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Abstract: [ Objectives | Because of the characteristics of submarine Direct Current (DC) transmission cables,
traditional circuit inductance calculation methods are unable to fit the system. There is a big error between the
calculating value and the actual value. This paper studies the finite element method to reduce the calculation error.
[Methods] The applicability of common line inductance calculation formulas to submarine DC system is discussed
firstly. Then a short—circuit experimental system is set up. The inductance of circuit in the system is measured, and a
simulation model of the experimental system is established. For a comparing purpose, the total inductance of the line is
calculated by finite element analysis in the ANSYS/Maxwell software too. With the inductance values, the equivalent
circuit model of the experimental system is simulated in the Matlab/Simulink software. The simulation waveforms of the
short—circuit current and the measured waveform are analyzed and compared. [ Results] The result shows that the
finite element analysis method is able to improve the accuracy of calculation of submarine DC transmission line

equivalent inductance, and reduce the error in DC power system transient analysis. [ Conclusions ] The achievement

can provide support for further simulation model development and calculation method research.
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0 Introduction

The submarine Direct Current (DC) transmission
network has such characteristics as low voltage,
short line and simple network structure. The voltage
level of the network is usually not higher than DC
1 000 V and the length of the transmission cables is
usually not more than 1 km, which is a tree—struc-
ture grid structure. The calculation parameters of the
transmission lines are mainly electrical resistance
under normal operating conditions. However, in the
short—circuit fault analysis of the power grid, the
electromagnetic characteristics of transmission lines
have great influence on the short—circuit current, so
the inductance of the lines cannot be ignored. At
present, the research on the power supply and load
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of the submarine DC grid is more "', and research
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on the line cables is mainly focused on the electro-
magnetic interference under AC/DC hybrid power
supply “7, but the calculation of the inductance pa-
rameters of transmission cables is less. In the design
of the submarine DC grid, the calculation of induc-
tance is usually conducted according to the cable pa-
rameters in the cable manual provided by the manu-
facturer. However, the actual inductance parameters
of the DC transmission lines are influenced by the
loop formed by the line, the laying environment of
the cable, the cable spacing and so on. In different
environments, the actual inductance value of lines is
greatly different from that calculated by the tradition-
al method. The inductance value of the transmission
lines will affect the calculation of the transient char-
acteristic of the system, and then affect the corre-

sponding design index. In recent years, many papers
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have been published to analyze the transmission line
model and parameter calculation method in the
multi—-terminal DC transmission grid in onshore grid.
Dong et al. ' studied the positive sequence of cables
under different return paths, return lines and metal
sheaths, especially the calculation method of ze-
ro—sequence impedance, which improved the accura-
cy of parameter calculation of high voltage cables.
Akkari et al. "' discussed the different effects of using
different equivalent circuit models of DC cables to
analyze the characteristics of the onshore high volt-
age DC grid. Du et al. ™ proposed a fast calculation
method for the mutual resistance of the high speed
railway track circuit, which took the earth influence
into account, and got better calculation results. Com-
pared with the power grid objects in the above stud-
ies, the DC voltage level in the submarine DC grid is
lower, the DC current across the cables is huge, and
the cables are arranged more closely in the finite
space of the submarine. Therefore, it is necessary to
analyze the applicability of the existing methods to
calculate the inductance parameters of submarine
DC transmission line.

This paper will first elaborate the laying character-
istics of submarine DC transmission cables, discuss
the applicability of common line inductance calcula-
tion equations to submarine DC transmission line, es-
tablish a transmission line model of short—circuit ex-
perimental system of submarine DC grid in ANSYS/
Maxwell software and calculate the total inductance
value of the transmission lines using the Finite Eele-
ment Analysis (FEA) method. Then, Matlab/Simu-
link software is used to simulate the experimental
system. The waveforms of the short—circuit current
obtained from the simulation are compared with the
measured waveforms to analyze the effect of the
equivalent inductance value obtained by different in-
ductance calculation methods on the short—circuit

current waveforms of the system.

1 Laying state of submarine DC
transmission line

Due to the small space, the submarine usually
lays multiple transmission cables in a compact ar-
rangement and designs the cable guide plates to fix
the position of the cables. The guide plate of the ca-
bles is shown in Fig.1 (relative permeability of the
material is close to 1) and the cable spacing is rela-
tively smaller compared with the cable conductor ra-
dius. Besides, the structure, laying and use pattern

of cable shauld also be fullyrcongidered when calcu-

lating the transmission line inductance.
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Fig.1 Scheme of cable guiding plate

2 Inductance analysis of subma-
rine DC transmission line

2.1 Equivalent inductance of loop

It is known from Reference [9] that if current [ is
applied to a loop, the ratio of the flux linkage w es-
tablished by the current and crosslinking the loop to
the current [ is called the self-inductance coeffi-
cient of the loop (referred to as self-inductance) and

expressed as L, namely:

_y
L—I (1)

It can be seen from Eq. (1) that inductance is
formed by a loop where [ is the current in the loop
and y is the flux linkage in the area enclosed by the
loop.

When analyzing and calculating the power system,
it is usually necessary to establish an equivalent cir-
cuit model of the system. In the circuit "”, the induc-
tance element is a set of coils, which reflects the
physical phenomenon that the current generates mag-
netic flux and magnetic field energy storage. Its ele-
ment characteristics are shown in the algebraic rela-
tionship between flux linkage w and current 7 :

w=LI (2)

It is easy to confuse equivalent inductance of loop
and inductance components. For inductance compo-
nents, the inductance value is certain, while the
equivalent loop inductance is determined by the
loop. In the cable design manual, the manufacturer
usually provides a 50 Hz inductance value. However,
the test environment of the inductance value is far
from the actual laying environment of the submarine
transmission cable, that is, the loops formed are not
the same, and the total inductance of loop is under
the influence of the integrated environment such as
distance among cables and cable radius. So when the

short—cireuif current is calculated using the induc-
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tance value per unit length in the cable nameplate

value, it will easily lead to large errors.

2.2 Applicability analysis of common-
ly—used inductance calculation equa-—
tions

2.2.1 Calculation of internal self-inductance
and external self-inductance
According to the definition of inductance, the
equation is as follows™:

L=L +L, (3)
where L, is the internal self-inductance, which is
equal to the ratio of the flux linkage that crosslinks
part of the current of the wire to the current of the
wire; L, is the external self-inductance, which is
equal to the ratio of the flux linkage that crosslinks
all the current of the wire to the wire current. The in-
ternal self-inductance and external self-inductance
calculation equations can be obtained respectively
by integrating the flux linkage in the magnetic field

using the Biot—Savart's law:

)

Li=grl (4)
_Hoq. 2

Le—zn(lnrl)l (5)

where ,=4nx 107 H/m is the vacuum permeabili-
ty; 7, is the core radius; 7, is the radius of the outer
conductor circle; and [ is the length of the cable.

When calculating the total inductance of the loop
by solving the internal self-inductance and external
self—inductance respectively through the traditional
calculation method, it can be accurately calculated
only when it is possible to distinguish the inner and
outer flux linkages, i.e., the inner and outer flux link-
ages do not overlap. When the traditional method is
used to calculate the inductance of the long, straight
and parallel doublewires, the smaller the ratio of the
distance between the wires to the wire radius is, the
greater the calculation error is.
2.2.2 Calculation of per unit self-inductance of

a single cylindrical long wire

In power system analysis"", the inductance calcu-

lation equation for a single cylindrical long wire is:
L:%ané—i—l) (6)
_1

where D _=re * is the geometric mean distance of
the cylindrical wire. Eq. (6) is applicable to the anal-
ysis of onshore power transmission network where

the length of the wire is much longer than the dis-

tance_betwéen the wites. The value of the external

self-inductance is greater than that of the internal
self—inductance, so the internal self-inductance can
be ignored under this circumstance. When calculat-
ing the external self-inductance, the center point of
the transmission lines of the three—phase four—wire
power system is grounded, and it can be considered
that the single wire and the earth at infinity form a

loop.

2.3 Analysis of the inductance value of
submarine transmission line

Two types of power cables are commonly used in
submarines: unshielded cables and shielded cables,
whose structures are shown in Fig.2 and Fig.3 re-
spectively. The use pattern of cables is also different:
for unshielded cables, one cable conductor is re-
quired to connect to the positive pole of the power
supply and another one is connected to the negative
pole to form a loop; for shielded cables, a loop can be
formed by the conductor and shielded layer (Fig.4)
or through the conductors of two cables (Fig.5).

Conductor

Insulating layer

Fig.2  Structure of unshielded cable

Sheath

Insulating layer

l

Conductor

Reticular shielded layer

Fig.3 Structure of shielded cable

Fig.4 Loop of wire with skin

Fig.5 _ Loop.of two wires
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When a cable is used as shown in Fig. 4, the con-
ductor and the shielded layer are connected to the
positive and negative poles of the power supply re-
spectively. The area surrounded by the loop is entire-
ly inside the cable, the generated magnetic field is
concentrated in the cable and the external magnetic
field of the cable is 0. When multiple shielded ca-
bles are connected in parallel using this loop connec-
tion method, the magnetic field generated by each ca-
ble does not affect each other. Supposing that the ca-
ble impedance of a transmission line is X,, when the
number of transmission line cables increases from 1
to n, the equivalent line impedance is X, . Because

there is no electromagnetic crosstalk among the vari-

ous cables, there is a linear relationship: X, = lX] .
n

When the cable is used as shown in Fig. 5, the
shielded cable does not form a loop by itself and the
magnetic field covered area between positive and
negative lines is not only in the cable, but also in the
space outside the cable. The magnetic fields generat-
ed by multiple loops are coupled to each other, so
there is no linear relationship between the total in-
ductance of transmission line formed by multiple ca-

bles in parallel and the inductance of a single cable,

namely, X, ;thl. In low—frequency magnetic field
n

analysis, since the current in the shielded cable
flows only in the wire, the loop inductance calcula-
tion of shielded cable is not different from that of the

ordinary cables or unshielded conductors.

3 Calculation of inductance based
on FEA

3.1 Calculation principle

The FEA theory is to use finite unknown values to
approximate a real system with infinite unknown val-
ues and replace complicated problems with simple
ones to get answers. At present, FEA has been exten-
sively applied to the analysis and calculation of field
domain and good results have been achieved. AN-
SYS/Maxwell is one of the widely used low—f{requen-
cy electromagnetic field finite element software,
which has been widely used in the engineering elec-
tromagnetic field """, In the parameter calculation,
ANSYS/Maxwell software uses magnetic field energy.
The relationship between magnetic field energy, in-

ductance and current is:
Wo=tr 1 (7)

2 total ~ total

where W _ s the magnetic fieldgenergy; L . is the

total loop inductance; and [,

ol 18 the total loop cur-

rent.
According to the total loop energy value calculat-

ed by software, the total loop inductance is

W,
Ltotal = o 2 (8)

total
Energy is obtained by integrating the magnetic

field over the entire field domain:
_1 .
W= zjVH BdV (9)

where H is the magnetic field strength; B is the
magnetic induction intensity; and 7 is the imped-

ance of the cable.
3.2 Establishment of model

The experimental system adopts a certain type of
battery and DC power cable (JYJPJ85SC-1) for sub-
marines. According to the actual laying of the cables
in submarines, the cable guide plate is designed to
fix the position of the cables in the experimental sys-
tem and the positive and negative cable ends are di-
rectly connected to a switch. A short—circuit fault is
simulated by closing the switch. The experimental

system is shown in Fig. 6.

Current measurement

—_—
-

Voltage

—
L

measurement

Cable positioning bracket

Fig.6 Schematic diagram of experimental system

The impedance nameplate value of the transmis-
sion cable in the experimental system is Z= 0.062 +
j0.0837 Q/km (50 Hz) and the average length of
the cable group is 16.7 m. The cable line is shown in
Fig. 7. The line is composed of 6 cables, 3 of which
are connected in parallel to the positive pole of the
power supply and the other 3 are connected to the
negative pole to form three loops. The structure of
the cable guide plate is shown in Fig. 8 where “+” in-
dicates that the cable through the hole is connected
to the positive pole of the battery and “~" indicates
that the cable through the hole is connected to the
negative pole.

The cable model is established in ANSYS/Max-
well software. The flowchart is shown in Fig. 9.

Fig. 10 shows the cable model, in which Fig. 10(a)
is the overall diagram of the model, and Fig. 10(b) is
the partial enlarged view of the finite element mesh-
es. Fig. 11 shows the magnetic field distribution of
the transmission line obtained by FEA method. It
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Fig.7 Transmission cable in experimental system
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Fig.8 Schematic diagram of cable guide plate of experimental

system
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Fig.9 Modeling flowchart

can be seen from the above that the magnetic field
generated by each loop is severely coupled, the
shape of the magnetic circuit is relatively complex,
and the total magnetic field energy is concentrated in

the area surrounded by the loop.

3.3 Comparative analysis of calculated
and measured results of inductance

For the transmission lines of the experimental sys-
tem, the total loop inductance data as shown in Table 1

are obtained through finite element calculations and

(a) Overall model

(b) Partial enlarged view of the finite element meshes

physical measurements. Fig. 12 shows the character-
istic curve of the total inductance of the loop as a
function of frequency, reflecting that the total loop in-

ductance gradually decreases as the frequency of the

(a) Magnetic induction line

(b) Cloud chart of magnetic induction density

downloi&d&d Tom www:SHIP-FESEETEH . com
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excitation (current) increases and finally tends to be

stable.

Table 1 Inductance values

Frequency/Hz Measured value/wH Calculated value/pH Error/%

0 4.51 4.27 5.5

50 4.39 4.13 6.2

100 4.01 3.89 3.0

1 000 3.37 3.26 3.5

10 000 3.22 3.04 5.9

20 000 3.16 3.01 4.9
4.8

— Measured value

b
i

—— Calculated value

Inductance/pH
N
=)

36
32 1
23 . . .
0 5 000 10 000 15 000 20 000
Frequency/Hz
Fig.12  The variation of total inductance with frequency

If the coupling among cables is ignored and when
the cable nameplate value is 50 Hz, the total loop in-
ductance is 1.48 wH. From Table 1 and Fig. 12, it
can be seen that the total loop inductance obtained
by using finite element calculation and actual mea-
surement is almost 2 times higher than the calculat-
ed total loop inductance according to a given name-
plate value of cable, indicating that the state of lay-
ing of the actual submarine makes the coupling

among the parallel loops very serious.

4 Analysis of influence of calculat-
ed line inductance on short-cir—
cuit current of submarine DC
system

In the experimental process, the signal waveform
of short—circuit current is measured by the Hall
probe, and the curve is shown in the oscilloscope as
shown in Fig. 13. After the data in the oscilloscope
are exported, the waveform as shown in curve @ in
Fig. 14 is obtained.

In the Matlab/Simulink software, the short—circuit
fault status of the experimental system is modeled
and simulated, in which the storage battery is simu-
lated by the series self-resistance and self-induc-
tance of power supply, and the series inductance of
resistors is used for line modeling. The obtained sim-
ulation waveform of short—circuit current is com-

pared with Jthe measured waveform, and then the

10 000
9 000F
8 000F
7 000F
6 000
5000F
4 000F
3 000
2 000F
1 000F

Current/A

0 5 10 15 20 25 30 35 40 45 50 55 60
Time/ms

Fig.14  Comparison of short circuit current waveforms

comparison of short—circuit current waveforms as
shown in Fig. 14 is obtained. In Fig. 14, Curve
shows the measured short—circuit current waveform
of the experimental system; Curve 2 shows the
short—circuit current waveform obtained by calculat-
ing the total impedance of the transmission line us-
ing the FEA method; Curve 3 shows the short—cir-
cuit current waveform obtained from the cable name-
plate value of the transmission line; Curve 4 shows
the short—circuit current waveform obtained from the
pure resistance simulation where the inductance of
the DC transmission line is neglected.

It can be seen from Fig. 14 that all the 4 short-cir-
cuit current curves have a transient process and final-
ly reach a steady-state value. The time constant of
short—circuit current waveform of actual system is
12.6 ms and reaches the maximum value after 0.5 s.
When T=10 ms, [,=5 489 A, ,=6 532 A, [,=7 988 A,
and £,=8 900 A. In the transient calculation of the
DC system, the instantaneous switching capability
needs to be capable of cutting off the 8 900 A cur-
rent at 10 ms if the influence of the line inductance
is completely ignored. However, in the actual sys-
tem, the short—circuit current at this time can only
reach 5 489 A. Therefore, the use of improper induc-
tance value would cause the calculated value of the
short—circuit current to be too large, thereby increas-

ing the diffiéulty of designing the protedtion system,.
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It can also be seen from Fig. 14 that the calculated
inductance value is more accurate and closer to that
in the actual system when finite element method

is used.

5 Conclusions

In this paper, a short—circuit experimental system
of a real submarine is set up to simulate the
short—circuit fault of submarine DC power system,
the parameters of the testing cables are measured,
and a simulation model of the transmission line is
established. Besides, the line inductance is calculat-
ed using the finite element method, and experimen-
tal waveforms and simulation waveforms are compared
and analyzed. The main research findings are as
follows:

1) Because the arrangement space of submarine
DC main grid is compact and there are strong cou-
plings among various transmission loops, the calcula-
tion method of equivalent inductance of transmission
lines using the earth to form a loop and ignoring the
electromagnetic influence among the wires in the on-
shore grid is not applicable.

2) Establishing a model based on the laying of the
actual submarine cables and using FEA method to
calculate the equivalent total inductance of the lines
can effectively improve the accuracy of calculating
the equivalent total inductance of submarine DC
transmission lines, and better adapt to the transient
calculation requirements of the submarine DC grid,

thus reducing the errors in the transient analysis of

the DC grid.
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