grid frequency. To minimize losses, a three-phase
rectifier employing an active third-harmonic current injection
circuit is considered [23], i.e., an integrated active filter (IAF)
rectifier, as shown in Fig. 2. The operating principle of the IAF
is recalled next for completeness.

1Note that the S-Link in [22] is used in combination with a Vienna rectifier
ac-dc FE stage, and advantageously facilitates so-called 1/3-PWM operation of
that Vienna rectifier, reducing switching losses. Here, the S-Link is combined
with an IAF rectifier front-end, as discussed below.

The dc-link 11̄-port is connected through diodes (or switches)
to the maximum line-to-line voltage, following the typical six-
pulse-shaped voltage (see 𝐿11̄ voltage in Fig. 1). Due to its
periodicity, the analysis is reduced to its fundamental period
𝑊𝑀𝑁/6. Within the interval [0,𝑊𝑀𝑁/6], voltage 𝐿11̄ is expressed
as

𝐿11̄ (𝑀) = max(𝐿𝑀 (𝑀), 𝐿𝑂 (𝑀), 𝐿𝑁 (𝑀)) ↑ min(𝐿𝑀 (𝑀), 𝐿𝑂 (𝑀), 𝐿𝑁 (𝑀))
=
↓

3�̂�𝑀𝑁 sin
(
2𝑂 𝑃𝑀𝑁𝑀 + 𝑃

3
)
,

(2)
where 𝐿11̄ (𝑀) = 𝐿𝑀 (𝑀) ↑ 𝐿𝑁 (𝑀) in this sector.

Using the hypothesis of a unity power factor, the absorbed
power from the grid under balanced and sinusoidal conditions
(i.e., 𝑋𝑀𝑁 = 𝑌𝑀𝑁 (𝑀) = 𝑌𝑀 (𝑀) + 𝑌𝑂 (𝑀) + 𝑌𝑁 (𝑀) = 3

2�̂�𝑀𝑁 𝑆𝑀𝑁) must
be equal to the power at the 11̄-port, imposing the dc-link
current 𝑅1. Since lossless power conversion is assumed, the input
and output power are equal, such that 𝑌𝑀𝑁 (𝑀) = 𝑌11̄ (𝑀) = 𝑋𝑄,
allowing to define the dc-link current 𝑅1 as

𝑅1 (𝑀) =
𝑋𝑄

𝐿11̄ (𝑀)
=

𝑋𝑄↓
3�̂�𝑀𝑁 sin

(
2𝑂 𝑃𝑀𝑁𝑀 + 𝑃

3
) . (3)

The downstream converter stages must thus shape the dc-
link current 𝑅1 accordingly. Then, the third-harmonic current
injection circuit must ensure symmetric three-phase currents
at the input, such that 𝑅𝐿 (𝑀) = 𝑍→ · 𝐿𝐿 (𝑀) where 𝑅 ↔ {𝑇, 𝑈, 𝑉}
and 𝑍→ represents the equivalent input conductance. For this
purpose, the smallest phase current (i.e., 𝑅𝑂 in the considered
time-interval 𝑀 ↔ [0,𝑊𝑀𝑁/6]) is injected by modulating the 𝑎 𝑅 -
inductor current with the auxiliary half-bridge 𝑏 𝑅 ,𝑆 and closing
the related path of the bidirectional phase selector switch (PSS)
𝑏𝑀𝑂𝑁,𝑆 . Thus, within interval [0,𝑊𝑀𝑁/6], 𝑅𝑂 = 𝑍→ · 𝐿𝑂. Note that
the PSSs are switched at line frequency.

To validate the aforementioned control strategy, the necessary
𝑅1 current is derived. Consider negligible voltage drop across
the 𝑎 𝑅 -inductor at low frequency (i.e., �̄�𝑇 𝑅 ↗ 0), the half-bridge
𝑏 𝑅 ,𝑆 is modulated so that

𝐿𝑇𝑈 ↗ 𝐿𝑂 = 𝑐 𝑅𝐿1𝑈 + (1 ↑ 𝑐 𝑅 )𝐿1̄𝑈 = 𝑐 𝑅𝐿𝑀 + (1 ↑ 𝑐 𝑅 )𝐿𝑁 (4)

where 𝑐 𝑅 is the duty-cycle of the upper switch 𝑏 𝑅 ,1. From
(4), the definition of 𝑐 𝑅 is unique and given by 𝑐 𝑅 = 𝐿𝑂𝑁/𝐿𝑀𝑁.
Under the unity power factor assumption, the 𝑅1 current is
constrained to be equal to

𝑅1 = 𝑅𝑀 ↑ 𝑐 𝑅𝑅 𝑅 = 𝑅𝑀 +
𝐿𝑂𝑁
𝐿𝑀𝑁

𝑅𝑂 = 𝑍→
(
𝐿𝑀 +

𝐿𝑂𝑁
𝐿𝑀𝑁

𝐿𝑂

)
=
𝑍→ ∑

𝐿
𝐿2
𝐿

𝐿𝑀𝑁
.

(5)
Recalling 𝑋𝑀𝑁 = 𝑍→ ∑

𝐿
𝐿2
𝐿

and 𝐿𝑀𝑁 = 𝐿11̄ in 𝑀 ↔ [0,𝑊𝑀𝑁/6],
the equivalence between (3) and (5) is verified, highlighting
that unity power factor is achieved only with a downstream
converter stage that draws constant power [24].

In particular, the IAF FE stage combines low complexity
with high e!ciency. Further, since the inductor 𝑎 𝑅 always
carries the smallest phase current, triangular current mode
(TCM) modulation can be exploited to achieve ZVS of the
𝑏 𝑅 ,𝑆 switches for almost the entire sector.
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Îac

pa pb pc

0

0

0

0

0
t(s)0Tact(s)0Tact(s)0

Vo

Io

Po

ia ib ic

pa + pb + pc

0

v11̄

0

vo
v22̄

nVo

0
is

ni1

Io

p22̄ p11̄
Po

p̄2̄1̄ = 0

p(t)

if if

is
Ci

p2̄1̄

ni1

(a) (b)

v2̄1̄ v2̄1̄

io = nī1
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Fig. 1. Quasi-single-stage ac-dc power converters comprising an IAF PFC front-end and an isolated DCX-LLC dc-dc converter as BE stage. (a) The “S-Link”
concept introduced in [22] can be utilized to achieve sinusoidal mains currents and constant power flow to the output; however, the output dc voltage is tied
(fixed ratio) to the mains voltage amplitude. (b) Proposed eXtended Smart dc-Link (XS-Link) concept, where the partial-power stage can exchange active power
with the dc output. This allows tight regulation of that output dc voltage to a fixed value independent of the mains voltage. The shown parameter 𝑈 is the
voltage gain of the isolated dc-dc converter, i.e., 𝑈 = 𝑉22̄/𝑉o.

B. Dc-dc BE Stage
As in the FE stage, the simplicity of control and minimization

of loss are the most significant decision elements for the chosen
topology. For this reason, the LLC converter is selected for
its well-known high-e!ciency performance operating at its
resonant frequency 𝑃𝑊 (i.e., DCX mode) achieving ZVS for the
primary-side switches and ZCS for the secondary-side ones. In
this operating mode, the LLC acts like a dc-transformer where
the voltage gain depends only on the selected transformer turn
ratio 𝑑12 = 𝑒1/𝑒2. The related circuit is reported in Fig. 2 as
the DCX-LLC block.

The two full bridges 𝑏1,𝑆 and 𝑏2,𝑆 are synchronously
controlled and produce two identical square voltage waveforms
across the 𝑎𝑊𝑓𝑊 resonant tank of amplitude ±𝐿22̄ = ±𝑑12𝐿𝑄.
To increase DCX-LLC performance, the transformer can be
designed as a matrix transformer o”ering excellent power
density and better integration of the XS-Link stage.

It is important to note that the DCX-LLC stage operates in
open-loop configuration, without any closed-loop control. As a
result, the output voltage remains unregulated, and the voltage
regulation must be implemented in the upstream converter
stages.

C. S/XS-Link Circuit
The presented ”S/XS-Link” concepts addresses the shortcom-

ings of the two cascade converters: on one hand, the IAF FE

stage requires constant power load, i.e., an impressed current
as defined in (3), and on the other, the DCX-LLC stage lacks
output voltage regulation.

Given the strict constraint on the dc-link current 𝑅1, the S/XS-
Link stage interfaced with the 2̄1̄-port must be designed as a
current generator. For its realization, the inductor 𝑎 𝑋 is placed
in series to the 𝑅1 current path, and its current is controlled by
the means of a full-bridge (FB) circuit 𝑏4,𝑆 connected to an
energy storage capacitor 𝑓𝑌, as shown in Fig. 2.

As shown in [22], the S-Link circuit must process zero
net power at its input port (i.e., 𝑌2̄1̄ = 0)2. Within interval
[0,𝑊𝑀𝑁/6], the instantaneous input power expression at the
2̄1̄-port from (2) and (3) is

𝑌2̄1̄ (𝑀) = 𝑌11̄ (𝑀)↑𝑌22̄ (𝑀) = 𝑋𝑄

[
1 ↑ �̄�22̄↓

3�̂�𝑀𝑁 sin(2𝑂 𝑃𝑀𝑁𝑀 + 𝑃

3 )

]

(6)
and averaging over the considered sector, the net input power

2Note that the S-Link is designed solely to implement the circuit described
here, without incorporating any additional ports. In contrast, the XS-Link
circuit includes an extra port, enabling it to handle a net input power.
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Fig. 2. Implementation example of the proposed quasi-single-stage isolated ac-dc power converter comprising an IAF PFC front-end, a DCX-LLC isolated
dc-dc converter as back-end stage, and the proposed eXtended Smart dc-Link (XS-Link) partial-power converter (see also Fig. 1b. The exchange of power
between the PPC stage and the dc output is implemented via a third winding on the DCX-LLC transformer as done in [10].

is found as

𝑌2̄1̄ = 𝑋𝑄

6
𝑊𝑀𝑁

[
𝑀 ↑ �̄�22̄/

↓
3�̂�𝑀𝑁

2𝑂 𝑃ac
ln
(((tan

(
𝑂 𝑃𝑀𝑁𝑀 +

𝑂

6

)(((
]
𝑍ac/6

0

= 𝑋𝑄

[
1 ↑ �̄�22̄

�̂�𝑀𝑁

↓
3 ln 3
𝑂

]
.

(7)

It is worth noting that the zero net power constraint can be
satisfied only for a specific value of the 𝐿22̄ voltage, fixing
inevitably the the output voltage at

𝑁𝑄 =
�̄�22̄
𝑑12

=
1
𝑑12

𝑂↓
3 ln 3

�̂�𝑀𝑁 . (8)

As emphasized in (8), the output voltage cannot be indepen-
dently controlled relative to the grid voltage, meaning any
fluctuation in the grid voltage directly impacts the output
voltage 𝑁𝑄. However, as shown in Fig. 1, a bu”er capacitor
𝑓𝐿 must be added at the 22̄-port to filter the ac component of
𝑅1, such that 𝑅𝑎 = 𝑅1 ↑ 𝑆𝑄. Otherwise, the output power should
not be constant, which would violate the constant power load
requirement required by the IAF stage.

To overcome the imposed voltage limitation at the 22̄-port of
the S-Link circuit, which enables an output voltage regulation
scheme, the net-power setpoint of 𝑌2̄1̄ must be moved from
zero, as highlighted in (7). Therefore, the S-Link must be
extended to enable partial processing of the input power 𝑌11̄.
Partial power (PP) architectures are well-suited for this purpose.
As proposed in [10], a third port was added to the DCX
transformer and connected through a phase shift modulated

(PSM) half-bridge. This created a power path for a voltage pre-
regulator, which was connected in series with the DCX input
port. Similarly, the S-Link is now equipped with a third port
(i.e., 33̄ in Fig. 2), interfacing an additional DCX transformer
winding with a PSM half-bridge connected to the energy storage
capacitor 𝑓𝑌, currently split into two. The obtained circuit is
the implementation of the “XS-Link” concept.

As shown in Fig. 1, the additional circuit allows to share
the input power 𝑌11̄ among the DCX and the XS-Link without
violating the constant power requirement at the IAF FE stage for
output voltages di”ering from (8). The power processed by the
XS-Link can be easily set with the additional half-bridge 𝑏3,𝑆
as in a DAB converter. Imposing a square voltage waveform
of amplitude ± 1

2𝐿𝑌 on 𝐿𝑏𝑐 (𝑀), leading in phase relative to
voltage 𝐿𝑑𝑒 (𝑀) of 𝑄32 angle, the power exchanged at 33̄-port
is regulated according to the following relation:

𝑌33̄ =
1
2𝐿𝑌 · 𝑑32𝐿𝑄

2𝑂2 𝑃𝑊𝑎𝑎

𝑄32 (𝑂 ↑ |𝑄32 |), (9)

where 𝑑32 = 𝑒3/𝑒2 is the winding turn ratio between
the transformer ports connected to the XS-Link and output,
respectively, 𝑎𝑎 is the leakage inductance of the third winding
or a coupling impedance intentionally connected, and 𝑃𝑊 is the
resonance frequency of the DCX converter corresponding to
the switching frequency of all bridge circuits connected to the
DCX transformer.

III. D*.(,! G&(%*-(!*.
This section outlines general design considerations for

determining the XS-Link parameters and the critical com-



ponents of the front-end and back-end stages. Detailed design
methodologies fall outside the scope of this paper. The reported
guidelines are referred to the circuit implementation done in
Fig. 2.

A. IAF Rectifier
The power semiconductor devices must be selected to block

at least the maximum line-to-line grid voltage, i.e.,
↓

3�̂�𝑀𝑁.
Taking into account voltage fluctuations of ±10% relative to
the nominal grid voltage and a 50% safety margin above the
maximum operating voltage, the rated voltage for the switches
and diodes of the IAF stage should be 𝑁𝑓 > 3/2(

↓
3�̂�𝑀𝑁+10%).

The injection inductor 𝑎 𝑅 is designed to guarantee ZVS of
the 𝑏 𝑅 ,𝑆 switches for almost the entire sector. At the sector
boundaries, i.e., at the crossings of the grid voltages, the duty
cycle 𝑐 𝑅 saturates to 0 or 1, reducing the magnitude of the
current ripple and loosing ZVS conditions.

B. DCX-LLC Converter
The voltage rating of the semiconductor devices connected

to the 22̄-port is selected following the same approach as the
one used in the previous section. Likewise, the same safety
margin can be considered for devices connected to the output
port, that is, 𝑁𝑓 > 3/2�̂�𝑄 with �̂�𝑄 the maximum allowed output
voltage.

The resonant tank can be designed to limit the maximum
voltage �̂�𝑔𝑊 reached by the resonant capacitor at the nominal
power 𝑋𝑄, defining a minimum capacitance value equal to 𝑓𝑊 =
𝑋𝑄/(4𝑑12𝑁𝑄 𝑃𝑊�̂�𝑔𝑊 ). The related resonant inductor is derived
from the switching frequency chosen for the DCX-LLC stage,
which corresponds to the resonance one. The selection of the
𝑑12 turn-ratio value will be addressed in the following section
as a key aspect of the XS-Link circuit.

The input and output capacitances, 𝑓𝐿 and 𝑓𝑄 in the are
Fig. 2, respectively, are designed to filter the high-frequency
component of the resonant current, limiting the voltage ripple
at the DCX ports3.

C. XS-Link
In the next step, all parameters for the XS-Link implemen-

tation are defined, starting with the 𝑑12 turn ratio value.
This parameter is responsible for the net power processed

by the XS-Link, tuning the 𝐿22̄ voltage, (i.e., 𝑑12𝐿𝑄) in (7).
As demonstrated in [10], the PP approach is advantageous
when the auxiliary circuit processes positive power, as the
power handled by the PP circuit is directly transferred to the
output port rather than recirculating between the input and
output ports. For this reason, the turn ratio should be chosen as
𝑑12 < 3

2�̂�𝑀𝑁/𝑁𝑄, accordingly to (6). However, lowering the 𝐿22̄
voltage increases the average voltage at 𝐿2̄1̄, at the expense of
a higher voltage stress on the input full-bridge of the XS-Link
circuit. Since the final target is the use of high-performance
GaN MOSFETs to reduce the 𝑎 𝑋 inductor volume allowed

3The input capacitance 𝑔𝐿 of the S-Link must be over-designed to
compensate also the low-frequency ac component of the input current 𝐿1.

by very-high-switching frequency, the most significant design-
driving parameter will be the maximum absolute voltage at
2̄1̄-port. It follows that the turn ratio 𝑑12 is chosen close to the
average voltage value of 𝐿22̄ as 𝑑12 ↗ 3

↓
3

𝑃
�̂�𝑀𝑁/𝑁𝑄.

Once the turn ratio 𝑑12 is defined, the bu”er capacitor voltage
𝑁𝑌 is determined to keep the duty-cycle 𝑐𝑆 = 𝐿2̄1̄/𝑁𝑌 in
its linear range (i.e. 𝑐𝑆 ↔ [↑1, 1]) with a su!cient margin
to ensure enough current control capability during transient
(i.e. |𝑐𝑆 | < 𝑐𝑆). Then, the bu”er voltage is selected as
𝑁𝑌 = �̂�2̄1̄/𝑐𝑆 , and, consequently, the maximum voltage rating
𝑁𝑓 of the XS-Link power semiconductor devices, keeping a
reasonable safety margin like 𝑁𝑓 > 3/2𝑁𝑌.

The bu”er capacitors 𝑓𝑌 are designed to compensate for
the power mismatch between the 2̄1̄ and 33̄-ports during grid
voltage transient or output load step. Unlike the S-Link concept,
where bu”er capacitors serve as energy storage elements to
absorb power fluctuations at the 2̄1̄-port, the XS-Link circuit is
power-transparent, meaning 𝑌2̄1̄ (𝑀) = 𝑌33̄ (𝑀) as shown in Fig. 1.
This enables a significant reduction in the minimum required
stored energy and, consequently, in the 𝑓𝑌 capacitance value.

The input inductor 𝑎 𝑋 is designed in a consistent manner
with the selected modulation scheme of the full-bridge 𝑏4,𝑆 .
A three-level modulation can be employed, doubling the
e”ective switching frequency of the 𝐿𝑆 (𝑀) voltage. Triangular
current modulation can be also implemented to guarantee ZVS
commutations at the cost of an increased rms value. The input
capacitor 𝑓 𝑋 is dimensioned as a return path for the high-
frequency components of the current 𝑅 𝑋 .

Since the XS-Link output stage operates equivalently to a
DAB, the same design rules are applied: the turn ratio 𝑑23 is
chosen closest to the voltage ratio 𝑁𝑌/𝑁𝑄, while the leakage
inductance 𝑎𝑎 is selected to transfer the maximum rated power
of the XS-Link circuit at maximum allowed phase-shift �̂�32
according to (9).

D. Control
Fig. 3 describes the closed-loop control structure of the quasi-

single-stage three-phase ac-dc power module implementing
the XS-Link concept. The output voltage Rvo regulator sets
an input power reference 𝑌→11̄, which is converted into the
dc-link current 𝑅→1 reference. This current is then tracked by
the XS-Link current RiLf regulator, incorporating appropriate
feedforward terms (see Fig. 3 a). The additional voltage Rvh
regulator is used to maintain the bu”er voltage 𝐿𝑌 around its
reference 𝑁→

𝑌

4 (Fig. 3 b), generating a power mismatch between
the input and output processed by the XS-Link (i.e., 𝑌2̄1̄ and 𝑌33̄,
respectively). Lastly, the input power reference 𝑌→11̄ is converted
into a grid conductivity reference 𝑍→ = 𝑆→

𝑀𝑁
/�̂�𝑀𝑁, which is used

to define the injection current reference 𝑅→
𝑅
. This current is

then tracked by the IAF current RiLj regulator, incorporating
appropriate feedforward terms (see Fig. 3 c). For the sake of
completeness, the closed-loop control structure of the power
module implementing the S-Link is reported in Fig. 3 d. In

4The control bandwidth of Rvh regulator is limited to not interfere with the
wide-bandwidth current RiLf regulator.
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Fig. 3. Control structure of the XS-Link concept: (a) cascaded control structure
with internal current 𝐿1 control, and external output voltage 𝑉𝑀 control; (b)
bu”er voltage 𝑉𝑁 control; (c) injection current 𝐿 𝑂 control. The RiLj regulator
always controls the current only in one phase ( 𝑅), which is selected by the
phase selector switches (PSS); (d) 𝐿1-current reference for the S-Link concept
replacing 𝐿

→
1 in (a).

this case, the dc-link current 𝑅→1 reference is obtained starting
from its average value 𝑅→1, which is provided by the 𝐿22̄ voltage
regulator Rv22̄. The 𝐿→22̄ voltage reference is then built by the
average value of the input voltage �̄�11̄ and XS-Link 𝐿2̄1̄ voltage
reference. The latter is provided by the voltage Rvh regulator.

IV. V*#(/(’+”($!
To validate the e”ectiveness of the proposed XS-Link

concept, a performance evaluation is carried out using nu-
merical simulations. These simulations confirm the operation
of the proposed converter and the e”ectiveness of the control
architecture, even in the critical transient conditions due to
input voltage variations, and perform an evaluation of the
conduction losses. To increase modularity, and limit the device
voltage stress, the converter BE stage is split in 2.5 kW modules
each. Two DCX + XS-Link modules are connected in series to
share the six-pulse-shaped voltage, then paralleled to reach the
required 25 kW. Conversely, the IAF rectifier is shared among
all the BE modules. The considered module arrangement is
depicted in Fig. 4.

A. Verification of converter operation
Tab. I lists the system specifications and key converter

parameters considered in this section.
The main XS-Link converter waveforms simulated in PLECS

for S-Link [22] (i.e., 𝑌33̄ = 0) and the proposed XS-Link
operation (i.e., 𝑌33̄ ↘ 𝑌2̄1̄) are reported in Fig. 6a and Fig. 6b,
respectively. In Fig. 6-1 and Fig.6-2, the line voltages and
currents are reported, respectively, under a grid voltage steps
of +10% and ↑10% with respect to the nominal value. In Fig. 6-
3, the HV-side voltages are reported for a single DCX+XS-Link
module: as mentioned, during the grid voltage steps, the XS-
Link is able to keep the output voltage 𝐿𝑄 constant, as well as
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Fig. 4. Simulated structure of the quasi-single-stage three-phase ac-dc power
module implementing the XS-Link concept. The simulation parameters are
reported in Tab. I.
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Fig. 5. Di”erent arrangement of the quasi-single-stage ac-dc power module
with 𝑖𝑃 dc-dc stage in parallel composed of 2 DCX-LLC and 𝑖𝑄 XS-Link
module in parallel.

the input DCX voltage (i.e., 𝐿22̄ - see 6b-3). Unlike the S-Link,
which, being unable to sustain a dc voltage o”set at the 2̄1̄-port,
constraints the voltage 𝐿22̄ to follow the grid voltage variation
(see 6a-3). In Fig. 6-5, the dc-link current 𝑅1 and the DCX input
current (i.e., 𝑅𝑄/𝑑12) are shown, demonstrating how the XS-
Link ensures a seamless output current during grid transients.
This is attributed to the XS-Link’s ability to handle active
power, as demonstrated in Fig. 6-5. By constraining 𝑌33̄ = 0
(refer to 6a-5), the S-Link is limited to compensating only the
ac component of the 𝐿11̄ voltage. Notably, since constant power
load is considered, the input power 𝑌11̄ fluctuates accordingly
with 𝑌2̄1̄, causing a small variation in the output and grid
currents (see Fig. 6a-2.). On the other side, when the XS-Link
operates, the module is power-transparent keeping both input
and output power constants (i.e., 𝑌11̄ ↗ 𝑌𝑄). Finally, the output
voltage 𝐿𝑄 and the bu”er voltage 𝐿𝑌 are shown in the Fig. 6-6.
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Fig. 6. Main XS-Link converter waveforms simulated in PLECS for (a) 𝑑33̄ = 0 (i.e., S-Link operation [22]) and (b) 𝑑33̄ = 𝑑2̄1̄ (i.e., XS-Link operation),
under grid voltage step transitions (±10%) . The simulation parameters are reported in Tab. I. The vertical scale of (4), (5) and (6) are di”erent between
S-Link(a) and XS-Link(b) operations to improve the visibility.

B. Performance Evaluation
To evaluate whether the proposed XS-Link approach can

break the 99%-e!ciency limit, the total conduction losses are

estimated considering the following power transistors: Infineon
CoolSiC 1200 V (10 mε) for 𝑏𝑀𝑂𝑁,𝑆 and 𝑏 𝑅 ,𝑆 ; Infineon CoolSiC
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Parameter Value Parameter Value

Grid volt.1 𝑁ac = 600 V±10% DC volt. 𝑁o = 50 V±1%
Grid curr. 𝑆ac = 6.8 A DC curr. 𝑆o = 500 A
Grid freq. 𝑃ac = 50 Hz DC power 𝑋o = 25 kW

𝑏j,x freq. 𝑃sw,j = 72 kHz IAF ind. 𝑎j = 86 µH

𝑏12,x freq. 𝑃sw,12 = 144 kHz DCX ind. 𝑎r = 20 µH
DCX cap. 𝑓o = 57 µF DCX cap. 𝑓r = 610 nF
DCX cap. 𝑓i = 710 nF (105 µF for S-Link)

𝑏3,x freq. 𝑃sw,3 = 144 kHz XS ind. 𝑎s = 1.5 µH
𝑏4,x freq. 𝑃sw,4 = 288 kHz XS volt. 𝑁h = 125 V
XS ind. 𝑎f = 8.9 µH XS cap. 𝑓f = 330 nF
XS cap. 𝑓i = 67 µF (100 µF for S-Link)

Transf. 𝑒1 : 𝑒2 : 𝑒3 = 8:1:1
1line-to-line rms voltage

650 V (7.6 mε) for 𝑏1,𝑆 ; Infineon OptiMOS 5-80 V (1.5 mε)
for 𝑏2,𝑆 ; Infineon OptiMOS 5 200 V(7.8 mε) for 𝑏3,𝑆 ; and
EPC2304(200 V - 4.65 mε) for 𝑏4,𝑆 . A junction temperature of
100° is considered for the evaluation of the on-state resistances.
Then, the total conduction losses amount to 130 W (0.52%),
allowing to allocate 120 W for the other loss contributions, e.g.,
switching losses, magnetics, EMI filter.

C. Alternative Realization Options
Thanks to the modularity allowed by the XS-Link concept,

di”erent arrangements of the quasi-single-stage three-phase
ac-dc converter can be implemented, as shown in Fig. 5. In
the reported solution, the ac-dc FE stage is kept unvaried,
while the BE stage is substituted with 𝑒𝑎-paralleled modules
of 2 series-connected DCX-LLC converter to split the dc-
link voltage 𝐿11̄ across the 2 dc-dc converters. Since single
transformer integration is not possible with the used BE stage,
𝑒𝑆-paralleled modules of the XS-Link circuit are connected to
the output with a dedicated full-bridge inverter which replaces
the DCX-LLC output-side one of the arrangement of Fig. 4.

V. C$!’-&.($!
To address the rising energy demand driven by the increasing

computational needs of next-generation datacenters, advance-
ments in power distribution architectures utilizing wide-bandgap
devices like GaN and SiC are crucial. This paper presents a
three-phase quasi-single-stage ac-dc converter, designed to step
down from 600 V ac to 50 V dc, which leverages the significant
advantages of the partial power processing concept.

R*/*#*!’*.
[1] Y. Chen et al., “Data center power supply systems: From grid edge to

point-of-load,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 11,
no. 3, pp. 2441–2456, Jun. 2023.

[2] “ONSEMI unveils complete power solution to improve energy e!ciency
for data centers,” Jun. 2024.

[3] Q. Zhang et al., “A survey on data center cooling systems: Technology,
power consumption modeling and control strategy optimization,” J. Syst.
Architect., vol. 119, p. 102253, Oct. 2021.

[4] J. Huber et al., “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.

[5] J. W. Kolar and T. Friedli, “The essence of three-phase PFC rectifier
systems—Part I,” IEEE Trans. Power Electron., vol. 28, no. 1, pp. 176–
198, Jan. 2013.

[6] A. Greifelt et al., “Modular 11kW bidirectional onboard charger with
SiC-MOSFET technology for mobile applications,” in Proc. Brazilian
Power Electron. Conf. (COBEP), Juiz de Fora, Nov. 2017.

[7] K. Pande et al., “Two-sstage on-board charger using bridgeless PFC and
half-bridge LLC resonant converter with synchronous rectification for
48V e-mobility,” in Proc. IEEE Ind. Appl. Soc. Annu. Meet., Detroit, MI,
USA, Oct. 2020.

[8] R. Gadelrab et al., “LLC Resonant Converter with 99% E!ciency for
Data Center Server,” in Proc. IEEE Appl. Power Electron Conf. Expo.
(APEC), Phoenix, AZ, USA, Jun. 2021, pp. 310–319.

[9] P. R. Prakash et al., “GaN-based 400V/48V DC-DC converter with 97%
e!ciency and PCB magnetics for automotive applications,” in Proc.
IEEE Appl. Power Electron. Conf. Expo. (APEC), Orlando, FL, USA,
Mar. 2023, pp. 3201–3208.

[10] D. Neumayr et al., “P3DCT—partial-power pre-regulated DC transformer,”
IEEE Trans. Power Electron., vol. 34, no. 7, pp. 6036–6047, Jul. 2019.

[11] X. Sang et al., “Partial power LLC resonant converter with integrated
transformer for wide input range,” CSEE J. Power Energy Syst., 2023.

[12] T. Chen et al., “A single-stage bidirectional dual-active-bridge AC-DC
converter based on enhancement mode GaN power transistor,” in Proc.
IEEE Appl. Power Electron. Conf. Expo. (APEC), San Antonio, TX,
USA, Mar. 2018, pp. 723–728.

[13] G. K. N. Kumar and A. K. Verma, “A two-stage interleaved bridgeless
PFC based on-board Charger for 48V EV applications,” in Proc. IEEE
Int. Conf. Smart Technol. Power Energy Control (STPEC), Bilaspur,
Chhattisgarh, India, Dec. 2021.

[14] S. Chaithanya and M. Sindhu, “A PFC based onboard battery charger
using isolated full-bridge DC-DC converter for electric vehicle applica-
tion,” in Proc. IEEE IAS Global Conf. Emerg. Technol. (GlobConET),
Arad, Romania, May 2022, pp. 581–586.

[15] S. Dusmez et al., “A single-stage three-level isolated PFC converter,” in
Proc. IEEE Energy Convers. Congr. Expo. (ECCE USA), Pittsburgh, PA,
USA, Sep. 2014, pp. 586–592.

[16] N. Hasan and M. A. Saim, “A single stage o”-board EV charger based on
Cuk topology,” in Proc. 5th Int. Conf. Electr. Engin. Inf. Comm. Technol.
(ICEEICT), Dhaka, Bangladesh, Nov. 2021.

[17] A. D. Kumar et al., “A single-stage high step-down gain modified cuk-
based HPF AC-DC converter for LVEVs chargers,” in Proc. IEEE Int.
Conf. Power Electron. Drives Energy Syst. (PEDES), Jaipur, India, Dec.
2022.

[18] R. S. Bayliss and R. C. Pilawa-Podgurski, “An input inductor flying ca-
pacitor multilevel converter utilizing a combined power factor correcting
and active voltage balancing control technique for buck-type AC/DC
grid-tied applications,” in Proc. IEEE Workshop Control. Model. Power
Electon. (COMPEL), Lahore, Pakistan, Jun. 2024.

[19] M. Vazzoler et al., “Isolated active front-end with integrated bidirectional
GaN switches for battery chargers,” in Proc. IEEE Appl. Power Electron.
Conf. Expo. (APEC), Long Beach, CA, USA, Feb. 2024, pp. 1719–1726.

[20] L. Schrittwieser et al., “99% e!cient isolated three-phase matrix-type
DAB buck–boost PFC rectifier,” IEEE Trans. Power Electron., vol. 35,
no. 1, pp. 138–157, Jan. 2020.

[21] Infineon Technologies AG, “Infineon announces roadmap for state-of-
the-art and energy-e!cient power supply units in AI data centers,” May
2024.

[22] D. Menzi et al., “Novel S-Link enabling ultra-compact and ultra-e!cient
three-phase and single-phase operable on-board EV chargers,” in Proc.
24th IEEE Workshop Control. Model. Power Electron. (COMPEL), Ann
Arbor, MI, USA, Jun. 2023.

[23] H. Yoo and S.-K. Sul, “A new circuit design and control to reduce input
harmonic current for a three-phase AC machine drive system having a
very small DC-link capacitor,” in Proc. Annu. IEEE Appl. Power Electron.
Conf. Expo. (APEC), Palm Springs, CA, USA, Feb. 2010, pp. 611–618.

[24] L. Schrittwieser et al., “99% e!cient three-phase buck-type SiC MOSFET
PFC rectifier minimizing life cycle cost in DC data centers,” in Proc.
IEEE Int. Telecom. Energy Conf. (INTELEC), Austin, TX, USA, Oct.
2016.


