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Abstract—The rapid expansion of Al-driven data centers is
significantly increasing the demand for ultra-efficient high-power
three-phase (3-®) mains-connected single-stage ac/dc conversion
solutions, featuring sinusoidal input current, galvanic isolation,
and controlled output voltage. Conventional isolated-single-phase-
HF-link matrix-type 3-® ac/dc converters encounter critical
challenges at high power levels due to high component stresses.
As a result, a relatively large number of low-power modules
must be paralleled within a single 1 MW power rack, increasing
system complexity and reducing reliability. To address this
limitation, this paper introduces a novel isolated-three-phase-
HF-link matriX-type three-phase ac/dc converter (i3X-Rectifier)
that lowers individual component stresses and/or enhances power
conversion efficiency and volumetric density in high-power, i.e.,
100kW range, data center power supplies. Utilizing a three-
phase galvanic isolation transformer combined with either a
direct or indirect matrix-type front-end, the proposed i3X-
Rectifier enables single-stage (direct) conversion from 3-$ low-
frequency (LF) mains voltages to 3-® high-frequency (HF)
transformer voltages, advantageously resulting in significantly
reduced current stresses in main active and passive components
and minimized filtering efforts. Furthermore, the proposed i3X-
Rectifier supports quasi-current-dc-link operation, enabling gen-
eration of sinusoidal 3-® mains currents using conventional low-
switching-loss current dc-link 2/3-PWM, simplifying modulation
and reducing control complexity. Comprehensive closed-loop
circuit simulations and comparative analyses of the proposed
concept against the conventional isolated-single-phase-HF-link
approach validate the substantial performance advantages of
the proposed i3X-Rectifier, highlighting its suitability for next-
generation high-power, high-efficiency data center power supply
architectures.

Index Terms—AI-Centric Data Center Power Supply, Electric
Vehicle (EV) Charger, High-Power Single-Stage Isolated AC/DC
Converter, Three-Phase Rectifier, Matrix-Type Converter, Dual
Active Bridge (DAB), Isolated-Single-Phase-HF-Link, Isolated-
Three-Phase-HF-Link

I. INTRODUCTION

The rapid advancement of Al is driving an unprece-
dented surge in data center energy consumption. Modern Al
training clusters, equipped with high-core-count CPUs and
power-intensive GPU accelerators, consume up to 10 times
more power than conventional server workloads [1]-[4]. This
sharp increase in power demand necessitates a shift toward
+400 Vdc power distribution architecture to improve power
efficiency and reduce the use of copper or aluminum, and/or
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Fig. 1: Next-generation power distribution architecture for Al-centric data
centers, highlighting the power delivery path from 13.2/25kV medium-
voltage ac (MVAC) to 400 Vdc IT racks through dedicated advanced power
racks. A single megawatt (MW)-level power rack needs to supply multiple IT
payload racks employing multiple parallel-connected single-stage converter
modules (see Fig. 2) providing sinusoidal input current rectification, galvanic
isolation, and output voltage control functionalities.

to ensure better compatibility with emerging high-power Al
infrastructure [S5]-[7].

Dedicated megawatt (MW)-level power racks will be em-
ployed to achieve ac/dc power conversion and provide galvanic
isolation, enabling the delivery of 400 Vdc to multiple IT
payload racks, as shown in Fig. 1. Each MW-level power
rack consists of parallel-connected isolated three-phase (3-®)
ac/dc power converters. In this context, quasi-single-stage and
single-stage isolated converter concepts are gaining traction
due to their potentially lower power conversion losses and
increased volumetric power densities [8]-[26].

However, typical isolated 3-® matrix-type ac/dc converters
rely on isolated-single-phase-high-frequency(HF)-links (see
Fig. 2a), i.e., are utilizing single-phase isolation transformers.
This configuration presents significant limitations on high-
power applications, primarily due to high transformer current
stresses and substantial conduction losses of the individual
power semiconductors. If, e.g., conventional single-stage iso-
lated 3-® ac/dc power converters with 25 kW output are used
as building blocks, more than 40 power modules must be
coordinated to achieve a 1 MW output per power rack, without
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Fig. 2: Schematics of (a) a typical direct-matrix-type isolated-single-phase-HF-link 3-® ac/dc converter and (b) the proposed new direct-matrix-type isolated-
three-phase-HF-link 3-® ac/dc converter, referred to as the D-i3X-Rectifier. The isolated-three-phase-HF-link, i.e., a three-phase transformer enables reduced
component stresses (on power transistors and filter capacitors), lowers filtering requirements, and provides an extended soft-switching region [27], [28].

accounting for backup modules. This leads to significantly
increased hardware complexity, potentially resulting in higher
system costs and reduced operational reliability. Therefore,
high-power (in the 100 kW range) output capability is essential
for next-generation isolated 3-® ac/dc converters to ensure
high efficiency and improved power density together with
enhanced reliability.

To address these challenges, an isolated-three-phase-HF-
link, rather than isolated-single-phase-HF-link, can be em-
ployed to enhance power-handling capability. This has been
extensively studied in isolated dc/dc converter applications.
Dual-active-bridge-type dc/dc converters with isolated-three-
phase-HF-links, i.e., 3®-DAB-type dc/dc converters, can op-
erate with significantly lower rms and peak current stresses,
reduced magnetic flux harmonics, and minimized input/output
filtering requirements, compared with 1®-DAB-type dc/dc
converters delivering the same output power [27]-[29].

Therefore, this paper proposes a novel Direct isolated-three-
phase-HF-link matriX-type 3-® ac/dc converter, referred to as
D-i3X-Rectifier (see Fig. 2b). The D-i3X-Rectifier, derived in
principle from 3®-DAB-type dc/dc converters, incorporates a
three-phase isolation transformer to enhance performance and
power efficiency in high-power applications.

The D-i3X-Rectifier interfaces the 3-® mains with a direct
matrix-type front-end [30]-[32], allowing for direct LF-ac/HF-
ac conversion from the 3-® mains voltages v,, vp, v to the
three transformer primary-side voltages vp;. Output voltage
and power regulation are achieved by adjusting the phase shift
applied to the 3®-DAB back-end, i.e., by fundamental DAB-
type operation. This minimizes winding and core stresses
while potentially enabling soft-switching (and allowing bidi-
rectional power transfer). Consequently, the D-i3X-Rectifier
emerges as a highly competitive solution for next-generation
high-power data center and EV charger applications, partic-
ularly considering a realization utilizing 1200 V' monolithic
bidirectional bipolar switches [33]-[36], which are shown
in Fig. 2 as two inverse-series connected unipolar power
MOSFETs.

Although multi-phase isolation transformers have been ap-
plied in matrix-type 3-® ac/dc converters [38]-[40], additional

magnetic components, such as an output-side filter inductor or
mains-side boost inductors have been employed alongside the
isolation transformer, increasing converter costs and realization
effort. Advantageously, the proposed D-i3X-Rectifier requires
only a single magnetic component, i.e., a three-phase isola-
tion transformer considering the DAB-type operation based
on the transformer stray inductance, while achieving a true
current-source behavior at the input and output interfaces, i.e.,
employing input and output capacitors directly connected to
the switching stages.

The rest of this paper is organized as follows. Section II
discusses the basic operating principle of the proposed D-
i3X-Rectifier by leveraging the relations of the modulation
schemes of the direct-matrix (ac/ac) front-end and a function-
ally equivalent indirect-matrix, i.e., ac/dc/ac input stage (see
Fig. 3a). Simulation results (10 kW output power, 3-® 400 Vac
rms line-to-line input, and 400 Vdc output) are provided in
Section III to validate the theoretical considerations, demon-
strating sinusoidal 3-® mains currents and the generation of
an isolated constant dc output voltage. Section IV provides
a comparative stress analysis between a conventional matrix-
type isolated-single-phase-HF-link 3-® ac/dc converter (see
Fig. 2a) and the proposed i3X-Rectifier with an isolated-three-
phase-HF-link (see Fig. 2b). Finally, Section V concludes the

paper.
II. OPERATING PRINCIPLE

This section first introduces the equivalence between the
switching schemes of the direct-matrix front-end and an
indirect-matrix converter input stage (the corresponding con-
verter topology is referred to as I-i3X-Rectifier). Identical
HF switching voltages can be generated at the terminals of
the primary-side transformer with both topologies [30], [31].
Accordingly, identical voltage waveforms are generated across
the three-phase isolation transformer, assuming identical con-
trol of the 3®-DAB back-end, which ultimately leads to the
same mains-side input currents and dc output current.

To explain the operating principle of the I-i3X-Rectifier, a
mains voltage relation of v, > 0 > vp > v, is assumed, i.e., a
30° interval of the mains period is considered. The analysis for
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Fig. 3: (a) Indirect-matrix-type isolated-three-phase-HF-link 3-® ac/dc converter (I-i3X-Rectifier), consisting of an indirect-matrix front-end, i.e., a current
source rectifier (CSR) stage and a voltage source inverter (VSI) stage. (b) Equivalence between the switching schemes of the direct-matrix and the indirect-
matrix front-ends: the D-i3X-Rectifier front-end switching signals can be derived from the I-i3X-Rectifier front-end switching signals using (1), resulting in
identical characteristic waveforms. (¢) Switching signals of the D-i3X-Rectifier and the I-i3X-Rectifier over two switching periods. In the I-i3X-Rectifier,
the CSR stage employs current dc-link 2/3-PWM [37] featuring low switching losses to generate an intermediate quasi-dc-link voltage vpn, which is then
converted into an HF-switched voltage vy by the VSI-stage to feed the isolated-three-phase-HF-link. The transformer’s secondary side connects to a 3&-DAB

back-end that delivers a constant dc output voltage.

the remaining intervals of the full mains cycle can be derived
by cyclically interchanging the phase quantities.

A. Direct-Matrix & Indirect-Matrix Front-End

The relation and equivalence of the switching schemes of
the direct-matrix and the indirect-matrix front-ends has been
discussed in [30], [31] for 3-® motor drive applications. Each
switching state of the direct-matrix front-end corresponds to a
dedicated state of the indirect-matrix front-end.

For example, the direct-matrix front-end switching state
with Syaa, ScBes Saca In the turn-on state (see Fig. 3b and
Fig. 3c) is equivalent to first turning on Sy, to connect the
positive rail p to the input phase a and turning on Sgyc to
connect the negative rail n to the input phase c, such that a
quasi-dc-link voltage vpn = v, is impressed, considering the
indirect-matrix front-end. Subsequently, vy, is inverted by the
voltage source inverter (VSI) stage such that the intermediate
rail potentials p and n (and ultimately the input phase voltages)
are connected to the corresponding primary winding terminals.
E.g., turning on S,s connects the positive rail p (the mains
phase a) to the transformer terminal A, which is finally
equivalent to gating S,a, on. The same derivation can be
applied to the winding terminals B and C.

The aforementioned equivalence between the switching
states of the direct-matrix and indirect-matrix front-ends can
be summarized as follows [30], [31]:

Sikj = Sipj * Spk + Sinj * Skn, (1)

where S € {1,0} indicates the on-state or off-state; j denotes
one of the input phases a, b, ¢; K represents one of the
transformer primary winding terminals A, B, C. This relation
allows for a unique mapping of gate signals from the indirect-
matrix front-end to the direct-matrix front-end. However, the
reverse mapping (from the direct-matrix to the indirect-matrix
front-end) has certain redundancies [30]-[32].

B. Modulation of the CSR Stage

The CSR stage of the I-i3X-Rectifier (see Fig. 3a) consists
of two commutation cells, each comprising three bidirectional
bipolar switches [41]. The switching state of the CSR stage is
defined by the gated-on switches in the high-side and low-side
commutation cells. For example, [ac] indicates that S,p, and
Sene are turned on.

The CSR stage operates with current dc-link 2/3-PWM [37].
This approach advantageously ensures that each switching
period consists of only two active switching states, i.e., does
not include a (third) zero and/or freewheeling state, thereby
minimizing the number of switching instants. As a result,
the switching losses can be significantly reduced by roughly
70% [37], [41], [42]. For example, in the considered 30°
interval (see Fig. 4b), rail p is always connected to phase
a by continuously turning on S,,,. The active states [ab] and
[ac] are alternatively applied within one switching period by
turning either Spy, or Scpe on, respectively. Consequently, the
quasi-dc-link voltage vp, attains vy, or v, in the considered
30° interval, as shown in Fig. 4.
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Fig. 4: (a) Considered 30° interval of a mains period with a mains voltage
relation va > 0 > vy > ve (b) Space-vector diagram of the current dc-link
2/3-PWM employed in the CSR stage, highlighting active (in green) and zero
(in red) switching states, i.e., 2/3-PWM only uses active switching states [37].
(¢) Characteristic waveforms of the I-i3X-Rectifier over two switching periods.
The waveforms present the formation of primary wvy; and secondary vsec
winding voltages, whose difference drives the HF transformer currents itga,
iTEB, %TF,C, Which follows a near-sinusoidal shape with very low HF harmonic
content, enabling power transfer through the isolation transformer.

Furthermore, to ensure constant instantaneous power drawn
from the 3-® mains, the local average value iy, of the quasi-
dc-link current follows the upper envelope of the 3-& mains
current absolute values (see Fig. 4a). This required current is
supplied by the downstream VSI stage.

C. Modulation of the VSI Stage & 3®-DAB Back-End

The bridge-legs of the VSI stage, operating with 120°
interleaved and 50% duty cycle, convert the quasi-dc-link
voltage vp, into HF ac voltages applied to the transformer’s
primary terminals. Considering one of the phases, i.e., the
transformer windings connected to the terminals A and X

(see Fig. 3a), the primary-side winding voltage v, is given
by
Vpri = VYAn — Umn;, (2)

where vy, = 1/3 - (van + Un + vcn) represents the common-
mode (CM) of the primary-side transformer terminal voltages
and/or transformer star point n voltage (assuming a mag-
netically symmetric transformer construction). Note that the
voltage across the series LF blocking capacitor Cs is neglected
due to its relatively small magnitude.'

The 3®-DAB back-end is modulated in a similar manner
as the VSI stage, i.e., using 120° interleaved 50% duty
cycle modulation, which results in HF ac voltages across the
transformer’s secondary windings,

Usec = UXr — Vor, 3)

where vy, = 1/3 - (vx; + vy;r + vz) is the CM component of
the transformer’s secondary-side terminal voltages.

Power transfer between the transformer’s primary and sec-
ondary windings is regulated by the phase shift ¢ between
the transformer voltages vpq and vsc. The voltage difference
Upri — Usec 18 applied across the transformer’s stray inductance
in each phase, finally driving transformer phase currents, e.g.,
iTRA, fOr power transfer through the isolated-three-phase-HF-
link. Advantageously, itps exhibits a waveform that is close
to a sinusoidal shape, i.e., contains a low amount of HF
current harmonics. This results in low HF ac losses in trans-
former windings and/or substantial improvements compared
with the conventional matrix-type isolated-single-phase-HF-
link 3-® ac/dc converter, where transformer currents are typi-
cally trapezoidal in shape, leading to higher harmonic content
and increased (especially ac) winding losses, as discussed in
Section IV.

For constant instantaneous power drawn from the 3-®
mains, the local average value Epn of the quasi-dc-link current
must follow the upper envelope of the absolute values of the 3-
® mains currents, forming a six-pulse-shaped waveform. The
current ip, is obtained by superimposing the 120° interleaved
transformer currents itga, ¢TEB, ¢TEC, While accounting for the
switching states of the VSI stage, as shown in Fig. 4c.

The quasi-dc-link current ip, includes an HF switched
component at 6 f,, whereas the carrier frequency of the 2/3-
PWM is only fs. In other words, the duration of a single
active switching state of the 2/3-PWM can span several periods
of ip,, allowing the charge impressed to the corresponding
mains phase to be (relatively) accurately calculated using the
local average ipn. Accordingly, although the HF ripple of iy,
cannot be entirely neglected, its impact on the formation of
the sinusoidal 3-® mains currents is minimal.

'Note that the quasi-dc-link voltage vpn alternates between two line-to-
line voltages within each switching period, i.e., is not a constant dc voltage.
Although the bridge-leg (Spa and Sa,) operates at a 50% duty cycle, an LF
voltage component with relatively small magnitude (< 20V) is generated.
This LF voltage must be blocked by the series capacitor Cs. Accordingly, Cs
must provide sufficient impedance in the LF range (which defines an upper
bound for Cf), while Cs must show low impedance around the switching
frequency (which defines a lower limit for Cs) to minimize its HF voltage

ripple.



TABLE I: Main operating parameters and component specifications for the
closed-loop circuit simulations. Note that L;,, L, and Ly are not shown
Fig. 2.

Description Value
Vin RMS mains phase voltage 230V
Vout DC output voltage 400V
Pout Output power 10kW
fow Switching frequency 150 kHz
Np : N Transformer turns ratio 1:1
Lo Leakage inductance 7.5uH
Ln Magnetizing inductance 1mH
Cs Series capacitance 3uF
Lin Mains filter inductance 10puH
Ci Mains filter capacitance 18 uF
Cout Output capacitance 20uF

Therefore, current dc-link 2/3-PWM is sufficient to draw
3-® sinusoidal mains currents with minor distortion, and ¢,
can be modulated similarly to the conventional HF-free dc-link
current as in 3-® 2/3-PWM-controlled current source rectifiers
[37], [41]. As a result, the proposed scheme, operating with
the quasi-dc-link current 4, eliminates the need for dedicated
charge control or look-up tables, typically required in matrix-
type converters [9], [43], thereby significantly reducing con-
trol/firmware complexity.

To further mitigate current distortion in the I-i3X-Rectifier
under quasi-dc-link current operation, a higher switching
and/or carrier frequency can be used in the VSI stage com-
pared with the CSR stage. This approach leverages the mod-
ulation degree of freedom enabled by decoupling the CSR
and the VSI stages in the indirect-matrix front-end, rather
than using a single direct-matrix front-end. A higher switching
frequency ratio between the HF current components in 4,, and
the CSR stage’s carrier frequency and/or a more constant dc-
link current can further suppress potential LF distortions in
the 3-® mains currents.

III. SIMULATION RESULTS

In this section, the operation of the I-i3X-Rectifier is
validated through closed-loop circuit simulations, delivering
10kW to a 400 Vdc load from 3-® 400V mains. The main
circuit specifications and parameters are listed in Tab. L.
Fig. 5a - Fig. 5b present the proposed operating principle of
the I-i3X-Rectifier, in which the 3-® sinusoidal mains currents
are generated in phase and proportional to the corresponding
measured 3-® input phase voltages. This confirms purely
ohmic behavior at the 3-® mains interface.

In a 3®-DAB-type dc/dc converter, the power transferred
across its isolation transformer is given by [27]:

n- Viger - Vaer 2 dm — 3¢
Zp-

2 fwls 3 A
: 4
Ve Vee @
2 fou Lo 30-DAB * ¥,

where V., and Vy, are the input and output dc voltages, n
denotes the transformer turns ratio, and k3¢.pap iS a linearized

coefficient in case of 0 < ¢ < 7/3.

Based on (4), the power transfer formula of the proposed
[-i3X-Rectifier using current dc-link 2/3-PWM can be derived.
The switching states of the CSR stage, together with the 3-
® sinusoidal mains voltages, define the quasi-dc-link voltage
Upn. Although vy, alternates between two line-to-line voltages
within each switching period, due to linearity and the super-
position theorem?, the power transfer formula of the proposed
[-i3X-Rectifier can be expressed as:

N - Vpp - Vout
27rfSWLU

where vp, is the local average value of v,,, which follows
an inverse six-pulse shape as shown in Fig. Sc. The voltage
across the series LF blocking capacitor Cy is again neglected
due to its relatively small magnitude. Therefore, in steady-state
operation, the phase shift ¢ between the matrix-type front-
end and the 3®-DAB back-end follows a six-pulse shape (see
Fig. 5d) to maintain constant power transfer.

Fig. 5e shows the primary vp; and secondary v trans-
former winding voltages, whose difference drives the trans-
former currents itga, iTEB, ¢TRC. These currents are then
translated by the VSI stage into an impressed dc-link current,
defining the quasi-dc-link current 4,, as shown in Fig. 5f.
Note that the local average value iy, follows a six-pulse-
shaped waveform, forming the upper envelope of the absolute
values of the 3-® mains currents over a mains fundamental
period. This satisfies the requirement imposed by 2/3-PWM
for maintaining (approximately) constant instantaneous power
and ensuring that sinusoidal 3-® mains currents are drawn, as
stated in Section II-B.

Fig. Sg illustrates the generation of 3-® sinusoidal mains
currents. Taking phase a as an example, a pre-filter phase
current ¢,> is obtained by modulating the quasi-dc-link current
ipn using 2/3-PWM. The HF current harmonics of i, are
filtered out by Cj,, resulting in a (largely) sinusoidally-shaped
phase current 4, that is proportional to the corresponding phase
voltage v,, thus achieving ohmic mains behavior of the I-i3X-
Rectifier.

On the left-hand side of Fig. Sh, a switching period of the
30° interval (characterized by v, > 0 > v, > v, and/or CSR
stage active switching states [ac], [ab]) is depicted. In this case,
Sapa Temains turned-on throughout the switching period, and
g = fipy. Differently, on the right-hand side of Fig. 5h, the
selected switching period employs the two active switching
states [ac] and [bc]. In this case, ¢ = ip, holds during [ac];
whereas during [bc], both Sy, and Sy, are turned off so that
iy temporarily remains at 0 A.

- k30-pAB - ©, )

2Considering the 30° interval of the mains period with a mains voltage
relation v, > 0 > vy, > vc as shown in Fig. 4, the power transfer of the
proposed I-i3X-Rectifier can be expressed as:

n- (dac - Vac + dyp - Uab) - Vout

P= - k3ppAB - ¥
27 fsw Lo
n - Upn - Vout
= ———— k3».pAB ' ¥,
27 fswLo

where dac and dyp, are the duty cycles of two active switching states [ac] and
[ab], respectively, and v, and v,y are the corresponding line-to-line voltages.
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Fig. 5: Simulated key waveforms of the I-i3X-Rectifier connected to a 3-
® 400V mains, delivering a nominal power of 10kW at 400 Vdc output.
The output voltage (as well as the output power) is regulated by adjusting
the phase shift ¢ applied to the carrier of the 3®-DAB back-end. Note that
these presented key simulated waveforms of the I-i3X-Rectifier are identical
to those of the proposed D-i3X-Rectifier for a given operating point and same
system specifications.

IV. COMPONENT STRESSES

This section provides a comparative analysis of the compo-
nent stresses between the conventional matrix-type isolated-
single-phase-HF-link 3-® ac/dc converter (see Fig. 2a) and
the proposed i3X-Rectifier featuring an isolated-three-phase-
HF-link (see Fig. 3a). Both converters operate at a switching
frequency of 150 kHz and are connected to a 3-® 400 V mains,

TABLE II: RMS current stresses of the main components in the conventional
matrix-type isolated-single-phase-HF-link 3-® ac/dc converter (see Fig. 2a)
and the proposed i3X-Rectifiers with isolated-three-phase-HF-links. Ipaix
and Ipap denominate the rms current stresses of the primary-side and
secondary-side power semiconductors.

Stage / Component  Conv. i3X-Rectifier
Imawix Front-end 16.1A  121A/12.7A || 10.4A
Indirect CSR / VSI || Direct
Ipap  Back-end 19.6 A 12.6 A
Itr Isolation transformer 28.0 A 18.0A
Icin Input capacitor 14.1A 9.0A
Icout  Output capacitor 11.9A 2.8A

delivering a nominal power of 10kW at 400 Vdc output.

To ensure a fair comparison, both systems employ the
same magnetizing inductance value L,,, while the leakage
inductance of the i3X-Rectifier is adjusted to achieve a similar
required phase shift ¢ for nominal power transfer. The analysis
focuses on rms current stresses in key active and passive
components, as well as magnetic core and winding stresses
in the isolation transformers.

Both the I-i3X-Rectifier and the D-i3X-Rectifier are con-
sidered in this section. It is important to note that the stresses
in the isolated-three-phase-HF-link and the 3®-DAB back-end
are identical for both converters. The only distinction lies in
the current stresses of matrix-type front-end stages.

A. Current Stresses

The rms current stresses are summarized in Tab. II, based
on circuit simulation results. Both the proposed i3X-Rectifiers
demonstrate largely reduced rms current stresses in active and
passive components. Specifically, the switching-frequency in-
terleaved operation of the phases leads to lower current stresses
in the isolation transformer, as well as in the input and output
capacitors, compared with those in the conventional matrix-
type isolated-single-phase-HF-link 3-® ac/dc converter. This
observation is consistent with previous findings in isolated
dc/dc converter applications [27].

However, since both the proposed i3X-Rectifiers require a
higher number of power semiconductors, the current stresses
of the devices cannot be directly used for conduction loss
comparisons. To enable a fair comparison, two scenarios are
considered under different assumptions of semiconductor chip
area. Note that the bipolar bidirectional switch (e.g., Scac in
Fig. 2 and S,, in Fig. 3 ) used in the matrix-type front-ends
are considered as a single device, with a shared drift region
for blocking both voltage polarities, thereby requiring only a
single chip area and/or the same chip area as, e.g., a unipolar
switch of the VSI stage (of the I-i3X-rectifier). Additionally,
for simplicity, the on-state resistance of each power switch
is assumed to be inversely proportional to the chip area Ac;p,
regardless of the specific semiconductor material or packaging
technology. The results are summarized in Tab. III.

In scenario (a), an identical chip area A.p per switch is
assumed. The D-i3X-Rectifier generates approximately 60%



TABLE III: Ratio of conduction losses in the front-end and the back-end
converter stage of the conventional matrix-type isolated-single-phase-HF-
link 3-® ac/dc converter (see Fig. 2a) and the proposed i3X-Rectifiers, based
on the current stresses listed in Tab. II. Two scenarios are considered: (a)
same chip area per switch and (b) same total chip area per converter stage
(see Section IV-A for further details).

Stage H(a) Same Area Achip per SwitchH(b) Same Total Area 3 Achip
Front-end Achip ratio P,ong. ratio 6Achip ratio | Ppopd. ratio
1:1:1 1:1.19:0.63 — 1 —:—=|1:237:09
6 12 9
Backeend Achip ratio Pe.ong. ratio Z‘Chip4 ratiZ Prong. ratio
1:1:1 1:0.62:0.62 —:=:—=11:093:0093
4 6 6

Note: Provided sequence of Conv. Matrix-Type : I-i3X-Rectifier : D-i3X-Rectifier.

of the conduction losses observed in the conventional matrix-
type isolated-single-phase-HF-link 3-® ac/dc converter. How-
ever, in the [-i3X-Rectifier, the transformer’s primary winding
currents must pass through two converter stages, i.e., the CSR
and the VSI stages, before reaching the input 3-® mains.
This results in approximately 20% higher conduction losses
in the front-end stage, despite reduced rms currents in each
individual device.

In scenario (b), an identical total chip area XA, is
allocated to either the front-end or the back-end stages, and
is evenly distributed among all devices within the respective
stage. Due to the increased number of components in both
the front-end and back-end stages of both the proposed i3X-
Rectifiers, the chip area Acp per device is reduced, which
results in higher on-state resistance for each switch.

For example, in the front-end stage, the conventional matrix-
type isolated-single-phase-HF-link 3-® ac/dc converter con-
sists of 6 switches with each assumed to have a unit chip
area. In contrast, the indirect-matrix front-end (see Fig. 3a)
employs a total of 12 switches, resulting in a chip area of 6/12
per switch, i.e., effectively doubling the on-state resistance per
device. The conduction losses ratio is then calculated based on
the derived chip area per switch and the measured (simulated)
currents in Tab. II.

Consequently, compared with scenario (a), increased con-
duction losses are expected in the i3X-Rectifiers for sce-
nario (b). However, the D-i3X-Rectifier still advantageously
achieves lower conduction losses in both converter stages
compared with the conventional matrix-type isolated-single-
phase-HF-link 3-® ac/dc converter.

B. Transformer Stresses

Comparisons between isolated-single-phase-HF-links and
isolated-three-phase-HF-links have been conducted in the con-
text of DAB-type dc/dc converters [27], [28], with results
indicating that isolated-three-phase-HF-links offer improved
overall performance. This section extends the analysis to
isolated 3-® ac/dc converters and compares the isolated-single-
phase-HF-link of the conventional matrix-type 3-® ac/dc con-
verter (see Fig. 6a) and the isolated-three-phase-HF-link of
the proposed i3X-Rectifiers (see Fig. 6b). Both systems are
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Fig. 6: Isolation transformer stresses including the magnetic flux waveforms,
i.e., the voltage across the magnetizing inductance L, (a T-type equivalent
circuit and an equal splitting of the stray inductance L, between the primary
and secondary side is assumed; for the i3X-Rectifiers a single phase of the
three-phase transformer is considered) and its voltage-time integral (HF flux)
vt m, and winding current stresses, i.e., the transformer primary winding
current ¢1r and its spectrum, for (a) the isolated-single-phase-HF-link of the
conventional matrix-type 3-® ac/dc converter and (b) the isolated-three-phase-
HF-link of the proposed i3X-Rectifiers.

connected to a 3-® 400 V mains supply and deliver a nominal
output power of 10kW at 400 Vdc.

The voltage vr, across the magnetizing inductance Ly,
is first measured to evaluate the magnetic core stresses. In
the proposed i3X-Rectifiers, v, presents a more sinusoidal
shape with extra voltage levels enabled by the three-phase
and interleaved operation. Furthermore, a more sinusoidally-
shaped transformer winding current itp is observed in the
proposed i3X-Rectifiers, with significantly reduced peak and
rms values. The reduced HF current harmonic content, as
shown in the frequency spectra, leads to lower harmonic
winding losses.

V. CONCLUSION

This paper introduces a novel isolated-three-phase-HF-
link matriX-type 3-® ac/dc converter (i3X-Rectifier) for
high-efficiency, high-power-density power supplies in next-
generation Al data centers. Conventional isolated-single-
phase-HF-link matrix-type 3-® ac/dc converters face scala-
bility challenges in high-power applications due to excessive
individual component stresses. The i3X-Rectifier leverages
an isolated-three-phase-HF-link (a three-phase isolation trans-
former) along with a direct or indirect matrix-type front-end
and 3®-DAB back-end, effectively mitigating these inher-
ent limitations. Notably, the proposed i3X-Rectifier supports



quasi-dc-link current operation, i.e., the sinusoidal 3-® mains
currents can be generated using established current dc-link
2/3-PWM, significantly simplifying modulation and reducing
control complexity. Comprehensive closed-loop circuit simula-
tion results confirm the expected performance improvements,
including reduced current stresses in active and passive com-
ponents, and close to sinusoidal transformer magnetic flux
waveform, as well as lower input/output filtering efforts. These
advantages position the proposed i3X-Rectifier as a promising
solution for future high-power (in the 100kW range) data
center supplies in dedicated power racks and for high-power
EV chargers.
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