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Abstract—Solid-state transformers (SSTs) enable the interfacing
of medium-voltage (MV) ac grids to low-voltage (LV) dc loads
with high power density and advanced power flow control over
traditional approaches based on low-frequency transformers
(LFTs). The modularized bridge rectifier (mBR) is a promising, yet
understudied, topology which has been recently proposed for high-
power electric vehicle (EV) charging applications. The mBR is
essentially composed of a three-phase diode rectifier with isolated
dc-dc converters connected in parallel to the series-connected
diodes, thus forming six branches; the LV outputs of the isolated
dc-dc converters are connected in parallel to the LVdc port. In
this paper, the mBR SST and its operating principle are first
recalled along with an in-depth analysis of the state-of-the-art
branch-oriented current control method, which, however, cannot
adequately handle the inherent coupling between the branches.
Thus, a novel ZA-Vector modeling and control method is proposed,
which is based on the Clarke transform and a subsequent A
decoupling to treat the sums (X) and differences (A) of the branch
quantities separately. The two corresponding equivalent circuits
contain only the four effectively available degrees of freedom
the mBR topology offers, and hence facilitate a clear analysis
and a straightforward, decoupled controller design. Finally, the
novel XA-Vector control method is validated by means of circuit
simulations of a 1-MW, 10-kV case study system, and found
to show better dynamic performance and robustness than the
conventional branch-oriented control method.

Index Terms—Modularized bridge rectifier, solid-state trans-
former, control, medium voltage, power electronic transformer.

1. INTRODUCTION

An increasing number of power conversion systems demand
high flexibility and high power density when interfacing with
a medium-voltage (MV) grid, both when directly connecting a
load and when interfacing another grid, e.g., a low-voltage
(LV) one, [1]. As low-frequency transformer (LFT) based
solutions do not fulfill these requirements, medium-frequency
transformers [2] and power electronic stages [3] have been
combined to form so-called solid-state transformers (SSTs)
[4]. Throughout the years, SSTs gained attention in a wide
variety of applications, e.g., renewable energy and smart grids
(photovoltaic and wind power plants, energy transmission and
control) [1], sustainable mobility (railway and ultra-fast electric
vehicle (EV) charging) [5]-[10], data centers [11], and large-
scale hydrogen electrolyzers [12]-[14].
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Fig. 1. Modularized bridge rectifier (mBR) topology proposed in [15] and
analyzed in [16]; dc-dc converters in parallel to blocking diodes transfer power
between the medium-voltage (MV) ac grid and the low-voltage (LV) dc load.

However, the maturity of LFT technology expresses itself
mainly in high reliability and low cost, [4], which, despite
substantial improvements, slows down a wider adoption of
SSTs. To mitigate the price disadvantage, modularity is a
highly desirable feature; indeed, most SST topologies are
phase-modular, i.e., each MV phase connects to an input-series,
output-parallel (ISOP) arrangement of power electronic building
blocks (PEBBs), each containing an ac-dc and an isolated dc-dc
converter stage [3]. Nonetheless, each PEBB processes a single-
phase power flow with a corresponding pulsation at twice the
mains frequency. Instead, an MVac-facing unfolder stage could
be employed such that the PEBBs must only provide isolated
dc-dc conversion; this concept can be employed to individual
phases [17], or, advantageously, a three-phase unfolder stage,
i.e., a three-phase diode rectifier, is used [18]-[20].

Alternatively, the isolated dc-dc converters could be in-
tegrated into the branches of a three-phase diode rectifier,
resulting in the modularized bridge rectifier (mBR) as reported
in Fig. 1. The rectifier diodes ensure unipolar supply voltages



. 4* . , L%
Imax, u_0 N Imidu— vmd‘ "\lzg Imin,u
X max u= (1 6mdx)lmdx m|d u= (1 amld)lmld “11" u= (1 6mm)lmm
Vmid < 0
. * ok h _ox
maxl 5mnx Imax | lmid.l:amidlmid ) Imin,] _6minlmin
* .
! A 123 “1ax : Z@ ll“id’l =0 lrni"‘l 70
N
2V Yo Ve
(—‘w 210° 330°
Sectors[__1 2 3 | 4 [ 5 [ 6 ]
Ji) 150° 270° 390°
P
N * , - *
@ Imax,u™ @ lmid.u:0 ! P\lzx Iminu
V, 1 T P 1
- max u= (1 émax)lmJX Imid,u _7( 1 75mid)lmid Iminu™ (1 Jmm)lmm
Vimid > 0
- P C ..
muxjfamuxlmax i l|nid,17§midlmid ) Iimin,| 76minlmin
* L R R
Imax,1 N Imid, I Imid llnir|.170
 —] 4
N

(2)

Grid Voltage

10 T T -
>
% Ve
8
G
>

-10 1 1 1

100 Grid Current
<
—
=1
@]

-100 : : :
S
&
Q
)
S
G
>

Current-Source Currents
g 40 I‘\ q\/Vial icu 4\/Vibl T
= 1\ / 1 )
2 20,V A EWA L WASYALN
3 , \ /, \ Lau I,\‘\lcl \ Ibu
O \ 1 I
Current-Source Power
—~ 1 T T
E \‘\Pload
~ Pal Peu Pl
§ 05 I\ ’I‘/'/ '|(I/
4 \
Qo- 0 4 N | ,, \\ “Pau /&‘\lpcl\\ “Pbu
0 10 15 20
Time (ms)

Fig. 2. Operating principle of the mBR. (a) Idealized equivalent circuits for the two half-sectors of an exemplary 60°-wide sector of the mains period, and (b)
simulated waveforms with the half-sectors indicated in (a) highlighted. Figure reproduced from [16] with minor modifications.

at the inputs of the converter modules, i.e., essentially, the
mBR replaces the ac-dc stage found in the converter cells
of typical phase-modular SSTs with a single diode, similar
to the approach from [21]. The mBR was proposed (but not
explained) in [15], and later analyzed in [16] for the first time.

For convenience, this paper first recalls key aspects regarding
the mBR operating principle from [16] and discusses the branch-
level modeling approach in Section II. Then, Section III
discusses the previously proposed branch-oriented current
control method and its shortcomings. To overcome these
deficiencies, Section IV introduces a novel analysis and current
control method (“XA-Vector control”’), which combines the well-
known Clarke transformation and a specific XA decoupling. The
new method improves the grid current tracking performance
and facilitates mBR realizations with smaller branch inductors
(Lyr in Fig. 1), as is confirmed by simulation results in
Section V. Finally, the Appendix discusses operational details
and Section VI concludes the paper.

II. MobULARIZED BRIDGE RECTIFIER

The mBR MVac-LVdc SST topology is shown in Fig. 1,
and was originally proposed in [15], but only later analyzed in
detail in [16]. The mBR can be derived from a three-phase (6-
pulse) diode rectifier in which each functional diode is realized
as a series connection of multiple diodes to withstand the high

voltages of a MVac mains. Each diode (ideally) enforces a non-
negative voltage across its terminals that serves as an unipolar
input for isolated dc-dc converters connected in parallel. These
dc-dc converters are configured in an input-series output-
parallel (ISOP) arrangement (note that other output connections
could be considered) and transfer power to the LVdc output.'
The mBR consists thus of two triplets of star-connected output
branches (OBs), each composed of N PEBBs connected in
series on the input side and are tied to a mains phase. The
so-called upper branches (indicated with u) connect to the P
node, while the lower OBs (noted with 1) to the N node, and
each of the mains terminals A, B, and C connects to one upper
and one lower branch. The mBR is thus fully modular, as the
overall converter is obtained by replicating the same PEBB
(consisting of a rectifier diode and an isolated dc-dc converter).

A. Operating Principle

Fig. 2 shows an idealized equivalent circuit of the mBR,
where the OBs are replaced by controlled current sources,
which is used to summarize the operating principle based on
[16], where more detailed explanations are given. As a grid-tied
converter, the mBR must control the mains currents i,, i, and

INote that we consider rectifier operation, i.e., power flow from the MVac
mains to the LVdc output, but the mBR can, in principle and with certain
circuit modifications also operate as an inverter [16].
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ic to the corresponding sinusoidal references i}, iy and i} to
transfer power with a high power factor (PF). The OBs are
controlled in such a way that the mains voltages v,, vp, and
v define the conduction state of the diodes, thus dividing the
grid period into six 60°-wide sectors. In each sector, the phase
with the maximum (max) voltage is thus connected to P and
the phase with the minimum (min) voltage to N; both diodes
associated with the middle (mid) phase are blocking.

The current sources in parallel to blocking diodes see a
positive voltage and hence can draw power, while the ones in
parallel to conducting diodes cannot as their voltage is ideally
zero. Thus, the first step in the analysis of the mBR consists in
the mapping of the grid current references iy, iy 4> and iy .
into the branch current references, i.e., ifnax’u, i[*ni du and ifnin’u
for the upper OBs, and i;fnax’l, iI*ni ar and il*nin’] for the lower
ones; the desired current flow paths for two exemplary sectors
are indicated in Fig. 2a. Finally, the branch current references
are mapped back to i;,u, if)’u, iz,u, i;,l’ if)’l, and iz’l depending on
the sector. This process is named “mBR references generation”
and is the first step for both control methods.

To normalize the problem to the target grid current, the
delta parameters can be introduced as the fraction of grid

phase current that flows into the respective lower branch, e.g.,

Es o
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as shown in Fig. 2a. Due to the two star points P and N, the
delta variables are linked by Kirchhoff’s current law (KCL) as

@

Hence, only two degrees of freedom (DoFs) are available for
the choice of the ¢ variables, which are in turn functions
of the grid angle 8. In the mid phase, the direction of the
phase current defines whether the upper or the lower current
source should be active, as only one option leads to the
desired power flow direction (power drawn from the gird, i.e.,
absorbed by the current source), i.e., 6:‘md =0.5[1+sgn (via)]
(assuming operation with unity PF and hence i[*ni 4 < Vmid)-
This behavior is clearly visible in Fig. 2a. Then, the one
remaining DoF (i.e., either 65,,, or d; . ) can be leveraged to
equalize the power processing of the branches, which yields
an analytical expression for the optimal 6y, . in dependence
of the grid current references and hence of the grid angle
(for details see [16]). The resulting (ideal) key waveforms are
reported in Fig. 2b. Note that the discontinuities in the branch
currents (references) at the sector boundaries are not realizable
in an actual implementation due to bandwidth limitations.
Hence, certain adaptions of the 6}, . can be used to obtain
continuous current references (for details see [16]). In general,
other optimization targets could possibly yield better results
depending on the application and technology involved, but a

more detailed discussion is beyond the scope of this paper.

* ok * ok * ok _
5minlmin + 5midlmid + 5maxlmax =0.

B. Branch Modeling

Typical isolated dc-dc converter topologies (i.e., dual active
bridge converters, or LLC-type converters) feature an input
capacitor and hence cannot directly control their input current.
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Fig. 3. (a) Model of the dc-dc converters with an input capacitance and
impressed current. (b) Approximation of each power electronics building block
(PEBB) as an equivalent voltage source v, as the dc-dc converter controls
the voltage of its grid-facing capacitor Cj. (¢) Detail of the approximation of
a voltage generator acting as a diode. (d) Equivalent model of a generic phase
x with a unified voltage source representing all the PEBBs of the branch.
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Fig. 4. Conventional control strategy for the mBR as proposed in [16]. (a) Block
diagram of the branch-oriented current control, including (b) the calculation of
the OB (i.e., internal) current references. (¢) Model of one OB, in which the
dc-dc converters are represented by CSs with an actuation delay of a switching
period (e.g., typical for DAB-type converters) and an input capacitor.

Thus, whereas modeling the OBs with ideal current sources
as above is helpful for explaining the operating principle, an
actual implementation must realize a corresponding behavior
by controlling the branch current in a branch inductor Ly, see
Fig. 1, or, in more general terms, in branch impedance Z,,
via the OB input voltages. A first-order model of such dc-dc
converters contains a grid-facing input capacitance C; and an
equivalent current source ix; dcdc that represents the (controlled)
power flow to/from the dc side of the converter, as shown in
Fig. 3a [16]. By means of this current, each dc-dc converter
can regulate the voltage v across its capacitor as can be seen
by applying the Laplace transform to the KCL
3)
for a generic dc-dc converter in the branch z of phase x (where
ixz,i 18 its input current, i.e., not including the diode current).
In the following, a sufficient control bandwidth is assumed for
dc-dc converter’s input voltages. Hence, the PEBB (i.e., the dc-
dc converter and the diode) can be represented by an equivalent
voltage source as shown in Fig. 3b; to ensure the validity of
the model, the reference voltages must adhere to the working
conditions of the anti-parallel diode, as depicted in Fig. 3¢, i.e.,

ixz,i =sCivc + ixz,dcdc



vé ~ 0 when the branch current iy, < 0. Note that vé > 0 can
be enforced even for iy, < 0, i.e., the blocking of the diode can
be controlled by the dc-dc converter input voltage. However,
this would result in a non-useful power transfer from the dc
side to the ac side, because another branch would increase its
power transfer from the ac side to counterbalance the former
and maintain a constant power flow from the grid. Finally, the
controlled voltages v¢. ,, ..., vé’N representing the PEBBs of
a branch can be aggregated into a single commanded voltage
source ve. , (for the generic branch z of phase x), as shown
in Fig. 3d w1th the (inductive) branch impedances Zy, and the
grid-side impedance Z.

III. ConvENTIONAL BRANCH-ORIENTED CURRENT CONTROL

Based on the model described in Section II-B, it is possible
to derive the straightforward branch-oriented current control
algorithm [16] reported in Fig. 4a. The inputs are the grid
current references i}, 1E, and i} that are generated by a higher-
level control loop, e.g., to regulate the LVdc output voltage
of the mBR, which is beyond the scope of this work. Then,
the grid current references are mapped to the six OB current
references iy ; using the mBR reference generation via the 6*
variables as dlscussed in Section II and summarized in Fig. 4b.
Considering one branch as shown in Fig. 4¢, Kirchhoff’s voltage
law (KVL) expressed in the Laplace domain (note that the
branch impedance is mainly inductive, i.e., Zy; & sLpy) iS

“

and serves as the basis for the branch-oriented control method
from [16]. Intuitively, each branch current iy, can be controlled
with a dedicated PI controller via Vc - i.e., via the dc-dc
converters—however, the other branches act as a disturbance
through vy,. This effect can be mitigated by adding the
measured value of vy, as a feed-forward term to the PI
controller output, as shown in Fig. 4a. If parameter uncertainty
is not considered, V*C,xz is equally actuated by the N dc-dc
converters in each branch, each with reference vé C . /N.
Inner regulation loops of the dc-dc converters track these
input capacitor voltage references by adjusting the power
transfer to the dc-side load (i.e., by adapting ix; dcdc. Again,
to decouple the dynamics from the disturbances external
to the dc-dc converter, the measured OB current iy, ; is
added to the controller’s output as a feed-forward term, as
suggested by (3). As shown in Fig. 4¢, the equivalent model
of the dc-dc power stage consists of a controlled CS with
a fixed actuation delay (corresponding to a switching period
Tow = £, where fi, is the switching frequency of the dc-dc
converter), which is a suitable representation of, e.g., DAB-type
converters. Ultimately, from (3) and (4) it is straightforward to
quantitatively design the regulators.

Although straightforward, the branch-oriented current control
method can give poor results under certain operating conditions
(as shown later in Section V). The main issue is that, essentially,
six degrees of freedom (DOF), i.e., six branch currents, are
controlled independently (hence the name “branch-oriented”)
even though the mBR circuit structure offers only four DOF,

. *
Vxz = Lprlxz + Ve xz

as can be seen in Fig. 1.2 Besides, since the star-points P
and N are not at a fixed potential, which is determined by
the average between the voltages generated by their three
branches, each branch current is also affected by the voltages
applied to the other branches, i.e., there is a coupling between
different branches. A decoupling effect is obtained via a voltage
feed-forward, i.e., the measured branch voltage vy, is used to
compensate the disturbances caused by the other branches and
the grid. The measurement of the branch voltages with sufficient
bandwidth (see the idealized waveforms in Fig. 2b) is not trivial
due to the MV levels. Finally, the branch-oriented control
cannot directly consider any grid-side impedance Z; [see (4)]
that might, however, substantially affect control performance.

IV. NoveL XA-VEcToR CURRENT CONTROL

The lack of coordination between the OBs in case of the
conventional control method discussed above is solved in the
proposed XA-Vector current control approach by means of
the well-known Clarke transformation (also known as of-
transformation) and a specific transformation named XA to
control only the available four DOF in a decoupled fashion.

A. XA-Vector Model

As in Section II-B and Fig. 3d, each branch can be modeled
as a single commanded voltage generator (assuming sufficient
bandwidth of the inner dc-dc converter input voltage control
loops), i.e., Vau, Vbu, Veu for the upper branches and vy, vy, Vel
for the lower branches. Fig. Sa shows the resulting equivalent
circuit and introduces a compact notation (e.g., grid voltages
Va, Vb, and v¢ are indicated with vy o). Balanced impedances
among the branches and the mains phases are assumed, i.e., all
equal to Zy, and Zg, respectively. Note that for now the rectifier
diodes are not considered; finally, the correct conduction states
can be ensured via a simple clamping method introduced later.

To simplify the analysis, the Laplace transform is applied in
the following. For a generic phase x (a, b or ¢) and star-point
Z (P or N), the KVLs result in

Viu + Zorixu + v;:l + Zrixl = VPN, Q)]
X~ Zgix +Vyz = ¢(V)*(Z + Zbrixz)~ (6)
Then, the application of the Clarke transform yields
a[i ot Zorlap,u + Va[i 1+ Zorlap,1 =0 and (7)
Vape = Zglap.g = F(Vyp , + Zoriap.z) (3)

regarding the branches and the grid, respectively, where z
is either the upper (u) or the lower (1) branch. Given the
symmetry of the impedances connected to nodes P and N, the
0-component of the upper- and lower-branch generators does not
affect the af branch currents, as shown by (7) or by applying
Millman’s theorem. Moreover, the related O-component current
cannot flow in any of the triplets star-connected to P, N, and

2The mBR consists of three three-phase systems (the grid, the upper, and the
lower OBs) with respective star points Y, P, and N, which are interconnected
at the three common nodes A, B, and C. Thus, there are nine current variables
as potential DOF (three grid currents, six branch currents) but also six nodes
that, via the KCL, give six constraints. One of these is a linear combination of
the others, and hence 9 — 5 = 4 independent current variables remain as DOF.
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branches and ultimately only the effectively available four DOF are controlled (iy

5 and i; A each are vectors of length 2). Note that the “mBR clamping”

ensures the desired diode operation by leveraging the 0-component of the Clarke transform, which does not influence the current in the off coordinates.

Y. Therefore, the O-component voltages are excluded from the
analysis of current control, but will be leveraged later to ensure
that the diode conduction states advantageously correspond to
those of a 6-pulse rectifier (see Section II-B).

The resulting equivalent circuit is reported in Fig. Sb where,
matching the actual number of DOF, only four controlled
variables remain (iqpu and iqp1, €ach a vector of lenght 2;
Vap,g follows from the KCL at node K). However, each of the
two controlled voltage sources vqp,y and vp still influences
both currents, as can be easily seen from (7). As this coupling
reduces performance (or, alternatively, requires a more complex
controller), an additional transformation of the control variables
is introduced to decouple them entirely. In particular, it is
advantageous to consider the sum (X) and the difference (A)
of the branch voltage references, i.e.,

* def *

Vapr = Vapl T Vapu (9a)
* def % *

Vapa = Vapi = Vapu: (9b)

The corresponding inverse transformation is therefore

* 1 * *
Vapl = 5 (v(xﬁ,Z + chﬁ,A) (10a)
* 1 * *
Vipw =3 (Vap.s — Vipa) - (10b)
The substitution of (10a) and (10b) in (7) and (8) yields
Veps = ~Zor (fupl +iup,u) and (11)
vzﬁ,A =- (Zbr + 2Zg) (iocﬁ,l — i(xﬁ,u) + 2vap7g s (12)
respectively. This leads to the convenient definition of
i(xﬁ,Z d:ef i(x[},l + i(xﬁ,u (133)
iapa = iop1 = fapu- (13b)

Note that the transformed variable iqp A corresponds to the
grid current, i.e., igp,a = igp,g. With (11) and (12) we have

v*
up.z = —% and (14)
_ V¥ AT 2Vap,g
o= ——t (15)

Zpr + ZZg



Ultimately, £ and A quantities are fully decoupled, i.e., iqp s
depends on v’(;ﬁ 5 only and iqp A depends on v:;ﬁ  only, which
is captured by the equivalent circuits shown in Fig. Sc.

B. XA-Vector Control Strategy

A novel control strategy based on the decoupled equivalent
circuits shown in Fig. Sc is proposed in the following.

1) Control Diagram: Fig. 6a shows the high-level diagram
of the new control method. Similarly to the previous approach
(Fig. 4), the mains current references i, il’;, and i represent
the inputs; however, these are mapped to the six branch current
references i;bc’ul instead of the OB (internal) references iabc’u]’i
as in the branch-oriented control (the main difference being that
i:bc,ul also encompass the diode currents). Then, as depicted
in Fig. 6b, the Clarke and XA transformations are applied to
the six branch current references i;bc’ul to obtain two sets of
transformed references i;ﬁ,z and i’&ﬁ, A Similarly, the measured
branch currents izpc u are transformed to igpx and igp A.

Since iap,A = lap,g, the « and f components of i, , are
sinusoidal at the grid frequency and, hence, it is beneficial to
apply a dq transform (i.e., the rotating reference frame aligned
with the grid voltage vqp,q, defined by the grid angle 6) to
both the references i;ﬁ, A and the measured values i(xﬁ,A.3 Thus,
i;q’ A and igq,a are obtained, respectively.

Then, there are four PI regulators (not six as in the
branch-oriented control) acting on the transformed current
references and measurements. For the dg-A components, as
the impedance in (15) is (mainly) inductive, it is beneficial
to implement the standard decoupling of the d- and g-axis
[22]. The (transformed) measured grid voltage vaq,a,¢ is added
as a feed-forward [as indicated by (15)]. Advantageously, the
three grid voltages can be measured with only low bandwidth
requirements, whereas measuring the six branch voltages used
in the conventional control method requires high bandwidth,
i.e., is more complicated/expensive. Furthermore, the inverse dq
transform is applied with a phase advancement 6.omp equal to
the delay introduced by the limited-bandwidth voltage control
for its compensation [22]. Finally, the inverse XA transform
(10) and the inverse Clarke transformation are applied to obtain
the six voltage references for the upper and lower branches.

2) mBR Clamping: As discussed in Section II-B, it is
advantageous to ensure that the diode rectifier conduction state
corresponds to that of a standard 6-pulse rectifier (i.e., the
diodes of the upper branch connected to the max phase and
the diodes of the lower branch connected to the min phase
conduct, as in Fig. 3c). This can be ensured by leveraging
the O-component of the upper and lower branch voltages,
which does not interfere with the branch current control (see
Section IV-A). Specifically, the minimum of all three voltage
references of the upper branches is subtracted as a common
offset (0O-component) from all three references, clamping the
minimum reference to zero, i.e., the one corresponding to the
branch that should conduct current through the diodes; the lower
branches are treated likewise as indicated in Fig. 6a. Finally, the

*

3As the ¥ components are not sinusoidal, the opportunity of applying a dq
transform to these variables was not investigated, but could still be beneficial.
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voltage references Vabe.l obtained after the clamping are then
distributed to and controlled by the individual dc-dc converters
as in the branch-oriented control strategy (Section ITI, Fig. 4).

3) Grid Voltage Feed-Forward: The grid voltage represents
a strong disturbance to the current control loops, since its
magnitude is very large compared to the voltage drop across
branch inductance, making the relative feed-forward necessary
for mitigating this effect on grid current. Both the imperfect
measurement of mains-voltage and the voltage actuation delay
may lead to significant control errors on grid current. The dq
transformation is thus beneficial, as it achieves quasi-zero error
at the synchronous frequency (i.e., at the mains frequency),
even with non-ideal feed-forward, thanks to the integral gain
of the regulator. A noteworthy difference subsists with the
branch-oriented method, in which the feed-forward is used as a
decoupling action adding the branch voltage vy, that, however,
depends on the control action (i.e., the dc-dc converter’s voltage)
of the same branch, yielding an imperfect decoupling.

V. SimuLATION RESULTS

Detailed circuit simulations are used to evaluate the proposed
YA-Vector current control method for the mBR, considering
the transfer of 1 MW of power from a 10kV (line-to-line rms)
MVac grid. The equivalent circuit for the dc-dc converters
shown in Fig. 4c¢ is used with input capacitors C; = 1.2 pF,
branch inductors Ly, = 1 mH, and inductive Z, with L, =
15mH. Fig. 7 shows the regulation performance of the XA-
Vector control, where a reference step is introduced for the grid
current at 13.1 ms and a 10 % step in the grid voltage happens at
38.3 ms. Whereas a good tracking of the grid current references
is achieved in the dq reference frame (i.e., A-dq currents), the
same is not attainable for the X currents controlled in the of
reference frame (i.e., X-aff) due to the higher harmonic content
and the limited control bandwidth (670 Hz for the considered
specifications, using (15) and (14) with a simple zero-pole
cancellation). Note, however, that a different selection of the
0" parameters could be employed to reduce the steepness the
piece-wise linear branch current reference waveforms at the
price of possibly higher rms currents (see Section II-A and
[16]), relaxing the control bandwidth requirements.

A comparison between the conventional branch-oriented
current control and the proposed XA-Vector current control
strategy is shown in Fig. 8. The operation is first shown for an
mBR with the same parameters as in Fig. 7 except for Ly, =
10mH. The current references are increased from zero to 60%
and then to 100%. Both control strategies are able to properly
regulate the grid current, but the XA-Vector strategy performs
slightly better with a total harmonic distortion (THD) of 0.20%
and a steady-state phase error of 0.05° (on the fundamental),
compared to the 0.68% THD and 0.6° phase error of the
conventional control (besides, see also the difference in the
first 10 ms of Fig. 8a). Then, the mBR is restarted at 70 ms
but smaller branch inductors Ly, = 1 mH are considered in
the simulation ceteris paribus (all the other parameters are
the same; note that the regulator gains are adapted to the new
Ly, value). Ultimately, even though not completely unstable,
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step of the grid voltage amplitude at 38.3 ms. The last tile shows purposely
unmitigated effects regarding the dc-dc converters’ operation (see Appendix).

the conventional branch-oriented control does not achieve a
satisfactory regulation of the grid currents, whereas the novel
2 A-Vector control strategy achieves again very good tracking of
the grid references with very low distortion. Thus, the proposed
method shows to be more robust and, in particular, facilitates
much smaller branch inductors, i.e., lower realization effort.

VI. CoNCLUSION

A recent publication [16], has presented the first analysis of a
new concept by [15] for MVac-to-LVdc solid-state transformers
(SSTs), called modularized bridge rectifier (mBR). The only
previously published control strategy, [16], is of branch-
oriented nature, i.e., tries to regulate each of the six branch
currents independently, but this is not ideal due to strong
coupling between the branches as a consequence of the circuit
structure. Therefore, this paper contributes a new modeling and

control strategy for the mBR: the proposed X~A-Vector method
employs the Clarke transformation and a new decoupling (ZA)
transformation to regulate the three grid currents and the six
branch currents using only the four effectively available degrees
of freedom. Detailed circuit simulations show that, compared to
the conventional branch-oriented control method, the new XA-
Vector control leads to improved performance and robustness
to parameters variation thanks to the coordination between the
branches and the full decoupling of control variables.

Future work should address the improvement of low-voltage
operation of the branches (see Appendix), the reduction of
the passive elements, and in-depth analyses on the impact
of mBR trajectories on the control and design, which would
lead to a more comprehensive optimization (e.g., including
dc-dc operation, reactive components design, and the trade-off
between the control bandwidth requirements and decreased
rms current resulting from a steep trajectory [16]), possibly
using smooth trajectories that yield current references with
continuous derivative (i.e., without cusps).

APPENDIX — DETAILS ABOUT MBR OPERATION

In the novel ZA-Vector control, the “mBR clamping” ensures
a null voltage reference for the branch that should present diode
conduction, whereas this is not strictly enforced in the branch-
oriented approach. Besides, while a diode is conducting, its
current is actively and coordinately controlled by the other
branches thanks to the aff transformation. Alas, depending on
the chosen ¢ trajectory, the involved dc-dc converters (i.e., the
branch) may operate with a low grid-side voltage, i.e., more
difficult control and reduced efficiency. The same occurs when
a branch is decreasing its voltage towards a diode commutation
(see vpc near 15ms in Fig. 2b). In addition, the dc-dc
converter’s operation is complicated also by the low-frequency
current induced by the grid into its capacitor, which peaks at
+27 foCiVa pi /N (with ideal waveforms as in Fig. 2b, f; as the
mains frequency, and V; px as the peak line-to-line grid voltage);
this current will be compensated by the voltage regulator, as
shown in the last tile of Fig. 7. In other words, to have a unity
grid PF, the regulators compensate for the equivalent reactive
current that would flow if the dc-dc converters were turned
off, hence, substantially modifying their operating point, and,
especially at low voltage, possibly inducing a negative current
sinking (see Fig. 7), i.e., inverted power flow. Ultimately, the
impact of these currents is determined by the mBR trajectory
and the ratio between f; and fq, (the latter, due to the voltage
ripple, determines the lower bound on Cj).

Furthermore, different strategies can tackle the problem
of low-voltage operation of dc-dc converters. The voltage
controllers and the dc-dc converters could be turned off at
a certain voltage threshold if the power transfer is not required,
[16]. Alas, an undesired current is then injected into the branch
via the Ly-C; path by the varying voltages (see Fig. 2b) that
come about across it. Another idea is to operate a reduced
number of dc-dc modules when the desired branch voltage is
low; however, many implementation details are to be considered,
e.g., changing the activation sequence to equally distribute
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losses, and whether the capacitors of the inactive PEBBs should
be bypassed using dc-dc converter’s switches (see [16]).
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