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Abstract: The number of fully electric vehicles (EVs) on the road is continuously increasing
year by year, creating a growing demand for multi-terminal EV charging infrastructure,
where multiple charging terminals serving different EVs are located in close proximity.
Many existing multi-terminal fast EV charging stations are based on architectures with
multiple independent or modular power conversion units, in which each charging outlet
requires dedicated power conversion hardware. Consequently, as the number of charging
outlets increases, the amount of required hardware (semiconductors, passive components,
processors, etc.) scales approximately linearly, leading to a corresponding increase in
the overall cost of the charging station. As a potential solution to reduce the installation
cost of multi-terminal EV charging stations, this article presents a multiport current-fed
multi-active bridge (CF-MAB) converter that requires fewer components while maintaining
independent port operation and enabling the integration of a battery energy storage system.
In the proposed application, the CF-MAB is connected to a low-voltage DC traction grid,
allowing the shared use of existing traction substation equipment, such as the low-frequency
transformer and AC/DC rectifier, for both electric traction and EV charging. This approach
further reduces infrastructure costs by eliminating the need for a dedicated transformer and
AC/DC rectifier at the charging station. A reduced scale five-port CF-MAB prototype was
experimentally evaluated under various operating conditions with a power rating of up to
10 kW, achieving a peak efficiency of up to 98%.
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1. Introduction

The rapid expansion of DC power systems such as electric vehicle (EV) chargers, battery energy
storage systems (BESs) and renewable energy sources (RESs) has led to a growing demand for
bidirectional DC-DC converters capable of managing power flow between various DC sources and
loads [1]. Traditionally, RES, BES and EV chargers are connected to DC grids using independent
isolated and non-isolated converters [2]. Such solutions offer simplicity, modularity and high
reliability. However, they require a large number of components and result in longer energy
conversion paths during power exchange between individual units. In systems where multiple
sources and loads must be interconnected simultaneously, usage of multiport DC-DC converters
represents a more cost-effective and efficient alternative [3].

This paper therefore presents a bidirectional DC-DC converter for integrating BES and electric
vehicle (EV) chargers into a low-voltage DC traction grid used to supply urban tram and trolleybus
networks (Fig. 1).

By sharing power components among multiple ports, the studied converter achieves a reduced
component count and high efficiency, making it a promising solution for DC grid applications.

One promising application of the proposed topology is public multi-terminal EV charging
stations installed near urban rail transport infrastructure. In such locations, the available power
capacity of traction substations can be utilized for EV charging, since these substations frequently
operate below their rated power due to discontinuous operation of trams and trolleybuses,
particularly during periods of low traffic, such as nighttime [4]. In the considered system, the BES
primarily serves to recuperate braking energy, thereby improving the energy efficiency of traction
transport and stabilizing the DC grid voltage. Additionally, the BES operates as a buffer battery to
support EV charging when required.

The electrical operating conditions of the proposed charging station are subject to the
standardization requirements applicable to DC traction networks. According to EN 50163 [5],
anominal 600 V DC traction system is characterized by a wide permissible voltage range, with the
lowest permanent voltage of 400 V and the highest permanent voltage of 720 V, while the maximum
non-permanent voltage reaches 770 V. Therefore, a power electronic interface connected to such
a network must accommodate considerable variations of its input voltage. In addition to the voltage
limits, the interaction of power electronic equipment with the traction network requires consideration
of power-flow limitation, regenerative operation, protection coordination and electromagnetic
compatibility. EN 50388-1 [6] specifies, among others, automatic current or power limitation as
a function of the line voltage, coordination of short-circuit protection and the use of regenerative
braking. These aspects are particularly relevant to the proposed charging station, since the CF-MAB
provides bidirectional power transfer and its high-level controller determines the charging and
discharging limits of the BES and EV ports from the measured catenary voltage. Furthermore,
fixed power-electronic equipment connected to traction power conductors is subject to the emission
and immunity considerations specified in EN 50121-5. Consequently, practical deployment of
the proposed converter would additionally require appropriate input protection, EMC filtering
and coordination with the protection and earthing arrangements of the particular traction network.
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Fig. 1. Multiterminal charging station based on the studied CF-MAB converter, powered from an LV DC
traction grid
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Among existing multiport solutions, the studied CF-MAB converter can be compared to
the multi-active bridge (MAB) converter, the structure of which has several active bridges, all
coupled with a common core transformer, e.g. triple active bridge (TAB) or quad active bridge
(QAB) [7]. These converters require a relatively low number of switches, but strong coupling
between ports leads to complex control [8]. This is particularly problematic in applications with
a high number of ports, where each output operates at different voltage and power levels, which is
a common case for a multiport EV charging station. To address the port interdependence issue,
MAB converters with single-phase transformers were proposed [9], enabling decoupled control of
multiple -EV charging, while maintaining a lower switch count. Nevertheless, its connection to
a fluctuating DC traction grid complicates EV charging, increasing the converter design complexity
and technical requirements, which, in many cases, result in a less optimized converter. To eliminate
the voltage mismatch between the varying DC traction grid voltage and the EV battery voltage,
the current-fed dual active bridge (CF-DAB) converter family can be used [10]. The classical
single-phase CF-DAB converter has a structure similar to that of a conventional DAB converter,
but includes two additional boost inductors connected to the switching nodes of the primary-side
half bridges, thereby forming a boost stage. As a result, the input voltage can be boosted, stabilized
and regulated across the auxiliary DC-link capacitor y changing the primary-side switches duty
cycle. Consequently, optimal matching between the auxiliary DC-link capacitor voltage and
the EV battery voltage can be achieved, improving the converter performance. However, both
single-phase [11] and multi-phase CF-DAB converters [12] have limited scalability, typically
providing only three connection ports. As a result, multiple CF-DAB converters are required for
a multi-terminal charging station, similarly to conventional DAB-based solutions, leading to a high
overall switch count and increased system complexity.

To address the aforementioned limitations, a current-fed multi-active bridge (CF-MAB)
topology was proposed by authors of this article in [13]. The proposed topology integrates the
benefits of the single-phase transformer-based MAB converter [9] with selected features of the
CF-DAB converter [12]. As a result, the CF-MAB converter allows the integration of multiple
isolated EV charging ports N, incorporates separate interfaces for the DC grid and the battery
energy storage system, while providing fully independent and bidirectional power transfer among
all connected ports, thereby supporting vehicle-to-grid (V2G) functionality.

Section 2 discusses the CF-MAB converter structure and presents analytical expressions for
component RMS currents calculation and magnetics design. Section III outlines the converter
control algorithm, while Section IV presents experimental results obtained from a 10kW five-port
prototype, including three EV charging ports, one BES port and one DC grid connection port.

2. CF-MAB converter topology description

2.1. CF-MAB converter structure

The input side of the converter operates similarly to a N-phase interleaved boost converter, the
phases of which are shifted relative to each other by angle s = 27/N, where N = 3,5... The
DC traction grid voltage has to be lower than the battery voltage Vg for the converter to operate.
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Switches Sy, ..., Sy are driven with a duty cycle of D1, determined according to (1), while the
complementary switches Sz, ..., Szy operate with a duty cycle 1 — D;.

Ts Vpc
D == =22 1
1= Var (D

The isolated EV charging ports comprise of N identical full-bridges, isolated by single-phase
transformers, which are connected on the primary side to the half-bridge switching nodes with
indexes “j” and “k”, defined as:

. N-1
k—(J+ > )—N-

2

2j+N -2
2N ’

where: j =1,2,...,N; |-] — floor function.

Voltages V; and Vj, formed at switching points, indexed as “j” and “k” are phase-shifted
relative to each other by ¢ = w(N — 1)/N (Fig. 2). This results in a transformer primary side
windings being connected in a delta (A) connection, when the number of isolated ports is equal to
N = 3. The phase shift between the primary switches in such a case is equal to s = ¢y = 27/3.
To control the output-port power, phase shifts ¢ ; between transformer primary Vp_; and secondary
side Vs ; voltages of each EV port are controlled independently. As a result, the operation of
each EV port resembles that of an independent single-phase DAB converter, comprising the
primary-side switches S, S;., Sk, S;< and the secondary-side switches Q ;, Q;., Q;.’, Q;.”.

When operating with single-phase shift (SPS) modulation, the secondary side full-bridge
is phase-shifted by ¢, such that Q; referenced to §; and Q;. to Sk. Accordingly, the CF-MAB
converter may be viewed as an integration of an N-phase interleaved boost converter and N
individual active bridge converters with shared input-side switches. It is worth mentioning that
in a CF-MAB converter, phase-to-phase voltages Vp_;, exhibit unequal zero-voltage intervals
preceding and following the active voltage pulses, with their duration determined by D and ¢n
(Fig. 2). The presence of these zero-voltage intervals reduces transformer utilization, since no
power is transferred to the output during a considerable portion of the switching period.

In contrast to the conventional DAB converter, the CF-MAB topology cannot employ triple-
phase-shift (TPS) modulation because the phase ¢ between the primary-side bridges is fixed.
This means that varying ¢x disrupts the interleaving of the primary-side phases, resulting in
increased current ripple, whereas adjusting D directly affects the battery current /gt. Therefore,
only two independent control variables remain for regulating each isolated port: the secondary-side
pulse width d ; and the phase shift §; between the primary- and secondary-side voltages. Under
these constraints, a modified dual-phase-shift (DPS) modulation scheme operating with D # 0.5
provides a practical solution for maintaining volt-second balance, satisfying nVpr-dp ; = Vev-ds,j
while simultaneously reducing transformer RMS currents as the EV battery voltage varies during
the charging process [14].
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Fig. 2. CF-MAB converter operating diagrams with SPS modulation
2.2. Components RMS currents derivation

The following formulas describe RMS currents for a CF-MAB converter operating with SPS
modulation, where ds ; = dp ;:

1 T(I—D1)—a 2
Ig;rms = Tfo (ILj.pc(r) = 1;(r)" dr,

1 [T-@ 2
Igjrms = f/ (ILj,DC(t) - Ij(t)) dr,
T

3)

(I-Dy)-a

where [;(t) = Irp,j(t) — ILp k+1(2) is a line current.

Primary-side switch currents have quite complex shape, as they have to carry current of the
primary-side inductors I1; pc(¢) and line currents /;(¢). Line currents /;(¢) in turn, depend on
the phase currents I p_;(t) and I1p r+1 (), which can be represented by a Fourier series:
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2
(1) = § - 2 _ ) 2.
ILp,J(t) 125 P j [\/A 2ABcos(mw06])+B cos(mwot + ¢) |,

A=Vpr [cos(m(a +dpj)) — cos(ma)] ,
Vev, “)

B = [cos(m(a +ds ;) — cos(ma)] ,
4 = arctan ( Bssin(mwqod ;) ) ’
A — Bcos(mwod )

where a, dp_; and ds_; are calculated for different converter operation regions:

D; <1/3: 1/3<D; <2/3: D, >2/3:

1
a=T/3-dp; @=-(D1-T/3) a=T-D,
ds,;j=dp,j=TD ds;=dp;=T/3 ds,j=dpj=T(1-Dy)

As can be seen, the phase currents Iy p ;(¢) for each port depend on their own phase shift
¢ and the voltage level Vev; of the EVs connected to the ports. In contrast @, dp ; and ds
are the same for all ports (dp,; = dp = dp3 = ds.1 = ds» = ds3), as they depend on the
primary side duty cycle D, which is common to all ports (this is true only for SPS modulation;
for modified DPS modulation see reference [14]). Different phase currents /7 p_; () imply that line
currents [;(¢) are also different. Consequently, this decreases switch RMS current when 7;(t) is
positive and increases switch RMS current when /;(¢) is negative (when S is turned ON). As
a result, the current distribution, waveform shapes and RMS currents in primary side switches
S;, S;., Sk, S;( are different as well. On the other hand, if variables are the same 6| = §, = 03,
Vev.1 = VEv.2 = VEv,3, RMS currents in all switches are also the same.

As the current of the output switches is determined by the /7 p_;(f), and since two switches
conduct for only half of the switching period, their RMS current is defined as:

ILp,jrms
nV2 o

Primary side boost inductors 7 ; pc in the worst-case scenario (where both BT and EVs are
charging/discharging to Vpc), have to carry the total power for both BT and EV ports. Thus,
average primary side inductor currents are the sum:

Igjrms = Iy jrms =

®)

N
Vev,j - Iev,;
o 31 Vo0 T

ILj,DC(avg) = 3.D, . (6)
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Then, the instantaneous I;,; pc(?) currents are calculated as follows:

(t+ @)

for—a<t<T(1—D1)—a
Vi 1
DC (——l)(t+a T(1-Dy))
L;pc \D1

forT(1-D))-a<t<T—-«a

T(1-Dy) 1)
L;pc
T(1-Dy)

Lipc

ILj DC(min) +

Ir;pc(t) = , (N

ILj,DC(max) -

where:

I1j,pC(max) = I1j,DC(ave) +0.5VDC -

I1.j pc(min) = I1j,DC(avg) — 0.5VDC -

The formulas above allow not only the selection of appropriate semiconductors but also
a comparison of the CF-MAB converter with existing solutions. For example, it can be compared
with an architecture in which the storage battery is connected to the DC traction grid via a three-phase
interleaved boost converter, while three EV chargers are implemented as independent single-phase
DAB converters operating with SPS modulation and connected at their inputs to the BT port. If
power delivered to all ports is considered the same, the independent connection of the converters has,
on average lower RMS currents in switches, due to some disadvantages of the CF-MAB described
earlier (lower transformer utilization and increased S, S;., Sk, S ;( RMS currents). On the other hand,
the RMS current does not fully reflect the differences between the solutions, because the CF-MAB
and independent connection of converters differ in the number of switches (6N vs 8N + 6). To
account for this, a total device rating (TDR) coefficient is used, which considers both the number of
switches and their electrical stress (i.e., peak voltage and RMS current):

TDR = Z;l Vids - Iyrms, (8)

where Vi ds is the maximum drain-source voltage of the k-th transistor, and Ixrms is its RMS current.
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Fig. 3. Comparison of the TDR ratings of the proposed five-port CF-MAB converter and an equivalent
converter arrangement comprising a three-phase interleaved boost converter for BT charging and three
standalone single-phase DAB converters supplied from the BT port
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The results (Fig. 3) show that in all cases, the CF-MAB converter has a lower TDR (10% on
average), mostly due to the reduced number of switches. This suggests that the CF-MAB could
potentially be less costly than an independent connection of similar converters.

2.3. Main magnetics derivation

The primary-side boost inductor value L pc is determined by the maximum allowable ripple
r for the specified maximum power Ppc(max):

3.2

1 VDC (max)
DC(max) -

VBT (min)

) €))

Lj pc(cr-MaB) =
7-pe ) r- PDC(max) - Jow
where Ppc(max) = PBT(max) + N * PEV, j(max), N-number of EV ports.

When it comes to Lp ; value, it must be low enough to deliver desired peak power PEv j(max)
to the output during the worst-case scenario and maximum desired phase shift ¢ j(max). Usually,
for DAB converters |0 j(max)| = 7/6:

3 2 (10)

Lp j(cF-MAB) <

VEV,j(min) VBT,j(min) ] 2 |6j (max) |
“2n-m- f@w . PEV,j(max) Jma) .

The analytically derived Eq. (10) is accurate only for a specific range of (|0 j(max)| <
27(1/3 = D1) U0 < [|6(max)| < 27(D1 —1/3)) and SPS modulation. Outside this range, the
equation changes slightly due to variations in dp_; and the transformer current waveform change.
This leads to an increase in the minimum Lp ; value or, alternatively, higher phase shift |6 j(max) | to
achieve the desired power. For equations covering all converter operating regions and for operation
with modified DPS modulation, please refer to reference [14].

3. MAB converter control algorithm

The proposed CF-MAB converter is governed by a state-machine-based control algorithm,
in which each operating state determines whether the BES and EVs are charging, discharging or
remain idle. The charging and discharging limits of both the BES and EVs are established using
a voltage-droop strategy based on the catenary voltage measured at the point of common coupling
(PCC) of the charging station. This approach was selected due to its low implementation complexity,
high reliability and independence from communication with the traction substation or neighboring
charging stations connected to the same DC traction network. A detailed description of the high-
level energy management algorithm is provided in [5]. Eventually, the high-level control generates
the reference currents / }rf; and Ilrf\l;’j, which are subsequently tracked by the low-level control system.

The reference currents IlrgeTf and Ilr;\f,’j are the input for the low-level control system (Fig. 4). The
battery storage (BT) is operated around an intermediate state of charge by the balancing strategy de-
scribed in [15], thereby preserving sufficient energy capacity for both charging and discharging. As
shown in Fig. 4, the battery current It is controlled by a single PI regulator, which adjusts the input-
side duty cycle D according to the error between the measured current and its reference value Ig’;.
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Each EV port employs the conventional constant-current/constant-voltage (CC/CV) charging
strategy widely adopted in EV charging systems. The control structure consists of cascaded
voltage and current loops. The outer voltage controller compares the measured voltage Vgy ;
with its reference V]f:e\f’j and generates the current reference for the inner loop. Subsequently, the
inner current controller regulates the measured current /gy ; to its reference by determining the
corresponding phase shift ¢ ;. This cascaded architecture enables a seamless transition between
CC and CV operating modes. During the transition from charging to discharging, the polarities of
Vé‘{g’j and Vgy n are inverted, forcing the output of the voltage controller to become negative and
ensuring the correct operation of the subsequent current-reference saturation block.

I 4 Dy PWM S, S.. S

o ) - ) i { D, D2, I3
: . _ Pl Modulator S’;. \i \7,
i BT

BES charging discharging

LV, charging discharging

EV, charging discharging

Current loop
ref
I

. Voltage loop

v g

PWM (0
Moduiator (:)“‘ Q‘}

. \* i
for I gy 0

(E1 discharging)

Fig. 4. Closed-loop low-level control of the CF-MAB converter

4. Experimental verification

To verify converter operation, a smaller-scale prototype was assembled with the components
specified in Fig. 5 and Fig. 6, and parameters from Table 1.

Table 1. CF-MAB converter prototype parameters

Parameter Value
DC grid voltage range Vpc 200450 V
Battery voltage Vgt 600 V
EVs voltage range Vgy. 1, VEv 2, VEV.3 250-350 V

Continued on next page
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Table 1 — Continued from previous page

Parameter Value
Transformer ratio ng/np 0.5
Primary side turns number n, 28
Secondary side turns number ng 14
Transformer magnetizing inductance 45 mH
Transformer leakage inductance 10 uH
DC side inductance L1 pc, L2 pc, L3,pc 490 uH
L1,pc» L2,pc» L3,pc number of turns 23
Primary transformer inductors Lp 1, Lp 2, Lp 3 100 uH
Lp,1,Lpy, Lp 3 number of turns 11

Inductors Ll,DC’ LZ,DC’ L3,DC’ LP,l’ LP,27 LP,3 air gap 4 mm

Battery side capacitor Cr gt 2 x 420 uH
Battery and EV sides inductances L ¢ T, L f EV 10 uH
EV and DC side capacitors Cy gy, Cf pC 420 uF
Filter inductance L ¢ pc 10 uH
Switching frequency fsw 25 kHz

Transformers

B25680B14274101

2x

T 6 Ferrite Cores
TAMURA g
Lp I N87E653227
A

20GOI0BBCIIN

- FFSMRI 711 IMIHEB70

L . . S Ferrite Cores 4 Toroidal Ferrite Cores
[DC - Ns7 E653227 B64290106995063

Fig. 5. Developed full bridge module, used for converter assembly (a), and converter magnetics (b) for the
input-side three-phase full bridge, the same modules are used as in (a), but with 3 transistor half-bridge modules
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Fig. 6. Assembled CF-MAB converter prototype, tested at up to 10 kW, and the equipment used

The experimental validation presented in this section was performed using SPS modulation.
Throughout the reported tests, the battery-side voltage Vgt was kept fixed. This assumption is
representative of practical operation because the battery terminal voltage typically evolves on
a much slower timescale and is predominantly determined by its state of charge. The DC-side
voltage Vpc on the other hand, was adjusted to reproduce the voltage fluctuations that can occur in
a DC traction network. Different voltage and power references were also applied to the individual
EV ports, allowing the converter behavior and associated waveforms to be examined over a range
of port operating conditions.

Figure 7 summarizes the principal measured waveforms for the three EV branches. These
include the DC-side inductor currents I, ., I;,nc and I, .., primary side-voltages Vp 1, Vp 2,

Vp 3, secondary-side voltages Vs 1, Vs 2 and Vs 3 and the corresponding transformer-inductor
currents Ir.p 1, ILp2 and Irp3.

Vir = 600 V, Ppr = 4 kW, Var = 600 V, PpT = 4 kW, Vit = 600 V, Ppr = 4 kW,
Vpbe =200V, Dy = 0.33, Vpbe =300 V, D; = 0.50, Vbe =450 V, Dy = 0.75,
dp,j:dsijT/3:13.33/JS dp,j:dsyj:T/3213.33,uS dp_j:dsyj:T(l—D]):l()/JS
AN A N / < ] 1, ,,, . D‘J_Ll,r;_
%% %% / / / L =
» .\f—— — = —
(@l SN ¢ § ) . wnn (@R - tews (@™ - §

Figure continued on next page
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Figure continued from the previous page

Vit = 600 V, Pgr = 4 kW, Vit = 600 V, Pgr = 4 kW, VT = 600 V, PpT = 4 kW,
Vbe =200V, Dy = 0.33, Vbe = 300V, Dy = 0.50, Ve =450V, Dy = 0.75,
dpj=ds j=T/3=1333us | dp,j=ds ;j=T/3=1333 us | dp,; —dsj =T(1-D;)=10 us
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Fig. 7. Measured waveforms of the converter operation for different operating conditions. Battery port voltage

Vgt in all cases was held constant, as in a practical application, it does not change fast and depends on SOC.

Converter operation is shown for different DC-grid Vpc voltage, which represents changes of traction grid

voltage, that usually occur in real operating conditions. The power and voltage of each EV are also different,

to show how operating waveforms change during different conditions. The EV3 port power is zero and EV3
is disconnected by the relay, but still, current flows through a transformer

For the first test point, the DC-grid voltage was relatively low, giving a duty ratio of
D = Vpc/Ver = 1/3, corresponding to a low DC traction grid voltage. This value corresponds
to the limiting case for which dp ; = ds ; = T /3. Consequently, the primary and secondary
transformer voltages Vp ; and Vg ; contain a zero-voltage interval on only one side of each
waveform. If the voltage ratio were reduced further, both dp ; and ds ; would become shorter.

At this operating point, 4 kW was transferred to the BT port. EV1 supplied 2 kW to the converter,
ie., Pey,1 = =2 kW with §; < 0 while EV2 absorbed 3 kW, corresponding to Pgy > = 3 kW
and d, > 0. EV3 did not exchange active power, since 63 = 0 and Pgy 3 = 0 kW. Hence, part
of the energy delivered by EV1 was directly utilized by EV2. From the overall power balance,
the DC-grid port therefore supplied Ppc = Ppt + PEv,1 + Pev,2 + Pev,3 = 5 kW. The measured
average value of each DC-side inductor current I; ; pc was approximately 8.5 A.

The experimental waveforms also confirm the behavior anticipated from the analytical model.
For EV1, the mismatch between Vg and Ve produces a significant current gradient di /df over the
dp,1—0; intervals. As aresult, the transformer RMS current becomes higher, the port-current ripple
increases and additional EMI may be generated. The EV2 branch behaves differently because its
voltage levels approximately fulfill the matching relation Vgt = Vgy 2/n. The transformer current
therefore changes very little during the corresponding dp » — 9 intervals. A small circulating
current can also be identified in the EV3 transformer despite the absence of active power transfer
and the disconnection of this port through its relay. This current originates from the repetitive
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charge and discharge processes associated with the EV3 output-filter capacitor Cy gv3. One
possible way of suppressing this no-load circulation would be to stop switching the semiconductor
devices assigned to an inactive port. The drawback is that reconnecting an EV would then require
the complete port startup sequence to be performed before charging could resume once again.

The second experimental point corresponds to D1 = 0.5, obtained with Vpc = 300 V and
Vet = 600 V. At this voltage ratio, the non-zero durations of both transformer-side voltage
waveforms attain their maximum values, such that dp ; = ds ; = T/3. In contrast to the first
operating point, the resulting Vp ; and Vs ; waveforms possess odd symmetry and the zero-voltage
intervals are distributed symmetrically on the two sides of each waveform.

Finally, the third operating point considers a considerably larger difference between the DC-grid
and battery voltages, producing D; = 0.75. In this region, the available non-zero transformer-
voltage duration decreases according to dp_; = ds ; = T(1 — D). The shorter effective voltage
intervals reduce the amount of power that can be transferred for a given phase shift. Therefore,
achieving power levels comparable to those of the preceding cases requires greater phase shifts
for EV1 and EV2. However, such an extreme voltage ratio is not expected during typical system
operation. It could arise only under an unfavorable combination of conditions, for example
when the traction-grid voltage stabilization functionality is inactive while the battery voltage is
simultaneously close to one of its operating limits.

The converter efficiency was experimentally assessed across a range of operating conditions,
including different power levels, operating modes and directions of power transfer. The reported
efficiency accounts for the overall losses of the experimental setup rather than the converter losses
alone. These include conduction losses in the cables connecting the converter ports to the power
supplies and loads, together with the power required by the control circuitry. For all considered
test cases, the achievable power level was constrained by the maximum output and absorption
capabilities of the laboratory power supplies.

When only the BT port operates and the power of the EV ports is zero Pgys = 0, efficiency is
highest at a high input voltage (Vpc = 450 V), due to lower input current and reduced ohmic losses
(Fig. 8). However, when power is delivered only to EVs and Pgt =0, the situation reverses: the lowest

Efficiency
99%

98% »\50\7
\] C
97%

(VDC=3()0V z VDc=300V>>

D¢ ) /)/}p 050
95%
94%
93%
92%
,
Praye= 0 kW, V=600V o *Ppyi= 0 kW, V=600V

90%
-11-10 -9 -8 -7 6 -5 4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11

BT Port

BT Discharging Power (V)
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Fig. 8. Efficiency curves for zero EVs charging power Pgys = 0 kW
and different DC grid voltage Vpc
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efficiency occurs at Vpc = 450 V (Fig. 9(b)), because of lower dp_;, reduced transformer utilization
and increased transformer RMS currents. The highest efficiency is achieved when the battery voltage
Vet = 600 V matches Veys = 300 V using a transformer with a ratio of ng/n, = 0.5 (Fig. 9(a)).
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Fig. 9. Efficiency curves for zero BT charging power PgT = 0 k€W and different VEy ¢ voltages, while DC
grid voltage is constant Vpc = 300 V (a), as well as different DC grid voltage Vpc while the voltage of all
EVs is the same and equals Vgys = 300 V (b). Power is equally shared between 3 EV ports

When both EV and BT ports are loaded and Vpc = 300 V, the highest efficiency occurs for
Vevs = 300 V, because the EV-port voltages are matched with the battery voltage. For Vgys = 250 V
or 350 V, transformer circulating currents increase and efficiency drops by about 1% (Fig. 10(a)).
In Fig. 10(b), the low EV-port efficiency at Vpc = 450 V is compensated by high input-side
efficiency, keeping the overall efficiency high.
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Fig. 10. Efficiency curves when both the EVs and BT are charging or discharging for different EV voltage levels,
while DC grid voltage is constant Vpc = 300 V (a), and different DC grid voltage levels, while the voltage of
all EVs is the same and equals Viys = 300 V (b). Charging and discharging power of the BT port in all cases
is constant and equal to Pgt = +4 kW, where the sign depends on whether battery is charging or discharging

5. Conclusions

Experimental verification of the converter has shown its ability to independently deliver power
to any port, without affecting the power of other ports, which in practice means that BT and EVs
can be independently charged, discharged and their power level can be regulated without affecting
other ports, which distinguishes the studied converter from typical Multi-Active Bridge converters
with a common transformer core. The converter has shown a high efficiency of 98% peak at 9.5 kW,
when EV voltages Vgys = 300 V is matched with the BT voltage Vgt = 600 V using a transformer
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with n = 0.5. During the mismatch, when Vgys = 250 V or Vgys = 350V, efficiency is reduced due
to increased transformer and switch RMS currents. Despite increased RMS currents and reduced
transformer utilization ratio, the multiport CF-MAB converter shows, on average, ~10% reduced
total device rating in comparison to conventional solution with independent converters, due to the
lower number of transistors required to connect BT and N EVs into the LV DC traction grid. This
makes it a promising solution to be used in a multiterminal urban EV fast charging station, where
several EV charging stations are located close to each other.
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