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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.  

Keywords: single-phase faults, asymmetry, zero-sequence voltage, isolated neutral, electrical hazard, fire and explo-

sion hazard 

Acknowledgements: the research was carried out with the support of the Federal Agency for Fisheries (contract  

No. 122030900054-0). 

For citation: Kazhekin I. E. Assessment of zero-sequence voltage influence on safety indicators during single-phase 

faults in low-voltage ship electrical networks. Vestnik of Astrakhan State Technical University. Series: Marine engineer-

ing and technologies. 2024;4:84-90. (In Russ.). https://doi.org/10.24143/2073-1574-2024-4-84-90. EDN CJBVCZ. 

Научная статья 

 Оценка влияния напряжения нулевой последовательности  

на показатели безопасности при однофазных замыканиях  

в низковольтных судовых электросетях
 9
 

Илья Евгеньевич Кажекин 

 Калининградский государственный технический университет, 

Калининград, Россия, kazhekin@mail.ru  

Аннотация. Одной из тенденций развития морской техники является постоянное увеличение степени элек-

трификации судов. Этот процесс сопровождается и повышением опасности судовых электросетей, определяе-

мой в первую очередь работой электроустановок с однофазным повреждением изоляции. Последствия такого 

режима во многом зависят от фазной емкости электросети, при этом влияние фазной емкости на опасность 

                                                      
9
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однофазных замыканий обусловлена не только ее величиной, но и степенью несимметрии. Доказывается, что 

именно несимметрией фазных емкостей вызвано формирование в судовых электрических сетях напряжения 

нулевой последовательности. Выполнен анализ показателей основных опасностей электрической сети с уче-

том влияния на них напряжения нулевой последовательности. Подтверждено, что в электросетях с изолиро-

ванной нейтралью время срабатывания защиты на отключение токов однофазных прикосновений необходимо 

выбирать с учетом того, что бортовые сети могут обладать несимметричными фазными емкостями. Проведен 

комплекс теоретических и экспериментальных исследований оценки влияния напряжения нулевой последова-

тельности на количественные показатели опасности судовой электросети. Выполнена экспериментальная 

оценка влияния несимметрии фазных емкостей на устойчивость электрических разрядов при однофазных за-

мыканиях в электросетях с изолированной нейтралью. Продемонстрировано, что при замыканиях через  

неустойчивый электрический разряд наличие напряжения нулевой последовательности приводит к значитель-

ному повышению таких показателей взрыво- и пожароопасности электросети, как мощность и энергия, выде-

ляющиеся в месте повреждения изоляции. Выявлено, что повышение безопасности может быть достигнуто за 

счет воздействия на величину напряжения на нейтрали.  

Ключевые слова: однофазные замыкания, несимметрия, напряжение нулевой последовательности, изолиро-

ванная нейтраль, электроопасность, пожаро- и взрывоопасность 
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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. 
 

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 U0 

against the hull. It can be calculated using this formula: 

2

0 ,
p A p B p C

A B C

U Y a U Y aU Y
U

Y Y Y

+ +
=

+ +
 

where Up is the phase voltage of the source; YA, YB, YC 

are complex phase conductivities of a three-phase 

power network. 

When the supply voltages of the source are sym-

metrical, zero-sequence voltage U0 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 

U0 (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 Ω. 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 kΩ 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]: 

2 ,
k

I t k≤                                   (1) 

where Ik is the current passing through the human 

body; t 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-

sessed using the following criteria: 

1. Maximum current passing through the damaged 

spot imax [14]. 

2. Maximum power generated [15] at the damaged 

spot, which can generally be represented as  

pmax = max(u(t)i(t)),                       (2)  

where u(t) is the voltage at the fault location; i(t) 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: 

pmax = 1.5Up
2
ωC,                       (3) 

where Up is the phase voltage of the power network;  

ω is the angular power network frequency; C is the 

phase capacity of the power network. 

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

  ( ) ( )
2

1

,

t

t

W u t i t dt= ∫                        (4) 

where t1, t2 are the start and end moments of the phase 

to hull fault. 

For steady processes, the energy can be evaluated 

as follows: 

W = 3CUp
2
.                            (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. 
 

 
 

Fig. 1. Experimental setup layout:  

Т are power source windings; С is the phase capacity of the 

power network; Q1, Q2, Q3 are switches; R is resistance;  

PA is the amperemeter; U is the spark gap;  

Rb 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 Т and a power net-

work set with concentrated capacities С. To create 

asymmetry, one of the power network phases was dis-

connected with the Q1 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 kΩ 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 kΩ for 

industrial settings and 1-6 kΩ for household settings. 

The results of single-phase touch current registration 

are shown in the Table. 

Touch current measurement results 

Resistance R, 

kΩ 

Single-phase touch currents, A 

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: 

( ) ,CB

В C

dudu
i t С С

dt dt
= +  

where CB, CC are the capacities of the undamaged phas-

es; uB, uC are the voltages of the undamaged phases. 

The voltages on the insulation of undamaged phas-

es uB 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 if(t) that can be 

described as follows:  

if(t) = (CB + CC)uA(t1)exp(–δt)(δcosω0t + ω0sinω0t),  

where uA(t1) is the damaged phase voltage at the mo-

ment of fault; δ is the attenuation factor of the transient 

process; ω0 is the frequency of the free component. 

The voltage uA(t1) 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 (Q1 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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 a b 
 

Fig. 2. The fault current (a) and damaged phase voltage (b) oscillograms in a symmetrical power network 

 

 
 

 a b 
 

Fig. 3. The fault current (a) and damaged phase voltage (b) oscillograms in a network  

with asymmetrical phase capacities 

 

 
 

 a b 
 

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 

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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