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ABSTRACT This paper proposes a multiport DC-DC converter for EV fast-charging stations. The proposed
converter is comprised of Ring-Connected Dual Active Bridge (RCDAB) DC-DC converters, where the
connection point between every two adjacent DABs provides a DC port. Bypass switches are added to each
DAB to eliminate unnecessary power processing stages in the event of idle ports (no EVs) (open circuit ports).
The nature of the ring connection of the RCDAB theoretically allows infinite internal power flow solutions
within the ring to satisfy a certain power flow scenario at the DC ports, hence, the optimal power flow
solution can be selected tominimize total RMS current and losses. Single-phase shift control is applied to this
optimization problem to make it simple. A novel closed-loop control scheme using Bisection optimization
is developed to minimize the total RMS current. A control-hardware-in-the-loop (CHiL) validation is
carried out for a 5-port network of the proposed topology to investigate the converter efficiency and fault
tolerance/availability characteristics. Also, an experimental hardware validation is implemented for a 3-port
network where different scenarios for power flow and faults are performed. Finally, a comparative discussion
between the proposed topology and other multiport topologies in literature is presented revealing the superior
performance of the RCDAB topology.

INDEX TERMS Dual active bridge (DAB), DC-DCmultiport converter, electric vehicle (EV), fast charging,
ring-connected DAB (RCDAB), single phase shift (SPS) control.

I. INTRODUCTION
Electric vehicle (EV)market has been growing extensively all
over the world due to its promising advantages of high energy
efficiencies and environmentally friendly performance due to
zero emissions and the remarkable drop in its price. There-
fore, the need for charging stations is increased to meet the
growing number of EVs. Some EV charging stations have
renewable energy sources as well as energy storage systems
integrated into them [1]. EV charging stations are classified
into several levels according to the charging speed. The first
category is level 1 (slow) AC charging, which can take place
in residential areas. However, level 2AC charging (semi-fast),
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which requires a 240 V outlet, is considered as the primary
method for implementation in most private and public facili-
ties [2]. Level 1 and 2 charging usually utilizes a single-phase
approach. On the other hand, Level 3 AC charging and DC
fast charging use a three-phase approach and are implemented
in commercial applications [3]. In literature, [4], [5] provide
the standards for the technical specifications that are used in
designing DC electric vehicle chargers. Moreover, the EV
battery chargers can be either on-board or off-board, where
onboard chargers have limited power capability due to cost,
weight, and volume constraints [6]. Also, EV battery chargers
can provide either unidirectional or bidirectional power flow.

Most existing topologies in EV chargers, which are based
on DC-DC converters, are two port-based chargers [7], where
individual power converters can be used to control the power
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flow amongmultiple sources in addition to the energy storage
devices and EVs. However, multiport converters are better
candidates for this application because multiport topologies
utilize a lower number of components and, hence, achieve
lower cost and higher power density compared to traditional
systems that use individual power converters [8], [9].

Various multiport topologies have been reported in the
literature, where each of them has its pros and cons. Non-
isolated multiport topologies are the most common topolo-
gies for low power applications and low-to-medium voltage
stepping ratios [9]. Non-isolated multiport converters con-
sist of different combinations of basic converter cells like a
buck, boost, and/or buck-boost [10]–[13]. Others combine
half-bridge and full-bridge converters to form non-isolated
multiport converters [14], [15]. In addition, In [16], a
multiple-input power converter (MIPC) is proposed, which
is composed of multiple-legs inverter so that each leg can
be connected to a different port. It provides low switch
count; however, it cannot tolerate DC faults. Other groups
of non-isolated multiport topologies use simpler construc-
tion of one or two basic converters such as buck or boost
or other non-isolated converters but require relays or low
switching devices to reconfigure the power flow between
multiple ports [17]–[19]. Therefore, these topologies have
an overall low operational flexibility. Other converters have
limited power flow capability, where the converter can pro-
vide bidirectional power flow between specific ports such as
the non-isolated three-port converter (NITPC) in [20] and the
fully soft-switched multiport converter (FSSMPC) in [12]. A
multiport LCL DC Hub-based converter is proposed in [21],
which can limit the DC fault current and reduce the circu-
lating reactive power. However, this topology provides no
galvanic isolation between the ports and utilizes large count
of passive elements.

On the other hand, many isolated multiport topologies are
found in the literature that vary depending on the structure of
the isolating transformer. Some topologies are based on a sin-
gle two-winding transformer to develop an isolated multiport
converter [22], [23], where one or more ports are combined at
either the primary or the secondary sides of the transformer.
Besides, in [24] and [25] a three-port converter is introduced
that is based on an interleaved-boost full-bridge converter
(IBFBC). The switches are driven by pulse width modulation
signals, where the duty cycle controls the power flow between
the two input ports, while the output voltage is regulated
by the phase shift angle. However, these topologies do not
provide isolation between all ports.

Nevertheless, other isolated multiport topologies are based
on two or more two-winding transformer-coupled together to
provide isolation and power flow between the ports, as in [26]
and [27]. Alternatively, the multi-winding transformer has
been widely used in multiport topologies [28] that consists
of half-bridge [29] or full-bridge [30]–[34] DC to AC and
AC to DC conversion stages allowing for a bi-directional
power flow. The main difference between the half-bridge
and full-bridge-based converters is that in the half-bridge-

based converter, only square wave voltage waveform can
be generated, hence duty ratio control cannot be applied
resulting in a narrow soft-switching range. On some occa-
sions [35], one of the ports is based on unidirectional series
resonant topology, where it is comprised of a resonant tank
and a full bridge of diodes to allow for a higher power flow.
In [36], a multi-winding transformer-based LLC resonant
converter (LLC-MWT) is proposed, which can provide soft-
switching capability although it cannot tolerate open cir-
cuit faults. Moreover, a multi-winding transformer converter
based onmultiple-active-bridge (MAB-MWT) is discussed in
[32], where it provides bidirectional power flow at all ports.
However, it lacks modularity (ability to extend the number of
ports) and cannot tolerate open circuit faults in the H-bridges.

In this paper, a ring-connected DAB (RCDAB)-based
DC-DC bidirectional multiport converter is proposed that
is intended for electric vehicles fast-charging stations. The
proposed RCDAB topology consists of multi-DABs coupled
in a ring shape where the connection point between every
two adjacent DABs provides a DC port outlet. Also, bypass
switches are added to each DAB to eliminate any unnecessary
power processing stages in case there are idle ports (no supply
or battery is connected to the port). The RCDAB topology
theoretically offers an infinite number of internal power flow
possibilities for a given power flow scenario at the DC ports,
thus a control algorithm is provided to ensure operation at
the optimum point where minimum total RMS current is
achieved.

The main advantages of the proposed RCDAB topology
over other existing topologies in literature are summarized as
follows:

• The ring connection in the RCDAB topology provides
an extra degree of freedom with a theoretically infinite
number of solutions for a given desired power flow
requirement at the DC ports using the simple single-
phase shift (SPS) control. Hence an optimum point
can be obtained that achieves minimum current with
minimized losses. This cannot be achieved with other
non-ring multiport converters using the same SPS con-
trol where only single non-optimal solutions exist.

• Fully modular with a standard DAB circuit being the
main unit, in addition to ease of scalability.

• Higher availability/fault tolerance particularly to open
circuit failures due to the ring structure providing an
alternative power route to any particular DC port.

The rest of the paper is organized as follows: Section II dis-
cusses the DAB with detailed mathematical analysis for the
active power flow and RMS current calculations. Section III
provides a detailed explanation and mathematical analysis
for the RCDAB topology in addition to a closed-loop con-
trol algorithm to determine the optimum operating point
for each DAB. Section IV provides steady state analysis
in the form of loss analysis and power flow capability of
the RCDAB topology. In Section V, a control-hardware-in-
the-loop (CHiL) validation is implemented for the proposed
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FIGURE 1. The exact configuration of dual active bridge.

RCDAB topology discussing different scenarios of normal
operation and port/converter faults. Moreover, experimental
validation, using a laboratory prototype of a 3-port network,
is constructed for the proposed topology which is provided in
Section VI. Finally, in section VII, a discussion is provided
to evaluate the RCDAB topology when compared to different
multiport DC-DC topologies.

II. DUAL ACTIVE BRIDGE CIRCUIT ANALYSIS
DAB circuit analysis and modulation techniques are widely
explained in literature [37], [38]. A brief summary of this
circuit analysis is introduced to highlight the basis of the
RCDAB topology. FIGURE 1 shows the DAB exact config-
uration, consisting of two H-bridges located at both sides of
a medium/high-frequency transformer. The main function of
the transformer is to provide isolation and voltage matching
between the low and high voltage buses. In addition, the leak-
age inductance of the transformer acts as an instantaneous
energy storage element, which can be increased by adding an
auxiliary series inductor.

The power flow between the two sides of a DAB is
controlled by regulating the phase shift between the square
voltage generated by each of the H-bridges. The simplest
modulation principle is illustrated in FIGURE 2, where each
H-bridge generates a square wave voltage with all semicon-
ductor devices operating at 50% duty cycle, and only phase
difference between both H-bridges is changed to control the
power flow. This modulation method is adopted in this paper
and is well known as the single-phase shift (SPS) method.

Using fundamental harmonic analysis, DAB equivalent
circuit is depicted in FIGURE 3, where each side of the DAB
is replaced by a fundamental AC source. The RMS phasor of
the fundamental voltage component at both sides (1 and 2) V̄1
and V̄2 can be represented as in (1) and (2), respectively.

V̄1 =
2
√
2

π
Vdc1 6 0 (1)

V̄2 =
2
√
2

π
Vdc2 6 − δ (2)

where Vdc1 and Vdc2 are the DC voltage levels of sides (1)
and (2), respectively, and δ is the phase difference between the
two AC voltages. The inductance (L) in FIGURE 3 represents
the total of transformer leakage inductance and any auxiliary
inductance.

Since n represents the turn ratio between sides (2) and (1),
then, the power transferred between both sides, assuming

FIGURE 2. Single-phase shift (SPS) modulation technique.

FIGURE 3. DAB fundamental harmonic analysis equivalent circuit.

lossless DAB, is calculated as in (3).

PDAB =
V1V ′2
2π fsL

sin (δ) (3)

where V ′2 is the AC RMS voltage of the fundamental voltage
component at the side (2) referred to side (1).

V ′2 =
V2
n

(4)

Assume that the base values are as follows:

Pbase =
V 2
base

2π fsLbase
(5)

Zbase = Xl = 2π fsLbase (6)

Ibase =
Vbase
Xl
=

Vbase
2π fsLbase

(7)

Then the per-unit value of the power at side (1) can be
represented as follows, assuming that the AC inductance L =
Lbase.

PDABpu =
V1V ′2
V 2
base

sin (δ) = V1puV
′

2pusin (δ) (8)

The current iL is given by;

IL =
V̄1 − V̄ ′2
jXl

=
V ′2 sin (δ)− j(V1 − V

′

2 cos (δ))

Xl
(9)

Then the RMS per-unit value of the current is calculated as
follows:

ILpu = V2pu sin (δ)− j(V1pu − V2pu cos (δ)) (10)
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III. THE PROPOSED RCDAB-BASED DC-DC MULTIPORT
CONVERTER
A. RCDAB TOPOLOGY
The RCDAB converter consists of multi-DABs connected
back-to-back in a ring shape as shown in FIGURE 4, where
the connection between every two adjacent DABs provides a
DC port outlet. Each DAB can be bypassed using two bypass
switches shown in FIGURE 4. The converter is comprised of
N DABs and N DC ports. A reference direction for power
flow through each DAB is assumed to be in a clockwise
direction. For each port positive power is assumed to be
injected and negative power is absorbed. The power flow
to/from each port Pi is controlled only by the two adjacent
DABs as in (11).

Pi = PDABi+1 − PDABi (11)

where Pi is the power of port i. It is clear that the maximum
power flow to/from each port depends on the maximum
power flow through each of the two adjacent DABs. Substi-
tuting by (8) in (11) with considering the ports numbering,
then the power of each port can be given by;

Pipu = VipuVi+1pu sin (δi+1)− VipuVi−1pu sin (δi) (12)

where Vipu is the per-unit AC RMS voltage at port (i) side,
while δi is the phase difference between the two AC voltages
of DAB (i). It is worth noting that i = 1, ..N , where if i = 1,
then i− 1 = N , and if i = N , then i+ 1 = 1.
It is worth noting that the converter losses are neglected in

the mathematical analysis for simplification of the controller
derivation. Therefore, the summation of the powers at all
ports must be equal to zero as follows:

N∑
i=1

Pi = 0 (13)

Then the power equations of only N-1 ports are independent
with N controllable variables (phase shift angles of the N
DABs). Therefore, there is a wide range of solutions to the
power flow problem. Hence, an additional constraint to min-
imize the total RMS current is added to locate the optimum
operating point which provides the lowest losses.

The square of the total per-unit RMS current of the
RCDAB converter is calculated as follows:

I2Lputotal =
N∑
i=1

I2Lpui (14)

Substituting with (10) in (14) yields:

I2Lputotal = 2
i=N∑
i=1

Vipu
2
− 2

i=N∑
i=2

Vi−1puVipu cos (δi)

− 2VNpuV1pu cos (δ1) (15)

Labelling DAB1 phase shift angle (δ1) as a generic control
variable (a), i.e., δ1 = a, and substituting in port power

FIGURE 4. The proposed RCDAB topology.

equation (12), then the phase shift angles of the other DABs
can be calculated from (16).

δi = sin−1
(∑i−1

j=1 Pjpu + V1puVNpu sin (a)

VipuVi−1pu

)
(16)

where i = 2, 3, . . .N . By substituting (16) in (15), The square
of the total per-unit RMS current formula of the RCDAB
topology in terms of (a) is given by (17), as shown at the
bottom of the next page.

To minimize the total RMS current, the first derivative of
(17) with respect to the main control variable (a) is equated to
zero (18), as shown at the bottom of the next page. By solv-
ing (18), the optimum value of (a) can be determined and the
corresponding phase shift angles of other DAB converters can
be determined by (16).

Bisection iterative method for solving nonlinear equations
[39] is adopted in this paper to solve equation (18) and find the
optimum operating point. Bisection method is initialized with
boundaries of the interval in which the solution exists and
then converges to the solution with each iteration. The main
advantage of this method is that the solution convergence is
guaranteed which ensures a stable and optimum operation of
the converter.

B. RCDAB CONTROLLER
Closed-loop control is applied on the RCDAB topology,
where the controller of the RCDAB topology is depicted in
FIGURE 5. It is worth noting that in the proposed controller,
the N th port is considered to be connected to the main supply,
whichwill supply/absorb the net power to the rest of the ports.

Regarding the other ones, the reference power of each
port is subtracted from the actual power value to generate
the error signal, which is then being fed to PI controllers
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to generate N -1 ports’ powers that are fed to the control
algorithm. The optimization algorithm needs only N -1 ports’
powers to calculate the optimum operating point (phase shift
angles) of each of theN DABs (δi), where it considers that the
last port will achieve the net power. The control algorithm,
also, needs the AC RMS voltages that are calculated from
the DC voltage of each port. Moreover, an EV connection
indicator is applied to each port to detect the idle state of the
ports in the optimization algorithm.

The control algorithm is depicted in the flow chart of FIG-
URE 6, which can be divided into two main control sections:
a smart power router (SPR) and an optimization algorithm.
The main function of the SPR is to eliminate any unnecessary
power processing stages in case there are idle ports, where
no supply or battery is connected to the port, only DABs
that correspond to the connected ports are enabled, while the
remaining DABs are bypassed using the bypass switches, for
example, if port 1 is connected then DAB 1 is enabled and so
on. Moreover, only the voltages and powers corresponding
to the connected ports are considered in the optimization
algorithm, where N in (16), (17), and (18) represents the
number of connected ports.

It is worth mentioning that the bypass switches open before
an EV is connected to the idle port to prevent any inrush
current between two ports.

Also, a fault detection occurs in this stage, where if a port
voltage is decreased below 0.7 pu or the DC current increases
above 1.2 pu, then the two corresponding DABs to the faulted
port are disabled (all the switches gating are inhibited).

The next control section is the optimization algorithm,
which initiates its action by a feasibility check of available
solutions to ensure a more stable controller operation. the
algorithm will substitute by the whole range of (a) from
−90◦ to 90◦ in (16) for all DABs. Since DABs are designed
to a rated power operation of 1pu, the algorithm checks
if the available solutions violate this condition and operate
on the nearest feasible solution which increases the stability
of the controller. In other words, if feasible solutions are
found, the algorithm continues to the next step, and if no
feasible solutions are found, the power of the maximum port
power is decreased by 1 percent until a feasible solution is
found.

Then the optimization algorithm starts its calculations
which is based on Bisection iterative method for solving
the nonlinear equation (18) to find the optimum solution

(phase shift angles for each DAB as mentioned earlier). The
algorithm searches for the two successive feasible solutions,
where (I2

′

Lputotal
) changes its polarity. Hence the optimum

solution lies between these two successive solutions. Then,
the algorithm calculates the mean of the two solutions and
replace one of them by their mean value depending on the
polarity of the resultant (I2

′

Lputotal
). The algorithm repeats this

cycle until the difference between the two solutions becomes
smaller than 1e-3 or the algorithm exceeds 10 iterations. Then
the optimum value of a is considered as ap and optimum
phase shift angles of the enabled DABs are calculated by
substituting in (16).

IV. STEADY STATE ANALYSIS
To further understand the capabilities and limitations of the
RCDAB converter, steady state analysis is performed to esti-
mate converter losses and power flow capability, where unity
voltage conversion ratios is assumed (all voltages are equal to
their base values).

A. LOSSES ESTIMATION
Converter losses are split into switching losses and con-
duction losses. However, the switching losses will not be
considered in the loss comparison here because zero-voltage-
switching occurs at unity conversion ratios which DABs are
generally designed for to minimize circulated power [40].

The conduction losses of each H-bridge can be divided into
two components: firstly, losses due to parasitic resistances
(Rp) that are proportional to the RMS current square. The
RMS current can be calculated as in (10). Secondly, losses
due to the on-state voltage (Von) of the involved semiconduc-
tors (IGBT and diode) that are proportional to the mean of
the rectified current which can be calculated as in (19) by
substituting with the current in (10).

ILipuav =
2
√
2

π

∣∣∣ILipu ∣∣∣ (19)

The total RMS current is calculated as in (20) by substitut-
ing by (10).

ILputotal =

√√√√ N∑
i=1

I2Lipu (20)

I2Lputotal = 2
i=N∑
i=1

Vipu
2
− 2

i=N∑
i=2

Vi−1puVipu

√√√√1−

(∑i−1
j=1 Pjpu + V1puVNpu sin (a)

VipuVi−1pu

)2

− 2VNpuV1pu cos (a) (17)

dI2Lputotal
da

= 2VNpuV1pu sin (a)+
i=N∑
i=2

2V1puVNpu cos (a)
(∑i−1

j=1 Pjpu + V1puVNpu sin (a)
)

VipuVi−1pu

√
1−

(
Bi+V1puVNpu sin(a)

VipuVi−1pu

)2 (18)
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FIGURE 5. The RCDAB topology controller.

On the other hand, the total mean rectified current is cal-
culated as in (21).

ILpuav total =
N∑
i=1

ILipuav (21)

Therefore, the total losses in the RCDAB converter can
be approximately calculated as in (22) because each DAB is
comprised of two H-bridges.

PlRCDAB = I2Lputotal RCDAB
∗ 2Rp + ILpuav total RCDAB ∗ 2Von (22)

where the efficiency is calculated as follows:

Efficiency =
Pstotal − Pl
Pstotal

∗ 100% (23)

where Pstotal is the total delivered power while Pl is the losses
in the converter.

Assuming a 5-port network with Rp of 50 m� and
Von of 1.75 V. Also, it is assumed that two ports are
delivering power to the remaining ports, then the effi-
ciency for the RCDAB topology against one of the sup-
plying ports’ power is depicted in FIGURE 7. The effi-
ciency is calculated based on (23), where it decreases the
as power flow increases. Another case is studied where
the power is transferred between only two ports and the
remaining ports are disabled and bypassed to eliminate any
unnecessary power processing stages as depicted in FIG-
URE 8. The overall efficiency is, also calculated based
on (23) and depicted in FIGURE 9. The efficiency is
higher than the previous case because of the bypassed
DABs.

B. PORT POWER FLOW CAPABILITY STUDY
The port power delivery capability for the RCDAB topology
is calculated based on (12), where the power flow combina-
tions between port i and port (i+1) are shown in FIGURE 10.
As port i power increases up to its maximum value of 2 pu,
port (i+1) power has a range of applicable combinations from
0 pu down to −2 pu. However, all power flow combinations
are possible in the entire power flow range from −2 to 2 pu
between two non-adjacent ports. Moreover, the maximum
port power is always 2 pu regardless of the number of ports
of the multiport converter assuming unity voltage conversion
ratios.

V. CONTROL HARDWARE-IN-THE-LOOP VALIDATION
To validate the theoretical claims, a CHiL system has been
constructed for a 5-port network using OPAL-RT real-time
platform and (DSP) digital signal processing unit shown in
FIGURE 11, where the OPAL-RT is based on Intel Core
Xeon processor of 4 cores which runs at 3.5 GHz with 16 GB
RAM. Port Gigabit Ethernet LAN is used for communica-
tion. Nevertheless, the DSP label is TMS320F28335ZJZA
with a processor frequency equal to 150 MHz. Besides, the
DSP contains the system controller which outputs the firing
gates for the IGBTs of the multiport converters built on the
OPAL-RT platform.

A nominal DC voltage of 800 V, a base power of 200 kW,
and a switching frequency of 1 kHz are used in the CHiL
system. The voltage and power ratings are based on a typical
EV charging standard CHAdeMO [41].

Assuming unity transformer ratios between all ports, the
required base AC inductance is calculated based on (5) and
found to be 412.82 µH, where the CHiL system parameters
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FIGURE 6. Flow chart of the control algorithm containing smart power
router (SPR) and optimization algorithm.

are listed in Table 1. The RCDAB topology is tested under
different scenarios of normal operation and fault cases to
deeply illustrate the behavior of the topology.

FIGURE 7. Overall efficiency of the proposed RCDAB topology in case of
two ports are supplying power to the rest.

FIGURE 8. The RCDAB topology in the case of only two connected ports
while the rest are in an idle state (i.e. open circuit state with no EVs
connected).

FIGURE 9. Overall efficiency of the proposed RCDAB topology when only
two ports are enabled, while the rest are bypassed.

FIGURE 10. Port power delivery of the proposed RCDAB topology (any
number of ports).

A. NORMAL OPERATION
The RCDAB topology under ChiL validation is tested in
normal operation in three cases. In the first case, the power is
delivered from port 2 and port 5 to the remaining ports, while
in the second case, the power is transferred between two ports
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TABLE 1. CHiL system parameters.

FIGURE 11. CHiL experimental setup.

(port 3 and port 5) only and the rest are in an idle state (open
circuit port). In the last case, to test the converters in case of
using a varying voltage supply (battery), the voltage of the
receiving ports is assumed to be increasing (charging) while
the supplying ports deliver constant power.

A closed-loop control is applied for the power flow con-
trol which is depicted in FIGURE 5, with the control algo-
rithm depicted in FIGURE 6 to achieve the optimum point
operation.

1) FIRST CASE: TWO PORTS SUPPLYING POWER TO OTHER
PORTS
In the first case, two ports are supplying power to the remain-
ing three receiving ports at unity voltage conversion ratios,
where the variation of the port reference powers in each
time-step is shown in Table 2. The active power flow of
each port and the corresponding RMS current per DAB are
depicted in FIGURE 12(a) and FIGURE 12(b), respectively,
where all the ports’ powers manage to follow their reference
values. Also, it is verified that the power range per port is
−2 pu to 2 pu. Moreover, the efficiency of the proposed
RCDAB topology can be verified against the theoretical cal-
culation in (23) as shown in FIGURE 12(c).

2) SECOND CASE: POWER TRANSFERRED BETWEEN TWO
PORTS ONLY
In the second case study, it is assumed that the power is
transferred between two ports only, while the remaining ports
are in an idle state. Due to the SPR algorithm, only two
DABs are enabled while the rest are bypassed to decrease the
number of unnecessary power processing stages as previously

TABLE 2. The reference powers of each port in 4 time steps at unity
voltage conversion ratios.

TABLE 3. The reference powers of each port in 4 time steps at unity
voltage conversion ratios.

FIGURE 12. Normal operation first case study CHiL results. (a), (b) ports
active power and the corresponding RMS currents of each DAB,
respectively, and (c)) efficiency of the RCDAB topology.

discussed. Thus, lower losses are achieved which results in
higher efficiency of the proposed converter.

The variation of the port reference powers in each time-step
is shown in Table 3. The active power flow of each port
and the corresponding RMS current per DAB are depicted
in FIGURE 13 (a) and FIGURE 13 (b), respectively, where
the power is successfully transferred between only two ports.
Moreover, FIGURE 13 (c) shows the efficiency of the pro-
posed topology where the efficiency increases by the bypass-
ing operation.

3) THIRD CASE: VARIABLE VOLTAGES (EV BATTERIES
CHARGING)
To assess the operation of the proposed topology in case
of using variable voltage supplies (EV batteries), where
ports 2 and 5 deliver constant power to the remaining ports
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FIGURE 13. Normal operation second case study CHiL results. (a),
(b) ports active power and the corresponding RMS currents of each DAB,
respectively, and (c) efficiency of the RCDAB topology.

FIGURE 14. Normal operation third case study CHiL results (a) ports
active power, (b) voltage profile of each port, (c), (d) RMS currents of each
DAB and the efficiency of the RCDAB topology, respectively.

as shown in FIGURE 14 (a), it is assumed that the volt-
age of the receiving ports is increasing with time (battery
charging) according to FIGURE 14 (b). The RMS currents
of each DAB and the overall efficiency are shown in FIG-
URE 14 (c) and FIGURE 14 (d), respectively. It is clear that
the RMS currents decreases while increasing the receiving
ports voltages, which results in higher efficiency because the
optimization algorithm considers the voltage magnitude at
each port.

B. OPERATION UNDER FAULTS
Two cases of faults are studied for the proposed topology
using CHiL system. Considering the first case, a short circuit

fault is applied at one of the receiving ports (to test converter
fault tolerance). In the second case, an open circuit fault is
applied in one of the H-bridge legs emulating the case of
IGBT failing (to test the availability of the converter).

1) FIRST CASE: SHORT CIRCUIT FAULT AT DC PORT SIDE
For the first case, a short circuit fault is applied on port 3 (one
of the receiving ports). At the instant of the fault, the faulted
port power dropped to zero while the other port powers
managed to maintain their values as shown in FIGURE 15 (a)
except for the main supply port 5 because it delivers the net
power. The ports DC currents are shown in FIGURE 15 (b),
where the fault current increases at the instant of the fault.
Then after fault detection, the two corresponding DABs are
disabled and the fault current decreased to zero.

Since the DC fault current does not exceed the rated value,
it is concluded that the proposed topology is fault-tolerant to
DC port short circuit faults, with the capability of maintaining
power flow to remaining healthy ports.

2) SECOND CASE: OPEN CIRCUIT FAULT IN H-BRIDGE LEG
For the second case, for the RCDAB topology, an open circuit
fault is introduced at one of the H-bridge legs in DAB 4.
FIGURE 16 (a) shows that at the instant of the fault, the power
flow of DAB 3 dropped to zero, while the other DABs change
their transferred power in order to compensate for the faulted
DAB. Active power is maintained at all ports despite the DAB
failure, as shown in FIGURE 16 (b). Therefore, the RCDAB
topology succeeds in maintaining port power regulated riding
through the open circuit fault. Hence fault-tolerant operation
is achieved.

Moreover, for a more detailed explanation of the avail-
ability/ fault tolerance of the proposed topology in case of
open circuit faults, different scenarios have been addressed as
follows, where FIGURE 17 (a) shows a normal power flow
operation in the RCDAB topology before any open circuit
failure, therefore can be used as a baseline for assessment
with the different fault scenarios.

• Scenario 1: RCDAB open circuit failure in one whole
DAB unit (see FIGURE 17 (b)). No power flow inter-
ruption at any of the DC ports. Power flow at the
DC ports remains the same as the normal operation in
FIGURE 17 (a).

• Scenario 2: RCDAB open circuit failure in two different
DAB units that are adjacent (see FIGURE 17(c)). Power
flow is interrupted only at one port in between the two
adjacent faulted DABs (port 3).

• Scenario 3: RCDAB open circuit failure in two different
DAB units that are non-adjacent (see FIGURE 17(d)).
No power flow is interrupted at any DC port.

It is worth noting that the above analysis has shown that the
RCDAB will always have at least one more operational DC
port during the fault (Scenario 1 and Scenario 2). Scenario 3
has shown that it is yet possible for RCDAB to have all DC
ports operational even in the case of two non-adjacent DAB
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FIGURE 15. CHiL results during a DC port short circuit fault at port 3.
(a) ports active power, (b) ports DC current.

FIGURE 16. CHiL results during an open circuit fault at the H-bridge leg of
DAB 3 (a) the active power of each DAB, and (b) the ports active power.

FIGURE 17. (a) normal operation in RCDAB converter without open circuit
faults, (b) open-circuit fault in one DAB of RCDAB converter,
(c) open-circuit fault in two adjacent DABs of the RCDAB converter, and
(d) open-circuit fault in two non-adjacent DABs of the RCDAB converter.

units open circuit faults, depending on the relative positions
of the faulted DABs with respect to the supplying and sinking
ports.

VI. EXPERIMENTAL HARDWARE VALIDATION
To reinforce the CHiL system results, a simple hardware
prototype has been constructed for the RCDAB topology as
shown in FIGURE 18 using 3 DABs to provide a 3-port
network. A (DSP) digital signal processing unit labelled as

FIGURE 18. The hardware test rig of the RCDAB topology.

FIGURE 19. The circuit diagram of the hardware test rig.

LAUNCHXL-F28379D with a processor frequency equal
to 200 MHz is used as the system controller to generate the
suitable firing gates of the multiport converter’s switches.
The circuit diagram for the constructed test rig is depicted
in FIGURE 19. A nominal DC voltage of 24 V, a base power
of 200 W, and a switching frequency of 100 kHz are used in
the system.

A. NORMAL OPERATION
The system is tested in normal operation in three cases.
In the first case, the power is delivered from port 3 to the
remaining ports with a step change in the power flow, while
in the second case, the power is transferred between two ports
(port 1 and port 2) only and the third port is in an idle state
(open circuit port). In the last case, to test the converters in
case of using a varying voltage supply (battery), the voltage
of the receiving ports is assumed to be increasing (charging)
while the supplying port delivers a constant power.

The same closed-loop control previously discussed in the
paper is applied to the experimental test rig to achieve the
desired power flow. Since unity transformer ratios is utilized
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TABLE 4. Hardware prototype parameters.

FIGURE 20. Normal operation: first case study hardware results. (a) ports
active power, (b) the corresponding DC currents of each DAB,
(c) efficiency of the RCDAB converter.

between all ports, the required base AC inductance is cal-
culated based on (5) and found to be 3.7 µH, where the
prototype parameters are listed in Table 4.

To clarify the performance of the RCDAB topology, the
converters is tested under different scenarios of normal oper-
ation and fault cases.

1) FIRST CASE: A STEP CHANGE IN POWER FLOW
In the first case, one port is supplying power to the remaining
two receiving ports at unity voltage conversion ratios, where
port 1 reference power changes from −0.5 to −0.1 pu, and
port 2 reference power maintains its power at −0.5 pu, while
port 3 acts as the slack bus which supplies their required
power. The active power flow of each port and the cor-
responding DC current per DAB are depicted in FIGURE
20 (a) and FIGURE 20 (b), respectively. The step change in
the power flow occurs at t = 5s. It is obvious that the DC
currents of all DABs are changed to achieve the optimum
currents at the new power flow combination. Also, the effi-
ciency of the converter is shown in FIGURE 20 (c), where
the converter efficiency increases as the power delivered
decreases.

FIGURE 21. Normal operation: second case study hardware results.
(a) ports active power, (b) the corresponding DC currents of each DAB,
(c) efficiency of the RCDAB converter.

FIGURE 22. Normal operation: third case study hardware results (a) ports
voltage profile of each port, (b) ports DC current, (c) ports active power,
(d) the corresponding DC currents of each DAB, respectively, (e) efficiency
of the RCDAB converter.

2) SECOND CASE: POWER TRANSFERRED BETWEEN TWO
PORTS ONLY
In the second case, the power is transferred between two ports
only (port 1 and 3) while the remaining port is in an idle state,
where port 1 reference power changes from−0.4 to−0.8 pu,
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which is supplied from port 3. The active power flow of each
port and the corresponding DC current per DAB are depicted
in FIGURE 21 (a) and FIGURE 21 (b), respectively, where
DAB 2 is successfully bypassed and the power is transferred
between two ports only.

Additionally, the efficiency of the converter is depicted in
FIGURE 21 (c), where it can be observed that bypassing the
DAB 2 increases the converter efficiency.

3) THIRD CASE: VARIABLE DC VOLTAGES SUPPLIES (EV
BATTERIES CHARGING)
To test the performance of the topology in case of using
variable voltage supplies (EV batteries), it is assumed that the
voltage of port 2 is increasing with time (battery charging)
according to FIGURE 22 (a). Port 3 delivers constant power
to the remaining ports as shown in FIGURE 22 (b). The DC
current of each port and the corresponding DC current per
DAB are depicted in FIGURE 22 (c) and FIGURE 22 (d),
respectively. Since the optimization algorithm in the RCDAB
topology considers the voltage magnitude at each port,
the DC current of port 2 decreases while increasing its
voltage, which results in higher efficiency as depicted in
FIGURE 22 (e).

B. OPERATION UNDER FAULTS
The RCDAB topology is tested under different fault scenar-
ios, two cases of faults are studied. In the first case, a short
circuit fault is applied at one of the receiving ports, while in
the second case, an open fault is applied in one of theH-bridge
legs emulating the case of IGBT failing.

1) FIRST CASE: SHORT CIRCUIT FAULT AT DC PORT SIDE
For the first case, a short circuit fault is applied on port 2 (one
of the receiving ports). At the instant of the fault the voltage of
port 2 dropped to zero as depicted in FIGURE 23 (a), where
the DC current of port 2 is increased until fault detection as
shown in FIGURE 23 (b). After fault detection, the fault cur-
rent is decreased to zero. Additionally, the faulted port power
dropped to zero while the remaining sinking port power man-
aged to almost maintain its value as shown in FIGURE 23(c).
The DAB currents are shown in FIGURE 23(d), where after
fault detection, DAB 2 and 3 are disabled to block the fault
where their currents are decreased to zero. DAB 1 current is
increased to compensate for the dropped DABs.

Since the DC fault current drops to zero, it is concluded
that the RCDAB topology is fault-tolerant to DC port short
circuit faults, with the capability of maintaining power flow
to the remaining healthy ports.

2) SECOND CASE: OPEN CIRCUIT FAULT IN H-BRIDGE LEG
For the second case, an open circuit fault is introduced at one
of the H-bridge legs in DAB 2. FIGURE 24(a) shows that
at the instant of the fault, the current of DAB 2 dropped to
zero, while the other DABs change their transferred power
in order to compensate for the faulted DAB. Active power is
maintained at all ports despite the DAB failure, as shown in

FIGURE 23. DC short circuit fault at port 2 hardware results (a) ports
voltage profile of each port, (b) ports DC current, (c), ports active power,
(d) the corresponding DC currents of each DAB.

FIGURE 24. Open circuit fault at H-bridge leg of DAB 2 hardware results
(a) DC currents of each DAB, (b) ports active power.

FIGURE 24(b). Hence open-circuit fault-tolerant operation
is achieved due to the redundant power paths available to the
ports through the ring connection of the RCDAB topology.

VII. SUMMARY AND DISCUSSION
This section presents a comparison between different mul-
tiport DC-DC topologies that can be used for EV charging
stations. The converters taken part in the discussion are the
MIPC topology [16], the LCL DC Hub topology [21], the
LLC-MWT topology [36], the MAB-MWT topology [32],
and the RCDAB topology. The comparison is illustrated in
detail in Table 5, which focuses on the features of modularity,
DC fault tolerance, availability to open circuit faults, total
number of switching devices, feasible power flow solutions
and the operation mode of the converter.

It is observed that the RCDAB, the LCL DC Hub and
the MIPC converters can be extended to include extra ports
hence achieving the feature of modularity. However, only the
RCDAB and the LCL DC Hub topologies have the capa-
bility of replacing/ eliminating any port without redesigning
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TABLE 5. Key feature comparison of DC-DC multiport converters.

the whole converter resulting in full modular multiport
converters.

Since most of the topologies are able to endure a short cir-
cuit fault applied at any port, these topologies are considered
fault-tolerant. But nevertheless, just the RCDAB converter
can handle an open circuit fault applied at one of the H-bridge
legs due to the redundant power paths through the ring con-
nection of the RCDAB topology. In addition, despite that fact
that the number of switches in the RCDAB topology is more
than that of the other topologies, the regards about the power
losses can be settled by using silicon carbide (SiC) or gallium
nitride (GaN) power devices [42].

Also, the RCDAB, the MAB-MWT, and the LCC-MWT
are isolated topologies, where the high frequency transformer
provides galvanic isolation among the ports and the ability to
step up or step down the voltage gain ratio.

Moreover, unlike the rest of the topologies which has
only one possible solution for a given power distribution, the
RCDAB topology covers a high range of feasible power flow
combinations, hence enabling optimization with SPS control,
which represents a clear advantage to the RCDAB converter
availability in addition to its wider power delivery capability.

VIII. CONCLUSION
A new multiport DC-DC converter has been pro-
posed for electric vehicles’ fast-charging stations namely
RCDAB topology. Since the RCDAB converter consists of
ring-connected DABs with a theoretically infinite number of
internal power flow solutions, a novel closed-loop control has
been developed to determine the optimal operating point of
each DAB that achieves the lowest total RMS current. Also,

bypass switches are added to each DAB to eliminate any
unnecessary power processing stages in the event of any DC
ports being in an idle state with nothing connected to it.

Both CHiL and hardware validations are used in the paper
and verified the theoretical claims. Moreover, a comparison
has beenmade between the RCDAB topology and several dif-
ferent multiport converters that are existed in literature, which
concludes that although the proposed RCDAB topology has
an increased switch count, it provides isolation between the
ports with bidirectional capability. It has a fully modular
structure that is easily scalable to include additional ports,
provides short circuit fault tolerance, open circuit fault tol-
erance (better availability due to redundant paths for power
flow to/from each port). The RCDAB is a promising topology
for multiport DC-DC converters in EV fast-charging stations,
given the highly favorable features it has proven.
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