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Function for Shipboard MVDC System
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Abstract— This paper proposes an isolated modular mul-
tilevel dc/dc converter (iM2DC)-based hybrid energy storage
system (ESS) for shipboard MVDC grid application. The cell
capacitors of the iM2DC are applied to implement the dc
active power filter capability, which improves the MVDC bus
power quality without auxiliary devices or sacrificing the battery
lifetime. In addition, the proposed ESS achieves superior fault
response with fault current limiting function, which benefits
the fault localization and fast recovery. The operation princi-
ple of the proposed system is introduced first and the con-
verter equivalent averaged model is derived. Then the multi-
functional control method is presented, including the virtual-
impedance-based ripple distribution strategy. Both offline sim-
ulation and controller hardware-in-the-loop test results are
provided to validate the control strategy as well as the ESS
performance.

Index Terms— Active power filter, controller hardware-in-
the-loop (CHIL), hybrid energy storage system (ESS); isolated
modular multilevel dc/dc converter (iM2DC).

I. INTRODUCTION

MEDIUM-VOLTAGE dc (MVDC) system has gained
increasing attention as an alternative to MVAC in ship-

board power system (SPS) applications for higher efficiency
and flexibility [1], [2]. The navy has already succeeded in
fielding ships with a 1 kV MVDC distribution system on
board [1]. The energy storage system (ESS) plays an essen-
tial role in shipboard MVDC systems to perform as hybrid
propulsion energy, provide backup power, buffer large load
change, as well as improve power quality in the ship [3]–[5].
The most widely applied nonfuel ESSs in SPS are based
on batteries, capacitors, and flywheels [5], which serve at
different situations due to their distinct power density and
energy density features.

Among the shipboard storage technologies, batteries offer
scalable energy storage solutions for high-power and long-term
energy demands, as they achieve the highest energy density.
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Large-scale high power batteries are carried on board to
provide alternate propulsion and emergency backup power [6],
which are integrated to the shipboard MVDC bus through
battery ESS (BESS) converters with specific requirements.
These BESS converters have to be designed to operate at
both high voltage and high power ratings. Besides, galvanic
isolation is recommended for not only safety reasons but also
for high voltage conversions [7]. Moreover, due to the lack
of mature dc circuit breakers in the MV level, the BESS
converter is desired to achieve superior dc fault response,
which benefits the MVDC system reliability and resiliency.
In addition, considering the high expenses and limited lifetime
of today’s battery products, multiple services and functions are
preferred for BESS from the cost perspective.

High power bidirectional dc/dc converters have been inves-
tigated in MV power conversion system applications [8]
and can be applied to interface battery storage. Dual-active-
bridge (DAB)-type converters are one of the most popular
isolated dc/dc converters due to their advantages of galvanic
isolation and inherent soft-switching capability [9]. However,
the energy contained in the circuit input and output capacitors
will result in high short-circuit current under dc line-to-line
fault conditions. The converter has to trip to prevent the
short circuit from propagating to the other side. Besides, if
a single large dc link battery composed of paralleled battery
modules is installed, the circulating current existing among
battery modules will increase the system loss. Although mod-
ular cascaded DAB converter [10]–[12] has been applied to
realize the distributed battery module connection, which can
suppress the circulating current and achieve higher efficiency,
it nevertheless is weak at dc fault response, similar to a single
DAB converter. In [13], a modular multilevel DAB-based
BESS is proposed with fast fault recovery capability, but it
only provides limited functions.

Another potential topology for high power MV
BESS application is based on modular multilevel
converter (MMC) [14]–[16], while they are mainly focused on
the ac grid application. Recently, isolated modular multilevel
dc/dc converter (iM2DC) consisting of two MMCs connected
through a medium-frequency transformer has been proposed
as a dc transformer in HVDC/MVDC grids [17], [18]. Since
it follows the similar operation principle of the DAB-type
converter, the same issues and limitations will thereby occur
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when applied in BESS as those of DAB. IM2DC can also be
implemented with multilevel modulation [19]–[21]. Although
this converter can achieve faster recovery than DAB-type
converters [21], it still requires trip actions when fault
happens. Furthermore, since all the aforementioned converters
lack the instantaneous output current control capability,
limited service can be provided, which makes it difficult to
maximize the utilization of the batteries.

Meanwhile, since a wide variety of loads including high
power propulsion loads and pulsed loads are connected to the
MVDC bus through power converters in the shipboard MVDC
system, pulsed current and ripple current will be introduced
in the MVDC system, which might affect the main rectifier’s
dynamic behavior or even lead to voltage oscillations on the
MVDC bus [22]. One solution to damping these oscillations
is installing passive filters, while it is costly and bulky as well
as restricted by system configuration [23]. Auxiliary dc active
power filters (APFs) [24]–[26] are presented to smooth out
MVDC bus voltage ripples and improve overall damping, but
the extra device also increases the system cost.

Therefore, the hybrid ESS with dc APF function based
on iM2DC is proposed in this paper, which fulfills all the
key required characteristics for the MVDC shipboard ESS
application. It can achieve both fault current limiting and
fault ride through functions with its dc current direct control
capability, so it is possible to maintain operation during fault
to provide fault localization and fast recovery. Besides, via
virtual impedance method, the proposed topology employs
the converter cell capacitors rather than batteries to provide
ripple energy to achieve APF function, which allows ESS
to improve MVDC system power quality without consuming
battery lifetime or extra circuits. In addition, since the medium
frequency transformer operation frequency is as high as the
converter switching frequency, the whole system power density
can be improved.

This paper is organized as follows. Section II describes
the proposed iM2DC-based ESS topology and derives its
equivalent model. The operation principle of the hybrid ESS
is also explained. Section III introduces its control strategy
aiming at multifunctions, including the implementation of
injecting ripples from capacitor storage rather than batteries.
Then in Section IV, both offline simulation and controller
hardware-in-the-loop (CHIL) test are conducted to verify the
capability of proposed technology and Section V summarizes
the main conclusions.

II. PROPOSED IM2DC-BASED ESS SYSTEM

A. System Topology and Operation Principle

Fig. 1 presents the proposed iM2DC-based ESS system
topology integrated to the MVDC bus, which consists of
one single-phase MMC in the high voltage side (HVS) and
one single-phase cascaded converter in the low voltage side
(LVS). Full bridge cells are employed on both the sides, where
distributed battery storage units and capacitors are installed at
the dc link of each cell in the LVS and HVS, respectively.
HVS and LVS are connected through a medium frequency
ac transformer to satisfy the galvanic isolation requirement.

Fig. 1. Proposed iM2DC-based ESS topology.

Fig. 2. Averaged model of proposed iM2DC.

The high transformer operation frequency which equals the
switching frequency leads to reduced passive elements size as
well.

Phase shift sinusoidal pulsewidth modulation method is
applied to produce quasi-sinusoidal waveforms at the trans-
former side of the iM2DC. Since the ESS converter is con-
trolled as a current source from the MVDC side, it allows
multiple functions compared to other high power isolated
dc/dc converter such as DAB-type converters. Therefore, it
is possible to implement the APF function by injecting the
compensated ripple power to smooth the MVDC bus current.
In addition, the converter current remains controllable during
fault, which protects the ESS from destructive overcurrent
without tripping.

Fig. 2 illustrates the averaged model of proposed
iM2DC referred to the HVS considering ideal transformer’s
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characteristics. For the HVS, the n cells at the positive and
negative arms are combined and modeled as voltage sources
vxp and vxn separately (x = a, b). L denotes the arm inductor;
Vc_xp and Vc_xn denote the total equivalent capacitor voltage in
the positive and negative arm; and vac and iac represent the ac
side voltage and current, respectively. There is also circulating
current flowing in HVS if unbalanced condition occurs. In the
following analysis, only balanced condition is considered. The
LVS modeling is similar to HVS and VB is the total equivalent
battery voltage referring to HVS.

If considering the dc and ac source separately, the converter
state equation can be derived as

⎧
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where dxp and dxn denote the duty ratios of the positive and
negative arms in phase leg x . From (1) we can see that the
arm voltage contains both the dc and ac components. Then
the duty ratio in each arm can be written as

dap = dbn = ddc − dac, dan = dbp = ddc + dac. (2)

The arm current can be obtained from dc current idc and ac
current iac if balanced as

iap = ibn = 1

2
idc + 1

2
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2
idc − 1

2
iac. (3)

Substituting (2) and (3) into (1) and reorganizing the results
yield
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(4)

where v� and v� are the sum and the difference of equiv-
alent capacitor voltages in the positive and negative arms,
respectively. Accordingly, the equivalent averaged model of
the proposed iM2DC converter can be developed as in (4)
and demonstrated in Fig. 3. The HVS model includes one
dc current loop controlling power exchange with MVDC bus,
one ac current loop transferring power between HVS and
LVS, one-phase capacitor dynamic model describing the HVS
capacitor power, and one fundamental ripple model related to
the fundamental ripple effects. The LVS model controls the
battery energy at LVS.

B. Hybrid ESS Configuration

The cell capacitors at HVS can act as energy storage
components as capacitor voltages are allowed to vary within a

Fig. 3. Equivalent averaged model of the proposed iM2DC.

Fig. 4. Equivalent structure of proposed hybrid ESS.

large range, therefore the iM2DC can be controlled as a hybrid
energy storage converter, which is another advantage of the
proposed system. The hybrid ESS structure is demonstrated
in Fig. 4 based on the derived system equivalent averaged
model. It shows that the energy exchanged between batteries
and the MVDC system will flow through HVS capacitors. As a
hybrid ESS converter with direct current control capability,
the iM2DC can control the charging and discharging current
distribution between LVS batteries and HVS cell capacitors,
which makes it possible to utilize the more suitable energy
storage element according to the system demands.

The battery manufacturer recommends the ripple current
to be limited to the 20 h discharge rate (C/20) [27] since
the temperature rises and expected lifetime decays with the
increasing of ripple current [27], [28]. For example, in the
valve regulated lead acid battery, three times of the rating rip-
ple current will lead to almost 1 °F heating and battery lifetime
reduction by approximately 3% [27]. Normally the batteries
will not be used for APF applications since the introduced
battery current ripple will likely exceed the recommended
ripple current range. In addition, using batteries for APF will
cost extra columns especially when no energy is demanded by
the SPS energy management system (EMS). The used coulomb
will be reflected in the battery changed state-of-health [29],
and will further aggravate battery aging. However, with the
proposed hybrid ESS, capacitors can be employed instead of
batteries to provide the ripple energy for the APF function.
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Fig. 5. Proposed ESS control diagram. (a) HVS dc current control. (b) HVS ac current control. (c) HVS cell duty ratio generation. (d) LVS cell duty ratio
generation.

In this case, the battery ripple current will be significantly
decreased and no extra columns will be wasted during APF,
hence, the battery lifetime can be extended. Furthermore, due
to the capacitor’s smaller output impedance than that of the
battery, the system efficiency can be improved as well by
distributing the ripple current to capacitors. Thus, the MVDC
bus power quality will be improved without sacrificing the
battery lifetime or auxiliary devices.

III. MULTIFUNCTIONAL CONTROL STRATEGY

A. Proposed Control Method

The whole control strategy is divided into HVS and LVS
control. The HVS aims at multiobjectives of superior fault
performance and APF by regulating the converter current; the
LVS provides transformer side sinusoidal voltage. Moreover,
the derived converter equivalent averaged model reveals that
the dc current and ac current of HVS can be controlled
individually.

The proposed iM2DC-based ESS control method diagram
is depicted in Fig. 5. At the HVS stage, the dc current is
controlled to transfer energy between the batteries and grid
with the command from EMS as shown in Fig. 5(a). The
commanded value is compensated with the whole dc current
ripple extracted from the measured MVDC current by setting
the low-pass filter cutoff frequency to 1 Hz. Then the ripple
compensated command will be sent to the dc current controller
as the reference. Consequently, the converter will not only
charge and discharge the batteries as the SPS request, but also
accomplish APF function by injecting the bus ripple current.
Another task of the HVS control is to maintain operation
during fault for the purpose of fault localization and fast
recovery, so a fault current limiter is installed to protect the
equipment from overcurrent during fault, and the fault current
will be limited to any level even zero as system required.
On the other hand, ac current is used to stabilize the total
capacitor voltage with traditional single-phase dual-loop d-q
vector control as shown in Fig. 5(b), where Vc_ref denotes the
total HVS capacitor voltage reference and �Vc_xy (x = a, b;
y = p, n) is the sum of HVS measured capacitor voltages.

Fig. 6. IM2DC d vector model of ac current. (a) Original model. (b) With
extra impedance Z(s).

With dc and ac duty ratios generated from the PI controllers,
the arm duty ratio is obtained according to (2). The individual
cell duty ratio of each arm dxyi(i = 1, 2, …, n) is composed
of the arm duty ratio and cell balancing compensation, which
is illustrated in Fig. 5(c) taking the positive arm at phase leg a
as an example. The i th cell capacitor voltage Vc_api is adjusted
to follow the averaged cell capacitor voltage V̄c_ap. It is noted
that the cell balancing control is based on the arm current, so
the polarity of the arm current has to be included. At the LVS
stage shown in Fig. 5(d) where ω is the transformer current
angular frequency, open loop control is adopted to give the j th
( j = 1, 2, …, m) cell duty ratio, the SOC balancing is realized
as well by controlling the battery module SOC of each cell to
track the averaged SOC.

B. APF With Extended Battery Lifetime

During APF, the ripple may propagate to LVS batteries if
no specific actions are taken. In order to avoid the adverse
impacts of low frequency ripple component on battery lifetime,
the hybrid ESS has to distribute ripple energy to the HVS
capacitors. Although the battery current may contain low fre-
quency ripple components, there will be no ripple component
existing in ac current but an ac current magnitude variation.
Nevertheless, the ripple component will exist in the d vector
component of ac current, which makes d-q vector control very
suitable for the hybrid ESS ac loop control.

Virtual-impedance-based strategy is performed for the ripple
distribution. Fig. 6(a) presents the iM2DC converter d vector
model of ac current loop in d-q frame from the derived
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Fig. 7. Control diagram of ac current in d vector. (a) With extra impedance
Z(s). (b) Equivalent diagram.

Fig. 8. Improved HVS ac current control with the virtual impedance.

equivalent averaged model regardless of the capacitor volt-
age difference v�. vd , id and dd represent the d vector of
transformer voltage, current, and ac duty ratio, respectively.
To prevent ripple components occurring in id and further
flowing into the batteries side, the impedance of d vector
current path at the ripple frequency should be high enough
compared to the dc current path. However, the arm inductor L
is designed at the transformer frequency, which equals the cell
switching frequency, so its impedance at low ripple frequency
is relatively small. Therefore, extra impedance Z(s) needs to
be added in series with L as shown in Fig. 6(b), to increase
the d vector loop impedance.

Based on the HVS ac current control in Fig. 5(b) and the
d vector plant model with Z(s) in Fig. 6(b), the control block
diagram of the ac current in d vector is provided in Fig. 7(a).
By moving one of the feedback nodes of id forward to the
output of inner loop PI controller and refine the corresponding
feedback gain, the equivalent control diagram can be as given
in Fig. 7(b).

Accordingly, the HVS ac current control can be modified as
shown in Fig. 8, where feeding id back with the gain Z(s)/V�

is equivalent to adding a virtual impedance Z(s) in series with
the ac inductor. There is no modification in the q vector of
ac current control since there is no ripple component in the
q vector model. The Z(s) has to perform high impedance at
ripple frequency and low impedance at dc, so a first-order high
pass filter is selected to act as the virtual impedance Z(s). The
cutoff frequency is set to be 10 Hz. In the shipboard MVDC
system, most of the ripples are produced by the nonlinear load,
pulse rectifier, and the interactions among converters, which
are usually higher than 10 Hz. Therefore, this design should
be applicable under most working conditions.

TABLE I

PSIM SIMULATION PARAMETERS

IV. SIMULATION AND CHIL VERIFICATION

A. Offline Simulation Verification

Offline simulation was conducted first to validate the func-
tionality of proposed hybrid ESS. A 500 kW iM2DC-based
ESS model connected to a 6 kV shipboard MVDC bus was
built in PSIM with the main parameters listed in Table I.

Fig. 9(a) gives the key waveforms during steady-state oper-
ation when the batteries are discharged to provide energy to
the MVDC grid. Fig. 9(b) describes the system performance
when the line-to-line fault happens at the MVDC side and
the bus voltage drops to zero, the simulation results show that
the converter fault current can be limited at 200 A and the
converter will retain operation instead of tripping. Moreover,
the energy stored in both batteries and HVS capacitors can be
released to serve as short-time uninterruptible power supply if
necessary.

The proposed hybrid ESS-based APF function was validated
via offline simulation as well. In the simulation, one 100 Hz
pulsed load and one load containing 180 Hz harmonics were
connected to the MVDC, then the MVDC bus exhibited
low frequency ripple current. Fig. 10 provides the MVDC
bus current, load current, and the BESS converter compen-
sation current waveforms. The results show that after the
APF function is enabled, the converter current flowing into
MVDC bus provides the needed ripple component no matter
whether there is power exchange between batteries and MVDC
system or not. As a result, the MVDC bus current will be
smoothed. However, APF leads to extra battery consumptions
even without power demand from EMS as shown in Fig. 10(a)
and corresponding ripples on batteries during discharging as
shown in Fig. 10(b), which compromises the battery lifetime
under either scenario.

Fig. 11 verifies the effectiveness of proposed virtual-
impedance-based method in the hybrid ESS. In this iM2DC-
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Fig. 9. PSIM simulation results. (a) Steady-state operation. (b) Fault current limiting.

Fig. 10. Offline simulation results of APF function without virtual impedance. (a) No power exchange. (b) Batteries are discharging.

based ESS, the recommended ripple current C/20 is
around 15 A. Higher ripple will generate heat and negative
effects on battery lifetime as discussed in Section II. In prac-
tice, the battery modules are usually connected in parallel
with a small capacitor to filter out the high frequency ripple,
including the double fundamental frequency and switching
frequency ripples at the battery side of the iM2DC-based ESS.
However, the low frequency ripple introduced by APF function
will still remain and sacrifice the battery lifetime. Therefore,
only 100 and 180 Hz components are considered from the
simulation results to evaluate the adverse impact of ripples on
the battery lifetime. The simulation results from Fig. 10 show
that the RMS value of low frequency battery ripple current
is around 72A for both (a) and (b), which is almost five
times of rating. With the proposed virtual-impedance shown
in Fig. 11, the low frequency battery ripple current RMS
reduces to 11A, which is within the recommended ripple
current range. Moreover, Fig. 12 provides the FFT analysis
results of battery current in Figs. 10(b) and11(b). With the

proposed virtual-impedance-based method, the corresponding
100 and 180 Hz ripple component percentages are reduced
from 10% and 32.7% in Fig. 12(a) to 2.3% and 4.3% in
Fig. 12(b), respectively. The case under no power exchange
reveals similar results, wherein the battery ripple components
in Fig. 11(a) reduced by 77% at 100 Hz and 86.9% at 180 Hz
from those in Fig. 10(a). The reduction of the battery ripple
current RMS in both the scenarios indicates that the proposed
virtual-impedance strategy will inhibit temperature rise and
benefit the extending of battery lifetime.

B. CHIL Verification

In order to investigate the feasibility of the proposed
technology, the pure offline simulation might not reveal
all the salient characteristics sufficiently, while the system
prototyping and hardware experiment may be rather costly and
time-consuming because of its high power and high voltage
ratings. Thus, the CHIL methodology offers an efficient and
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Fig. 11. Offline simulation results of APF function with virtual impedance. (a) No power exchange. (b) Batteries are discharging.

Fig. 12. FFT analysis results of battery current during APF when discharging. (a) Without proposed virtual-impedance method. (b) With proposed
virtual-impedance method.

practical approach to verify the control strategy as well as
the converter performance due to its low cost, low risk, high
flexibility, and rapid realization [30]. A CHIL testbed available
in the authors’ lab, which has been proven to be consistent
with the pure hardware results [31], was used to verify the
proposed ESS operation and APF function.

Fig. 13 presents the CHIL testbed configuration, includ-
ing the controller hardware executing the control strategies
and real-time simulation platform simulating MVDC grid
with iM2DC-based ESS model. The controller hardware
comprises of several components interconnected via fiber
optics as explained in Fig. 13(a). The system is based on
the ABB AC800PEC product line and has been described
in [31]. One master controller receives the external converter

reference from the real-time simulator through the Combi I/O
device and sends the reference information to the slave level.
Another AC800PEC product is employed as slave controller,
which implements the control strategies with the converter
measured values from PEC measuring interface (PECMI) as
feedback. The generated converter modulation waveforms are
broadcast to the individual DSP-based cell controllers by the
control HUB. Then the PWM signals are produced in the cell
controllers. These PWM pulses are received by the converter
model simulated in the Real Time Digital Simulator (RTDS)
via the digital input (Giga-Transceiver Digital Input) interface
card as demonstrated in Fig. 13(b). With the ESS model
running in RTDS at a time step of 3μs, the system voltage
and current as well as the reference from EMS is measured
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Fig. 13. CHIL testbed. (a) Controller hardware structure. (b) CHIL
configuration.

and output through the D/A conversion (Giga-Transceiver
Analog Output) interface card to the PECMI and COMBI I/O,
respectively.

Most of the CHIL simulation specifications are simi-
lar to those of the offline simulation. However, since the
sampling frequency of the applied controller hardware is lim-
ited, the highest transformer frequency achievable with sinu-
soidal waveforms is around 400 Hz. In the CHIL simulation
results below, the transformer frequency was further reduced
to 200 Hz. Thus, the arm inductor and cell capacitors also had
to be increased. Table II provides the key parameters of CHIL
system, which differ from those of the offline simulation.
Even with such a compromise, the main functionality and

TABLE II

CHIL SIMULATION KEY PARAMETERS

Fig. 14. CHIL simulation results. (a) Fault current limiting. (b) APF.

operation of the proposed ESS technology could be verified.
The proposed control strategy is modified from the embedded
basic converter control in the commercial control hardware,
which can be found in [31].

Fig. 14(a) verifies the fault current limiting capability of the
proposed ESS. It shows that when the bus voltage drops to zero
under fault condition, the converter can maintain operation and
provide stable dc current limited at any desired level rather
than tripping. Fig. 14(b) demonstrates the CHIL results of
the MVDC bus current and the iM2DC dc current. A load
containing 180 Hz ripple is connected to the grid. Similar
to the offline simulation results, after the APF function is
enabled, the iM2DC generates corresponding ripple current to
compensate the bus current ripple. Consequently, the MVDC
bus current ripple becomes less severe.

V. CONCLUSION

A hybrid ESS based on iM2DC is proposed for the ship-
board MVDC application in this paper. A multifunctional
control algorithm is developed to achieve energy supplement,
APF, and fault current limiting. With the proposed virtual-
impedance-based strategy, the converter cell capacitors are
utilized to realize APF without compromising the battery
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lifetime. The simulation results indicate that the proposed ESS
technology is capable of improving the power quality and
fault protection for shipboard MVDC applications with higher
power density and reduced control complexity. The CHIL test
results further validate the ESS control design for both steady
state and dynamic changes. With the proposed technology, the
steady-state power quality of the shipboard MVDC system
can be improved more efficiently without bulky filter banks or
auxiliary devices.
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