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Abstract. The analysis of soft-start systems of asynchronous motors used on ships is carried out. As a result of the lit-
erature analysis, the problem of reducing the quality of electricity in terms of harmonic distortion during operation
of thyristor soft-start devices has been identified. It is also determined that the amplitude values of overvoltage peaks
in a common section of the cable network when using a soft starter are almost three times higher than the nominal
value of the amplitude of the supply voltage. A simulation model of a soft-start device has been compiled, taking into
account operation in power supply systems of limited capacity. The main nodes of the model are thyristor blocks and
a pulse-phase control system. In order to obtain a comparative characteristic of direct start-up and start-up with a soft-
start device, the direct start of an asynchronous motor with similar winding and network parameters is additionally
modeled. The simulation results and their analysis showed the presence of odd harmonics in the network and a signifi-
cant increase in the total coefficient of harmonic components of the current when starting an asynchronous motor us-
ing a soft starter. During the simulation, it was revealed that the use of soft-start devices in ship systems, along with
a decrease in inrush currents and voltage drops, negatively affects the quality of electricity. The obtained simulation
results will allow for accurate calculation and rational adjustment of passive and active filters used on ships to ensure
high quality of electric power. It is planned to further search for innovative ways and devices to improve the quality
of electricity on ships to ensure efficient distribution and consumption of electricity.
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AnHoTamms. [IpousBeneH aHaiIM3 CHCTEM IUIABHOTO IyCKa aCHHXPOHHBIX JBUTaTelel, NMPUMEHSEMBIX Ha CyJax.
B pesyinbrate nuTepaTypHOro aHanu3a ONpEZeNeHa MpoOjeMa CHIDKEHUs MOoKas3aTesled KauecTBa 3JIEKTPOIHEPrHu
B 4AaCTH FAPMOHUYECKOTO HCKaKeHNUS IIPpU paboTe THPUCTOPHBIX YCTPONUCTB IIABHOTO ITycKa. Takke ompeneneHo, 4To
aMIUTUTYTHbIE 3Ha4YeHHs MHMKOB INepeHanpsHKeHUH B o0leM y4JacTke KaGelnbHOW CeTH NpH NPHMEHEHHH YCTPOWCTBA
IUIAaBHOTO IYCKa COCTABJIAIOT MOYTH TPEXKPAaTHOE MNPEBBIIIEHHNE HOMHMHAIBHOIO 3HAUYEHHs aMIUIMTYIbl MTUTAOLIETO
HarnpspkeHnsl. CocTaBIeHa MMHTAllMOHHAS MOJENh YCTPONWCTBA IUIABHOTO ITycKa C YyU4ETOM pabOTHl B CHCTEMAaX JJIEK-
TpOCHAOXKEHHUSI OrpaHMYEHHOH MOIIHOCTH. OCHOBHBIMHU y3JaMH MOJEJN SBIISIOTCS THPUCTOPHBIE OJIOKH M CHCTEMa
MMIYJIBCHO-(a30BOr0 yrpasieHus. s MolyueHus: CpaBHUTENBHOM XapaKTEpUCTHKU MPSMOro Iycka U C yCTpOii-
CTBOM IIJIABHOT'O ITyCKa JOIOJHUTEIBHO CMOAEIMPOBAH MPSIMOil IyCK aCHHXPOHHOIO JBUraTeNs ¢ aHaJOTMYHBIMU I1a-
paMeTpamMu OOMOTOK U ceTH. Pe3ynbTaThl MOJCTUPOBAHUS U UX aHAIU3 MOKa3all HaJM4YHe B CETH HEUETHBIX IapMo-
HUK U 3HAYMTEJIHHOE MOBBIIMICHHE CYMMapHOro K03(h(HIHEHTa TapMOHMYECKHX COCTAaBILIIOLIMX TOKa HPH ITyCKe
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ACHHXPOHHOT'O JABHIaTeNs C MOMOLIBI0 YCTPOMCTBA IUIABHOTO NMyCKa. B mporiecce MMHUTAILIMOHHOTO MOJACIHPOBAHUS
BBISIBJICHO, YTO NPUMEHEHHE YCTPOMCTB MIABHOTO ITyCKa B CYJIOBBIX CHCTEMax Hapsily CO CHIKEHHMEM IYCKOBBIX TO-
KOB U TIPOBAJIOB HANPSDKESHHS HETaTHBHO BIIMSET Ha MTOKA3aTeNIN KadecTBa AIeKTpodHepryuu. [lorydeHHbIe pe3yIbTaThl
MOJICIMPOBAHUS TTO3BOJIAT 00ECIICYUTh TOYHBIH pacyeT U PalHOHAIbHYI0 HACTPOHKY IACCHUBHBIX U AKTHUBHBIX (HIIb-
TPOB, IPUMEHACMBIX Ha CyAax A obecreueHus BBICOKHMX MOKa3aTenel kauecTBa saekTposHepruu. [Ipenmnonaraercs
JaTbHEHUIIN MOUCK HHHOBAIIMOHHBIX CIIOCOOOB M YCTPONCTB TOBBIMICHUS [TOKa3aTeNIell KayecTBa 3JeKTPOIHEPIHU Ha
cynax Ui odecrieueHus 3PpPEeKTUBHOTO paclpeeNeHUs] U HOTPEOICHHUS 3IEKTPO3HEPT HH.

KiioueBble ¢10Ba: yCTPONWCTBO IUIABHOTO ITyCKa, aCHHXPOHHBIN JBUIaTeNlb, MOACIMPOBAHNE, TADMOHUKH, [TOKa3aTe-
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TPOCHA0KEHUsI OTPAaHUYCHHON MOIHOCTHU // BeCTHUK ACTpaxaHCKOIO TOCYAapCTBEHHOIO TEXHHYECKOTO YHHBEPCHUTE-
ta. Cepust: Mopckas TexHuka u Texaonorus. 2025. Ne 4. C. 80-86. https://doi.org/10.24143/2073-1574-2025-4-80-86.
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Introduction

Induction motor (IM) is the most common con-
sumer of electrical energy on ships. It makes up the
main group of electric drives in marine power genera-
tion systems, consuming more than 70% of the capaci-
ty of a marine power plant. Induction motor is used in
electric drives of various mechanisms on ships, such as
powerful electric drives with short-term operation (an-
chor and mooring devices, thrusters), electric drives
of ship lifting mechanisms (winches, cranes, elevators,
hoists), electromechanical steering electric drive, posi-
tional electric drives (shut-off valve drive, remote acti-
vation automatic machines) and others. Induction mo-
tor is characterized by simplicity of maintenance and
low cost, due to the absence of a brush-collector
mechanism, as well as, based on the principle of op-
eration, it is designed to operate in three-phase net-
works. One of the most significant disadvantages
of IM is high starting currents exceeding the rated motor
current by 5-7 times, and in some cases by 10 times.

Induction motor soft-starter (SS) are widely used to
reduce the negative impact of inrush currents on the
power system and switching equipment. They ensure
smooth start and stop of the engine, keeping its param-
eters (current, voltage, etc.) within safe limits. In addi-
tion to reducing the starting currents of the motor, the
SS is also designed to reduce mechanical loads on the
drive mechanism, protect the electric motor from over-
loads and emergencies, and increase the service life
of the equipment.

Problem statement

The principle of operation of most SS is based on
pulse-phase control of the opening of pairs of thyris-
tors or triacs. The use of this method reduces electric
currents and voltage dips in the transients of high-
power start-up, but consumes non-sinusoidal currents
from the network, which leads to a change in the shape
of the voltage curve. Also, switching ranges with
counter-parallel connection to the network can create
peak overvoltages and asymmetry of the three-phase
network. Consequently, in the conditions of power
systems of limited power, which are marine electric
power systems, there is a problem of using SS for
powerful electric drives, the operation of which can
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negatively affect the quality of electricity in the net-
work as a whole and disrupt the operation of other
equipment.

Research objectives

To find a solution to this problem, it is necessary to
thoroughly investigate the effect of the operation
of high-power electric drives on the quality of electricity
in the ship's network. The objectives of the work are
a literary analysis of the principles of SS operation and
their impact on the quality of electricity in limited-
capacity networks, the design of a simulation model and
modeling of SS for a comparative analysis of the quality
of electricity at the start of IM. To solve the tasks set,
methods of literary data analysis, mathematical and
simulation modeling, and system analysis were applied.

Literature analysis

The ship's electricity quality indicators characterize
the suitability of electricity for powering shipboard
electrical equipment. They determine the permissible
range of deviation from the nominal values, expressed
as a percentage. These indicators are important for
evaluating the operation of the ship's electric power
system (SEPS) and the protection of electrical equip-
ment during all modes of ship operation, including
emergency ones. The analysis of the indicators is car-
ried out on the basis of an analysis of steady-state and
transient processes that may occur when the load
changes, powerful consumers turn on and off, and
generators turn on for parallel operation.

The article [1] discusses the main indicators
of electricity quality (voltage deviation, frequency
deviation, non-sinusoidal coefficient, etc.) and the re-
quirements for them by the International Electrotech-
nical Commission (IEC) and the Russian Maritime
Register of Shipping. The authors of [2] describe the
problems of the quality of electrical power in marine
power systems, such as the influence of conductive
electromagnetic interference and inrush currents
of energy-intensive consumers, which worsen the quali-
ty of electricity. A comparative analysis of electricity
quality indicators of different standards is also provided,
which shows the differences in requirements.
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The main indicators of the quality of electric power,
which can be affected by the operation of the SS of high-
power electric drives, are voltage deviations, the coeffi-
cient of non-sinusoidal linear voltage and deviations
from the sinusoidal shape of the voltage at the terminals
of electric power receivers. According to the Rules of the
Register of Shipping [3], the value of the total harmonic
distortion (THD) of the voltage curve should not exceed
8%. The value is regulated for a fully equipped ship's
electric power system. For alternating current sources,
a long-term deviation from the nominal voltage value
should be no more than +5%, a short-term deviation
should be no more than +10%, and the recovery time
should be no more than 1 s. For electric power receivers,
the steady-state voltage deviation relative to the nominal
value should be in the range from +6 to —10%, the short-
term voltage deviation should be £20% with a recovery
time of no more than 1.5.

The impact of the SS on the quality of power grids
is extensively studied by modern domestic and foreign
scientists. The author of [4] demonstrated the differ-
ences between IM start-up technologies and provided
a comparative analysis of their impact on neighboring
consumers who are in a single power supply system
with them. It is determined that the amplitude values
of the overvoltage peaks in the general section of the
cable network when using the SS are almost three
times higher than the nominal value of the amplitude
of the supply voltage, and the frequency of overvolt-
ages is 6 bursts per period. Such overvoltages can cre-
ate a significant danger for the insulation of the entire
complex of the power supply system (insulation fail-
ures), including for the insulation of other motors lo-
cated in the same power supply system. In [5], the
authors proposed some methods and devices to solve
the problem of reducing the quality of electricity when
using semi-conductor SS. The effectiveness of using
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a filter-compensating device with a thyristor voltage
converter used for soft-starting the motor is consid-
ered. A method for calculating filter parameters is de-
scribed, and simulation results are presented showing
a significant decrease in the level of higher harmonics.

Increased attention to the issue of improving the
quality of electricity in the use of SS allows us to as-
sess its relevance. However, most scientific papers are
devoted to the study of SS operation in traditional
power supply networks [6]. In this paper, we consider
the operation of an electric drive with an SS as part
of a ship's electric power system. The main difference
between a ship's network and coastal networks in the
context of the issue under consideration is the demands
placed on the quality of electricity, and the limited
power described by the high internal resistance of the
power source.

Designing the SS model

A system of differential equations of a generalized
electric machine is used to describe the operation of the
SS. The main task of the SS is to limit the inrush current.

To determine the impact of the SS operation on the
quality of electricity, a simulation model was compiled
in the MatLab Simulink system. Figure 1 shows the
functional diagram of the compiled model, which in-
cludes: 6 thyristors connected in parallel to the mains,
an asynchronous motor, a pulse-phase control system
(PPCS), a power source with internal resistance and
resistance of the power line and measuring instruments.
The parameters of the thyristors and IM installed in the
model are shown in the Table. In order to obtain a com-
parative characteristic of direct start-up and start-up
with SS, the model additionally performs direct start-up
with similar engine and network parameters.
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Fig. 1. Simulation model of a thyristor soft-start system
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Parameters of the simulation model components

Component Parameter Value
Open state resistance, Ohm 0.001
Thyristors Forward voltage drop, V 0.8
Snubber resistance, Ohm 500
Nominal rotation speed, rpm 1430
Induction motor Power, kW 4
Nominal voltage, V 400
Power supply Phase voltage amplitude, V 310
Internal resistance, Ohm 0.1

Simulation results and discussion

To obtain comparative characteristics of power
quality indicators during direct start-up and during start-
up of IM with SS, two methods were simultaneously
simulated. Since the main problem identified is the
presence of harmonics during start-up using semi-
conductor switches, it is proposed to use current and
voltage THD as the main evaluation parameter. Figure 2
shows the time characteristic of the change in the rota-
tion speed and current of the electric motor when it is

started. The figure shows that the duration of the transi-
ent IM start-up process is more than 8 times longer than
the direct IM start-up. It is also seen that with a decrease
in the amplitude of the inrush current during the opera-
tion of the SS, the sinusoidal current curve is signifi-
cantly disrupted [7-9]. Modeling of various IM start-up
functions (time functions, current limiting functions,
and speed functions) has shown that it is not possible to
reduce the non-sinusoidal stator current by applying
various control algorithms for the SS.

Rotation speed, rpm

Soft start rotation speed
direct start rotation speed

o
Current, A
o

S0 1 L

Soft start current

direct start urrent

1 1 1

03 0.4 05

06Time, s

Fig. 2. Comparative simulation results of direct start-up of IM and start-up with SS:
a— IM rotational speed; b — IM current

An increase in the start-up time of IM and a de-
crease in the distortion of the shape of the current
curve lead to a less shock, but longer-lasting effect
of the device's operation on the ship's electric power
system. The absence of a voltage drop on the busbars
of the switchboard or generator is replaced by a longer
presence of harmonic distortion. Figure 3 shows the
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harmonic composition of the motor current at start-up
with a THD of 26.22%. The effect of changing the
shape of the current curve on the harmonic composi-
tion of the busbar voltage largely depends on the pow-
er of the generator sets, the internal resistance of the
power supplies, and the length and resistance of the
cable runs and MSB busbars [10, 11].
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Fig. 3. Harmonic spectrum of the stator AD current: a — waveform of SS current; b — current harmonic spectrum

Fig. 4 shows the harmonic composition of the volt-
age at the connection point of the SS to the panel
of the switchboard. As in the current spectrum, the
presence of odd 5th and 9th harmonics is expected in
this figure. Odd harmonics, including the 5th and 9th
harmonics, can negatively affect the power supply
system. Increased heating of power cables, transform-
ers, and motors due to harmonics can lead to prema-
ture insulation wear, shortened service life, and even

SS phase voltage V

equipment failure. Harmonics can also interfere with
sensitive electronics such as computers, controllers,
and measuring instruments. This can lead to failures,
errors, and even equipment damage. In some cases,
harmonics can cause resonance in electrical networks,
which can lead to a significant increase in voltage and
current, and consequently, failure or unintentional ac-
tivation of the protection of generator units.
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Fig. 4. Harmonic spectrum of the phase voltage at the connection point of the SS:
a —waveform of SS phase voltage; b — voltage harmonic spectrum

To prevent negative consequences, harmonic pro-
tection is installed at power plants, three-phase cables
and other equipment. For this purpose, devices with
active and passive elements are used that absorb or
compensate for harmonics in the supply grid.

Also, one of the ways to improve the quality
of electricity during a smooth start of IM is the use
of the latest SS configurations with integrated active
filtration systems. Further research by the authors will
be devoted to the development and design of a com-
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bined adaptive soft-start device for an asynchronous
motor with control of power quality indicators. This
device differs in that transistor H-bridges and capaci-
tors storing reactive energy are installed parallel to the
power thyristors. During the operation of the device,
the distortion of the flowing current will be compen-
sated directly inside the SS, thereby reducing the cost
of external compensating devices. One of the most
important stages of the algorithm of operation of the
designed device is to identify patterns of current and
voltage distortion during start-up for further use in the
inverter control system. The harmonic composition
of currents and voltages, as well as waveforms, re-
vealed in the course of the modeling presented in this
paper, will later be used by the authors to form an op-
timal control system for the H-bridges of a combined
adaptive soft-starter device to further compensate for
voltage distortion during the operation of the SS.

Conclusion
The paper analyzes the use of SS in marine electric
drives, considers theoretical provisions, and designs

a simulation model to obtain comparative characteris-
tics of power quality indicators during start-up. The
simulation results and their analysis showed the pres-
ence of odd harmonics in the network and a significant
increase in the THD current when starting IM using
the SS. It is concluded that the use of SS in marine
systems, along with a decrease in inrush currents and
voltage drops, negatively affects the quality of electrici-
ty. Therefore, it is necessary to find ways to reduce the
level of harmonic components when starting high-
power electric drives with SS. The laws and distortion
values identified by the authors will make it possible to
rationally adjust the parameters of active and passive
filters to install them at the connection point of the SS
and reduce the level of THD when starting blood pres-
sure. Reducing the harmonic distortion of current and
voltage increases the energy efficiency of marine power
supply systems. Further research by the authors will be
devoted to the search for innovative ways and devices to
improve the quality of electricity on ships to ensure
efficient distribution and consumption of electricity.
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