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Abstract— Integrated power systems (IPSs) with medium
voltage direct current (MVDC) distribution are gaining
importance in civil and defense marine vessels as they promise to
provide cleaner, more reliable operation of vessels along with
reduced fuel consumption. The integration of battery energy
storage systems (BESSs) in the MVDC distribution system
enables peak shaving of generators, optimal scheduling of
generators, and near instantaneous power reserve. In this paper,
an isolated bipolar dc-dc converter is presented which interfaces
the BESS with the bipolar dc distribution bus. The proposed
converter uses high frequency transformer isolation which helps
in protecting the BESS against rapid discharge in the event of
short circuit faults on the dc bus. Detailed steady-state analysis of
the proposed converter is presented in this paper. A closed loop
control system is developed in the MATLAB®/Simulink
simulation platform which regulates the output of the isolated
bipolar converter to its reference value. The dynamic
performance of the converter is demonstrated with load
variations on both the positive and negative buses. The battery
discharge limiting capability is also verified.

Keywords— DC ship; Marine vessel; Bipolar dc-link; MVDC
distribution; Isolated converter; Battery energy storage system.

I. INTRODUCTION

Generation and power distribution systems for marine
vessels are mostly ac systems. The fuel savings that is
realizable with variable speed generators have however led to
the increased interest in the application of dc distribution
systems in marine vessels. As compared to the fixed speed
generators, variable speed diesel generators have been
reported to yield fuel savings in the range of 20% [1]. In
addition to fuel savings, dc distribution is favourable for the
integration of battery energy storage [2], [3] and supply of
power for pulsed loads [4]. Furthermore, the operation of the
multi-generation system is simplified with the absence of
critical phase and frequency synchronisation requirements.

In recent years, fully-electric, battery operated ferries have
been brought into service for inter-island passenger transfer
[5]-[6]. Following this trend, the naval landing craft, yachts,
cruise ships, construction vessels, passenger shuttles, house
boats, and many others are expected to take advantage of dc
distribution and battery storage in the coming years.

In dc shipboard power systems, the source of electrical
power are typically synchronous generators driven by diesel
generators. The generators are connected to voltage source
converters (VSCs), the output of which forms the dc bus. The
dc bus voltage can vary from above 1 kV to 35 kV [7] for
MVDC distribution. In small marine vessels, like in dc ferries
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and cruises, the dc bus voltage is generally maintained at 1000
V to 1500 V [1], [8]-[11]. The dc distribution bus can be
unipolar or bipolar type [12]-[14]. However, a bipolar dc bus
(£500 V or £750 V) is useful as it exhibits lower transmission
loss (owing to lower current in the return wire), higher
reliability, and ability to power different loads at two different
voltage levels [12]. The low power loads can be connected
between pole to ground (i.e., across 500 V or 750 V terminal)
and the high power loads can be connected across the pole to
pole (corresponding to 1000 V or 1500 V).

A battery storage system (BESS) can be connected to the dc
distribution bus directly or through a bi-directional converter
[10]. In the case of direct connection, the voltage of the dc bus
is determined by the state of charge (SOC) of the battery bank
and hence regulation of the dc bus voltage is not possible.
Also, a short circuit fault at the dc bus results in unrestricted
flow of discharge current which might be detrimental to the
battery storage system. Thus, interfacing the battery storage
system through a power electronic converter may be a suitable
alternative as this would enable dc bus voltage regulation as
well as prevent the battery from rapid discharge in the event of
short circuit fault.

In this paper, an isolated bipolar dc-dc converter is
presented which can form a bipolar dc bus at its output from a
single dc source/battery bank. The converter is also capable of
restricting rapid discharge of the battery bank in the event of
dc bus short circuit.

The paper is organized as follows. Section II presents the
circuit diagram of the proposed converter with its equivalent
circuit. The operating principles and steady-state analysis of
the converter are presented in Section III. The effect of
leakage inductance (of the isolation transformer) on the
converter operation and the ability to reduce battery discharge
in the event of short circuit fault are also included in Section
III. Simulation results are provided in Section IV depicting the
closed loop operation of the converter, dynamic performance
during load change, and the battery discharge restricting
capability during fault. Concluding remarks are presented in
Section V.

II. DC DISTRIBUTION SYSTEM WITH PROPOSED ISOLATED
BIPOLAR CONVERTER

For battery integrated marine vessels, two approaches are

followed [10].
a) The traditional approach is to connect the battery bank
to the dc bus through a bi-directional dc-dc converter, as



shown in Fig. 1. (a). In this approach, the battery
charging involves processing of power through two
converters (VSC and bi-directional dc-dc converter) and
discharging through one converter (bi-directional dc-dc
converter). In the case of short circuit fault at the dc bus,
the battery bank can be saved from discharging rapidly
if the bi-directional dc-dc converter can isolate the
battery from dc bus.

b) The modern dc ferries, however, the battery bank is
directly connected at the dc bus which requires a battery
bank of similar nominal voltage of the dc bus [10]. In
such configurations, the voltage of the dc bus can
fluctuate depending on the SOC of the battery bank.
Any short circuit fault on the dc bus results in rapid
discharge of the battery bank and affects the battery
bank lifespan.

The advantages of both schemes can be congregated if the
battery bank is placed in between the VSC and a dc-dc
converter connected to the dc bus, as shown in Fig. 1 (b). In
this scheme, the charging of the battery bank is done through
the VSC. The battery bank supplies power to the marine
loads (including the propulsion) through the dc bus
interfacing dc-dc converter which is uni-directional. Thus,
the charging and discharging processes involve power
processing through one converter. During short circuit faults
at the dc bus, the dc-dc converter can isolate the battery bank
from the rest of the distribution network, thus preventing its
rapid discharge. The proposed isolated bipolar dc-dc
converter, described in the next section, can perform the
aforementioned operation.
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Fig. 1. Integration of BESS in dc distribution based marine vessels: (a)
traditional approach and (b) an alternative approach.

Cp05

B

Vin — - = 5 Rr!eg
T T Cueg
L
LB
~
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Fig. 3. Schematic diagram of the isolated bipolar dc-dc converter with
transformer equivalent circuit.

III. PROPOSED ISOLATED BIPOLAR DC-DC CONVERTER

The circuit diagram of the proposed isolated bipolar dc-dc
converter is shown in Fig. 2. The converter has two power
stages which are isolated by a high frequency (HF)
transformer. The first stage is derived from the current-fed dc-
dc bridge structure [15] which produces an AC voltage across
the primary side of the HF transformer. The HF transformer
has N, primary and N; secondary turns with turns-ratio
n=N¢/N,. The second stage connects the secondary side of the
HF transformer to form a bipolar dc bus.

The HF transformer is replaced by its equivalent circuit
model with magnetizing inductance L,,, as shown in Fig. 3. The
switches S; and S» of the converter are turned on and off
synchronously. It is assumed that the converter operates in
continuous conduction mode (CCM).

IV. PRINCIPLE OF OPERATION AND STEADY-STATE ANALYSIS OF
THE PROPOSED CONVERTER

A. Operating Princple

The converter operates in two subintervals within a switching
cycle. During the first subinterval or D interval (0 < ¢ < DTy),
the switches S; and S are turned on. The diodes D; and D;
become reverse biased while on the secondary side, diodes Ds3,
Dy start conducting. The input inductor current #;, increases
with slope (VitV:)/Lin and energy is transferred to the inductor
Li, from the dc source and the capacitor C,. The schematic
diagram of the proposed converter during the first subinterval
(D interval) is shown in Fig. 4 (a). The voltage across the input
inductor L, (viin), primary and secondary windings of the HF
transformer (v, and vy, respectively), output side inductors L;
and L, (vz;and vy, respectively) are given in (1) - (7).
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Fig. 4. Circuit connection of the isolated bipolar dc-dc converter during (a) first
subinterval or D interval and (b) in second subinterval or (1-D) interval.

First subinterval or D interval (0 <t < DTy)

Vi =V +Ve (1)
v =y v, @)
v, =—n(vc+vcp) 3)
S )

v, =V, 4V, = —n(vc -i—vcp)+vc1 (5)

VLZ = vs + Vc2 _vneg

(6)

VLZ = _vneg (7)

In the second subinterval (DTs < ¢ < Ts) or (1-D) interval,
the switches S; and S, are turned off and the diodes D; and D;
are forward biased. The secondary side diodes D3 and Dy stop
conducting. Now, the input inductor current i;, decreases with
slope (Vin-Ve)/Lin and energy is transferred to the capacitor C,
from the inductor L;,. Fig. 4 (b) shows the circuit schematic of
the proposed converter in the second subinterval. The voltages
across the input inductor L;,, primary and secondary windings
of the HF transformer, output side inductors L; and L, are
expressed in (8) - (12).

Second subinterval or (1-D) interval (DTs <t < Ty)

V,, = —n(vc +vcp)+vc2 -V

neg

vLin = I/in _vc (8)
v, =v.—Vv, ©)]
v, =n(vt,—vcp) (10)

V=YV, :n(vc—vt,p)+vc1 (1)

VLZ = vs + Vc2 _vneg

(12)

or, v,, = n(vc —v(,p)+vu2 “Vyeg

B. Steady-State Analysis

Using small ripple approximation and volt-second balance of
the input inductor L;,, the voltage V. across the capacitor C, can
be obtained as

<va'1>TS =D(V,+V.)+(1-D)(V,,-V.)=0

By (13)
1-2D

From the volt-second balance of the magnetizing inductor L,

using (2) and (9), the voltage across the capacitor C, is

obtained as,

<vp>TS =D(-V,, -V, )+(1-D)(V,~V,,)=0

oy

=V, =(1-2D)V,.=7, (14)
From (7), (12), and (13), the volt-second balance of inductor L
yields

<VL2>TS :_Dl/neg +(1_D)n(Vc _I/in)—‘r(l_D)I/CZ _(I_D)I/neg =0
or, V,.. =(1-D)n(V. -V, )+(1-D)V,,  (15)
Using (6), (12), and (13), the negative dc bus voltage Vg is

obtained as,
vV = —nD(VL, +V,

neg in
=-nV,+n(1-2D)V_+V,,
or, I/neg = VL‘Z (16)
Putting the value of V. obtained from (16) in (15), V. can be
expressed as,

V.

in

)+n(1=D)(V.=V,)+V.,

in

= 2n(1-D),, (17
1-2D
From the volt-second balance of the inductor L, using (4), (11),
and (14), the expression for the positive dc bus voltage Vs is
obtained as
- 2n(1-D),, (18)
1-2D
From (17) and (18), it can be seen that the voltages of the
positive and negative bus are equal, which form the bipolar dc
bus at the output of the converter.

The waveforms of the switch node voltage (vsy), the
transformer primary voltage (v,), and the secondary voltage (vs)
along with the gate switching signals of switch S;, S> (Gs;, Gs2)
are shown in Fig. 5 (a) for continuous conduction mode (CCM)
of operation. The waveforms of the input current (i), current
through switches S; and S> (iss, is2), current through diodes D;
and D: (ips;, ipz), and primary winding current of the
transformer (i) is shown in Fig. 5 (b).

The conversion ratio (Vpos/Vin or Vieg/Vin) plot of the
proposed converter (for n=0.5 and 1) is shown in Fig. 6. The
gain plot of the SEPIC-Cuk derived bipolar converter
presented in [12] is also plotted in Fig. 6, which shows that the
proposed converter can provide higher gain. It can be also
seen that a higher conversion ratio can be achieved by



increasing either the duty ratio (D) of the converter or the
transformer turns-ratio n. With the increase in transformer
turns-ratio, the gain at D=0 rises linearly as quantified in (18).
It can be observed that the duty ratio of the converter has to be
restricted beloyy D=0.5 for proper operation.
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Fig. 5. Waveforms of the (a) switch node voltage (vsy), transformer primary

and secondary voltages (v, and v;) and (b) input current (i;,), switch current (is;,

is;), diode current (ip,, ip;), and transformer primary current (i,.») along with

the gating signals Gys;, Gs.
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Fig. 6. Conversion ratio plot of the proposed converter with transformer turns-
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C. Effect of Finite Leakage Inductance on Converter
Operation

The operation of the proposed converter gets modified in
presence of a finite leakage inductance of the HF transformer
(Lug). A finite leakage inductance prevents instantaneous
change in the primary current when the gate signals of the
switches S; and S are turned off. Due to the presence of the
leakage inductance, the primary winding current (ip.n) takes
finite time to rise when a positive voltage is applied across the
primary winding [16]. This finite slope of iy:n reduces the
duty cycle of the secondary voltage. The effective duty ratio
(Dep) of the secondary winding voltage can be expressed as

1-D,, =1-D-AD
where AD is the loss of duty ratio due to the finite rising slope
of the primary current. The waveforms of the primary and
secondary winding voltages (v, and vy), primary winding
current (i,) along with the gate signals Gs; and Gs; are shown
in Fig. 7, which depicts the effect of duty cycle loss.

D. Component Stress and Sizing of Passive Components

The value of input inductor L;,, output side inductors L;, L
can be expressed in terms of their current ripple, switching
time period Ts, and duty ratio D as:

L, = & +K
lin lLl lL2
The maximum voltages appearing across the switches and
diodes are given below.

V s Ve
DI, L, = Apm DIy, L, = Aﬂ% DTy

Vill Vill
Vo=V =—2— VDleDzz_m’ 3 =Vpa=—

2 1-2D°

2nV,

in

1-2D

E. Battery Discharge Restricting Capability

In dc marine ships or dc ferries that run on the power from
BESSs, it is essential to have an efficient fault management
strategy in order to isolate the fault and restrict the current
from the battery bank from rapid discharge and to prevent it
from feeding power to the fault. The proposed converter can
play a major role in isolating the battery bank and restricting



rapid battery discharge. As the output side of the converter is
isolated from the input side by the high frequency transformer,
stopping the power transfer through the transformer can
prevent discharge of the battery bank. This can be done by
turning off the gate pulses of the switches S; and S,. As the
switching pulses are removed, the switch node voltage (vsy)
assumes a steady voltage equal to the input voltage. This
results in a zero voltage appearing at the primary terminals of
the transformer as the capacitor voltage V., is equal to V..
Thus, power flow from primary to secondary winding is
prevented. Also, the input current decays to zero, as zero
voltage appears across its terminals.

V. SIMULATION RESULTS

The proposed converter is simulated in MATLAB®/Simulink
platform to verify its steady-state and dynamic behavior. The
passive component parameters of the converter are given in
Table 1. A high frequency transformer with turns-ratio
n=Ny/N,=1 is selected. A 50-kW distribution system having
+750 V dc bus voltage with 400 V dc input is chosen for the
simulations with a switching frequency of 10 kHz.

The switching cycle variations in the transformer primary and
secondary voltages (v, and vy), transformer primary current i.im
along with gate signals Gs; and Gs; are shown in Fig. 8. The
converter waveforms for transformer leakage inductance
Lyg=0.5 pH and Lyg=15 pH are shown in Fig. 8 (a) and Fig. 8
(b), respectively. From Fig. 8, it is seen that the finite rising
slope of the primary current reduces the duty cycle of the
secondary voltage when the transformer leakage inductance is
substantial. In a closed loop controlled system, the duty loss
leads to an increase in the duty ratio of the switches S; and S> in
order to compensate for the voltage loss at the output. As the
duty ratio increases, the primary side capacitor voltage V.
increases, which leads to requirement of higher voltage rated
switches. Thus, it is preferred to have a transformer leakage
inductance as small as possible.

TABLE 1.
PASSIVE COMPONENT PARAMETERS
Components Attributes
Lin 600 pH
C, 500 pF
Ly, L, 1000 pH
Cp, C1, G 500 puF
Cross Cheg 2000 pF

W'l Gy, Gz

AT

_-t_ Duity Ratio Ll‘i,‘,‘

A

Time (sec)

(a)

(b)

Time (sec)

Fig. 8. Effect of transformer leakage inductance on the secondary winding
voltage with leakage inductance of: (a) 0.5 uH and (b) 15 uH, depicting the
effect of duty loss.
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Fig. 9. Simulation waveforms of the positive and negative dc bus voltages (V}os,
Vieg), input voltage (V;,), and load currents of the positive and negative buses
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A. Steady-State Operation in Closed Loop Control with
Unequal Loading

A closed loop control is implemented using a type-II [17]
controller with the isolated bipolar dc-dc converter. To test the
operation of the converter in closed loop and its ability to
regulate the bipolar dc bus voltages at their reference voltages,
it is tested with severe unequal loading condition and dynamic
load variation. The steady-state operation of the converter with
unequal loading is shown in Fig. 9 with the converter startup
process. The reference for the bipolar dc bus voltages is £750
V. The load resistances are 222.22 Q and 22.22 Q for the
positive and negative dc bus, respectively. A ramp up time of
20 ms is provided for the dc source. From Fig. 9, it is seen that
both the positive and negative dc bus voltages settle at the
reference values of 750 V and -750 V, respectively. The load
currents of the positive and negative buses settle at 3.375 A
and -33.75 A, respectively according to the load resistances.

B. Dynamic Operation with Closed Loop Control

The isolated bipolar converter is tested for load step up and
load step down changes to verify the dynamic performance of
the converter. The positive dc bus resistance is kept at 40 Q
while the negative dc bus resistance is kept at 22.22 Q (parallel
connection of 40 Q and 50 Q) during converter startup. At
=0.9 sec, a 50-Q load is connected to the positive dc bus and at
t=1.3 sec, the 50-Q load is disconnected from the negative dc
bus. The simulation results for the dynamic operation of the
converter are shown in Fig. 10. This figure shows that the
converter is able to regulate its outputs at £750 V after the step
up and step down load changes and sustain the bus voltages at
their reference values even under load unbalance condition.

C. Battery Discharge Restricting Capability During Fault

The capability of the proposed converter to restrict the
battery current from rapid discharge at the event of short
circuit fault is simulated. A pole-to-pole short circuit fault is
created at /=0.9 s with the fault resistance being 0.2 Q.
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voltage (v,), positive and negative dc bus voltage (V,os, Vi) at the event of
pole to pole short circuit fault (at /=0.9 s) and gate pulse removal at /=0.902 s.

Assuming a proper fault detection algorithm exists, the gate
pulses are withdrawn after 2 ms. Fig. 11 shows the simulation
results. It can be observed that the primary voltage of the
transformer decays to zero after the gate switching signals ate
withdrawn. Also, the input current becomes zero, which
indicates that the battery doesn’t feed power to the fault.

VI. CONCLUSION

In this paper, an isolated bipolar dc-dc converter has been
presented. This converter is intended to act as the interface
between the battery energy storage system and dc distribution
system in marine vessels. The detailed steady-state analysis of
the proposed converter is presented. The relation between its
input and output variables are deduced and the effect of finite
transformer leakage inductance of the transformer on the
converter performance is shown. The capability of the
converter to restrict power flow from the BESS at the event of

short circuit bus fault is explained. A suitable closed loop
controller is developed, which enables the converter to
regulate its output voltages at the reference values. The
dynamic performance of the converter has been tested by load
step up and step down changes in the positive and negative
bus, respectively. The capability of restricting battery
discharge current during short circuit fault has also been
verified by simulation.
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