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Abstract. One of the trends in the development of marine technology is the constant increase in the degree of electri-
fication of ships. This process is accompanied by an increase in the danger of ship electrical networks, determined
primarily by the operation of electrical installations with single-phase insulation damage. The consequences of this
mode largely depend on the phase capacity of the electrical network. Moreover, the influence of phase capacitance on
the danger of single-phase short circuits is determined not only by its size, but also by the degree of asymmetry. It is
proved that it is precisely the asymmetry of the phase capacitances that causes the formation of zero-sequence voltage
in ship electrical networks. An analysis of the indicators of the main dangers of the electrical network was carried out,
taking into account the influence of zero-sequence voltage on them. It is proved that in electrical networks with an iso-
lated neutral, the response time of the protection to cut off single-phase contact currents must be selected taking into
account the fact that on-board networks may have asymmetrical phase capacitances. A set of theoretical and experi-
mental studies was carried out to assess the influence of zero-sequence voltage on quantitative indicators of the danger
of a ship's electrical network. An experimental assessment of the influence of phase capacitance asymmetry on the
stability of electrical discharges during single-phase faults in electrical networks with an isolated neutral was carried
out. It has been demonstrated that during short circuits through an unstable electric discharge, the presence of a zero-
sequence voltage leads to a significant increase in explosion and fire hazard indicators of the electrical network, such
as power and energy released at the site of insulation damage. It was revealed that increased safety can be achieved by
influencing the voltage on the neutral.
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AHHoTanms. OHOW W3 TCHACHUUI Pa3BUTHS MOPCKOH TEXHHUKH SBIISETCS MOCTOSHHOE YBEIMUYCHHE CTCIICHH JIEK-
TpudUKaIHMU CYI0B. DTOT MPOIECC COMPOBOXKIACTCS M MOBBINICHUEM OMACHOCTH CYJIOBBIX DIICKTPOCETEH, Ompeaese-
MOIi B MEPBYIO ouYepe/ib pabOTON AIEKTPOYCTAHOBOK € OJJHO(A3HBIM MOBPEKICHUEM H30isAIun. [lociencTBus Takoro
peXrMa BO MHOTOM 3aBHUCST OT (pa3HOW €MKOCTH JJIEKTPOCETH, MPU 3TOM BIHsSHUE (a3HON EMKOCTH Ha OMACHOCTh
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0JHO(A3HBIX 3aMBIKaHUH 00YCIIOBIEHA HE TOJIBKO €€ BEJIMYNHOI, HO U CTENECHbIO HECUMMETpHU. J[oka3bpIBaeTCs, 4To
HUMEHHO HeCUMMETpHeH ()a3HBIX eMKOCTell BBI3BaHO ()OPMUPOBAHUE B CYHOBBIX ICKTPHUCCKHX CETSX HAINPSKCHHS
HyJeBOll mocienoBaTeIbHOCTU. BEINONHEH aHanu3 Mokas3areseil OCHOBHBIX ONACHOCTEH 3JIEKTPUYECKON CETH C yde-
TOM BJIMSHUS Ha HUX HalpsDKEHUs HyJEBOH IociefoBaTeNbHOCTH. I1oATBEpKAEHO, YTO B JIEKTPOCETSAX C U30JIUPO-
BaHHOH HEHTpanbio BpeMsi cpabaThIBaHMS 3alIUTH HA OTKIIOUYEHNE TOKOB OAHO(DA3HBIX MPUKOCHOBEHHH HEOOXOAMMO
BBIOMPATh C y4ETOM TOTO, YTO OOPTOBBIE CETH MOTYT 00JaaTh HECHMMETPHUYHBIMHU (Pa3HBIMH eMKOCTsAMH. [IpoBeneH
KOMIUIEKC TEOPETUUECKUX U IKCIIEPUMEHTANBHBIX HCCIIEI0BAaHNH OIIEHKH BIMSHUS HAIPSDKSHUS HYJIEBOU MOCIEI0Ba-
TEJIbHOCTH Ha KOJMYECTBEHHBIE IOKA3aTENN OMACHOCTH CYJOBOH 3NIEKTPOCETH. BhIMomHeHa sKcnepuMeHTalIbHas
OLICHKA BIIMSHHS HECUMMETPHHU (Da3HBIX €MKOCTEH Ha yCTOIYMBOCTH 3JIEKTPUUCSCKUX Pa3psiioB IPH OXHO(A3HBIX 3a-
MBIKaHUSIX B DIEKTPOCETSIX C M30JIMPOBAHHOU HeWTpanbto. IIpogeMOHCTpUPOBAHO, YTO IPHU 3aMBIKAHUAX 4Yepe3
HEYCTOHUUBBII 27EKTpUUYECKUI pa3psi/l HAIMUUE HAIPSKEHUs HyJIEBOU IOCIIE0BATEIbHOCTH IIPUBOAUT K 3HAUUTEIIb-
HOMY IOBBIILICHHIO TaKUX IOKa3aTeaell B3phIBO- U MOXKAPOONACHOCTU AIICKTPOCETH, KaK MOIHOCTb U SHEPIuUs, BblIcC-
JSTFOIIMECS B MECTE MOBPEXACHHS N30JALNH. BBISBIEHO, YTO MOBBIIIEHHE 0€30MaCHOCTH MOXKET OBITh JOCTHTHYTO 32
CYeT BO3JEHCTBUS Ha BEIMYHMHY HAIPSDKSHUS HA HEUTPaIH.

KiroueBble ciioBa: onHOoda3HbIe 3aMbIKaHHs, HECUMMETpPUS, HANPSHKCHUE HYJICBOW MOCIEI0BATEILHOCTH, H30IUPO-
BaHHas HEHTPaJlb, 3IEKTPOOIIACHOCTb, T0XKAPO- U B3PBIBOOIIACHOCTh
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Introduction

The safety of electric networks in marine equip-
ment is mainly determined by the single-phase fault
mode. This type of fault generally occurs in ship power
networks and can cause major accidents [1]. Since pow-
er networks of ships operate with an insulated neutral,
such faults are characterized by a relatively low current
at the insulation break location that does not result in the
disconnection of the damaged network section. Thus,
single-phase faults may exist for quite a long time in the
existing ship power systems before the crew localizes
them [2]. As a rule, phase capacity, a value that deter-
mines the current values of single-phase faults in low-
voltage ship power networks, is not controlled. Addi-
tionally, there are pieces of marine equipment that fea-
ture cable lines longer than a thousand kilometers and
a specific phase capacity of 200 nF/km [3]. Fault cur-
rents generated in such power networks become com-
parable to load currents.

Besides, ungrounded-neutral power networks typi-
cally feature neutral displacement along the alternating
potential. This increases the risks associated with sin-
gle-phase faults like electric shock [4], combustion,
and explosion. This is why it is important to assess the
respective safety criteria. While the impact of the net-
work phase capacity on the consequences of single-
phase faults has been studied in detail, the assessment
of the effects of neutral displacement on the safety
of low-voltage ship power networks has not been per-
formed. The purpose of this article is to study the im-
pact of the zero-sequence voltage on the key threat
parameters of ship power networks during single-
phase faults.
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The analysis of the causes of zero-sequence
voltage in an insulated-neutral power network

Ship power networks with an ungrounded neutral
typically generate zero-sequence voltage [5]. This
voltage primarily occurs due to the asymmetry of the
ship’s power system [6]. The ship’s power source and
consumer voltages, as well as phase voltages against
the hull, can be asymmetrical in the general case [7].
If the said phase voltages are different, zero-sequence
voltage occurs.

The asymmetry of ship power sources is virtually
impossible. However, there can be voltage asymmetry
in consumers and against the hull. The asymmetry
of phase voltages in consumers and the associated neu-
tral displacement may occur due to the uneven distri-
bution of single-phase loads across the phases of the
power system connected to line voltage on board
the ship. However, the asymmetry of consumers does
not result in the formation of zero-sequence voltage.
It emerges due to the asymmetrical lateral parameters
of cable lines that power single-phase consumers [8].

Zero-sequence voltage in an insulated neutral power
network is the neutral displacement of the source U,
against the hull. It can be calculated using this formula:

_UY,+a’U,Y, +aU,Y,
’ Y, +Y, +Y,

where U, is the phase voltage of the source; Yy, Y3, Y
are complex phase conductivities of a three-phase
power network.

When the supply voltages of the source are sym-
metrical, zero-sequence voltage U, can only occur in
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a power system due to two reasons:

1) the asymmetry of the active conductivity of phase
insulation to the hull;

2) the asymmetry of phase capacities against the
hull.

When there is an asymmetry in the active compo-
nent of phase insulation conductivity to the hull, voltage
Uy (ceteris paribus) will increase in inverse proportion-
ality with the shunting capacity of the conductors.

The active insulation resistance on board ships can be
tested using a continuous control device and it usually
amounts to single- or double-digit figures in megaohms.
Phase capacity values are within the range of 0.5-20 uF
per phase [9]. This corresponds to a capacitive reactance
of about 150-6 500 Q. Zero-sequence voltage in ship
power systems is primarily associated with the asym-
metry of phase capacities which is not normally con-
trolled by any instruments during operation and can
cause asymmetry at any conductivity values.

The experience of operating medium-voltage pow-
er networks that have a regulated asymmetry re-
striction [10] shows that preventing neutral displace-
ment is not always possible in practice [11].

Safety parameters during single-phase faults

Single-phase faults are considered dangerous as
they can cause electrocution (electric shock hazard),
combustion at the insulation damage location (fire
safety), and explosion when they occur in an explosive
environment.

Following USS 12.1.038-82, electrical safety crite-
ria may include the current passing through the human
body when it touches the power system. Safe values
for this current depend on the exposure time and other
factors [12]. The electrical safety assessment for the
power system is performed by measuring the current
through a resistor with resistances ranging from 0.85
to 6.7 kQ connected between the power system phases
and the ground.

Additionally, some authors introduce a single-
parameter safety assessment criterion that establishes
a correlation between the maximum current value that
is safe for a human and its duration, e.g. the following
formula [13]:

M

where [, is the current passing through the human
body; ¢ is the duration of current passage through the
human body; k is the factor depending on the human
body weight.

The fire and explosion safety criteria for the ship
power network include a high probability of the ship's
condition that prevents fire outbreaks and exposure
of the crew to the respective dangerous effects. These
can be caused by the thermal energy produced at the
electrical fault location. Quantitatively, it can be as-

[t <k,

sessed using the following criteria:

1. Maximum current passing through the damaged
SPOt iimax [14].

2. Maximum power generated [15] at the damaged
spot, which can generally be represented as

Prmax = max(u(2)i(1)), 2)

where u(?) is the voltage at the fault location; i(¢) is the
fault current.

The authors of [16] demonstrated that the follow-
ing expression can be used to assess the maximum
heat release rates during a sustained single-phase fault:

Poax = 1.5U,70C, (3)

where U, is the phase voltage of the power network;
o is the angular power network frequency; C is the
phase capacity of the power network.

3. The energy released at the damaged spot [17]:

W= rj.u(t)i(t)dt,

where 1, t, are the start and end moments of the phase
to hull fault.

For steady processes, the energy can be evaluated
as follows:

“4)

W=3CU, (5)

These criteria can be used to assess the possibility
of electric shocks while working with the electrical
equipment, as well as the possibility of its insulation or
flammable materials near the damage point catching fire.

Results of the experimental assessment of zero-
sequence voltage effects on safety

Experimental research into the effects of zero-
sequence voltage generated by the asymmetry of phase
capacities on the safety parameters listed above was
conducted using a physical power network model
whose layout is shown in Fig. 1.

T

jasa

Q%Q %Qs
de e e f —/V| P
26 25 =S
PA
Rb

Fig. 1. Experimental setup layout:

T are power source windings; C is the phase capacity of the
power network; 0y, 0,, Q5 are switches; R is resistance;
PA is the amperemeter; U is the spark gap;

R, is the instrument shunt; PS is the oscillograph
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The model included a triple-phase 380 V voltage
source represented by transformer 7 and a power net-
work set with concentrated capacities C. To create
asymmetry, one of the power network phases was dis-
connected with the O, switch. During the experiments,
we registered single-phase touch currents pierced
through resistance R whose value was selected follow-
ing USS 12.1.038-82, as well as voltages and re-
sistances of sparking processes that occurred while
imitating insulation damage in the cable network. To
create a damaged insulation model, we used a KNR-
type cable as the spark gap U.

According to the USS, the electrical hazards rating
of the network during normal operation can be as-
sessed by measuring the current of a single-phase fault
through a 6.7 k< resistance. To assess the safety of the
power system in emergency mode, we can use the fault
current passing through a resistance of 0.85-1 kQ for
industrial settings and 1-6 kQ for household settings.
The results of single-phase touch current registration
are shown in the Table.

Touch current measurement results

Resistance R, Single-phase touch currents, A
kQ Symmetrical Asymmetrical

0.85 0.25 0.37

6 0.037 0.055

6.7 0.033 0.049

The Table shows that the current exceeds the safe
value of 0.3 mA during contact with the conductive
parts of the power system operating in the normal
mode. In the emergency mode, the touch currents
of industrial power systems must be disconnected
within 0.1 s, and in household systems within 0.6 s
when the phase capacities are symmetrical or 0.4 s
when those are asymmetrical. The comparison of the
two modes using expression (1) showed that the per-
mitted current duration during asymmetry shall be
reduced by more than twice.

The mode comparison based on the maximum cur-
rent through the damaged spot showed that the pres-
ence of phase capacity asymmetry increases the fire
hazard by almost 1.5 times. The same proportion was
obtained for the maximum heat release ratings calcu-
lated following (3) for various ship power network
modes. According to (5), the amount of energy re-
leased during single-phase insulation damage in a net-
work with asymmetrical capacities is over 2 times
higher than that of a symmetrical capacity network.

Additionally, the asymmetrical power networks are
more dangerous because of the free current compo-
nents that occur as a result of the transient process
during single-phase faults. These can be caused by the

changing of the charge in the undamaged phase ca-
pacitances, damaged phase capacitance discharge, and
charge exchange between interphase and phase capaci-
tances while equalizing their voltages. The last two
components attenuate quickly enough and do not have
any significant impact on the hazard criteria reviewed
above. Thus, the full fault location current, e.g. when
phase A insulation is damaged, can be calculated as
follows:
. du, du,.

0)=C dt dt’
where Cp, Cc are the capacities of the undamaged phas-
es; up, uc are the voltages of the undamaged phases.

The voltages on the insulation of undamaged phas-
es up and uc after the fault include the forced and free
components determined by the voltage in the damaged
phase the moment before switching. The free compo-
nents of these voltages help generate the free compo-
nents of the single-phase fault current i(7) that can be
described as follows:

+C,

i(f) = (Cp + Co)uy(t))exp(—0£)(5cosmyt + mgsinwyt),

where u,(#,) is the damaged phase voltage at the mo-
ment of fault; § is the attenuation factor of the transient
process; @ is the frequency of the free component.

The voltage uy(#) is mainly determined by the
voltage of the neutral displacement along the constant
potential and the zero-sequence voltage. Thus, one
should expect an increase in the risks associated with
the free components of the fault current when the net-
work becomes asymmetrical.

Fig. 2 below shows the examples of current and
voltage oscillograms of the damaged phase in a sym-
metrical power network when there is arcing in the
damaged insulation section.

As we can see from Fig. 2, the arcs proved unsta-
ble, and the duration of each of them did not exceed
half a period of the free oscillation frequency. Longer
electric arcs occurred when phase capacities were
asymmetrical (Q; in Fig. 1 is off). Fig. 3 provides the
examples of registered current and voltage oscillo-
grams during single-phase insulation damage in a net-
work with asymmetrical phase capacities.

As we can see from Fig. 3, the fault passes through
an unstable arc that goes out as soon as its current
transgresses the zero value. The oscillograms provided
here show seven faults in total. The voltage oscillo-
gram shows that faults are accompanied by arcs with
relatively high resistance.

To assess the quantitative hazard criteria, we se-
lected a section of the oscillogram between 0.05 and
0.06 s. Changes in current and voltage over this period
are shown in Fig. 4.
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Fig. 2. The fault current (a) and damaged phase voltage () oscillograms in a symmetrical power network
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Fig. 3. The fault current (@) and damaged phase voltage (b) oscillograms in a network
with asymmetrical phase capacities
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Fig. 4. Current (a) and voltage (b) oscillogram sections in the single-phase fault location

The highest instant fault current value in the oscil-
logram section in question is 6.24 A, which is several
times higher than the maximum value of the normally
registered steady solid fault current, which is 1.24 A in
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this power system.

Changes in the heat release rate that occur when
there is arcing in the period in question are shown in
Fig. 5.
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Fig. 5. Power changes at the single-phase fault location

The maximum power value calculated using the os-
cillogram and following (2) made 405.8 W. If we con-
sider only the steady processes under expression (3), its
value shall make 114.4 W, which is several times lower
than the unstable arcing fault mode. Similar results were
obtained for the energy produced during the arcing.
Following (4) and the registered oscillograms, it reached
5.99 J, which is by an order of magnitude more than the
steady fault value calculated with (5).

Conclusion

Based on the conducted theoretical and experi-
mental research, we established the following:

1. The asymmetry of phase capacities in ship power
systems with an insulated neutral can affect their elec-
trical safety. When assessing the permitted protection
system tripping time, it is necessary to consider the most

adverse phase capacity asymmetry mode.

2. The experiments showed that phase capacity
asymmetry can facilitate the formation of stable elec-
tric arcs during single-phase insulation damage.

3. Single-phase faults through an electric arc or
a spark are the most dangerous ones. Even if they exist
for a short time, the associated fire and explosion safety
parameters like the maximum damaged spot current,
power, and heat release energy exceed the same values
for stable faults through transient resistances.

4. The theory and experimentation show that the
presence of zero-sequence voltage helps increase the
free component of single-phase fault currents. During
arcing faults, this causes in a significant reduction of the
network's fire and explosion safety. Thus, controlling
the voltage in the neutral can be an effective method
of improving the safety of ship power networks.
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