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ABSTRACT In order to equip more high-energy pulse loads and improve power supply reliability, the
vessel integrated power system (IPS) shows an increasing demand for high-voltage and large-capacity energy
storage systems. Based on this background, this paper focuses on a super capacitor energy storage system
based on a cascaded DC-DC converter composed of modular multilevel converter (MMC) and dual active
bridges (DAB). The cascaded converter is called MMC-DAB for short. This paper analyzes the topology
and modulation strategy of the system in detail. Taking into account the shortcomings of the traditional
bidirectional power control strategy, this paper proposes a control strategy where the DAB module of each
branch independently controls the voltage of the sub-module capacitor. The mathematical models of the
traditional and the proposed control strategy are established. The stability of the two control strategies is
analyzed and compared. Finally, aMW-level engineering prototype of theMMC-DAB energy storage system
is designed and manufactured, and the effectiveness of the proposed control strategy was verified through
experiments.

INDEX TERMS Vessel integrated power system, super capacitor energy storage system, bidirectional power
control, sub-module capacitor voltage control.

I. INTRODUCTION
The vessel integrated power system has received extensive
attention in the fields of ship propulsion, ship informatiza-
tion, and DC power distribution. In the future, IPS will be
one of the inevitable technical routes for renewable energy
ships [1]–[3]. In recent years, with the increasing demand for
higher ship power supply reliability, and equipment of pulsed
loads and new high-energy weapons, energy storage systems
have become an indispensable part of the second-generation
IPS [4], [5]. Therefore, the energy storage converter con-
nected to the IPS medium voltage DC (MVDC) grid needs to
be characterized by high voltage and large capacity, voltage
conversion, electrical isolation and bidirectional conversion.

In order to match the MVDC power grid, the converter
can adopt series-parallel technology, among which the input
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series output parallel (ISOP) structure is the most com-
monly used structure, which can improve the voltage and
current level of the converter [6]. In [7], a power electronic
transformer consisted of H-bridges cascaded by DABs is
proposed to improve the power level of the train traction
system. In literature [8], [9], multiple standardized DC-DC
converters are combined in series and parallel to improve
the modularity, and enhance the voltage and current level of
the converter. However, most of the above topologies adopt
centrally series-connected capacitors, and feature poor fault
redundancy capability, so they are not suitable for occa-
sions with high requirements on power supply reliability and
continuity.

MMC is widely used in high-voltage and large-power
applications because of its modular structure and fault tol-
erance [10]. For high-voltage rail transit vehicles, the control
strategies of super capacitor energy storage system based on
MMC are studied in [11], [12]. These two papers realize the
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balanced decoupling control of the power of super capaci-
tors, and put forward the corresponding energy management
strategies. In [13], the control strategy of modular multilevel
energy storage system under two operating conditions of grid
voltage symmetry and asymmetry is studied, which solves the
problem of charge state balance of energy storage elements.
In [14], a fault diagnosis method based on the combination of
simple hardware detection circuit and Field Programmable
Gate Array (FPGA) diagnosis algorithm for MMC super
capacitor energy storage system is proposed, so as to improve
the safety and reliability of the system. Although the energy
storage system based on MMC can solve the problems of
MVDC grid access and fault tolerance, it can’t realize the
electrical isolation between MVDC bus and low voltage
DC (LVDC) bus, and has high requirements for the design
of power control strategy.

To realize the electrical isolation and voltage conversion,
isolated bidirectional DC-DC converter needs to be used
between MVDC grid and LVDC grid. DAB is a bidirec-
tional DC-DC converter with electrical isolation capability
and modular symmetrical structure. It has attracted extensive
attention in the fields of electric vehicles, DC microgrids and
energy storage systems [15]–[17]. In [18], [19], a solid-state
transformer is proposed, which adopts the cascaded structure
of half-bridge sub-module and DAB as the branch topology
and ISOP as the overall structure. This topology is suitable
for MV distribution network, because it is conducive to the
realization of modular design and fault tolerance. In [20],
a three port DC-DC converter composed of MMC, DAB and
duplicate chopper circuits for IPS is proposed, which realizes
the flexible power control among theMVDCgrid, LVDC grid
and distributed energy storage units.

However, the above literatures study the application sce-
nario of connecting resistive load on the LVDC bus of
MMC-DAB. Their control strategy is that MMC controls
the voltage of sub-module capacitors and DAB controls the
voltage of the LVDC bus. If this strategy is extended to the
application scenario with energy storage unit connected on
the LVDC side, the DAB module usually controls the port
current of the energy storage unit. To better control the port
current of the energy storage unit, the filter inductor needs to
be connected between the DAB converter and the energy stor-
age unit. However, this will increase the volume and weight
of the device, and the stability margin of DAB control system
is small. Especially when discharging the super capacitor, the
filter inductor and the filter capacitor at the later stage of DAB
form an LC filter with large output impedance, which is easy
to cause cascaded stability problems [21].

Based on the above analysis, to meet the application
requirements of the vessel integrated power system, this paper
studies the control strategy and stability of super capacitor
energy storage system based on MMC-DAB. The main inno-
vations of this paper are as follows: (1) the bidirectional
power conversion of a super capacitor energy storage system
based on MMC-DAB is studied and a control strategy based
on independent control of sub-module capacitor voltage is

FIGURE 1. Topology of super capacitor energy storage system based on
MMC-DAB.

proposed. (2) A 1MW engineering prototype of MMC-DAB
energy storage system is designed and manufactured to vali-
date the proposed control strategy.

The sections of this paper are organized as follows: In
Section II, the topology and basic principle of the cascaded
energy storage system based on MMC-DAB are introduced.
In Section III, the traditional control strategy is analyzed, and
the mathematical model of the traditional control strategy
is established. Besides, the stability of the closed-loop con-
trol system of DAB is analyzed. In Section IV, the strategy
based on independent control of sub-module capacitor volt-
age is proposed, and the stability of the proposed strategy is
modeled and compared. In Section V, a 1MW engineering
prototype is established and the above theory is verified by
experiments. Conclusion is made in Section VI.

II. TOPOLOGY AND BASIC PRINCIPLE OF SUPER
CAPACITOR ENERGY STORAGE SYSTEM
BASED ON MMC-DAB
A. TOPOLOGY OF MMC-DAB
The topology of the super capacitor energy storage system
based on the MMC-DAB, which is composed of N branches,
is presented in Fig. 1. MMC structure with N half bridge sub-
modules in series is adopted at the MVDC side to improve
the power system capacity, voltage level and fault-tolerant
operation ability. DAB is adopted at the LVDC side to provide
electrical isolation. The super capacitor energy storage unit
is connected to the LVDC bus to realize bidirectional power
conversion with the MVDC bus.

MMC-DAB is characterized by bidirectional power con-
version, high degree of modularity and fault tolerance, which
can meet the needs of integration of high-voltage large-
capacity energy storage unit and improvement power supply
reliability. In Fig. 1,UMV and iMV are the voltage and current
of the MVDC bus, respectively. ULV and iLV are the voltage
and current of the LVDC bus, respectively. Csi and usi are
the capacitance and voltage of the i-th sub-module of MMC,
respectively. LMV is the inductance on the MVDC side. Cfi is
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the filter capacitor of each branch on the LVDC side. Lsi and
iLi are the leakage inductance and leakage inductance current
of the transformer of each branch.

B. PRINCIPLE OF MMC
MMC is composed by series-connected half bridge sub-
modules. When the branch fails, it can quickly cut off the
whole branch through bypassing the sub module to sup-
port the continuous operation of the energy storage system.
To reduce the current ripple on theMVDC side, MMC adopts
carrier phase-shift modulation. The driving pulse signals
of the upper and lower switches of the same half bridge
sub-modules are complementary. The phase-shift angle of
the driving pulse signals of the corresponding switches of
adjacent sub-modules is 2π /N , and N is the number of sub-
modules. Considering the relationship between the duty cycle
of the upper switch and the carrier phase-shift angle, a switch-
ing cycle Tm is divided intoN parts.Within each part, the total
cascaded input voltage of the MMC uat has only two levels,
and the difference between the two voltage levels is Usi.
It is assumed that the capacitor voltage and the power

of the sub-module of each branch of MMC is balanced,
which means the duty cycle of each sub-module is consistent.
According to KVL, the state equation of inductance on the
MVDC side is listed as (1).

LMV
diMV

dt
= uMV − uat (1)

When the converter is running in a steady state, the induc-
tance on the MVDC side reaches the volt-second balance,
which satisfies the following relationship.

UMV = NDmUsi (2)

imi = DmiMV (3)

where Dm is the duty cycle of the upper switch of the half
bridge sub-modules, and imi is current of the i-th sub-module
of MMC.

Therefore, in the steady-state operation of the converter,
the power of a single branch Psi is expressed as:

Psi = Usiimi = DmUsiiMV (4)

According to (4), the branch power can be adjusted by
adjusting the duty cycle and capacitor voltage Usi of the
sub-module.

C. PRINCIPLE OF DAB
As shown in Fig. 2, the topology of DAB is composed of
two H-bridges and high-frequency transformers. In Fig. 2,
us is the DAB high-voltage side port voltage. uLV is the
DAB low-voltage side port voltage. nT is the transformation
ratio of the high-frequency transformer. Cf is the low-voltage
side filter capacitor. Csci and Resr are the capacitance and
resistance of the equivalent supercapacitor of each branch.
When operating within the rated voltage range of the energy
storage unit, through the implementation of voltage matching
control, the DAB can match the sub-module voltage on the

FIGURE 2. Topology structure of DAB module.

high-voltage side with the voltage of the energy storage unit
on the LVDC side, which is conducive to optimizing the
high-frequency circulation characteristics and current stress
of the DAB, which improves the efficiency of the system.
Therefore, the single-phase shift (SPS) modulation is used in
this paper.

The dynamic equation of the equivalent circuit is deduced
by Kirchhoff’s law as follows.

vH1 − nTvH2 − Ls
diL(t)
dt
= 0 (5)

Integrating the inductance current of half switching cycle
and considering the symmetry of leakage inductance current,
the transmission power model of DAB can be obtained as

PDAB =
1
Td

∫ Td

0
vH1(t)iLdt =

UsULV

2Lsfd
dd (1− dd) (6)

where, Us and ULV are the amplitude of square waves vH1
and vH2 converted to the high voltage side, and dd is the
outer phase-shift ratio in half a switching cycle. fd and Td
are the switching frequency and switching period of the DAB
converter.

To establish the state average model of the DAB converter,
according to (6), the DAB input average current id1 and the
converted output average current id2 can be expressed as

id1 =
uLV
2Lsfd

dd (1− dd)

id2 =
us

2Lsfd
dd (1− dd) (7)

To obtain the small-signal mathematical model of DAB,
the small-signal perturbation method is used. Small-signal
perturbation around the steady state values of the state vari-
ables are introduced such that, us = Us + ûs, uLV = ULV +

ûLV, id1 = Id1+ îd1, id2 = Id2+ îd2, dd = Dd+ d̂d. Then, the
final mathematical model can be simplified as (8).

îd1 =
Dd(1− Dd)

2Lsfd
ûLV +

ULV(1− 2Dd)
2Lsfd

d̂d

îd2 =
Dd(1− Dd)

2Lsfd
ûs +

Us(1− 2Dd)
2Lsfd

d̂d (8)

where, let

g1 =
Dd(1− Dd)

2Lsfd
, g2 =

ULV(1− 2Dd)
2Lsfd

, g3 =
Us(1− 2Dd)

2Lsfd
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FIGURE 3. Block diagram of traditional control strategy of MMC-DAB.

III. TRADITIONAL CONTROL STRATEGY AND MODELING
As shown in Fig. 3, under the traditional control strategy,
the control strategy of MMC is a dual closed-loop control
with the sub-module capacitor voltage and the current of the
MVDC bus as the control objectives, and the control strategy
of DAB converters is a closed-loop control with the LVDC
side current of each branch as the control objective. The
reference value of the current of the MVDC bus is generated
by the outer voltage loop of the controller of MMC, and the
shared duty cycle dm_ave of sub-modules is generated through
the PI regulator of the inner loop. Considering the difference
of branches, the compensation duty cycle dm_exti is generated
by the sub-module voltage balancing regulator to equalize the
capacitance voltage of the sub-module.

In Fig. 3, Nus_ref and us_All are respectively the sum of
the reference value and the actual value of the capacitance
voltage of all sub-modules. usi and us_ave are respectively the
actual value and average value of the capacitance voltage of
each sub-module. iMV_ref and iMV are the reference value and
actual value of the current of the MVDC bus respectively.

When the DAB converter is connected with energy storage
units such as super capacitor, the charging or discharging cur-
rent is difficult to control. Therefore, a filter inductor needs
to be set between the DAB and the super capacitor. At this
time, the DAB adopts single-loop current control. Since the
voltage at the high voltage side of DAB is controlled by
MMC under the traditional control strategy, the capacitance
voltage of sub-module can be equivalent to voltage source
when analyzing the mathematical model of DAB.

As shown in Fig.4, from the small signal model of DAB
under the traditional control strategy, the state equation of
DAB is written as,

Cf
dûLV
dt
= îd2 − îLf = g3d̂d + g1ûs − îLf

Lf
diLf
dt
= ûLV − ûsc − îLfResr

(9)

The Laplace transformation is implemented on the state
space equation, and the expression of the system transfer
function matrix is obtained as,[

ûLV
îLf

]
=

[
Gv1 Gv2 Gv3
Gi1 Gi2 Gi3

] ûsd̂d
ûsc

 (10)

FIGURE 4. Small signal model of DAB module under traditional control
strategy.

FIGURE 5. Open-loop frequency characteristic curve of DAB converter
under traditional control strategy.

Thus, the transfer function of disturbance source d̂d to state
variable îLF is expressed as,

îLf(s)

d̂d(s)

∣∣∣∣∣
ûsc(s)=0,ûs(s)=0

= Gi2 =
g3

LfCfs2 + CfResrs+ 1
(11)

Therefore, the open-loop transfer function G1 of DAB
converter under single -loop current control can be expressed
as,

G1 = GcaGi2Hi (12)

where, Gca = 0.0002 + 0.009/s is the transfer function of
the PI regular of the current loop.Hi is the equivalent transfer
function of the digital delay.

In Fig. 5, the frequency characteristic curve of open-loop
transfer function under traditional control strategy is drawn
by MATLAB. Among them, Gm is the amplitude margin of
the open-loop transfer function of the closed-loop system, and
Pm is the phase margin of the open-loop transfer function of
the closed-loop system,which are used tomeasure the relative
stability of the closed-loop system. According to the control
theory, the stability of the closed-loop control system can be
reflected by judging whether the amplitude margin Gm>0dB
and the phase margin Pm>0◦ are satisfied. As shown in
Fig. 5, the amplitude margin Gm is −3.19 dB, and the phase
margin Pm is −6.96◦, which indicates that the DAB con-
trol system is unstable under the traditional control strategy.
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The frequency of 240Hz in Fig. 5 is actually the cutoff
frequency of the open-loop transfer function.

In the above traditional control strategy, there are multiple
PI regulators including the current control of MVDC bus,
sub-module capacitor voltage balancing control of MMC and
current control of DAB. There are many control variables,
different regulators affect each other, and PI parameters are
difficult to adjust. At the same time, when the DAB converter
controls the current of the energy storage port, the system
damping is small, which is difficult to realize the rapid charg-
ing and discharging of the super capacitor, and it may be also
a problem of system instability.

IV. INDEPENDENT CONTROL STRATEGY OF
SUB-MODULE CAPACITOR VOLTAGE
AND MODELING
When DAB is connected with energy storage units such as
super capacitor, the charging or discharging current is dif-
ficult to control, so it is necessary to set filter inductance
or interface converter at the input port of super capacitor,
but this will increase the structural complexity and volume
weight of the system. In order to control the charging and
discharging current of super capacitor more conveniently, the
DAB converter in each branch independently controls each
sub-module capacitor voltage without controlling the charg-
ing or discharging current, which can simplify the converter
structure and reduce the volume and weight of the system.
The control strategy proposed in this paper will be further
described in detail below.

As shown in Fig. 6, under the control strategy proposed
in this paper, MMC adopts double closed-loop control. The
inner loop takes the inductance current on the MVDC side as
the control objective, and the control objective of the outer
loop is decided according to the operating mode. In differ-
ent modes, the control objective of DAB converter of each
branch is always the voltage of sub-module capacitor, which
is controlled by N independent voltage regulators. The port
on MVDC side has two operating modes: (1) Mode 1 is that
a bidirectional power source is connected to the MVDC bus
to realize the bidirectional energy flow between the MVDC
bus and super capacitor. In Mode 1, the control objective of
the outer loop ofMMC is the DAB output current, which indi-
cates the total power of MMC-DAB. (2) Mode 2 is to connect
the resistive load at the MVDC side, and the super capacitor
supplies power to the resistive load. In order to maintain the
continuity of the ship’s power supply, in Mode 2, the control
objective of the MMC outer loop is MVDC bus voltage.

From Fig. 6, iDAB_ref and iDAB_mean are respectively the
reference value and the average of actual value of charging
or discharging current of super capacitor. iMV_ref and iMV are
respectively the reference value and actual value of the cur-
rent of the MVDC bus. us_ref and us1∼ usi are the reference
value and actual value of the voltage of each sub-module
capacitor respectively. dd1∼ ddN are the outer phase-shift
ratio of the DAB converter of each branch generated by the
voltage loop.

FIGURE 6. Block diagram of independent control strategy of sub-module
capacitor voltage for MMC-DAB.

In Mode 1, the control objective of MMC inner loop is
the current of the MVDC bus. The actual value iMV of the
current of the MVDC bus is subtracted from the reference
value iMV_ref of the bus current generated by the outer loop
controller. Then the sub-module duty ratio dm is generated
through the PI controller. The outer loop is the energy loop of
the whole system, which is used to regulate the system power
and the charging or discharging current of the super capacitor.
The difference between the reference output current iDAB_ref
of each DAB and the average current iDAB_mean of all the N
DAB is calculated, then the reference current iMV_ref of the
MVDC bus is generated through the PI regulator. And, the
output of the PI regulator is limited according to the actual
situation. The control strategy of Mode 1 can be applied to
the condition of bidirectional flow of energy.

In Mode 2, because the resistance is connected at the
MVDC side, it is necessary to control the resistance voltage
on the MVDC side. So, the outer loop of MMC is responsible
to regulate the MVDC bus voltage. The actual value of the
voltage uMV of the MVDC bus is subtracted from the voltage
reference uMV_ref. The voltage error is sent to the PI regulator
to generate the current reference on the MVDC side. The
inner control loop of Mode 2 is the same as Mode 1. This
control strategy is suitable for the condition that the super
capacitor energy storage system on the LVDC side supplies
power to resistance on the MVDC side.

Regardless of the operating mode of the MMC, the control
objective of the DAB converter of each branch is always
the voltage of the sub-module capacitor. The voltage loop
regulator adopted by DAB of each branch independently
controls the sub-module capacitor voltage. For DAB voltage
matching control, the voltage reference value of the sub-
module is us_ref = nTusc. Since it is a negative feedback
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FIGURE 7. The small signal model of DAB converter under the
independent control strategy of sub-module capacitor voltage.

system, the actual value usi subtracts the reference value
us_ref. Then, the phase-shift ratio ddi of DAB is generated
through PI controller and the driving pulse signal is generated
through PWM generator.

When the DAB controls the voltage of the sub-module
capacitor without controlling the current of the super capaci-
tor energy storage system, the filter inductance can be omit-
ted. The load at the primary side of the DAB converter can
be equivalent to a current source. Therefore, its small signal
model is shown in Fig. 7.

Since the LVDC bus is connected to the energy storage
unit, it can be considered that the voltage on LVDC side
is constant. Then the voltage of the sub-module capacitor
is selected as the state variable for modeling. And its state
equation can be expressed as

Cs
dûs
dt
= îm − îd1 = îm −

(
g1ûLV + g2d̂d

)
(13)

Laplace transformation is implemented on the above state
equation, so the transfer function from disturbance source to
state variable is written as

GD1 =
ûs (s)
ûLV

=
−g1
sCs

GD2 =
ûs (s)

d̂d
=
−g2
sCs

GD3 =
ûs (s)

îm
=

1
sCs

(14)

where, the transfer function of the outer phase-shift ratio d̂d
of DAB to the capacitor voltage of sub-module is GD2.

Therefore, the open-loop transfer function G2 of the pro-
posed closed-loop control system can be obtained as follows.

G2 = GcvGD2Hi (15)

where Gcv = 0.0002 + 0.009/s is the transfer function of PI
regulator of independent voltage loop control, and Hi is the
equivalent transfer function of the digital delay.

The frequency characteristic curve of open-loop transfer
function G2 is drawn by MATLAB, as shown in Fig. 8.
According to the curve, the system stability margin of the
independent control strategy of the sub-module voltage is
large, whose amplitude margin Gm is infinite, and the phase
margin Pm is 72.7◦. The above results show that under the
proposed control strategy, the phase margin Pm and the

FIGURE 8. Open-loop frequency characteristic curve of DAB converter
under the independent control strategy of sub-module capacitor voltage.

TABLE 1. The prototype parameters of super capacitor energy storage
system based on MMC-DAB.

amplitude margin Gm of the system satisfy the stability crite-
rion. The frequency of 180Hz in Fig. 8 is the cutoff frequency
of the open-loop transfer function under the proposed control
strategy, which is related to control structure and control
parameters.

V. EXPERIMENTAL RESULTS
To verify the above theoretical analysis, a super capacitor
energy storage system based on MMC-DAB is designed
and manufactured. The parameters and physical drawings of
the prototype are shown in Table 1 and Fig. 9 respectively.
In Fig. 9, The prototype consists of eight branch cabinets,
medium-voltage side circuit cabinet, control cabinet, water-
cooled cabinet and two super capacitor energy storage units of
slow charging and fast discharging type. The input port of the
converter is connected with 10kV DC bus and the output port
is the LVDC bus, which is connected with the super capacitor
energy storage unit. There is an upper limit for the super
capacitor voltage. When the super capacitor charging reaches
the upper limit voltage, the controller will automatically set
the current reference to zero. The lower limit of the super
capacitor voltage is considered in the discharging state.When
the super capacitor is discharged to the lower limit voltage,
the current reference will also be set to zero automatically.

The experimental schematic diagram of the engineering
prototype in this paper is shown in Fig. 10. The main circuit
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FIGURE 9. Schematic diagram of the prototype of the MW-level
supercapacitor energy storage system.

FIGURE 10. Experimental schematic diagram of MW-level supercapacitor
energy storage system.

includes the 10kV uncontrolled rectifier DC power source
with internal resistance r , switchgear, charging relay and
1MW super capacitor energy storage system. When both
switchgear 1 and switchgear 2 are closed, the MMC-DAB
system works under Mode 1. At this time, the bidirectional
charging and discharging experiment of energy storage sys-
tem is carried out. When switchgear 1 is open and switchgear
2 is closed, the system works in Mode 2. At this time, a resis-
tive load is connected to on theMVDCbus for super capacitor
discharging experiment.

The prototype platform adopts a layered control structure
and a high-speed optical fiber ring network communication
structure, as shown in Fig. 11. The controller consists of a

FIGURE 11. Distributed control architecture for loop network
communication of converter prototype controller.

FIGURE 12. Experimental waveforms of charging and discharging for
MW-level super capacitor energy storage system in Mode 1.

central controller and N slave controllers, which is conducive
to modulization, standardization and redundant protection.
The central controller communicates and exchanges infor-
mation with the slave controller through the optical fiber
ring network. The slave controller usually contains a Field
Programmable Gate Array (FPGA) as a control chip, which
is responsible for sensor data sampling, driving pulse genera-
tion and hardware protection. The central controller includes
a digital signal processor (DSP) and FPGA as the control
chip, which is responsible for the operation of the top-level
control algorithm and the collection of the bottom-level data.
Finally, the experimental data is uploaded to the upper com-
puter through Ethernet for record and storage.

InMode 1, a 60� resistive load is connected to theMVDC
side and the charging and discharging experimental wave-
form of 1MWmodular super capacitor energy storage system
is shown in Fig. 12. In Fig. 12, the experimental waveforms
of the voltage and current of the MVDC bus, sub-module
capacitor voltage, super capacitor voltage and super capacitor
current are given. Under the charging state, the 10kV DC
power source supplies power to the super capacitor energy
storage unit through the converter. The reference value of
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FIGURE 13. Experimental waveform of discharge of MW-level super
capacitor energy storage system in Mode 2.

the single branch current command of the DAB module is
20A. At this time, the charging current of the super capacitor
is 160A, the charging power reaches 160kW, and the super
capacitor voltage rises evenly from 860V to 1080V. Besides,
since the voltage at both ends of the DAB is controlled by
voltage matching strategy, the sub-module capacitor voltage
increases from 1376V to 1728V with the change of the super
capacitor voltage value. When the reference value of single
branch current command of DAB module is 0A, there is
no power flow, the current of the LVDC bus is 0, and the
supercapacitor voltage is basically unchanged. Under the
discharging state, the reference value of the single branch
current command of the DAB module is 125A. At this time,
the discharging current of the LVDC bus is 1000A, and the
supercapacitor voltage decreases evenly from 1080V to 860V.
The submodule capacitor voltage command changes with the
supercapacitor voltage value from 1728V to 1376V, and the
discharge power of the system reaches 1MW. In Fig. 12, dur-
ing the switching of charging and discharging current com-
mands, the load at both ends of the MVDC grid fluctuates,
and the internal resistance current Ir decreases, which causes
the voltage waveform of the MVDC bus to fluctuate. But
the voltage fluctuation is 1%, which is within the acceptable
range. Therefore, the super capacitor energy storage unit can
maintain the short-term support of the power grid energy at
the MVDC side, ensuring the reliability and sustainability of
the power supply of the MVDC bus, making the energy flow
more flexible.

In Mode 2, a 105 � resistive load is connected to the
MVDC side, and the discharging experimental waveform of
the super capacitor is shown in Fig. 13. At this time, the
MMC adopts the outer voltage loop on the MVDC side, the
super capacitor energy storage system discharges at constant
power, and the reference value of the voltage command on the
MVDC side is 10kV. At this time, the current of the MVDC
bus is 95A, the super capacitor voltage and the current of the
LVDC bus decrease evenly, and the discharging power of the
super capacitor reaches 1MW.

Experiments results show that the proposed independent
control strategy of sub-module capacitor voltage can realize
the good charging and discharging performance for super
capacitor energy storage system. The actual power and cur-
rent can follow the reference to charging and discharging of
the super capacitor. The ripple coefficient of charging and
discharging current of super capacitor is less than 5%, and
the current of each branch of energy storage port shows good
consistency. The response of the dynamic current command
switching is fast, and the changing rate of charging and
discharging current is 2000 A/s.

VI. CONCLUSION
A cascaded super capacitor energy storage system based on
MMC-DAB for vessel integrated power system is studied
in this paper. The super capacitor energy storage unit is
connected to LVDC bus, which is conducive to enhance the
flexibility and reliability of the energy regulation of shipboard
DC grid, and also provides power source for pulse loads
on board. The traditional control strategy and the proposed
independent control strategy of sub-module capacitor voltage
are compared and analyzed. The mathematical models of
DAB converters under the two control strategies are estab-
lished, and the stability characteristics of them are compared.
Under the proposed control strategy, the amplitude margin of
DAB is infinite and the phase stability margin is 72.7◦, while
under the traditional control strategy, the system presents
an unstable state. Therefore, the system has better stability
under the proposed control strategy. Finally, a modular and
standardized engineering prototype of 1MW is designed and
manufactured, and the experimental results are analyzed to
verify the correctness of the theoretical analysis and control
strategy design. This paper provides an effective solution
for the development of MW-class modular energy storage
converter.
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