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Abstract: The increasing penetration of renewable energy sources (RESs) in transmission and dis-
tribution systems presents several challenges for grid operators. In particular, the unpredictable
behavior of RESs can disrupt the balance between energy production and load demand, potentially
affecting the stability of the entire system. Grid-connected energy storage systems (ESSs) offer a
possible solution to manage the uncertainty associated with RESs. In fact, ESSs exchange power
with the grid through the adoption of suitable energy management strategies, which are typically
implemented by power electronics-based grid interfaces. Unlike other current source converter (CSC)
solutions described in the literature, which only interface with a single energy storage device, this
paper introduces a novel topology for a three-phase delta-type current source converter (D-CSC),
which is capable of integrating three independent ESSs using the same number of semiconductors as
traditional CSC solutions. Thus, it considerably enhances the flexibility of a power conversion system
(PCS) without increasing the number of converter components. In addition, an innovative energy
management control strategy is also introduced. This strategy enables the D-CSC to compensate
for energy imbalances arising between the three ESSs, which might be caused by several factors,
such as different aging characteristics, converter component tolerances, operating conditions, and
temperature drifts. Hence, the D-CSC-based interface is capable of proper grid operation even if the
three ESSs have different characteristics, thus opening the possibility of employing this converter to
integrate both first and second-life devices. First, the topology of the proposed D-CSC is introduced,
followed by a detailed mathematical description of its control strategy. The proper grid operation of
the D-CSC was tested under different scenarios, considering the grid integration of three indepen-
dent superconducting magnetic energy storage systems in a marine vessel. The proposed D-CSC is
compared to traditional CSC solutions, highlighting the superior performances of the novel converter
topology in terms of efficiency, total harmonic distortion of the output currents, and overall cost
reduction for the PCS.

Keywords: energy storage; power conversion system; current source converter; energy balancing
strategy; second-life storage; marine power grid

1. Introduction

In recent years, the increasingly impending need to stop climate change has motivated
governments, researchers, and companies to make unprecedented efforts to convert the
energy production sector from traditional fossil-fuel-based sources to renewable energy
sources (RESs) [1]. However, as the penetration of RESs increases, the management of
power systems becomes more challenging. Indeed, the rather unpredictable behavior
of these energy sources makes it harder to balance the energy production with the load
demand, eventually affecting the stability of the entire system. Therefore, power grids
are increasingly relying on energy storage systems (ESSs) because these play a key role in
coping with the uncertainty associated with both the availability of RESs and behaviors of
energy consumers [2].
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Several storage technologies based on different physical principles have been devel-
oped throughout the years to exploit the energy storage capabilities of different methods,
such as chemical, mechanical, and electromagnetic technologies. Nevertheless, the common
role of all grid-connected ESSs is to operate as “energy buffers”, absorbing power from
the grid when the production exceeds the demand or, vice versa, injecting power when
the RES-based production is insufficient, thus actively matching the energy production
with the load consumption. This power exchange can be suitably controlled through a
power electronics-based power conversion system (PCS), which serves as the interface
between the ESSs and power grid. Among the available ESS technologies, superconducting
magnetic energy storage (SMES) has been proven to be a suitable option for a plethora of
applications, effectively providing grid services such as power fluctuation compensation,
frequency control, transient stability enhancement, and power quality improvements of
grid-connected renewable energy systems such as wind energy and solar photovoltaic
systems [3].

This study was conducted within the framework of V-ACCESS, a European project
supported by the Horizon 2020 program. The scope of this activity is to investigate the
opportunities and feasibility of integrating SMES on marine vessels to support the onboard
electric grid. This has the primary goal of supporting the batteries that are already present
in different vessels to improve the overall efficiency and reduce the battery size. Moreover,
the high peak power that SMES can supply could improve the quality of the onboard
electric grid, allowing the integration of new devices and expanding the maneuverability
of the vessel. In order to integrate SMES in a ship’s electric grid, it is necessary to develop
suitable converters with high performance, limited cost, and the potential to integrate more
than one SMES in the ship. For this reason, this paper proposes a new current source
converter that can integrate three SMES systems in a single power conversion system.

Regarding SMES integration, several viable solutions can be found in the literature
to realize a PCS based on a current source converter (CSC) topology because of the inher-
ent constant current source behavior of SMES devices. The authors of [4] proposed the
adoption of a single-phase CSC-PCS for SMES integration, demonstrating the feasibility
of achieving a bidirectional power exchange according to load and network requirements.
In [5], multiple parallel-connected CSCs were employed to increase the system power ex-
change capability and realize a 20 MW PCS interfaced with a single SMES device. A similar
solution was presented in [6], where several SMES devices exchanged energy with the AC
grid through the use of a dedicated CSC for each SMES coil, demonstrating the operation
of several SMES-fed CSCs in islanding mode.

Moreover, SMES units are successfully used in the specific context of marine power
systems and, more generally, in naval applications, usually in combination with other
storage devices. This was the case in [7], where a hybrid ESS (combining SMES and
batteries) was proposed for peak and pulsed load supply. A similar employment of SMES
for marine power systems was also found in [8], where the authors exploited this storage
technology to control the DC bus voltage of a power converter under peak load conditions.
A possible application of SMES can also be found in naval DC microgrids, where model-
predictive control strategies for the ESS have been implemented for efficiently managing
the available energy, with particular reference to pulsed-power load supply [9].

CSCs are also suitably employed for integrating other storage technologies. Indeed,
the authors of [10] presented a three-phase grid-connected CSC integrating battery storage
systems to realize a charging station for electric vehicles. Regarding hydrogen-based
ESS, [11] adopted a CSC that could be suitably employed for the grid integration of a
fuel-cell storage plant. In this context, modular multilevel CSC topologies have also been
investigated, as in [12]. Other PCS solutions based on CSC have also been proposed for
oceanic wave energy harvesting [13].

All the previously mentioned solutions made use of either a single or multiple CSCs
having only one ESS connected to the DC side. In contrast, this paper proposes multiple
innovative contributions:
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• A novel topology for a grid-connected current source converter with delta-connected
branches (herein referred to as a delta-type current source converter (D-CSC)) is
proposed for marine applications. This configuration allows integrating three inde-
pendent ESSs with a single converter, instead of using three classic CSCs.

• Considering the previous point and the fact that the D-CSC uses the same number of
semiconductors as the classic CSC, the grid integration of three ESSs can be realized
with a significant reduction in the number of power electronics components. Therefore,
using a D-CSC instead of three CSCs allows for a substantial cost reduction for the
whole system.

• This paper also proposes an innovative control strategy to compensate the imbalances
between the amounts of energy stored in the three ESSs, which arise as a result of
factors such as different aging characteristics, components tolerances, and temperature
drifts, enabling the proper operation of the converter with the grid. Because of the
ability to interface energy sources with different characteristics, the adoption of this
control strategy opens up the possibility of using the D-CSC for integrating both first
and second-life storage devices.

• The comparative analysis presented in Section 4.3 highlights the better performances
of the proposed D-CSC over traditional CSC-based PCSs, showing improvements
in both the efficiency and total harmonic distortion (THD) of the grid currents over
the whole converter operating region. Moreover, the cost reduction compared to a
traditional CSC-based PCS is also quantitatively analyzed.

It must be highlighted that energetic imbalances between the three ESSs could arise
as a result of several factors, including manufacturing tolerances, variations in aging
characteristics, differences in thermal operating conditions, and converter non-idealities.
These imbalances might result in the injection of undesired current harmonic components
into the grid, jeopardizing the operation of the PCS. Nevertheless, this work proposes the
implementation of an innovative space vector-based energy balancing control strategy,
which enables the proper operation of the D-CSC even if the amounts of energy stored by
the three ESSs are not equal. Therefore, as an additional novel contribution to the existing
literature, the proposed solution also opens up the possibility of integrating both first and
second-life storage devices or even storage systems with different characteristics (e.g., with
different sizes, or from different manufacturers).

This paper specifically focuses on the application of SMES in marine applications. This
work is organized as follows. Section 2 presents the structure of the D-CSC and provides a
topology comparison with a traditional PCS solution, using several CSCs for the integration
of multiple energy storage devices [6]. Section 3 describes the control strategy adopted
for the proposed converter for a low-voltage grid interface. Lastly, the D-CSC capabilities
are reported in Section 4, which were determined in simulation case studies performed in
Matlab Simulink®, showing the integration of three SMES ESSs within the electrical grid
and presenting a comparative analysis between the proposed D-CSC and a traditional PCS
comprising three independent CSCs for integrating the three ESSs.

2. D-CSC Structure

The proposed D-CSC topology is shown in Figure 1. The scope of this work covers
the application of the D-CSC to the grid integration of three independent SMES units.
Nevertheless, this does not represent a limit because the proposed converter could also be
suitably used for interfacing with different storage devices. The converter comprises three
delta-connected branches (i.e., AC, BA, and CB). These consist of three constant current
sources IAC

dc , IBA
dc , and ICB

dc , which model the three SMES units. The phase terminals (A, B,
and C) of the delta-connected branches are tied to the grid through an output capacitive
filter with capacitance C f . Each branch also includes two power switches with reverse-
blocking (RB) capability. Several solutions are available to realize these switches, depending
on the specific application and, specifically, on the requirement of either unidirectional
or bidirectional power exchange. This can be the use of reverse-blocking IGBTs (RB-
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IGBTs), conventional switches with series diodes, anti-series-connected hybrid switches
in a common-drain or common-source configuration, or new monolithic bidirectional
devices [14].

Figure 1. Delta-type current source converter structure.

The following constraints must always be satisfied in a D-CSC to safely drive the
branch switches:

• A conduction path for the DCs of each branch must always be guaranteed, meaning
that at least one of the two switches of each branch must be in the on state at all times.
This constraint is enforced through the use of overlap times between the on-going and
off-going switches in each branch.

• The output phase terminals of the D-CSC must never be shorted to avoid damaging
the output filter capacitor bank.

The second constraint is always satisfied when using switches with series diodes because
the diodes inherently block the conduction of reverse currents when shorting the output
terminals. However, particular attention must be given when using hybrid switches
because these allow the current to flow in both directions. This issue can be addressed by
appropriately setting the overlap times, e.g., by implementing the four-step commutation
method proposed in [15] to avoid shorting the converter output terminals (A, B, and C) at
any time.

Let us now compare the structure of the proposed D-CSC with that of a traditional
CSC-based PCS, which uses a dedicated CSC for integrating each SMES unit [6], as shown
in Figure 2. It is directly evident that—for the same number of storage units interfaced
with the AC grid—the proposed solution requires one-third of the semiconductors (i.e.,
switches and reverse-blocking diodes) and, thus, also gate drivers, as well as one-third
of the filtering capacitors. Therefore, the novel D-CSC-based PCS offers the possibility to
integrate multiple ESSs with a significant reduction in the number of components and,
consequently, of the complexity compared to a traditional CSC-based PCS.
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Figure 2. Traditional CSC-based PCS, using three independent CSCs for interfacing three SMES
devices.

3. Control Strategy

The control strategy of the D-CSC is organized into three separate blocks: the grid
controller, average current controller, and energy balancing controller. Eventually, the three-
phase current control signals synthesized as the sum of the outputs of these three blocks
are provided as inputs to the modulator, which provides the gate signal g1,...,6 to drive the
six switches S1, S2, ..., S6 of the D-CSC. A detailed analysis of the control strategy blocks is
presented in the following with the aid of the block diagrams shown in Figures 3 and 4.

grid controller

controller
average current

controller
energy balancing
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*
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I avg
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dcEAC
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      abc,*
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Figure 3. D-CSC control strategy.
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Figure 4. Complete block diagram of D-CSC control strategy.

3.1. Grid Controller

The grid controller ensures the exchange of the desired active and reactive power P∗
ac

and Q∗
ac with the grid by properly defining the reference delta currents i∗AC, i∗BA and i∗CB.

The active and reactive power exchange can be expressed in the dq rotating reference
frame by applying the Park transformation to the three-phase line-to-ground grid voltages
and currents, as follows [16]:

Pac =
3
2 (vgdigd + vgqigq)

Qac =
3
2 (vgqigd − vgdigq)

(1)

where vgd, vgq, igd, and igq are the d and q axis grid voltages and currents, respectively.
By locking the phase of the line-to-ground grid voltage through a phase-locked loop (PLL)
and fixing vgq = 0, the following is obtained:

Pac =
3
2 vgdigd

Qac = − 3
2 vgdigq.

(2)

Therefore, the decoupled control of Pac and Qac is achieved by regulating igd and igq.
In the following, a mathematical analysis aimed at deriving the relationship between the
grid currents and converter-generated delta currents is provided.

Space vector ioαβ of the three converter output currents ia
o , ib

o , and ic
o with respect to a

stationary reference frame of coordinates αβ is expressed as follows:

ioαβ = ig
αβ + ic f

αβ (3)

where we have the following:

• ig
αβ is the space vector of the three-phase grid currents ia

g, ib
g, and ic

g

• ic f
αβ is the space vector of the three-phase capacitor currents ia

c f , ib
c f , and ic

c f .

The output capacitive filter is sized to provide a low-impedance path for the current
harmonic components at the switching frequency. On the other hand, at the grid frequency,
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the impedance of these capacitors is much higher than the grid impedance. Hence, it
follows that, because ic f

αβ << ig
αβ, the current absorbed by the capacitive filter can

be neglected. Therefore, considering ic f
αβ = 0, the tuning of the grid controller can be

performed as in [17].
Applying the inverse Park transformation to io yields three current control signals ia,∗

o ,
ib,∗
o and ic,∗

o . However, these currents are in reference to the grid side of the D-CSC, while the
inverter modulation should synthesize the reference currents related to the delta-connected
side where the six power switches are actually connected. Therefore, an additional step
is necessary to transform iabc,∗

o into the delta-side current control signals i∗AC, i∗BA, and i∗CB.
Supposing that these currents are balanced, their relationship is given by the following:

{ i∗AC = 1
3 (i

a,∗
o − ic,∗

o )

i∗BA = 1
3 (i

b,∗
o − ia,∗

o )

i∗CB = 1
3 (i

c,∗
o − ib,∗

o ).
(4)

3.2. Average Current Controller

In the presence of energetic imbalances between the three ESSs caused by different
operating conditions, temperature drifts, manufacturing tolerances, aging characteristics,
and other factors, undesired average grid current components arise. In particular, the
amplitude of these average currents directly depends on the energy imbalance.

As an example, let us address the issue in reference to the target case study of this work:
the integration of three SMES devices within the power grid of a marine vessel. Currents
IAC
dc , IBA

dc , and ICB
dc are directly related to energy stored in the SMES coils. For example, if the

latter have the same inductance but store different amounts of energy, the three constant
currents IAC

dc , IBA
dc , and ICB

dc , are also different. These latter currents also represent the peak
amplitudes of the three branch currents iAC

dc (t), iBA
dc (t), and iCB

dc (t), respectively, which have
a value of either zero or IAC

dc , IBA
dc , and ICB

dc , depending on the state of the six switches of the
D-CSC. As a result, in the presence of an energetic imbalance between the three storage
units, the branch currents span from zero to three peak values, i.e., IAC

dc , IBA
dc and ICB

dc , which
are different, thus resulting in three branch currents with different averages. Hence, three
average components arise in ia

g, ib
g, and ic

g to enforce Kirchhoff’s current law at the converter
phase terminals, ABC. On the other hand, when the amounts of energy stored by the
three SMES units are equal, then the three branch currents iAC

dc (t), iBA
dc (t) and iCB

dc (t) have
equal peak amplitudes and average values, and no average current components arise in
the grid currents.

Therefore, a specific control loop should be set up to eliminate the average grid
currents by generating three current control signals, denoted as Iabc,∗

avg .

3.3. Energy Balancing Controller

The task of the energy balancing controller is to compensate for the energy imbalances
arising between the three ESSs, without affecting the external power exchanged by the
D-CSC with the grid. This requires enforcing the circulation of an additional zero-sequence
current component, icirc, which only flows within the delta-connected side of the converter.

Locking the phase of the grid voltage with a PLL, the fundamental harmonic compo-
nents of the line-to-line voltages applied on the three branches of the D-CSC are given by
the following: { vAC(t) =

√
2Vcos(ωt − π

6 )

vBA(t) =
√

2Vcos(ωt − 2π
3 − π

6 )

vCB(t) =
√

2Vcos(ωt + 2π
3 − π

6 )

(5)
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where V is the RMS line-to-line voltage of each branch of the converter at its three output
terminals A, B, and C. The zero-sequence circulating current component is expressed
as follows:

icirc(t) =
√

2Icirccos(ωt + ϕ0) (6)

where
√

2Icirc and ϕ0 are the peak amplitude and phase of the circulating current compo-
nent, respectively. The power, PABC

circ , exchanged between the three ESSs, can be computed
for branch AC, BA, and CB as follows:

PABC
circ (t) =

{ vAC(t)icirc(t)
vBA(t)icirc(t)
vCB(t)icirc(t).

(7)

It can easily be noticed that because vAC + vBA + vCB = 0, Pcirc = ∑ PABC
circ = 0, hence,

proving that the presence of icirc does not affect the power exchange with the grid.
However, each term of (7) can be individually non-zero and represents the active

power flowing from the ESS of each branch toward the other energy sources. This power
flow can be controlled by appropriately setting the parameters Icirc and ϕ0, with the purpose
of equalizing the amounts of energy stored in the three ESSs. In particular, Icirc is related
to the amount of power to be exchanged, while ϕ0 determines the direction of this power
exchange, i.e., which source (or sources) must be charged and which must be discharged.

To implement a closed-loop energy equalization strategy, the following control algo-
rithm was defined. The overall control scheme is reported in Figure 4. First, energy space
vector E should be computed by applying the Park transformation to the energy values,
EAC

dc , EBA
dc , and ECB

dc , stored in the three ESSs, as follows [18]:

E =
2
3
(EAC

dc + EBA
dc e

2π
3 + ECB

dc e−
2π
3 )ejωt. (8)

In this way, amplitude |E| of E is directly related to the amount of energy imbalance
and only reaches zero when EAC

dc = EBA
dc = ECB

dc . Therefore, a simple PI regulator can be
adopted to determine Icirc according to the error signal, i.e., |E|. In addition, the power
flow direction is provided by setting phase ϕ0 of icirc equal to the phase of E.

For the sake of clarification, let us provide a simple example: let us suppose that the
amounts of energy EAC

dc , EBA
dc , and ECB

dc , stored by the three ESSs are different, as in Figure 5.
In particular, EAC

dc > EBA
dc > ECB

dc , where the amplitude of E indicates the amount of energy
imbalance, while phase ϕ0 indicates the branch with the greatest charge. Vector E is in the
region delimited by vectors EAC

dc and EBA
dc , and is specifically closer to branch AC. This

means that AC is the branch with the greatest charge, followed by BA. Thus, the phase of
circulating current icirc can be assigned by evaluating the phase of E. In this way, combining
(5) with (6) and (7) yields the power exchanged between the ESSs.

It must be highlighted that equalizing the amounts of energy stored by the three SMES
devices also results in the elimination of the average grid current components, therefore
achieving the same objective as the average current controller and making the action of this
latter control loop unnecessary when the amounts of energy stored by the three ESSs are
equal. Nevertheless, because the energy balancing control loop is slower than the average
current control loop, using the latter makes it possible to operate the converter even if the
amounts of energy stored by the ESSs are different. In other words, thanks to the average
current controller, the D-CSC can exchange power with the grid while the energy balancing
controller slowly brings the amounts of energy stored by the three SMES units to the same
value. On the other hand, rather than equalizing the amounts of energy stored by the ESSs,
the energy balancing controller might be tuned to maintain different energy values. In that
case, the average current controller is always active and effectively enables an exchange of
power with the grid by erasing the grid current average components.
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Im
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Figure 5. Energy space vector example.

4. Simulation Case Study

This section discusses the results of a simulation used to test the effectiveness of using
the D-CSC to integrate three SMES devices into the electrical grid of a ship. Moreover,
the results of a comparative analysis between the proposed D-CSC (Figure 1) and a tradi-
tional (Figure 2) CSC-based PCS are also presented. These analysis results highlight the
better performances of the proposed D-CSC, in terms of efficiency, THD of the grid currents
and overall cost reduction.

Let us consider three SMES units with a rated capacity of Er
dc = 13.5 Wh and in-

ductance Lr
dc equal to 9.7 H each. Therefore, each SMES was modeled with a constant

current source, Ir
dc, of 100 A. Furthermore, the D-CSC rated power, Pr, was equal to 49 kVA.

Nevertheless, the operation of the D-CSC was tested considering three different active
power setpoints, (P∗

ac = 0 W, P∗
ac = Pref = 10 kW and P∗

ac = −Pref = −10 kW) to show
that the balancing controller action could prevent a significant discharge of the three SMES
units. The reactive power set-point, Q∗

ac, was instead kept at zero. A comprehensive set of
simulation parameters is provided in Table 1. It is worth highlighting that, to reduce the
joule losses related to the circulation of icirc, the energy balancing controller activates only
if the energetic imbalance overcomes a pre-defined arbitrary threshold, thus forcing the
circulation of icirc only if |E| > 1%Er

dc.
Several different simulation case studies are presented to show the converter operation

under both balanced and unbalanced energetic operating conditions.

Table 1. Simulation parameters.

Symbol Quantity Value

Ar D-CSC rated apparent power 49 kVA
Vg line-to-line RMS grid voltage 400 V
Rg grid resistance 1.5 Ω
Lg grid inductance 2 mH
C f filter capacitance (wye) 300 µF
Er

dc SMES rated storage capacity 13.5 Wh
Lr

dc SMES coil rated inductance 9.7 H
Ir
dc SMES coil rated current 100 A
fs switching frequency 6 kHz

4.1. Balanced Operating Conditions

In this scenario, the simulation starts with three SMES devices storing exactly the
same amounts of energy, equal to Er

dc, which results in IAC
dc = IBA

dc = ICB
dc = Ir

dc. Moreover,
the inductance values of the three SMES coils are fixed at the rated value of Lr

dc, hence
neglecting deviations due to manufacturing tolerances.

Figure 6a shows the active power exchange between the D-CSC and the grid, demon-
strating the capability of the grid controller to track the active power setpoint, P∗

ac. The three
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grid currents, ia
g, ib

g, and ic
g, are displayed in Figure 6c. It can be observed that—in the

absence of energy imbalances among the three ESSs—the three-phase currents are sym-
metrical, and no average grid current component is present. Indeed, the total harmonic
distortion is equal to 0.98%. The graph of Figure 6d depicts the amounts of energy stored by
the three SMES devices over time, which are directly linked to the SMES currents depicted
in Figure 6b. It is noteworthy that even when the active power output of the converter
is zero (e.g., for t ∈ [0 s, 0.25 s] and t > 1 s), the amounts of energy stored by the SMESs
decreases. This is caused by the conduction losses resulting from the SMES currents flowing
in switches S2, S4, and S6.
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Figure 6. Balanced operating conditions: (a) active power output, (b) SMES currents, (c) grid currents,
and (d) SMES energies.

4.2. Unbalanced Operating Conditions

The operation of the D-CSC with three SMESs storing different initial amounts of
energy was tested considering three separate cases.

1. In the first scenario, a 20% inductance tolerance deviation was set: LAC
dc , LBA

dc and LCB
dc

were equal to 120%Lr
dc, Lr

dc and 80%Lr
dc, respectively. Additionally, the initial SMES

currents were equal to each other, i.e., Ir
dc.

2. In the second scenario, the initial SMES currents varied by 10% between the three
SMES units, with IAC

dc = 90% of Ir
dc, IBA

dc = Ir
dc and ICB

dc = 110% of Ir
dc. Moreover,

the SMES coils inductances are equal to each other, i.e., Lr
dc.

3. The third scenario considered both different inductance values and different initial
currents, with LAC

dc , LBA
dc and LCB

dc again equal to 120% of Lr
dc, Lr

dc and 80% of Lr
dc,

respectively; and IAC
dc = 110% of Ir

dc, IBA
dc = Ir

dc and ICB
dc = 90% of Ir

dc.

The active power reference profile used for these simulations followed the same
pattern as that shown in Figure 6a, repeated over time. The activation of both the average
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current and energy balancing controllers occurred at t = 0.25 s. This delay was purposely
introduced to highlight the effect of the energetic imbalances between the SMES units on
the grid currents. Moreover, the grid connector closed at t = 0.2 s.

The simulation results for the first scenario are summarized in Figure 7. In this case,
the amounts of energy stored by the SMES units were EAC

dc = 120% of Er
dc, EBA

dc = Er
dc and

ECB
dc = 80% of Er

dc. The SMES currents started from the same value (i.e., 100 A): therefore,
the average values of the three branch currents, iAC

dc (t), iBA
dc (t), and iCB

dc (t) were equal,
and the grid currents were symmetric, i.e., no average current component appeared. The
action of the energy balancing controller is depicted by Figure 7d), where it is possible
to observe that the amounts of energy stored by the three SMES equalized after almost
4 s. However, the three SMES currents, IAC

dc , IBA
dc , and ICB

dc became different. This was
a consequence of the action of the energy balancing controller because the only way to
balance the amounts of energy stored by the three coils with different inductance values
was to force the circulation of three different SMES currents. Nevertheless, even if these
currents were different, the combined action of the average current controller ensured that
there was no evident effect on the three grid currents, ia

g, ib
g, and ic

g, as seen in Figure 7c.
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Figure 7. Unbalanced operating conditions with different SMES coil inductances: (a) active power
output, (b) SMES currents, (c) grid currents, and (d) SMES energy values.

The results for the second simulation scenario, in which the inductances of the SMES
coils were all equal but the initial currents varied by 10% of the rated value, are depicted in
Figure 8. In this case, EAC

dc = 81% of Er
dc, EBA

dc = Er
dc, and ECB

dc = 121% of Er
dc. In contrast to

the previous scenario, it is possible to observe that because IAC
dc , IBA

dc , and ICB
dc are different

from each other, average current offsets of ia
g, ib

g, and ic
g appear. As seen in Figure 8c, the

average currents arose even when the grid connector was closed and zero active power
was exchanged with the grid. Nevertheless, as shown in Figure 8c, after the activation
of the average current controller at t = 0.25 s, these undesired current components are
quickly disappeared, which guaranteed the proper grid operation. Moreover, just as in the
previous scenario, under these conditions, the amounts of energy stored by the three ESSs,
as well as their respective currents, became equal, as highlighted in Figure 8d,b.

Finally, the results for the third unbalanced operating scenario were a mixture of the
previous results. As seen in Figure 9a,c because IAC

dc , IBA
dc , and ICB

dc had different values
at the start, average grid current components arose, as shown in Figure 8c. Again, they
quickly disappeared as a result of the average current control loop. Moreover, just as in the
first unbalanced scenario, because the three SMES coils had different inductances, the only
way for the energy balancing controller to equalize the amounts of energy stored by the
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ESSs was to force the circulation of different SMES currents. In fact, as highlighted in
Figure 9b, currents IAC

dc , IBA
dc , and ICB

dc were always different from each other. Nevertheless,
the presence of these imbalances did not significantly affect the operation of the D-CSC,
which was able to exchange power with the grid under every operating condition.

Finally, it is worth noting that in the third unbalanced operating scenario, more time
was required for the equalization of the amounts of energy stored by the SMES units,
compared to the other two unbalanced operation cases, because the energy difference
between the ESSs was greater.
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Figure 8. Unbalanced operating conditions with different SMES currents: (a) active power output,
(b) SMES currents, (c) grid currents, and (d) SMES energy values.
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Figure 9. Unbalanced operating conditions with different inductances and currents for the SMES
coils: (a) active power output, (b) SMES currents, (c) grid currents, and (d) SMES energy values.

4.3. Proposed PCS Performance against Traditional Solution

The topology of a traditional CSC-based PCS is shown in Figure 2. It consists of three
independent CSCs individually connected to the AC grid through a capacitive filter, as
proposed in [6]. Each CSC integrates a single SMES on the DC side. A model of this
PCS to assess its performances against those of the proposed D-CSC under the following
assumptions.
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• The three SMES units were represented as constant current sources, i.e., Idc1, Idc2,
and Idc3, as represented in Figure 2. This avoided changes in the DC-side currents and,
therefore, losses due to the charging/discharging of the storage devices. Balanced
operating conditions were assumed, i.e., Idc1 = Idc2 = Idc3 = Ir

dc = 100 A. Moreover,
for the D-CSC IAC

dc = IBA
dc = ICB

dc = Ir
dc = 100 A, thus using the same equal constant

current sources for both converter solutions.
• The amounts of capacitive energy stored by the capacitive filters were equal for both

PCSs. Therefore, because the operating voltages of the filters were the same in both
cases, this implied that each capacitor of the traditional PCS had 1/3 the capacitance of
the capacitors employed for the D-CSC. In particular, C f = 100 µF for the traditional
PCS, while C f = 300 µF for the PCS based on the D-CSC.

• The same grid controller and modulation strategy were employed for both PCS
solutions, using equal tuning parameters.

• Both the efficiency and THD were evaluated considering the unitary modulation
index as a maximum limit. This choice implied that the maximum apparent power
exchanged with the grid was Amax = 49 kVA. Hence, the evaluation of both quantities
was performed within this capability region for both PCSs solutions.

The semiconductor sizing requirements should be addressed first because these are
of key importance for a fair comparison of the two PCSs. Consider the D-CSC structure
presented in Figure 1, with a specific focus on branch AC. The SMES unit associated
with this branch is either connected to the converter output terminals through switch S1,
or bypassed through switch S2. Therefore, each switch must be capable of handling the full
DC of each SMES in the case that where the D-CSC is suddenly disconnected from the grid.
Indeed, when this disconnection occurs, the DC-side energy sources are short circuited by
closing S2, S4, and S6. As a consequence, for the D-CSC, the RMS current ratings of the
semiconductors (i.e., active switches and series reverse-blocking diodes) correspond to the
full DC-side currents, i.e., IAC

dc , IBA
dc , and ICB

dc .
On the other hand, for the traditional PCS based on multiple CSCs shown in Figure 2,

in a case of a grid disconnection, flow paths for the DC-side currents are provided by
short-circuiting the storage devices through the CSCs switches. However, in contrast
to the previous case, implementing a suitable control logic for the converter’s phase-leg
can alternatively short-circuit the energy source for 1/3 of the grid fundamental period.
Therefore, in contrast to the D-CSC, for this PCS topology, this operating condition does
not represent the worst case to be analyzed when determining the rated currents of the
semiconductors. Indeed, the worst case scenario occurs during the normal operation of
the converters, in which, to adopt a scheme such as space vector modulation or sinusoidal
PWM, the RMS currents of the active switches and series reverse-blocking diodes are equal
to Idc/

√
3, independently from the modulation index.

The same considerations also hold for the reverse-blocking diodes because, as a result
of the series connection with the MOSFETs, they are subject to the same currents. Regarding
instead the semiconductors’ voltage ratings, they must be capable of withstanding the full
peak AC phase-to-phase voltage, for both PCS solutions.

Hence, because the semiconductors’ current ratings with the CSC-based traditional
PCS are 1/

√
3 lower than those of the D-CSC-based PCS (i.e., Idc), with equal voltage

rating, the semiconductors’ power ratings are also 1/
√

3 lower. Thus, supposing that
the semiconductor’s cost is directly related to their sizing power, the cost of the single
semiconductor component for the former PCS solution is also 1/

√
3 times lower. Neverthe-

less, considering the whole PCS, the D-CSC requires a third of the semiconductors. Thus,
in conclusion, the overall semiconductors cost for the traditional CSC-based PCS is

√
3 (i.e.,

roughly 73%) times higher than that of the proposed D-CSC-based PCS. Moreover, the cost
reduces further since the D-CSC also requires a third of the gate drivers.

Considering the previous requirements, MOSFETs and series diodes were chosen
based on the market availability. In addition, the choice of the specific semiconductors
employed for this comparison was performed by prioritizing the use of devices from the
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same manufacturer and production series, to avoid major differences in their realization,
possibly providing efficiency advantages to one solution over the other. Indeed, the chosen
SiC semiconductors were MOSFETs C3M0015065K and C3M0025065L for the D-CSC and
classic CSC, respectively, and series diodes C6D50065D1 for both PCSs. All devices were
produced by Wolfspeed, and their main parameters are reported in Table 2. Regarding the
series diodes, three components in parallel were used for the D-CSC, in order to match the
diode current requirement. In contrast, for each of the three traditional CSCs two diodes
were connected in parallel.

Table 2. Semiconductor s parameters.

C3M0015065K Value

Rated voltage 650 V
Rated current 96 A

ON-state resistance 15 mΩ
ON-transition switching energy 401 µJ
OFF-transition switching energy 254 µJ

Reference voltage (for computation of switching losses) 400 V
Reference current (for computation of switching losses) 55.8 A

C3M0025065L Value

Rated voltage 650 V
Rated current 59 A

ON-state resistance 25 mΩ
ON-transition switching energy 123 µJ
OFF-transition switching energy 14 µJ

Reference voltage (for computation of switching losses) 400 V
Reference current (for computation of switching losses) 33.5 A

C6D50065D1 Value

Rated voltage 650 V
Rated current 43 A

ON-state resistance 9 mΩ
Forward voltage drop 1.3 V

Concerning the efficiency comparison, the results of the analysis are shown in Figure 10.
It is evident that the D-CSC showed better performances over the entire operating range of
the PCS. This was mostly related to the lower number of semiconductors compared to the
traditional CSC-based PCS, which led to significant reductions in the converter losses.

Figure 10. Efficiency maps: (a) proposed D-CSC and (b) traditional PCS consisting of three CSCs.

Considering the THD of the grid currents, i.e., ia
g, ib

g and ic
g, the results of the comparison

are shown in Figure 11. In this case also, the D-CSC performed better than its respective
traditional CSC counterpart, injecting high-quality currents into the grid, achieving the
same overall capacity (stored energy) of the filter capacitor banks. Indeed, while for the
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traditional CSC-based PCS, the current THD was higher than 5% over most of the operating
range, for the D-CSC, the THD varied between 1% and 3%, depending on the specific
setpoint. This was due to the fact that each of the three CSCs composing the traditional PCS
operated at 1/3 of the apparent power setpoint of the proposed D-CSC. As a consequence,
for the same output apparent power, the modulation index of each CSC was also lower,
and this negatively affected the THD of the output currents.

10 20 30 40

P [kW]

10

20

30

40

Q
 [

k
V

ar
]

0

1

2

3

4

5

10 20 30 40

P [kW]

10

20

30

40

Q
 [

k
V

ar
]

0

1

2

3

4

5

Figure 11. Percentage THD maps: (a) proposed D-CSC and (b) traditional PCS consisting of
three CSCs.

Hence, achieving the same output current THD as the proposed D-CSC solution would
require a higher capacity for the output filter in traditional PCS solutions. However, a
higher capacity would also imply a greater amount of stored energy, because the voltages
applied to the filter capacitors would be the same in both cases. Therefore, because the cost
of capacitors is proportional to their energetic rating, just as with the semiconductors, for
the output filters, the overall cost of the CSC-based PCS would be higher than that of the
novel D-CSC-based PCS if the same THD is required.

5. Conclusions

This paper presents a novel D-CSC that makes it possible to interface three indepen-
dent ESSs with the power grid of a marine vessel. While the other CSC-based solutions
found in the literature only allow the integration of a single ESS, the proposed D-CSC
makes it possible to interface three independent storage units with the power grid, using
the same number of components (i.e., power semiconductors) as a traditional CSC. Thus,
if three ESSs need to be interconnected with the AC grid, the proposed solution allows
a single D-CSC to be employed rather than three separate CSCs, significantly reducing
the number of semiconductors compared to traditional solutions and thus considerably
reducing the cost of the PCS.

In addition, this work introduces an innovative energy management strategy for
controlling the D-CSC, which makes it possible to compensate for any energetic imbalance
arising between the three energy sources. Indeed, these imbalances may occur due to
manufacturing tolerances and different aging conditions for the converter components
and ESSs, as well as temperature drifts, different operating set-points, inverter modulation
errors, and other factors. As a result, in contrast to other CSC solutions proposed in the
literature, even when the amounts of energy stored in the ESS are unequal, the D-CSC can
properly operate and ensure the injection of high-quality symmetrical currents into the
grid. This capability enables the use of the D-CSC for integrating both first and second-life
storage devices or even ESSs with different rated characteristics, e.g., those produced by
different manufacturers, thus significantly improving the flexibility of the PCS with respect
to traditional CSC solutions.

Finally, the performances of the proposed D-CSC were compared with those of a
traditional PCS, based on three independent CSCs, each one integrating a single SMES
on the DC side. This comparative analysis highlighted the better performances of the
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proposed converter solution over the entire operating range of the PCS, both in terms of
the efficiency and THD of the grid currents.

In conclusion, with reference to a traditional PCS solution based on three independent
CSCs, the advantages of the proposed D-CSC are as follows:

• Because of its innovative topology, the D-CSC is able to interface with three indepen-
dent ESS units. On the other hand, using the same number of components, a traditional
CSC is only capable of integrating with one storage device. In other words, the in-
tegration of three energy storage devices is performed using one D-CSC instead of
requiring three CSCs, thus reducing the number of components by three times (i.e.,
the power semiconductors and filter capacitors).

• Thanks to the innovative control strategy that was specifically developed for the
D-CSC, the proposed converter solution ensures proper grid operation even if the
amounts of energy stored by the three storage devices are unequal (e.g., because of
manufacturing differences and different aging characteristics and tolerances). In
addition, the adopted control strategy is capable of equalizing the amounts of energy
stored by the ESSs without affecting the operation with the grid, hence making it
possible to integrate both first and second-life storage devices.

• Compared with the aforementioned traditional PCS, the D-CSC provides better per-
formances, in terms of the efficiency and THD of the output currents, over the entire
operating range.

• Considering the lower number and power rating of the semiconductor components, a
significant cost reduction is also made possible through the adoption of the proposed
D-CSC.
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