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Abstract: Owing to the diverse connection configurations of dual active bridge converters, a mul-
tiplicity of low-voltage DC port structures are anticipated to emerge in the independent DC bus
structure multiport power electronic transformer (IDBS-MPET). An inadequate low-voltage DC port
structure exacerbates the power imbalance in IDBS-MPET, presenting a risk of overmodulation even
when transmitting relatively low levels of power. To overcome this limitation, a design scheme of
IDBS-MPET topology based on the maximum power transmission capability of the low-voltage DC
ports is proposed in this paper. Three topology design rules are derived from the maximum power
transmission capability results of more than 80 typical IDBS-MPET topologies. The symmetrical triple
cross-phase connection structure, the symmetrical double cross-phase connection structure and the
single-phase connection structure are sequentially identified as the three most optimal structures of
low-voltage DC ports. By employing the proposed design methodology, each low-voltage DC port
achieves its maximum power transfer capability relative to other configurations. The effectiveness
of the proposed design scheme is validated by an optimal designed IDBS-MPET topology with six
low-voltage DC ports.

Keywords: design scheme; independent DC bus; maximum power transmission capability; multiport
power electronic transformer; topology design rules

1. Introduction

A multiport power electronic transformer (MPET) provides a competitive solution
for the networking of hybrid AC/DC distribution systems due to its compatibility and
advanced functionalities [1,2]. Most of the existing MPETs provide at least a medium-
voltage AC port, a low-voltage AC port and a low-voltage DC port [3]. The medium-
voltage AC port is indispensable for absorbing the active power from the AC grid to
feed the next stage [4]. Generally, three-phase cascaded H-bridge (CHB) converters are
adopted to form the medium-voltage AC port [5-7]. The low-voltage AC port provides the
interfaces to conventional AC loads. Nevertheless, compared to the MPET, the conventional
line frequency transformer exhibits superior performance in terms of cost-effectiveness,
robustness and reliability when supplying power to conventional AC loads.

Due to the massive growth of DC resources and DC loads in the distribution network,
the demand for low-voltage DC (LVDC) ports on the MPET significantly surpasses that
for the low-voltage AC ports. The LVDC ports provide efficient integration of distributed
generation (DG), electric vehicle (EV) charging stations, energy storage systems (ESS), data
centers and other industrial DC loads [8,9]. Since the nominal voltage of DGs and DC
loads are different, an MPET with multiple LVDC ports is significantly necessary. Multiple
LVDC ports provide interfaces with multiple voltage levels and power levels. DGs and
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linear/nonlinear DC loads can be connected to different LVDC ports, avoiding adverse
interactions of direct electrical coupling.

Generally, isolated bidirectional DC-DC converters, such as dual active bridge (DAB)
converters, are adopted in MPETs to produce LVDC links on each of their output termi-
nals [10,11]. For the most part, all of the LVDC links are paralleled together to form a
common DC bus, and thus only one LVDC port of single voltage level is provided [12-14].
In the later stage of the common DC bus, additional DC/DC converters are needed to meet
the access requirements of DGs and DC loads of different voltage levels. These additional
DC/DC converters increase the hardware cost and reduce the system efficiency.

In [15], a five-terminal hybrid AC/DC microgrid with four LVDC ports was proposed.
The topology of the microgrid is the same as that of the MPET. Multiple LVDC ports are
naturally obtained by separating the common DC bus into four parts without adding any
additional converters. Moreover, the LVDC ports are electrically isolated from each other
and each of them can be protected from the faults of the other ones. Based on the topology
proposed in [15], the independent DC bus structure multiport power electronic transformer
(IDBS-MPET) can be constructed. The output voltage of DABs can be controlled to meet the
requirements of multiple voltage levels. The parallel quantities of DABs can be configured
to meet the requirements of multiple power levels. Compared with the common DC
bus structure multiport power electronic transformer (CDBS-MPET), a huge number of
power semiconductor devices have been saved in the IDBS-MPET. Since the high-frequency
transformer is applied in the DAB, each LVDC port is galvanically isolated from the others.

A typical IDBS-MPET is shown in Figure 1. The DAB features a multitude of output
terminal connection methodologies. A diversity of parallel connection configurations for
DAB output terminals can be identified. Port 1 consists of three DABs from three different
phases. Port 2 comprises one DAB from a single phase. Port 6 involves DABs from two
separate phases. The term ‘phase’ in this paper refers to the AC grid phases a, b or c. If
the LVDC port is composed of paralleled DABs from two or three phases, it is called the
cross-phase connection port (see Section 2). In addition, in a cross-phase connection port,
the quantities of DABs distributed in each phase will be different. Therefore, DGs or DC
loads of a cross-phase connection port will be distributed in two phases or three phases,
and evenly or unevenly.
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Figure 1. Independent DC bus structure multiport power electronic transformer (IDBS-MPET).

Indeed, the cross-phase-connected converters may have a positive impact on the
power balancing of loads. In [16,17], a full-range power auto-balance PET is proposed.
Each input-stage-side dc link is connected in parallel to three isolation- and output-stage
cascaded converter chains. The three converter chains are cross-phase connected to three
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output phases. In the construction of DC ports by the auto-balance PET, additional DC/DC
converters are still required; however, this is not the case with the IDBS-MPET. The IDBS-
MPET can flexibly and conveniently offer multiple isolated LVDC ports, which presents a
significant advantage in future-oriented distribution network scenarios where DC loads
are increasingly predominant. In [18,19], a multilevel converter with three AC ports (i.e.,
AC Port 1~3) is proposed. To avoid power imbalance, H-bridge converters in AC Port 1 are
connected to one of the phases either in AC Port 2 or AC Port 3 through DABs. However,
the influence of the cross-phase connection patterns of converters on the MPET’s ability
to deal with power imbalance has not been quantitatively analyzed. The design scheme
of the cross-phase connection patterns of converters has not been studied. In the PET
discussed in references [18,19], only AC ports are provided, with no provision for DC ports.
In contrast, the IDBS-MPET employs a more flexible cross-phase connection approach.
When constructing LVDC ports, parallel connection methods for DAB outputs allows for a
more flexible distribution of loads across one, two or three phases.

In this paper, a systematic analysis and design scheme of IDBS-MPET is proposed.
The main technical contributions of this paper are summarized as follows:

(1) Three basic structures of LVDC ports are established and all of the IDBS-MPET topolo-
gies can be derived based on them. Accordingly, the general graphical representation
and naming method of the IDBS-MPET are given.

(2) The maximum power transmission capability (MPTC) is proposed to evaluate the
capability of the IDBS-MPET to deal with a power imbalance.

(38) Three topology design rules are derived from the MPTC calculation results of more
than 80 typical IDBS-MPET topologies. Based on the three topology design rules,
the systematic design scheme of the IDBS-MPET topology is proposed. The optimal
IDBS-MPET to deal with a power imbalance can be found quickly and easily.

The rest of this article is organized as follows. Section 2 introduces the topology
configuration of the IDBS-MPET. In Section 3, the definition and calculation method of
MPTC is proposed. In Section 4, three topology design rules and the systematic design
scheme of the IDBS-MPET topology is proposed. In Section 5, the IDBS-MPET with
six LVDC ports is designed to validate the effectiveness of the proposed design scheme.
Section 6 provides a discussion. Finally, the conclusion is drawn in Section 7.

2. Topology Configuration of the IDBS-MPET

This section is composed of three parts. First, an overview of the IDBS-MPET is
provided. Second, three basic structures of LVDC ports are established based on the parallel
connection patterns of DAB output terminals. Third, a comprehensive graphical depiction
and nomenclature approach for the IDBS-MPET are provided.

2.1. Overview of IDBS-MPET

The IDBS-MPET features a comprehensive multiport topology that effectively inte-
grates H-bridge converters and DAB converters to form multiple LVDC ports. The topology
is characterized by its three-phase input, with each phase hosting a series of H-bridges
coupled to corresponding DABs. These DABs are connected in parallel, which directly
yields the LVDC ports (Port 1 to Port 8) without the need for additional DC/DC converters.

As is shown in Figure 1, Port 2, 3, 4 and 5 consist of one DAB from a single phase. Port
8 consists of two DABs from a single phase. The green striped lines are used to indicate the
single-phase connection wires. The LVDC port can be formed by the parallel connection
of DABs from two phases, such as Port 6 and 7. Since Port 7 consists of four DABs, it will
have the power supply ability for the higher power DC load. The red solid lines are used
to indicate the cross-phase connection wires. The LVDC port can be formed by the parallel
connection of DABs from three phases, such as Port 1. Port 1 consists of three DABs from
phases a, b and ¢, respectively.

The properties of the IDBS-MPET can be expressed as follows:
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(1) Lower hardware costs. Without adding any additional DC/DC converters, multiple
LVDC ports are directly formed by the parallel connection of DABs. Therefore, a huge
amount of power semiconductors in the IDBS-MPET can be saved compared with the
CDBS-MPET.

(2) Cross-phase connections are adopted. As multiple LVDC ports are distributed in three
phases independently, a power imbalance will arise. To better deal with the problem,
the cross-phase connection patterns of DABs are adopted in the IDBS-MPET.

(3) Galvanic isolation. Since there is a high-frequency transformer in each DAB, all of the
LVDC ports are galvanically isolated from each other and from the gird as well.

(4) Modularity design. All H-bridges have the same electrical parameters, and so do all
DABs. The power level of the entire power electronic transformer can be improved
only by expanding the number of modules.

The control techniques employed in the IDBS-MPET include the management of grid
current and DC capacitor voltage in the CHB [15], voltage feedback control in the DAB [20],
maximum power point control in the photovoltaic (PV) inverter [21], and charging control in
EVs and ESS [22,23]. Common-duty-ratio control can be employed for paralleled DABs [24].

In order to quantify the reduction in hardware costs of the IDBS-MPET, a typical
application scenario is constructed. In this application scenario, the topology of the IDBS-
MPET is shown in Figure 1 and the topology of the CDBS-MPET is shown in Figure 2.
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Figure 2. Common DC bus structure multiport power electronic transformer (CDBS-MPET).

Both MPETs have eight LVDC ports (i.e., Port 1 to 8) and the devices connected to
Port 1 to 8 are listed in Table 1. The circuit parameters of the H-bridges and DABs in the
two MPETs are the same and they are listed in Table 2. Moreover, the additional DC/DC
converters (i.e., DC/DC 1 to 8) are needed in the CDBS-MPET to construct eight mutual
galvanically isolated LVDC ports of different power levels and voltage levels. As shown in
Figure 3, in order to meet the power level requirements, the input-parallel output-parallel
(IPOP) DABs are used to construct DC/DC 1 to 8. The # in Figure 3 indicates the amount
of IPOP DABs and their specific values are shown in Table 3.

The total power semiconductors in the IDBS-MPET and CDBS-MPET are shown in
Figure 4. There are 180 power semiconductors in total used in the H-bridges and DABs of
the IDBS-MPET. There are 300 power semiconductors in total used in the H-bridges, DABs
and DC/DC 1 to 8 of the CDBS-MPET. In the same application scenario, the IDBS-MPET
has reduced the hardware cost of power semiconductors by 40%.
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Figure 3. Structure of DC/DC 1 to 8 in CDBS-MPET.
Table 1. Devices connected to the IDBS-MPET and CDBS-MPET.
Port Name Devices Connected to Port 1 to 8 Nominal Power and Voltages

Port 1 Energy storage PN port1 = 240 kW, VN port1 = 750 V
Port 2 PV PN port2 = 80 kW, VN portz = 600 V
Port 3 PV PN ports = 80 kW, VN Port3 =600 V
Port 4 PV PN,Port4 =80 kW, VN,Port4 =600V
Port 5 EV fast charger PN ports = 80 kW, VN ports = 400 V
Port 6 EV ultra-fast charger Pniports = 160 kW, Vi ports = 800 V
Port 7 Data center PN port7 = 320 kW, VI port7 = 400 V
Port 8 Industrial load PN ports = 160 kW, Vi ports = 750 V

Table 2. Circuit parameters of the IDBS-MPET and CDBS-MPET.

Circuit Parameters Value
Nominal grid line-to-line voltage RMS 2500 V
Number of H-bridge cells per phase 5
H-bridge DC voltage 750V
DAB high-frequency transformer turn ratio 1:1
Nominal power of H-bridge PN, Hbridge = 80 kW
Nominal power of DAB PnpaB =80 kW

Table 3. The number of IPOP DABs in DC/DC 1 to 8 in the CDBS-MPET.

Name Number of IPOP DABs

DC/DC 1 3

DC/DC 2

DC/DC 3

DC/DC 4

DC/DC5

DC/DC 6

DC/DC7

N A N === =

DC/DC 8
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300
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IDBS-MPET CDBS-MPET
Figure 4. Total number of power semiconductors in IDBS-MPET and CDBS-MPET.

2.2. Basic Structure of LVDC Ports

Based on the connection patterns of DAB output terminals, three basic structures of
LVDC ports are established. All kinds of IDBS-MPETs can be derived from the combination
of the three basic structures. As is shown in Figure 5, they are the single-phase connection
port (S-Port), the double cross-phase connection port (D-Port) and the triple cross-phase
connection port (T-Port). In Figure 5, k, k' and k" all denote the grid phase a, b or ¢, whereas
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Figure 5. Basic structures of LVDC ports. (a) Single-phase connection port (S-Port). (b) Double
cross-phase connection port (D-Port). (c) Triple cross-phase connection port (T-Port).

The S-Port consists of ng; DABs from phase k. As shown in Figure 1, Port 2, Port 3,
Port 4, Port 5 and Port 8 belong to the category S-Port. The DGs and DC loads connected to
the S-Port are distributed in one phase. The D-Port consists of ng; DABs from phase k and
ngp DABs from phase k. The DGs and DC loads connected to the D-Port are distributed
in two phases, evenly or unevenly. If ng; = ngy, the D-Port is denoted as a symmetrical
D-Port; otherwise, it is denoted as an asymmetrical D-Port. As shown in Figure 1, Port 6
and Port 7 belong to the category D-Port and both of them are symmetrical D-Ports. The
T-Port consists of ngg DABs from phase k, ny; DABs from phase k’ and ni; DABs from phase
k”. The DGs and DC loads connected to the T-Port are distributed in three phases, evenly
or unevenly. If ny = nyy = ny, the T-Port is denoted as a symmetrical T-Port; otherwise, it is
denoted as an asymmetrical T-Port. As shown in Figure 1, Port 1 belongs to the category
T-Port and it is a symmetrical T-Port.
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2.3. Comprehensive Graphical Depiction and Nomenclature Approach for the IDBS-MPET

In order to simplify the representation of the IDBS-MPET, a comprehensive graphical
depiction and nomenclature approach for the IDBS-MPET are established. The compre-
hensive graphical depiction and nomenclature of LVDC ports are shown in Figure 6 and
Table 4. Each H-bridge and its connected DAB are combined and represented by one block.
Port is abbreviated to the letter P. Red solid lines are still used to indicate the cross-phase
connection wire and green striped lines are still used to indicate the single-phase connec-
tion wire. As is shown in Figure 7, it is the graphical representation of the IDBS-MPET in

Figure 1.
U Phase k |
o H-bridge1 [| DAB1 Port -|
°] H-bridge2 || DAB2 Generalgraphlcal
; . } . representation '
o ;o
(a)
[ J8 [
(12 14 (e Jp [x2
kny |8 (koo 1 [kng 18
(®) ©
_' k'l b k'l _,'_
S 2 |y w2 I

F 3 e e QT
—

R [

d

~

Figure 6. Graphical representation of LVDC ports. (a) General graphical representation of cascaded
H-bridge and DAB. (b) S-Port. (c) D-Port. (d) T-Port.
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Figure 7. Graphical representation and naming of IDBS-MPET in Figure 1.

Table 4. Naming of LVDC ports.

Kinds of LVDC Ports Naming
S-Port S(ns)(ns1)
D-Port D(nd)(nd1, nd2)
T-Port Tntynt1,nt2,nt3)

The S-Port is named as S, )(n,,)- This means that there exists ns S-Ports and each of
them consists of ng; DABs. The D-Port is named as D, )(n,,, ny,)- This means that there
exists ng D-Ports and each of them consists of ng; DABs from phase k and ngy DABs from

phase k’. The T-Port is named as T(n,)(n,;, np, ng)- This means that there exists n¢ T-Ports and
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each of them consists of ny DABs from phase k, ny DABs from phase k’ and ni; DABs from
phase k.

The naming of the whole IDBS-MPET can be obtained by adding another two indi-
cators, namely, the total quantity of H-bridge converters per phase Ny,,) and the total
quantity of LVDC ports P(y,,). The Ny, indicates that there are in total Ny H-bridge
converters per phase and the Py, indicates that there are Np LVDC ports in total. Thus,
the naming of the IDBS-MPET is expressed as follows:

NP ve)Stne)na) Ping)na, nap) Tno g, ngne) 1)

In (1), the N, Pavp) is called the general description part and the S, )ng)Ding)(ngy, naa)
Tn)(ny,nen) 18 called the LVDC port description part, written in the S, D and T sequence.
The S, D and T sequence is not necessarily in one-to-one correspondence with the sequence
of port numbers 1, 2, 3 and so on. The purpose of the LVDC port description part is to
indicate which kinds and how many of the three basic structures of LVDC ports are used
in the IDBS-MPET. In addition, it is worth mentioning that (1) is the standard form of
IDBS-MPET naming. If there is more than one kind of S-Port, D-Port or T-Port in the
IDBS-MPET, the S, )(n.;), Ding)ng1, naz) ©F Tt e nig) Will recur more than once in (1). The
naming of the IDBS-MPET in Figure 7 will be N(S)P(S)'8(4)(1)S(l)(Z)D(l)(l,l)D(l)(Z,Z)T(l)(l,l,l)-

3. MPTC Definition and Calculation Method

Due to the various structures of LVDC ports, the DGs or DC loads of each LVDC port
will be distributed in one phase, two phases or three phases, and evenly or unevenly. A
power imbalance will arise in the IDBS-MPET among three phases and among H-bridge
converters of each phase. When the DGs and DC loads are distributed in three phases
extremely unevenly, the power imbalance will become severe, resulting in the instability
of the IDBS-MPET. The optimal IDBS-MPET is the one with the maximum capability to
deal with a power imbalance. In order to evaluate the capability, the MPTC is proposed
in this section. This section is composed of two parts. First, the definition of the MPTC is
proposed. Second, the calculation method of the MPTC is proposed.

3.1. MPTC Definition

The MPTC of an LVDC port is calculated under the condition that the IDBS-MPET
operates safely and stably. However, the maximum allowable phase voltage of three-phase
CHB converters is lower than the sum of the H-bridge converters’ DC voltages in this phase.
In addition, the maximum allowable AC voltage of each H-bridge converter is lower than
its DC voltage. The over modulation of the IDBS-MPET AC phase voltage and the over
modulation of the H-bridge converter AC voltage should be avoided. Thus, the constraints
of the modulation ratio are expressed as follows:

Wlkgl

Vk € {ab,c},jn €{1,...,Nu} {mk' <1
Jn —

(2)
where m;, is the modulation ratio of phase k; my;,, is the modulation ratio of the j,th H-bridge
in phase k.

Then, the rated power of an LVDC port can be defined. Due to the modular design
of the IDBS-MPET, the rated power of all of the DABs is the same. Let Pypap be the
rated power of one DAB. If Port j consists of n; DABs, the rated power of Port j is defined
as follows:

PN portj = 1PN,DAB ©)

Except for Port i, if each of the other Np—1 LVDC ports is connected to a DC load
equal to the rated power of the port, it can be expressed as follows:

Vj € {1, sy NP},j 7& i Pload,l’ortj = PN,Portj (4)
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where Pjgad,porj is the power of the DC load connected to Port .
Then, the MPTC of Port i is defined as follows:
EMPTC,Porti _ | max,Porti min,Porti | (5)

PN porti

where Pp,y porti is the maximum output power of Port i when (2) and (4) are satisfied;
Prin Porti is the minimum output power of Port i when (2) and (4) are satisfied. The positive
direction of power is defined as the direction of output power. When P oy porti OF Pryin Porti
assumes a positive value, this denotes the connection of a DC load to Port i, with the
resultant output power being P oy porti O Pin porti, respectively. Conversely, a negative
value for Ppax porti OF Prin porti indicates the attachment of a DG to Port i. The input power
to Port i is quantified as the absolute value of Py,x porti OF Ppin porti- From the standpoint
of power flow directions, DGs can be conceptualized as negative DC loads. A detailed
analysis regarding this topic is presented in Section 3.2.

The MPTC of an LVDC port should be calculated and evaluated under a unified
criterion. Thus, as shown in (4) and (5), the MPTC of Port i is defined under the criterion
that other LVDC ports are connected to DC loads equal to their rated power. The MPTC
implies the capability of an LVDC port to adapt to load power change. Specifically, the
larger value of the MPTC indicates that the LVDC port is highly adaptable to load power
change. Therefore, the MPTC can be used to evaluate the construction method of LVDC
ports. The structure of LVDC ports with a larger MPTC value is more preferable.

After the construction method of the LVDC ports is established based on the MPTC,
all LVDC ports will be designed following it. Thus, the whole IDBS-MPET will be highly
adaptable to load power change. In order to determine the optimal IDBS-MPET topology,
the MPTC of the whole IDBS-MPET is proposed to evaluate the IDBS-MPET topology. It is
defined as the sum of the MPTCs of all LVDC ports:

Np

EMPTC,MPET = )_, EMPTC,Porti (6)
i-1

3.2. MPTC Calculation Method

As shown in (5), epmprc porti can be obtained when Py porti, Pmax Porti and Ppin porti are
determined. In the proposed MPTC calculation method, Py ax porti and Ppin port; Will be ob-
tained by an exhaustive search method, while (2) and (4) must be satisfied. Since Py po,t; and
PN portj are determined when designing the electrical parameters of the whole IDBS-MPET,
only the modulation ratios in (2) will be left to be determined before exhaustive searching.

Firstly, the modulation ratios of AC phase voltage m,, 11, and m, are calculated. When
the load power of each DC port is uneven, power imbalance problems will arise. One
efficient way to solve the interphase power imbalance of three-phase CHB converters is
to inject a zero-sequence component into the converter output voltages. The fundamental
component of the IDBS-MPET AC phase voltage and AC phase current can be expressed
as follows:

Us = Up sin(wt) + Uy sin(wt + 6p)
up = Up sin(wt — §7T) + Uy sin(wt + 6p) (7)
uc = Up sin(wt + 57) 4 Up sin(wt + 6p)

ia = Ipsin(wt + @p)

i, = Ipsin(wt — 37 + @p) (8)

ic = Ipsin(wt + 571+ @p)
where U, is the amplitude of the positive sequence component of the IDBS-MPET AC
phase voltage; Uy and 6, are the amplitude and phase angle of zero-sequence voltage
(ZSV); Ip is the amplitude of the positive sequence component of the IDBS-MPET AC phase
current; ¢, is the power factor angle; w is the angular frequency of the grid voltage.
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As the IDBS-MPET mainly deals with active power, the reactive power exchanged
with the power grid is very small, which can be considered as Pp = 0. Then, the three-phase
power of the IDBS-MPET can be calculated from (7) and (8):

Py = 3Up I, + 5UoI, cos(6y)
Py = $Uplp + SUpIp cos(6y + 377) 9)
P = JUp I, + Uy L, cos(fp — 57)

Based on (7) and (9), the Uj and sine and cosine representation of 6y can be obtained
as follows:

Up = élzp
sin(fp) = el 24 (10)
cos(by) = 72\/§Paggl/§u})lp
where
X1 =/ (3Uplp — 2P, — 4B,) +3(2P; — Up ). (11)

According to the basic properties of trigonometric function, for any real number A, B
and any angle a, B, the amplitude Mamp of Asin(a) + Bsin(p) is calculated as follows:

Mamp = 1/ A2 + B2 + 2AB cos(a — ) (12)

Based on (7), (10) and (12), the amplitudes of u,, 1, and u. can be expressed as follows:

2712
\/OUB 312U I Py 24Uy I Py + X

Uam = \/glp
e — \/9u511§724up1ppaflzup1ppb+xz (13)
bm \/§Ip
. \/27UB 336U I Pa 36Uy I Py + X
cn — \[3110
where
X, = 16P? + 16P, P, + 16P2. (14)

Let 14 be the reference DC voltage of all of the H-bridge converters in the IDBS-MPET.
In a steady state, the actual DC voltage of all of the H-bridge converters will track the
reference value uq.. Then, the modulation ratios of the AC phase voltage are expressed
as follows: ey
" Nyuge 15
Secondly, the modulation ratio my;, is calculated. In order to calculate my,, the
allocation of 1 on H-bridge kj,, must be determined. As shown in Figure 8, since the AC
current of all H-bridges in phase k is the same, the allocation ratio of u; on each H-bridge is
the ratio of their output power [25]:
uac,kjn,m Ulm

= (16)
Py ki, Py

where 1, ki, is the fundamental component of the H-bridge kj, AC voltage; tac kjn,m is the
amplitude of uac kjun; Pr ki is the output power of the H-bridge kj,. It is noted that (16) is
valid under the condition that Py 4, and Py are all positive. If the H-bridge kj, is absorbing
power from the next stage, Py xj, will be negative. Considering that Py may also be positive
or negative, the allocation ratio of u.r can be expressed as follows:

Mac,kjn,m _ Mkim (17)
’PH,kjn ‘ | P
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H-bridge kj, | Py DAB kj, | B ;
' ge kj, H,kj,,“ i | Foas, s, =
Iy 4 d i | i} d N
" Udel ki | ~Ude2 4
ac”‘/'u 4 1
S—)
Figure 8. Structure of H-bridge and DAB.
Moreover, my,, can be calculated based on (17):
g, = Mackinm _ Mackinm Um ‘ Prj, | thim (18)
T g, Ukm  Udcl kj, Pe | udc1kj,

where 41 kjn is the DC voltage of the H-bridge kjy.
Ignoring the differences in efficiency among H-bridge converters and the differences
in efficiency among DAB converters, (18) can be expressed as follows:

PpaB ki,

Um
| (19)

Udcl kju

mk]-n =

where Ppap kjn is the output power of the DAB kjy.
As mentioned before in this section, the actual DC voltage of all of the H-bridges will
track the reference value u4. in a steady state. Thus, (19) can be finally expressed as follows:

U
mk]-n = ‘Xk]'nT;: (20)
where P
DAB kj,
l’(kjn = Tk] (21)

Generally, power balance control is applied on the parallel connected DABs. If Port j
consists of 1; DABs and its output power is Pload,portj, the output power of each DAB will
be Poad,portj/ 1 in a steady state. The Ppap kjy is equal to Pioaq portj/ 1) All of the Pload porti
satisfying (2) and (4) will be found by exhaustive searching using Matlab and stored in
an array. Then, Ppay porti and Ppyin porti can be found in the array. Finally, eniprc porti can be
calculated based on (5).

4. The IDBS-MPET Design Scheme

In this section, a systematic design scheme of IDBS-MPET topology is proposed. The
key point of designing an IDBS-MPET is to design the structures of the LVDC ports. The
LVDC port of a larger MPTC indicates that it is highly adaptable to power change. Three
topology design rules are derived from the MPTC results of LVDC ports in more than 80
typical IDBS-MPET topologies. Based on the three topology design rules, the systematic
design scheme of IDBS-MPET topology is proposed. All of the LVDC ports in a newly
designed IDBS-MPET will be constructed following the three topology design rules.

This section is composed of three parts. First, the analysis of the MPTC results is given.
Second, three topology design rules are derived from the MPTC results. Third, the design
scheme of the IDBS-MPET is proposed.

Limited by the length of this paper, only a few typical IDBS-MPET topologies and
their MPTC calculation results of LVDC ports are presented in the main body. The other
IDBS-MPET topologies and their MPTC calculation results are listed in the supplementary
material of this paper.
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4.1. Analysis of MPTC Results

Based on (15) and (20), Uy, 4. and Ny should be determined before the power
searching of Pjy,q porti mentioned in Section 3. The rated modulation ratio my indicates the
relationship of the three elements and it is defined as follows:

uP
uchH

my = (22)

In this paper, the MPTC calculation results of LVDC ports in all of the IDBS-MPETs
are obtained under my = 0.5, 0.6, 0.7, 0.8 and 0.9. The IDBS-MPETs of NP3 (i.e.,, Ny =6
and Np = 3) are shown in Figure 9 and the MPTC calculation results of their LVDC ports
are shown in Figure 10, and Tables 5 and 6.

Figure 9. IDBS-MPETS Of N(6)P(3) (a) N(6)P(3)-S(3)(6) (b) N(6)P(3)'s(1)(6)D(Z)(3,3)' (C) N(é)P(3)-
Sae P2 (d) NePe)-SayePe)e1- () NgPe)-De)ss)- () NePe)Deja2)- 8) NePe)Des):
(h) N P3)-Tz)22,2) () NgPe)-Tye22T2e21)- () NePeDPow2Tnez2)- & NePe)-Te)eo,n-
(D N)Pe)-Daye3PaysnTaye21- (m) N Pe)-TE)a,1)- (0) NePe)-Deys,nTaye):

Table 5. MPTC results of LVDC ports in the IDBS-MPET with Ny = 6 and Np = 3.

mN T2 T2 T, D33 D2 Dgs,1) S

0.5 4.498 3.957 3.430 3.606 3.142 2.679 4.181
0.6 2.699 2.509 2.346 2.317 2.181 2.023 2.447
0.7 1.718 1.639 1.578 1.542 1.483 1.417 1.541
0.8 1.028 1.000 0.975 0.961 0.934 0.905 0.930
0.9 0.476 0.470 0.464 0.462 0.453 0.445 0.444

Table 6. The percentage of the MPTC results of six kinds of LVDC ports relative to the MPTC results
of Tz ,2)-type LVDC port in the IDBS-MPET with Ny = 6 and Np = 3.

my T2 T, D3 D2 D,y Se

0.5 87.97% 76.26% 80.17% 69.85% 59.56% 92.95%
0.6 92.96% 86.92% 85.85% 80.81% 74.95% 90.66%
0.7 95.40% 91.85% 89.76% 86.32% 82.48% 89.70%
0.8 97.28% 94.84% 93.48% 90.86% 88.04% 90.47%

0.9 98.74% 97.48% 97.06% 95.17% 93.49% 93.28%
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Figure 10. MPTC and the structures of Port 1 in MPETs shown in Figure 9. (a) MPTC of Port 1.
(b) Port 1 of Sg) type. (c) Port 1 of D(3 3y type. (d) Port 1 of D4 5) type. (e) Port 1 of D55 type. (f) Port
1 of T(p5) type. (g) Port 1 of T35 1y type. (h) Port 1 of Ty 1 1y type.

In order to make the MPTC calculation results more intuitive, the MPTC calculation
results of S-Port, D-Port and T-Port will be shown in colors of different tones. The MPTC
of S-Port will be shown in neutral colors (i.e., black or gray of different saturations). The
MPTC of D-Port will be shown in cold colors (i.e., green, blue, cyan or purple of different
saturations). The MPTC of T-Port will be shown in warm colors (i.e., red, orange, yellow or
gold of different saturations). In the figures of the MPTC calculation results, the type of the
LVDC port is indicated by S(ns)ns1), D(nd)(nd1, nd2) @nd T(ntynt1,nt2,nt3)- The structures of Port
1 belonging to these types are shown in Figure 10b-h.

The MPTC results of the LVDC ports of more than 80 typical IDBS-MPET topologies
show the following:

(1) The symmetrical LVDC port attains a larger MTPC value at every my compared to
the asymmetrical ones of the same type. As mentioned in Part B of Section 2, the
T-Port can be divided into symmetrical T-Port and asymmetrical T-Port, the same as
for the D-Port. As shown in Figure 10a, the MPTC value of the symmetrical T-Port
(i-e., Tp22)) is larger than that of asymmetrical T-Ports (i.e., T3 2,1y and T4 1,1)) at every
my. The MPTC value of the symmetrical D-Port (i.e., D(33)) is larger than that of
asymmetrical D-Ports (i.e., D(42) and D 1)) at every my. In addition, the MPTC value
becomes smaller as the structure of the LVDC port becomes more asymmetrical. For
example, the MPTC value of the T4 1 1) type is smaller than that of the T(3 5 1) type at
every my. Therefore, the symmetrical T-Port is most preferable for the construction of
the LVDC port, and the less asymmetrical T-Port can also be suitable as an option.

(2) The symmetrical T-Port attains the largest MTPC value at every my;, and the most
asymmetrical D-Port attains the smallest MTPC value at every my. As shown in
Figure 10a, the MPTC value of the symmetrical T-Port (i.e., T(22,7)) is the largest. The
MPTC value of the most asymmetrical D-Port (i.e., D(5 1)) is the smallest. Moreover, as
shown in Figure 10a and in the supplementary material of this paper, the MPTC value
of asymmetrical D-Ports always becomes less than that of the T-Ports, symmetrical
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D-Ports and S-Ports. Therefore, it is best not to choose an asymmetrical D-Port to
construct a LVDC port.

The MPTC value of the S-Ports is larger than that of the D-Ports when my < 0.7, and
larger than that of some extreme asymmetrical T-Ports when my < 0.6. As shown in
Figure 10a, when my < 0.7, the MPTC value of the S-Port (i.e., S¢)) is larger than that of
the D-Ports (i.e., D3 3), D42y and Ds 1)). When my < 0.6, the MPTC value of the S-Port
is even larger than that of the asymmetrical T-Ports (i.e., T(41,1)). The MPTC of the
S-Port will become smaller than that of most T-Ports and the symmetrical D-Port when
my > 0.7, whereas it is still larger or close to the value of the asymmetrical D-Port
(i-e., Do) and D q)). Therefore, it is much better to choose an S-Port to construct an
LVDC port rather than an asymmetrical D-Port.

Regardless of the type of LVDC port, the MPTC value increases with the reduction in
my. In industrial PET products, the my is usually set between 0.7 and 0.9 [9,14,26].
As shown in Figure 10a, when my is in the range from 0.8 to 0.9, the MPTC value of
any type of LVDC port is less than 1. In order to improve the MPTC of the LVDC port,
it is much better to set the my of the IDBS-MPET in the range from 0.7 to 0.8 or even
in the range from 0.6 to 0.8.

For the same type of LVDC port, the arrangement of modules in each phase does not
affect the MPTC. As show in Figure 10g,h, both the T35 1). and T4 1 1)-type LVDC port
have two variants. As shown in Figure 10a, the two variants of the T(3 5 1).type LVDC
port have the same MPTC, and so does the T4 1 1).type LVDC port.

The variations in the MPTC among different configurations, especially the close
performance between S(g) and the highest percentages in other types, can be attributed
to the inherent design and operational characteristics of each configuration. For
example, symmetrical configurations like T(» 5 5) generally offer a higher MPTC due
to balanced power distribution among phases, while asymmetrical ones like D5 1)
might lag due to uneven load handling. The S(s) configuration, despite being a single-
phase connection, leverages its design to maximize power transfer, thereby offering
a compelling alternative for specific applications where compact design and high
power-transfer capability are critical.

4.2. Three Topology Design Rules

Due to the limitations of Ny, Np and Py portj, the LVDC ports in an IDBS-MPET cannot

all be constructed as symmetrical T-Ports. The S-Port and D-Port also need to be used.
Three topology design rules are derived from the MPTC results.

@
@)

®)

Topology design rule 1: when designing an IDBS-MPET, it is preferable that the LVDC
ports are constructed as symmetrical and less asymmetrical T-Ports.

Topology design rule 2: when as many LVDC ports as possible have been designed
based on topology design rule 1, it is preferable that the remaining LVDC ports are
constructed as symmetrical D-Ports.

Topology design rule 3: when as many LVDC ports as possible have been designed
based on topology design rule 1 and topology design rule 2, it is preferable that the
remaining LVDC ports are constructed as S-Ports.

4.3. IDBS-MPET Design Scheme

The IDBS-MPET design scheme is given in Figure 11. The basic idea of the design

scheme is that a few IDBS-MPET topologies that conform to the three topology design rules
are designed preliminarily, and then, the optimal one is determined by Aeynprc MpET-

@

The IDBS-MPET design scheme contains five modules:

Parameter input module. The ug4., Ny can be designed based on the MVAC grid
voltage. Previous studies have proved that 1200 V or 1700 V are identified as optimum
blocking voltages of the power semiconductors [27]. Thus, the u4. can be set around
600 V or 850 V. In industrial PET products, the my is usually set between 0.7 and
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0.9 [14,16], so Ny can be determined by (22). The Np, PN,pap and PN portj (j = 1...Np)
can be designed based on the variety and the power demand of DGs and DC loads.
Preliminary design module. Several IDBS-MPETs are preliminarily designed based
on the three topology design rules. As mentioned in Part A of this section, the
asymmetrical T-Port may gain advantage or disadvantage over the symmetrical D-
Port. Moreover, the range of the advantage of the symmetrical D-Port over the S-Port
may be wide or narrow. Thus, more than one IDBS-MPET topology may emerge
after the preliminary designing process. It is noted the topologies will not be too
much. These topologies shall be systematically identified and enumerated as MPET1,
MPET2, ..., through MPETn, for ease of reference and subsequent analysis.

MPTC calculation module. The MPTCs of MPET]1, ..., MPETn are calculated based
on (5), namely, eMpTC,MPET1, - - - EMPTC, MPET#-

MPET evaluation module. In order to determine the optimal topology, the evaluation
index Aepprc,mpeT is proposed. If two MPETs are under comparison, namely, the
MPETx; and the MPETx,, Aepprc, MmpET is defined as follows:

0.9

AeMPTC MPET = . z o 5(€MPTC,MPETx1,mN — EMPTC,MPETx2,my ) (23)
N: o

where evpre, MPETx1,mN 1S the empre MpET Of MPETX1 On mN; empTC,MPETx2,mN 1S the
emprc,MPET Of MPETX; on my. The Aeyprc mpeT makes a comprehensive MPTC
evaluation of the two MPETs on each my. When the Aeypre mpeT > 0, the MPETx
emerges as preferable compared to MPETx; and vice versa.

Optimal topology output module. Finally, the optimal IDBS-MPET is the one that
always has a positive Aepprc MPET-

Parameter input module

Input design parameter
Ugc, Nu, Np, PN,DAB, PN,Pom'

Nu, Np, Pnpas, PN.Poni¢

Preliminary design module

Based on topology design rules 1,2, and 3

MPET],....MPETn

MPTC calculation module

emprcMmpET calculation based on (6)

EMPTC,MPETI>- --EMPTC,MPETn
\ 4

MPET evaluation module

emprc,MPET €Valuation based on (23)

Optimal Topology determined module

Aempre MPET v

The optimal CHB MPET is the one of
always positive AemprcMPET

Figure 11. IDBS-MPET systematic design scheme.

5. Evaluation Results

the

In this section, the optimal IDBS-MPET with Ny; = 6 and Np = 6 is designed by
proposed scheme. Moreover, the MPTC evaluation is conducted with the optimal

IDBS-MPET and twelve other ones not designed by the proposed scheme to validate the
effectiveness of the proposed design scheme.
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In the parameter input module, design parameters are determined and listed in Table 7.
In the preliminary design module, each LVDC port will be designed based on the three
topology design rules.

Table 7. Parameters of IDBS-MPET with Ny = 6 and Np = 6.

Design Parameters Value
Uge 750 V
Ny 6
Np 6
PNDAB 50 kW
PN, port1 200 kW
PN port2 200 kW
PN Port3 150 kW
PN Porta 150 kW

The structures of Port 1 to 6 are shown in Figure 12. Each of Port 1 and Port 2 consists
of four DABs and both of them can be constructed as asymmetrical T-Ports (i.e., T 1,1y) or
symmetrical D-Ports (i.e., D(2,5)). Each of Port 3 and Port 4 consists of three DABs and both
of them will be constructed as symmetrical T-Ports (i.e., T(11,1)). Each of Port 5 and Port 6
consists of two DABs and both of them will be constructed as symmetrical D-Ports (i.e.,

D1,1))-
Te1,1 type D) type
o
@28 7 [ < [c2]
@3 (b3 [c3] [c3]
a4 (b4 [cd] [c4]
a3 (b3 [c5] [c5]
a8 [ [col [cé]
(@)
T,1,1) type
[al (b1 [e1] al [bl [l
2 B @ &2
@3 [b3 [c3] @3 (b3 [c3]
ad [bd [c4 a4 [b4 [cd]
B B S
a6 [b6 [c6] a8 (b6l [c6l
(©) (d)

Figure 12. Structure of LVDC ports in MPETs shown in Figure 13. (a) Port 1 of T2 1 1) type. (b) Port 1
of D(p9) type. (c) Port 1 of T(y 1 1y type. (d) Port 1 of D(q 1 type.

By employing the proposed design methodology, each LVDC port achieves its max-
imum power transfer capability relative to other configurations. For the LVDC ports
consisting of four DABs, the best type of configuration using the proposed methodology,
i.e., T(,1,1), and the worst type of configuration not using the proposed methodology, i.e.,
Dgs,1), are shown in Table 8. Under every my, especially when my < 0.8, the LVDC port
employing the proposed methodology exhibits a substantially higher maximum power
and a greater absolute minimum power in comparison to alternative configurations.
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Figure 13. IDBS-MPET with NH =6 and Np =6, namely, N(é)P(@ (a) N(6)P(6)'D(2)(1,1)T(2)(1,1,1)T(Z)(Z,l,l)
is one of the preliminary designed topologies and finally emerges as the optimal one designed
by the proposed design scheme. (b) N)P)-D2)1,1)P2)22)T2)1,1,1) is the other preliminary de-
signed topology. (¢) N PSS Ty (@) NePe-SeePaenTeein- (€ Nele)-
So@SeESew:  ® NePe-SoeSewPoay-  ® NePe-SeeSewPaen. () NePe-
So@SewTaiy- @) NePe-SoePae2Teaiy- §) NePe-SoePeenDeea- &) NePe)-
So@S@EPee2- 1 NePeSe@PoenPecy- m) NePe-SooDaeenTeian- @) NePe)-
Dy1,nDe)e,1yD@)3,1)- The IDBS-MPETSs in (c-n) are not designed by the proposed design scheme
and they are used to be compared with (a) by enprc mpET to validate the effectiveness of the proposed
design scheme.
Table 8. The maximum and minimum power of different types of LVDC ports consisting of four
DABs in the IDBS-MPET in Figure 12.

Port my = 0.9 my = 0.8 my = 0.7 my = 0.6 my = 0.5

Type  Ppa/kW  Poin/kW  Pmax/ kW Prin/kW  Pmax/kW  Prin/kW  Pmax/kW  Pin/kW  Pmax/kW P in/kW

T(Z,l,l) 229.4 110.9 269.0 23.6 324.8 —61.8 409.3 —1454 5514 —209.0

S(4) 229.4 119.7 269.2 49.6 325.5 —-17.1 411.7 —84.3 559.8 —154.9
D(Z,Z) 229.4 113.8 268.5 36.7 323.2 —30.4 404.8 —88.0 539.0 —138.3
D(3,1) 229.2 116.7 267.6 43.8 319.8 —22.6 393.8 —85.8 505.3 —122.6

At last, there are two preliminary designed topologies of the IDBS-MPET with Ny = 6
and NP =6, the N(é)P(6)-D(2)(1,1)T(2)(1,1J)T(z)(z/l,l) one, i.e., (a) in Figure 13, and the N(6)P(6)'
De)1,nP222T@)1,1,1) one, ie., (b) in Figure 13. In the MPTC calculation module, the
empreMpET Of the two IDBS-MPETs is calculated and shown in Table 9. In the MPET
evaluation module, the Aepiprc MmpET is calculated to be 1.94. Finally, in the optimal topology
output module, the N)P)-Dy1,1)T2)1,1,1)T2)2,1,1) one emerges as the optimal IDBS-
MPET with Ny = 6 and Np = 6.

Twelve other IDBS-MPETs with Ny = 6 and Np = 6 that are not designed by the
proposed scheme are shown in (c)~(n) of Figure 13. The MPTC calculation results of
the optimal one, namely, N)P(6)-D(2)1,1)T2)1,1,1) T2)2,1,1), and twelve other IDBS-MPETs
are shown in Figure 14. As shown in Table 9, the optimal IDBS-MPET designed by the
proposed scheme emerges as the one which always has a positive Aeyiptc MpET, and thus,
the effectiveness of the proposed design scheme is validated.
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Table 9. MPTC results of the IDBS-MPETs with Ny = 6 and Np = 6.
" EMPTC,MPET
N Figure 13a Figure 13b Figure 13¢ Figure 13d Figure 13e Figure 13f Figure 13g Figure 13h Figure 13i Figure 13j Figure 13k Figure 131 Figure 13m Figure 13n
0.5 22.39 21.56 22.58 22.08 2212 21.94 21.63 2212 21.75 21.25 21.75 20.76 21.25 20.57
0.6 17.58 16.96 17.32 17.29 16.3 16.61 16.70 17.11 17.08 16.67 16.70 16.54 16.95 16.42
0.7 13.71 13.38 13.09 13.18 12.65 12.57 12.74 13.36 13.47 12.85 12.76 12.74 13.35 12.65
0.8 9.33 9.19 8.68 8.78 8.42 8.68 8.52 8.81 8.94 8.64 8.54 8.56 8.86 8.82
0.9 4.63 4.60 4.39 444 4.30 442 435 443 449 441 4.36 4.38 4.46 4.50
=k (a) in Figure 13
¥ (b) in Figure 13|
(c) in Figure 13
. (d) in Figure 13||
thlmal CHB MPET S (e) in Figure 13
designed by the proposed (f) in Figure 13
scheme (g) in Figure 13||
(h) in Figure 13||
= *(@) in Figure 13
m -
S 40k () %nF%gurel37
SRS (k) in Figure 13
E () in Figure 13
& 120 (m)in Figure 13]]|
=¥ (n) in Figure 13
10.0 |
80 [
6.0
4.0 ‘ ‘ d
0.5 0.6 0.7 0.8 0.9
my

Figure 14. MPTC calculation results of IDBS-MPETs with Ny = 6 and Np = 6, namely, N)Pg).-

6. Discussion

This study presented a novel design scheme for IDBS-MPET topology aimed at max-
imizing the power transmission capability of low-voltage DC ports. The findings reveal
significant implications for the design and operation of multiport power electronic trans-
formers in hybrid AC/DC distribution systems. By categorizing LVDC ports into three
basic types (S-Port, D-Port and T-Port) and establishing a design methodology based on the
maximum power transmission capability (MPTC), this research contributes a systematic
approach to enhance power balance and efficiency in MPET applications.

Comparative analysis with existing MPET configurations, such as those relying on
a common DC bus structure, underscores the advantages of the proposed IDBS-MPET
design. Specifically, the ability to directly construct each LVDC port by paralleling the
output terminals of dual active bridge (DAB) converters eliminates the need for additional
DC/DC converters, thereby reducing hardware costs and improving system efficiency.
This approach not only addresses the challenge of power imbalance in IDBS-MPET systems
but also offers a flexible and scalable solution for integrating diverse energy resources and
loads in modern electrical distribution networks.

The proposed topology design rules, derived from extensive simulations of more than
80 typical IDBS-MPET topologies, offer clear guidelines for optimizing the structure of
LVDC ports. These rules highlight the preference for symmetric T-Port, symmetric D-Port
and S-Port configurations in order of their optimal power transmission capabilities. Such
insights are invaluable for designers and engineers seeking to develop MPET systems that
can accommodate varying power levels and voltage requirements while maintaining high
efficiency and reliability.
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Our research highlights the impact of the rated modulation ratio my on the MPTC
of the LVDC port in the IDBS-MPET. Specifically, we recommend setting myy in the range
from 0.7 to 0.8, or even extending it to range from 0.6 to 0.8, contrary to the conventional
range from 0.7 to 0.9 used in industrial PET products. Implementing this adjustment has
several practical implications:

Optimized design. This adjustment allows for a more flexible and efficient design of
PET systems, enabling them to accommodate a wider range of power levels and opera-
tional conditions.

Cost-effectiveness. By optimizing the MPTC, the proposed adjustment can lead to
reductions in the size and cost of PETs, making them more competitive and appealing for
industrial applications.

Future research could explore the integration of advanced control strategies and power
electronics technologies to further enhance the performance and adaptability of IDBS-MPET
systems. Additionally, real-world implementation and testing of the proposed topology
in various operational scenarios would provide empirical evidence of its benefits and
limitations, paving the way for further refinements and applications in the field of power
electronics and energy distribution.

7. Conclusions

In this paper, a design scheme of IDBS-MPET topology is proposed based on the
MPTC of the LVDC ports. Each LVDC port is directly constructed by paralleling the output
terminals of DAB converters, eliminating the need for additional DC/DC converters. The
LVDC ports are categorized into three basic types: S-Port, D-Port and T-Port. A design
methodology for LVDC port structures is established, with the MPTC of the LVDC ports as
the evaluation metric. Through extensive simulations of the MPTC in different LVDC port
structures, three topology design rules for the IDBS-MPET are derived. Symmetric T-Ports,
symmetric D-Ports and S-Ports, in that order, are the optimal structures for constructing
low-voltage DC ports. The proposed method allows for the design of all LVDC port
structures in an IDBS-MPET given the rated voltage of the H-bridge DC side, the number
of H-bridges per phase, the rated power of the DAB converters, the number of LVDC ports
and the rated power of each LVDC port, following the three topology design rules.
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