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Abstract: Medium-voltage DC (MVDC) grid has drawn more interest in the application of traction and large-scale ships, for its
lower loss, higher reliability, higher controllability and simpler system architecture. DC breaker and DC distribution are the key
elements in the MVDC grid, and the power electronic transformers (PETs) have shown great advantage in the MVDC grid for its
relatively smaller volume and higher flexibility compared to the traditional line transformers and AC/DC converters. In this study,
a distribution DC PET based on input series output parallel dual active bridge (DAB) is proposed in the application of power
supply system in traction and large scale ships. The DC PET consists of 12 DABs with an input voltage of 10 kV and the output
voltage of 380 V. Strategies are proposed for distributed voltage balancing and redundancy control in the proposed PET.
Simulations were done in MATLAB/Simulink. In the simulation, waveforms in the normal working conditions and the module fault
status is shown, and the result shows that the proposed DC PET has great controllability and flexibility and by adding redundant

modules, it keeps great reliability while fault occurs.

1 Introduction

In order to achieve higher power density and efficiency, better
operational performance and easier overall design, the integrated
power system (IPS) has been paying more attention in the recent
years for its advantages in shipboard applications. Although
medium-voltage AC (MVAC) systems have been widely studied as
the solution for IPS in ships [1], the stability of the system may be
affected for the working conditions of the prime mover will change
according to the speed and load conditions and the power quality
problems highlights with the increasing use of power electronic
equipment.

Fig. 1 shows the simplified system structure of the IPS
employing medium-voltage DC (MVDC) system. In the IPS, all
the equipment are connected to the MVDC bus with AD/DC or
DC/DC converters. Compared to the MVAC systems, MVDC
systems have the following advantages:

* The AC generator connects the MVDC bus with the AC/DC
converter, which enables the use of multiphase motor, enlarging
the power capacity and the reliability of the system.

* As all the AC generators are connected through the DC bus,
there will be no synchronisation problems.

» The employment of a DC system decouples the operating speed
of generators from loads, improving the stability of the system.

. MVDC Pulse-
Circuit Bus Charging
Breaker Circuit

Main Pulsed
gl 7 gl Mg ? ]
Gcncralor . = A == A il Load
Port
_E‘%_O Propulsion

Shore Motor Service Load

Power N @ % N

Interface

UPS
Batteries

Dedicated LVDC

MVDC Bus il ]
Energy | T A =1
Starboard

Storage Capacitor r
Banks, ~ % . Propulsion

Fuel Cells Motor
Auxiliary . = ! = | = ! Radar
Generator - Load

Fig. 1 Simplified system structure of the IPS employing MVDC system
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» Energy storage like UPS batteries are fuel cells that are simple
to connect to the system through the DC buses.

* MVDC system provides cable saving and can deliver power
with higher efficiency due to smaller line loss.

*« MVDC system provides reactive power suppression, offering a
better power quality.

Compared to MVAC system, MVDC systems are of higher
efficiency, power quality and reliability [2], and MVDC systems or
hybrid MVDC systems are considered as the next generation
system architecture in shipboard applications, and have been
adopted in industry and navy [3-5]. In MVDC systems, DC
breaker and DC distribution are the key part, and it is essential for
DC transformers to be of less weight, smaller volume, higher
efficiency and reliability.

The structure of the high-speed rail power supply is shown in
Fig. 2. The train is powered by a single-phase MVAC grid.
Traction transformers are required to convert the single phase
MVAC power to one or more isolated low-voltage DC (LVDC)
power and requires high quality in input AC current and low
harmonics in output DC voltage. As the traction transformers are
usually installed in electric locomotives or under the floor of
electric multiple units, they not only have strict requirements for
volume and weight but also require high reliability and simple
control, as well as a certain capacity of redundancy and fault
tolerance [6, 7].

Power electronics transformers (PETs) consist of power
electronics converters and high-frequency transformer, and are
with flexible topology [8]. Compared to conventional transformers
with line frequency transformers, PET has the advantages of less
weight and smaller volume due to the use of high frequency
transformers, and has the ability of reactive power and harmonics
compensation, energy management and fault protection due to the
use of power electronic converters, which is the ideal solution for
DC transformers in shipboard MVDC system and traction
transformers in high-speed rail power supply. Both shipboard
MVDC system and traction PET require voltage transmission from
MVDC/MVAC to LVDC, so DC PETs with large voltage
conversion ratio is of important research significance, especially
when the traction PET is of AC-DC-DC structure, which has been
widely adopted in industrial applications [6].
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Fig. 2 Structure of the high-speed rail power supply
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Fig. 3 Proposed topology of MVDC PET

So in this paper, a distribution DC PET based on input series
output parallel (ISOP) dual active bridge (DAB) is proposed in the
application of a power supply system in traction and large scale
ships. The working principles of DAB are demonstrated, and the
distributed balancing control as well as redundancy control
strategies of the ISOP systems are provided in order to ensure the
reliability of the system in normal and fault conditions. Simulations
are done in MATLAB/Simulink and PLECS with a DC PET
consisting of 12 ISOP DABs. The simulation results show that with
the given control strategy, the proposed PET can achieve
bidirectional power flow in the MVDC system, balanced power
flow in each DAB, and stable operation in the fault conditions.

2 Topologies and working principles
2.1 Selection of topologies

From Section 1, there are several considerations for choosing the
DC PET topology in shipboard or traction medium-voltage (MV)
system, which are listed as follows:

* MV level of at least 10 kV should be achieved on the MV side,
and the topology should be easily extended to the higher voltage
level.

* As the PET converts MVDC to LVDC, high-voltage gain should
be achieved.

» Bidirectional power flow should be achieved, for the energy
feedback is required in the MVDC system to achieve higher
system efficiency.

Owing to the limited voltage level of the Si-based insulated gate
bipolar transistor (IGBT), the topology of the MV side has to be
cascaded or multilevel. ISOP topology is considered to be the ideal
solution for achieving both high voltage level on the MVDC side
and high voltage conversion ratio, and as the sub-modules are of
the same topology, it is easy for modular design and expansion. So,
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Fig. 4 Circuit topology and equivalent model of DAB
(a) Topology of DAB, (b) Equivalent circuit of DAB

the ISOP topology is chosen as the system topology, and the
control strategy will be discussed in Section 3.

As to the sub-module, DAB can achieve smooth bidirectional
power by adjusting the phase shift angle between the primary side
and secondary side output. Compared to other isolated DC/DC
converters, DAB has a strong regulatory capacity for the
transmission power and output voltage and can achieve flexible
control. So the DAB is chosen as the sub-module topology, and the
working principles will be discussed in Section 2.2.

As mentioned above, the proposed topology of the DC PET is
shown in Fig. 3. The PET consists of ISOP DABs, with a
protection switch on the input side and on the output side of each
DAB.

2.2 Working principles of DAB

DAB consists of two H-bridges and a high-frequency transformer,
and the topology and simplified equivalent circuit are shown in
Fig. 4. In Fig. 4b, all the parameters are equivalent to the primary
side of the transformer, the IGBTs are considered as an ideal
switch, and L contains the leakage inductance and the inductance
of the high-frequency transformer. In order to reduce the
transformer excitation current loss, the excitation inductance of the
transformer is often designed to be large, which can be ignored in
the analysis.

The modulation waveforms are shown in Fig. 5. As shown in
Fig. 5, there are three variables in the modulation: the internal
phase shift d;, J, of the two output square waves of the H-bridges
and the external phase shift Jy between the square waves. The

internal phase shift affects the duty cycle of the corresponding
square wave and varies between [0, 0.5] and the external phase
shift affects the phase difference between the square waves and
varies between [—1, 1]. The modulation strategy of DAB has been
studied a lot [9, 10], and in order to reduce the current stress at the
switching moment, current stress optimal modulation strategy is
adopted in the paper [6], and the relationship between d;, d,, and dy
and the average power flow is shown below:
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3 Control strategies
3.1 LV side voltage and ISOP balance control

From Section 2.2, it is known that the power transferred in the
DAB can be controlled by adjusting Jy, and then by expression
(1)—(5), 61 and J, can be derived. In order to control the LVDC bus

voltage, an LV side voltage control loop is adopted. For ISOP
systems, power balance of each sub-module is required. Input
voltage sharing (IVS) control and output current sharing (OCS)
control are often adopted in order to achieve the power balance
[11]. Owing to the input of all the sub-modules is series, they have
the same input current, if all sub-modules can share the input
voltage, they will share the same output current. Also, as the output
of all the sub-modules are parallel, they have the same output
voltage, if all sub-modules can share the output current, they will
share the same input voltage. As analysed above, adopting only
one of the IVS or OCS control is enough to achieve the power
sharing in the ISOP system. In the paper, IVS control is adopted,
and the control strategy of the whole system is shown in Fig. 6.

In Fig. 6, the LV side voltage control loop is the outer control
loop. The LV side voltage is compared to the reference value, goes
through a PI adapter, and the reference value J) is obtained to keep
the LV side voltage to be at the reference value. The balancing
control loop is the inner control loop. The reference value of the
inner loop is the average input voltage of all the working sub-
modules. The input voltage is compared to the reference value and
the output of each PI adapter is the correction value of the external
phase shift for each sub-module. By adding the reference value dy
and the correction value, the final value of the external phase shift
for each sub-module is obtained. As there are no coupling terms in
each sub-module control loop, distribution control is achieved in
the system when keeping the reference LV side voltage and the
power balancing.

3.2 ISOP redundant control

When fault occurs in one of the sub-modules, the fault module
should be removed from the whole system in order to continue the
stable operation. The structure of the fault protection circuit in each
sub-module is shown in Fig. 7. In Fig. 7, 3 DC breakers SW1-SW3
are placed in the input and output of the DAB. SW1 is the bypass
switch and is disconnected under normal conditions. When the sub-
module needs are removed from the system, SW1 is closed. SW3 is
to disconnect the sub-module from the LVDC bus. SW3 is closed
under normal conditions and disconnected when the sub-module
needs to be removed.

When a sub-module is to remove from the ISOP system, SW1
is to close, and there are two reasons causing the overcurrent in
SWI. The first is the shortcut of the DC bus capacitor when SW1
is closed, and the second is the voltage mismatch of the input DC
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source and the rest series DC bus capacitors. In order to reduce the
current spikes when SW1 is closing, a current limiting circuit is
proposed in Fig. 7. To limit the overcurrent by the shortcut of the
DC bus capacitor a MOSFET with anti-parallel diode SI is
connected series with the capacitor. S1 is closed at normal
conditions, and as only ripple current flows through S1, the
conduction loss is relatively small. Moreover to limit the
overcurrent caused by the voltage mismatch, a limiting resistor R
is adopted to charge the rest of the capacitors in the transient stage.
As the load current flows through R;, causing comparatively a
large loss, SW2 is closed when the voltage of the DC bus
capacitors reach a steady state, and the load current will then flow
through the inductance L, instead of R;.

The current limiting control timing is proposed in Fig. 8. In
Fig. 8, when a fault occurs in the sub-modules, the gate signal on
both sides of DAB is immediately blocked, then the fault signal is
received in the main controller, SW1 on signal, S1 off signal is
given, and the number of sub-modules and the reference voltage of
balancing control loop are refreshed. When SW1 is closed, the rest
of the DC bus capacitors are charged with the limiting resistor R;.
When the DC bus voltage reach a steady value, SW2 off signal is
given, then SW2 is closed, the load current begin to commutate to
the SW2—-L; branch. As the gate signals of all the switches are
blocked right after the fault occurs, there is no current flowing
through SW3, and when the transient process of the series side is
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over, SW3 off signal is sent and then SW3 is disconnected to
disconnect the DAB from the LVDC bus.

4 Simulation results

Simulation is done in MATLAB/Simulink and PLECS to verify the
effectiveness of the control strategy. In the simulation, the PET
consists of 12 ISOP DABs, with the input voltage of 10 kV, the
output voltage of 380 V and the total power of 200 kW. Other
simulation parameters are listed in Table 1.

The simulation results are shown in Figs. 9 and 10. In Fig. 9,
the input voltage of each sub-module and the output voltage of the
PET is shown. It can be seen that the output voltage is regulated at
380V, and the input voltage of each sub-module is well balanced.
When ¢#=0.3s, the balance control was disabled, and the input
voltage of each sub-module became immediately unbalanced due
to the parameter mismatch of the leakage inductance. The balance
control was re-enabled at 1=0.32 s, and the input voltage of each
sub-module became balanced again within <0.02 s.

In Fig. 10, the input voltage of each sub-module, the output
voltage and the input current of the PET is shown. The fault
occurred at module 2 when r=0.2 s, and the DAB was stopped
when the fault occurs. Due to the on delay of SW1, the voltage of
module 2 rise a little before SW1 is on, and the rest of the
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Table 1 Simulation parameters of the PET

Parameters Values
leakage inductance, pH 80 (85 in module 1 and 75
in module 3)
sub-module MVDC bus capacitance, uF 1500
sub-module LVDC bus capacitance, uF 1500
limiting resistance R4, Q 10
limiting inductance L1, mH 10
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Fig. 10 Simulation waveforms in fault state

capacitors was charged by the limiting resistor, and then the load
current commutated through the limiting inductor and SW2. It can
be seen in Fig. 10 that the overcurrent was limited to an acceptable
value and the output voltage fluctuation was very small during the
transient state.

5 Conclusion

In the paper, a DAB-based ISOP DC PET is proposed for the
application of MVDC system in shipboard and traction. Working
principles are discussed and control strategies are proposed for the
ISOP balancing and fault conditions. The simulation result shows
that all the submodules share the same input voltage despite the
parameter mismatch, and the output voltage is regulated to the
reference value. By applying the fault state control, the PET can
remove the fault module with acceptable current spike and little
fluctuation in the output voltage.
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