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Abstract—Electrification of ships is one of the hot topics in the
marine industry. This is due to the stringent guidelines by the
International Maritime Organisation (IMO) for curbing the green
house gas emissions from the marine sector. In this paper, the
state-space modeling approach is used to model bipolar dc grids
on ships. A ferry is used as a test case. The modeling is done for
the radial and zonal architecture with similar components. The
dynamic simulation and stability analysis of the two architectures
reveal that zonal architecture is potentially more stable than the
radial architecture.

Index Terms—bipolar, dc, grids, ships, modeling, state-space,
radial, zonal

I. INTRODUCTION

Climate change is one of the major concerns of human
civilisation right now. In the purview of the marine sector,
the International Maritime Organisation (IMO) has setup strict
guidelines to curb the green house gas emissions from marine
vessels [1]. Hence, the whole sector is engaged in improving
the efficiency of operation aboard a marine vessel. Apart from
climate change, there are also issues relating to the increased
fuel prices that makes the operation more expensive. The push
from the global organisation for sustainable shipping is also a
major reason for moving towards a more green marine sector
[2].

Electrification of marine vessels is one of the major ways to
improve the efficiency of operation [3] [4]. The future electric
ship architecture is expected to be based on dc. This is because
of the following advantages: [5] [6] [7]

o Lower losses due to the absence of reactive power and
skin effect in dc.

o Reduction of size of passive components because of high
frequency power conversion.

« Ease of integration of renewable energy resources since
batteries and PV produce dc power.

Compared to a unipolar dc grid, a bipolar dc grid has many
advantages. These are as follows [8] [9]

o A bipolar dc grid has a higher power transmission capac-
ity per mm? compared to a unipolar grid. This is because
in a bipolar grid, three conductors are required instead of
four to transfer the same amount of power at the same
voltage.
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o A unipolar grid can provide a single voltage level in the
system. On the other hand, a bipolar grid can provide
more than one voltage levels by connecting device at
different terminals namely positive and negative (4—)
poles, positive and neutral (+n) poles, and neutral and
negative (n—) poles.

o The robustness of a bipolar dc grid is higher than that of a
unipolar grid. This is because a bipolar can still function
with half power capacity when there is a fault on one of
the poles.

The implementation of bipolar dc grids on ships is quite
limited. This is because of the lack of information and
commercially off the shelf components. Therefore, there is
a pressing need to understand the behaviour of these grids. In
this paper, a state-space modeling approach has been used to
model bipolar dc grids aboard a ferry vessel. Two different
architectures — radial and zonal — are simulated using this
method. Also, the stability analysis is done to compare the
two architectures.

The structure of the paper is as follows. In section II,
the model of various components of a bipolar dc grid are
discussed. The system equations of a general dc grid system
are also discussed. In section III, the state-space modeling
approach is discussed. In section IV, the stability analysis
of dc grid is briefly discussed. In section V, the radial and
zonal architecture developed for a ferry are discussed. In
section VI, the test case for comparing the two architectures is
discussed. In section VII, the results are discussed. The paper
is concluded in section VIIL.

II. MODELING OF BIPOLAR DC GRIDS

The modeling of a system helps in understanding the
behavior of the system under normal and abnormal operating
conditions. There are several methods of modeling a system.
The utility of these methods depends upon the amount of
insight that is required [10].

A. Line modeling

In the dynamic modeling method, the distribution lines
are modelled as m-sections as shown in Fig. 1. This model
also includes the mutual line elements such as the mutual
inductance between the lines and the line-to-line capacitance.
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Fig. 1: Lumped element m-model of a bipolar distribution line [10].

The m-model can be used for short line lengths since the
propagation delays can be neglected [11].

B. Converter modeling

The converters are modelled as ideal converters. The grid
forming converter has a droop controller for controlling the
current output/input. The current injected by the droop con-
trolled converter and load converters are shown by

U, - U

li=="7 (1)
P
I = fﬁl )

where U, is the reference voltage, U; is the voltage at the
converter connection node, Z; is the virtual droop impedance,
and P, is the power consumed by the load.

Za

v, @ n—a  u

Uo — Ca

(a) Droop controlled converter (b) CPL converter

Fig. 2: Idealized model for droop controlled and constant
power load converters.

The ideal and linearized models for the droop controlled
sources are shown in Fig. 2a and 4a respectively. The ideal
and linearized models for the constant power load converters
are shown in Fig. 2b and 4b respectively.

C. Grid modeling

A grid can be represented by a combination of lines and
nodes. The lines consist of cables between nodes. There can be
more than one conductor in a line. The m-model of a line with
three conductors is shown in Fig. 1. An incidence matrix is
used to represent the connection between the lines and nodes.

U

— 1 1 1

n n2 ns

Fig. 3: Model representing a 3 node 2 line 1 conductor system.

For a small system of nodes and lines shown in Fig. 3, the
incidence matrix is given by (3). The columns of the incidence
matrix represent the nodes in the system; the rows of the
incidence matrix represent the lines in the system. The current
from a node into a line is represented as 1; the current into a
node from a line is represented as -1. It is important to state
here that this convention is chosen arbitrarily and the signs

can be opposite.
1 -1 o
Tl o1 -1

If there are three conductor instead of one in the same
system, the size of the incidence matrix changes. In that case,
the incidence matrix will contain 3x3 columns representing
the nodes and 3x2 rows representing the lines. The incidence
matrix I' for a three node, two lines, three conductor system
is given in (4).

3)

100 -1 0 0 0 0 O
010 0 -1 0 0 0 O
o001 o0 O -1 0 0 O

I'= 00 0 1 o 0 -1 0 O @)
00 0 O 1 o 0 -1 0
000 0 O 1 0o 0 -1

D. System equations

For a dc distribution system, the KCL and KVL equations
are used to create the equations for state-space representation.
The chosen state variables are the node voltages and the line

Authorized licensed use limited to: TU Delft Library. Downloaded on September 21,2021 at 07:20:25 UTC from IEEE Xplore. Restrictions apply.



currents. The KCL equation is used to derive the state equation
for the node voltages. The voltage across the capacitances
connected to a node is related to the net current flowing
through that node. Hence, applying the KCL at a node NN,
we get

CYl.]N = Inet- (5)

Expanding (5) to include the line currents Iy, node currents
I (injected/extracted by the power converters/loads), and
conductance currents, we get

CUn = In —TTI; — GUYy. (6)

The KVL equations are used to derive the state equations
for the line currents. The current flowing through the line
inductance is dependent upon the difference between the node
voltages. Hence, applying KVL between two nodes connected
by a line, we get

LI; =U;. (7

Expanding (7) to include the voltage drop across the line
resistances, we get

Li;, =TU, — RIy. (8)
III. STATE-SPACE MODEL

A. Model representation

State-space modeling can be used to model linear time-
invariant systems in the form of first order differential equa-
tions [12]. The basic form of state-space model is given by

T = Ax + Bu. ®

The observation equation is given by

y = Dx + Fu, (10)

where x is the state vector, w is the input to the system, y
is the system output vector, and ABDZFE are the state-space
matrices.

In the purview of our system, the state vector consists of
the node voltages and line currents which is given by

T = [Ul,l U1,2 Un,m Il,l I1,2 Il,m]a
1D
where n is the number of nodes, [ is the number of lines,
and m is the number of conductors per line. Similarly, the
input vector u of the system consists of the node currents
injected/extracted by the power converters is given by
Iy ,n,m]~ (12)

u=[In11 Ini2

Equations (6) and (8) can be rearranged to form the first
order differential equations given by

UN :C_IIN—C_II‘TIL—C_]'GUN7 (13)

I =L 'TU, — L~ 'RI;. (14)

Accordingly, the state-space matrices can be defined as

—-c-'Gg —-c-1T
A= [ LT —L—lR] ’ (15)
—_Cc!
B- [ . } , (16)
D=1, (17)
E=0. (18)

B. Definition of state-space matrices

The details about the creation of the R, L, C, G matrices
are given in this section. There is a two-step procedure
for creating the matrices. In the first step, the matrices are
calculated for each line [ with m conductors.

([Ry 0 ... 0
0 R 0
Rp,=| ? ;
: .00
L0 ... 0 Ry
i L11 M12 Mlm
M. L . Moy,
Lp, = '21 22 2 7
: M(m—l)m
_Mml Mm(m—l) Lrm
(19)
> Cuk —C12 —Cim
k=1
—Cy > Cay - Cop
CL,l = k=1 )
- CV(mfl)m
—Lml - C'm(rnfl) E ka
L k=1 J
> G G ~ Ginm
k=1
—Gay > G - Gam
GL,l = k=1 (20)
- G(mfl)m
~Gm1 = Gy 2 Gk
L k=1 J

The nodal matrices from the line matrices can be calculated
using the incidence matrix I'. This is because I also gives the
relationship of the connection of all lines with all the nodes.
The nodal matrix can be calculated as

l
1
Cnn = §|I‘T‘ Z Cr.j,

j=1

21
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l
1
GNmziwnigG“' (22)
iz

In the next step, each of the matrices with respect to the
lines are combined to form the final matrices as

-RL,l 0o ... 0
r=| 0 Br2 w0 ,
) -
|0 0 Rp,
Lp, O 0
L: 0 LL’2 O )
: .0
0 0 Lry;
Cny O 0
c_| 0 One of
SN
0 0 Cnm
Gna 0 0
cg=| 0 Gnw2 0 (23)
: . .0
0 ... 0 Gnm

IV. STABILITY ANALYSIS

In a dc grid, the loads are interfaced with power converter
that are tightly regulated to work as constant power loads.
Constant power loads show a negative impedance behavior
which has the tendency of making a system unstable [13].
Hence, it is necessary to evaluate stability of the whole system
with respect to the impedance of the converters. The small
signal linearized Norton equivalent of the droop controlled
source converters and constant power load converters are
shown in Fig. 4a and 4b respectively. The generalized form of
current injected/ejected from these converters is given by

Ii =10 — Z%Ui

where I; o is the linearized current to/from converter, Z;
is the linearized converter impedance and U; is the voltage
converter input terminals.

Combining (24) with (13), we can write the state-space

equation as [14]
UN N —Cc-1z-1 I
Bl TR [ e
(25)
The state-matrix A can be used to analyze the stability of
the system [15]. The poles represent the natural frequencies

or modes of the system [16]. The characteristic equation for
the system is

(24)

][5

@Id.o |:| Zg —_—Cq U; @L‘,o |:| Z G U;

(b) CPL converter

(a) Droop controlled converter

Fig. 4: Linearized Norton equivalent model for droop con-
trolled and constant power load converters.

Al — A|=0. (26)

The roots of this characteristic equation depict the poles of
the system. A system is stable when it shows an asymptoti-
cally decaying behaviour after a perturbation [17]. Hence, the
system is stable if all the roots of (26) lie in the left hand side
of the jw-axis.

V. EXAMPLE FERRY

In this section, an electric ferry is used as a test case for
applying the state space modeling method. Two architectures
of the distribution system are made of the same ferry — radial
and zonal. First, the dynamic model of both the configurations
is shown and then stability analysis is done for them.

The main parameters of the ship are given in Table I. There
are 6 batteries — each with a capacity of 30.5 kWh. The
distribution bus is formed at 662 VDC. In case of bipolar dc
grid, the voltage levels are + 331 VDC. The loads primarily
consist of the propulsion motors, bow thruster and auxiliary
service loads.

TABLE I: Specifications of the ferry ship.

Equipment Specifications
Source battery 6 x 30.5 kWh
Nominal DC bus voltage =+ 331 VDC

Main propulsion motor
Bow thruster

2 x 70kW @700 rpm, 100kW @1000 rpm
24kW @ 2000 rpm

The dc grid of this ship is modelled. The grid in the original
ship is unipolar. However, for this paper, a bipolar dc grid is
utilized to understand the control and stability of such a grid
when two different architectures — radial and zonal — are used.

The length of the ferry is 28 m; the breadth of the ferry is
10 m. The equipment arrangement is such that the batteries
lie in the middle of the ferry. The propulsion motors are in the
rear side, the bow thruster in at the front. The service loads
are distributed across the ferry. However, for this analysis, the
dc/ac converter supplying them is located at the front side.
The location of the all these loads impact the length of the
lines. The information about the line lengths is given in the
corresponding sections of the radial and zonal architecture.
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A. Radial architecture case

The monopolar version of the dc distribution grid in radial
architecture is shown in Fig. 5. The nodes are numbered
from ny to nio. The lines are numbered from [y to l11. The
current injected to/from the converters from/to the nodes n,
are denoted by Icony na-

Battery 1

Battery 2 Battery 3 Battery 4 Battery 5 Battery 6

Service
Loads

Service
Loads

Bow Thruster
Motor

Propulsion
Motor PS

Propulsion
Motor SB

Fig. 5: Model of the ship distribution system in radial archi-
tecture showing the line elements.

The cross-section area of all the cables are kept the same
at 30 mm? to simplify the model. The length of the lines are
given in Table II.

TABLE II: Length of lines in radial architecture

Line Length (m)
l1 -1 5
l7, lio 15
g, lg 7
l11 10

B. Zonal architecture case

In this section, the test case for the zonal case is developed.
The dimension of the ferry and the arrangement of equipment
remains the same. However, the cable layout is significantly
different in zonal distribution.

Fig. 6 illustrates that the power can be transmitted via two
paths in a zonal architecture. There are two feeder paths from
the distribution bus. One path goes towards the front of the
ferry supplying the service loads and bow thruster drive on
the way. The other path goes towards the rear of the ferry
supplying the port and starboard side propulsion motor drives.

The model of the grid showing the line elements is shown
in Fig. 6. The model constitutes of 22 nodes and 26 lines.
The nodes connected to the batteries are the same as in the
radial architecture case. However, the nodes for the loads are
different.

The cross-section area of the cables is chosen such that the
ampacity remains the same as for the radial system. The cross

Battery 1 Battery 2 Battery 3

Service
Loads

H e
2= =2
Riz H H Rino
Rins[ ] @ | | B
] Senie J
Loads B
Lizs & & Lize
Lw% % Lo
+—| 10 f—s
Gz L —L Ciia
7= =2
Bow Thruster
Motor
Ris Lis " Ry Lig
ns 1 jory Ry ey s Jempn ey 10
1 i I i
’_(J Propulsion g B 1
R |553+= Motor PS = Ria
’ = Propulsion
Motor SB
Lina
.z L
n1s R 113 3

Fig. 6: Model of the ship distribution system in zonal archi-
tecture showing the line elements.

TABLE III: Cross-section area of lines in zonal architecture

Lines Cross-Section Area (mm?)
ly -1z, Lo, l1g, l22 30
ls, lg, l11 - l14, l16, l17, l20, l21, l23 - l26 15
l15, l18 45

section area of some of the cables is halved as there are two
parallel paths to the same loads. On the other hand, the cross
section area of some of the lines are increased to match the
ampacity. The cross-section area and the length of the lines
are given in Table III and IV respectively.

VI. TEST CASE

A test case was developed for testing the model of the
ferry. At O ms, there is no current flowing into the system.
Also, all the capacitors are charged to £331 VDC which is
the nominal distribution bus voltage of the ferry. At 20 ms,
the service loads are turned on. The loads are supplied from
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TABLE IV: Length of lines in zonal architecture

Lines Length (m)
l1 - ls, ls, lo, l12, 113, l15 - l18, I20, I21, l23 - l26 5
Iz, lio 10
l11, l14, l19, l22 2

TABLE V: Changes in power in kW at different nodes at
different time steps.

Node Node Time (ms)
Node name Radial ~ Zonal
0 20 40 60 80 100
Battery 2 ng no 0 0 35 35 0 0
Battery 3 n3 n3 0 0 35 35 0 0
Battery 4 ng ng 0 0 0 35 0 0
Battery 5 ns ns 0 0 0 35 0 0
Battery 6 ne ne 0 0 0 35 0 0
Propulsion Motor PS ng ng 0 0 =70 -70 0 0
Propulsion Motor SB n11 nio 0 0 0 -70 0 0
Service Loads ng nis o -10 -10 -10 -10 0
Service Loads nio nis 0 -5 -5 -5 -5 0
Bow Thruster Motor ni2 na1 0 0 0 -25 0 0

the battery pack converters connected to node n;. At 40 ms,
two additional battery pack converters connected to nodes no
and ng are turned on. Also, the port side propulsion motor
drive is turned. At 60 ms, additional battery pack converters
connected to nodes ng4, ns, and ng are turned on. Also, the
starboard side propulsion motor drive and bow thruster motor
drive are turned on. At 80 ms, all the loads except the service
loads are turned off. All the battery converters except the droop
controlled converter are also turned off. At 100 ms, all the
loads are turned off. The power injected/ejected from relevant
nodes for radial and zonal configuration are given in Table V.

Each of the converter has three terminals at the output. In
these converters the output capacitors are connected between
+ pole & n pole and n pole and — pole. For simplification,
each of the capacitance are set as 400 pF.

VII. RESULTS AND DISCUSSION

In this section, the results of the modeling with the test case
are illustrated.

A. Simulation

In this section, the dynamic modeling results are shown.
The output of the dynamic modeling are shown and discussed.
The voltages at relevant nodes and all the line currents for the
radial arrangement are shown in Fig. 7 and 8 respectively.

The voltages at relevant nodes and all the line currents for
the radial arrangement are shown in Fig. 9 and 10 respectively.
The negative currents shown in some of the lines corresponds
to the current direction set in the incidence matrix I'.

At 0 ms, all the power converters are turned off and no
power is being injected/ejected into the system. However, it
should be noted that all the capacitors are charged to the
system nominal voltage. As only the + pole is shown, the
capacitor voltages are +331 VDC. At 20 ms, the service loads

Node voltages

3351

_V|+
—V,,
330 - Vs
) / —Va,

7] —V
2 Vi
=325 6+
> —Vg,

[} eV
8 2
Z320 Vo
V11+
Vo

315 , , , )
0 0.02 0.04 0.06 0.08 0.1 0.12
Time (s)

Fig. 7: Voltages at the nodes where source and loads are

connected - Radial architecture

Line currents
200

o
S
T

=}
1)
T

Line Currents (A)
g
T

o

&
3
T

-100
0

. . .
0.06 0.08 0.1
Time (s)

Fig. 8: Currents in all the lines - Radial architecture

connected at nodes ng & nyg in the radial architecture and
at nodes n15 & nig in the zonal architecture. Due to this
change, the equilibrium voltage of the system changes. This
new equilibrium is around 4319 VDC as shown in Fig 7 and
9. The equilibrium is reached when the derivative of the states
become zero. Hence, making the derivatives in (25) zero, we

get
Un 7
I —L R 0 N0
27

Applying the block matrix principles and decomposing the
inverse of state matrix A [14], we get

_C—lz—l
- [ L~'r

_C—ll-T:| -1 [_C—l

Un=(Z7'+TTR'I")Iny. (28)

At 40 ms, the port side propulsion motor is turned on. To
balance the power demand by the propulsion motor drive,
Battery 2 and Battery 3 are turned on. The equilibrium voltage
do not change significantly because the power injected into
the system is the same at the power ejected. At 60 ms, all the
sources and loads in the systems are turned on. At this time,
there is additional 35 kW (compared to the previous state)
injected into the system. Hence, the system voltage increases.
At 80 ms, all the converters are turned off except the service
loads. Hence, the equilibrium states of the system becomes
the same as that between 20 ms and 40 ms. At 100 ms, all the
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converters are turned off and the system returns to its initial
state.

The equilibrium voltages are slightly different between
the radial and zonal architectures because of the difference
between the conductor resistances.

Node voltages

0.08 0.1 0.12

0 0.02

0.04 0.06

Time (s)

Fig. 9: Voltages at the nodes where source and loads
connected - Zonal architecture

are

Line currents

N
=3
S

o
=]

=)
S

Line Currents (A)
o
3

=)

&
3

-100 K
0 0.02 0.04 0.06 0.08 0.1 0.12

Time (s)

Fig. 10: Currents in all the lines - Zonal architecture

From the first look at the plots for node voltages, we can
say that the system is stable in both the architectures. After
a change in the node currents (cony,,) — the system state
changes. The oscillations in the node voltages and line currents
are due to resonance between the system inductance and
capacitance. The transient oscillations during a power change
are higher in case of the radial architecture compared those
in the zonal architecture. This is mainly because the damping
of system in zonal architecture is higher. This, in turn, is due
to higher resistance of cables because of lower cross-section
area as explained in section VI.

B. Stability analysis

As discussed in section IV, the state-matrix A can be used
to find the poles of the system. For the radial and zonal
architectures, the poles of the system are illustrated in Fig.
11 and Fig. 12 respectively.

Several differences are present between the pole plots of
both the systems. There are more poles of the zonal architec-
ture. This is because of the higher number of nodes and lines
in this system. The poles farther away from the jw-axis appear

Eigenvalue analysis: Poles of the radial architecture

%107
61 *

0 *okk *k *

= -211.586

Il * Il Il Il Il I

-6 1 1 1
-9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0O
Re(|(A-A D)D)

Fig. 11: Poles of the system for radial architecture of ferry.

15 x10®  Eigenvalue analysis: Poles of the zonal architecture
. o N
1k
* *
*
~ 05 e
=
< Or * * * * o ok *
= .05t o -211.184
*
1 o
15 s s s 4 * s |
35 -3 25 -2 -1.5 -1 -0.5 0
Re(|(A-A 1)) x10*

Fig. 12: Poles of the system for zonal architecture of ferry.

due to the line elements (inductances and capacitances) and
converter capacitances. These poles represent the frequencies
of oscillations appearing in the line currents and voltages when
the system state changes. The amplitude of oscillation becomes
smaller and smaller when the poles move more and more
towards the left of jw-axis [18]. In the zonal architecture,
most of the poles are farther away from the jw-axis compared
to the radial architecture. This implies that the oscillations
are dampened more in the zonal architecture compared to the
radial architecture as is discussed in section VII-A.

In Fig. 11 and 12, there is a pole which is present close
to the jw-axis. This pole appear due to the droop controlled
converter in the system. The position of this pole is similar
in both the architectures because the droop impedance of the
converter is the same. This is a slow pole and significantly
impacts the stability of the system. The pole has a tendency
to move closer to the jw-axis if the value of droop impedance
is increased. Consequently, the droop impedance should be
high enough for a stable dc grid.

VIII. CONCLUSION

In this paper, a dynamic modeling technique is utilized to
model dc grids on ships. State-space method is used for this
purpose. Due to space considerations, only the plots for the
positive pole are shown. The stability analysis of a dc grid
using the state matrix is also discussed. The modeling method
is used to simulate two power distribution architectures on a
ferry — radial and zonal. The results of the simulation show
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that there are lower voltage oscillations in zonal architecture
compared to the radial architecture. The stability analysis
of the two architectures also show that the poles of the
zonal architecture system are faster than those of the radial
architecture system. Hence, it can be said that the zonal
architecture with the same number of components and line
length is more stable compared to the radial architecture.

There are however, limitations to the analysis. Firstly, the
impedance characteristics of the converters are taken for the
linearized cases which are not frequency dependent. Also, the
dynamics of the power converters are neglected. An improved
model would contain the dynamics of the converters as well.

In this study, it is concluded that zonal dc architectures
can provide better performance than radial dc architectures.
A zonal architecture is a meshed dc grid and has several ad-
vantages compared to a radial grid such as reduced possibility
of congestion in the network [19]. However, there are several
challenges regarding the implementation of zonal architectures
with respect to the power flow control and protection of the
system [20]. Hence, the realization of zonal dc grids can take
some time for general acceptance in the industry.
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