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Abstract—Based on the controlled parameter speed and acceleration change measurement along with
use of a current-limiting reactor, short circuit currents protection efficiency increase system has been
proposed. To achieve this goal, a number of auxiliary tasks have been solved: the parameters of the
system elements under study in relative units have been determined; math model of the system under
study has been developed with subsequent modeling, advanced control formation system based on the
application of the speed and acceleration measurement of the controlled parameter has been proposed.
Analysis of the research results showed that the application of the proposed system will improve the
protection efficiency against short circuit currents by limiting the value of peak current along with
elimination of disadvantages associated with the current-limiting reactors use, such as voltage drops and
power losses in transient conditions which confirms the perspective of proposed system.

Index Term—Protection efficiency increase; current-limiting reactor; short circuit current.

I. INTRODUCTION

Short circuit (SC) is the most severe and
dangerous emergency mode of ship electric power
systems (SEPS). Reliable operation of both SEPS
and the ship as a whole depends on how efficiently
the automation systems provide emergency
protective functions.

During SC, the current increases extremely which
causes a significant increase in electrodynamic load,
which can lead to a damage of electrical equipment.
Also, there is an increase of losses in contact joints
and conductors, leading to overheating, as a result of
which damage can occur of both insulation and
conductors. In addition to above mentioned, SC
leads to a voltage drop in the ship's electrical power
network. As a result, it may cause an emergency
stop the electric drives of ship mechanisms.

SC in SEPS has several varieties: three-phase;
two-phase; three-phase, two-phase and single-phase
to the earth. While that the currents are extremely
exciding nominal values of marine electrical
equipment. Despite the fact that a three-phase fault
in the number of accidents does not exceed 10%, it
remains the most dangerous in the SEPS and is
largely determining for assessing the survivability of
system elements. By this reason the SEPS operation
emergency mode under three-phase symmetrical
short circuit is considered in this paper.

II. ACHIEVEMENTS AND PUBLICATIONS ANALYSIS

Nowadays, large number of papers has been
devoted to the study of SEPS emergency modes in

general, as well as to the SC current protection in
particular. Widely represented papers devoted to a
calculation methods. So, standard [1] is devoted for
calculation methods of the SC currents in three-
phase networks. Methods for choosing high-voltage
gears and devices are presented in [2]. In papers [3]
— [5], the problem of short circuit simulation and
modeling in electric power systems was considered.
Modeling of maximum current protection with an
inverse delayed response was presented in [6].
Computer simulators have been widely used [7] —
[8] in the field of electric power systems emergency
processes  investigation.  Development  and
application of the accidents diagnosing and
predicting systems based on the use of artificial
intelligence are widely represented as well. Neural
networks application as an adviser for predicting
malfunctions of monitoring systems was considered
in [9]. In paper [10] use of neural networks for
analyzing and predicting the performance of SEPS
was described. The power plant control system fault
tolerance issue questions are raised in [11] — [14].

The use of reactors for abnormal currents limiting
as well as processes occurring in current-limiting
reactors are considered in [15], [16]. Problems
associated with the development of math models of
SEPS elements in order to study emergency
conditions are presented in [17].

From the practical point of view the protection
against SC currents currently is implemented as a
number of solutions while each of them is
accompanied by both advantages and disadvantages.
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Typically fuses and automatic feeder circuit
breakers are widely used. The use of fuses is a
relatively advantageous solution from an economic
point of view, but is accompanied by the fuse
replacement need after each fuse trip which makes
the possibility of their use not always advisable [18].

The design of classic feeder circuit breakers is
based on [19]: 1) thermal element that provides
protection against overload currents; 2) sensitive
element based on the electromagnetic principle is
responsible for protection against SC currents.
Moreover, practice shows that the operating speed of
circuit breakers is not always sufficient to protect
electrical devices from the negative effects of the SC
currents [20]. In addition, high-speed circuit breakers
operating with high rated currents are bulky and
expensive equipment. With the development of high
power semiconductor technology, prerequisites have
been created for the development of non-contact
high-speed switches [21] — [23]. These devices
provide operation without arcing, as there are no
moving contact parts and there is no wear and tear
that occurs when switching classic circuit breakers.
The disadvantages of such devices are associated
with the maximum permissible operating currents of
semiconductor elements, which is a barrier to the use
of these devices. A hybrid system using a current-
limiting reactor was proposed in [24], but this system
does not provide advanced disconnection of the
circuit when fault currents occur.

In this regard, there is a need to improve the
efficiency of systems that perform the -circuit
protective functions against SC currents by
providing advanced disconnection of the switching
element to limit peak current values.

The short circuit protection efficiency increase is
most relevant to the existing SEPS during vessel
modernizations and upgrades. From practical and
economic point of view replacement of power circuit
lines, transformers and protective devices is not
always advisable and possible while new equipment
installations or replacing existing one with higher
power rates.

III. PROBLEM STATEMENT

The objective is the increase of the short circuit
current by less than half the half-period of the peak
current by increasing the speed of the protection
device. Following this target is proposed to use
protective devices that respond not only to signals
which are proportional to the magnitude of the
current deviation, but also signals proportional to its
first and second derivatives, which are speed and
acceleration of the controlled parameter. Such
protective devices at the initial moment of the fault

appearance should provide an assessment of the
abnormal current development and turn off the
faulty section of the SEPS before the pick value of
the fault current is reached. In this regard, the aim of
this paper is the development of a system that will
improve the efficiency of the current-limiting
reactors application in SEPS and thereby the
protection efficiency increase against the fault
current.

IV. THE SUBJECT AND RESEARCH METHODS

Advanced protection system based on the speed
and acceleration measuring of the fault current is the
research subject of this paper.

A computer modeling method was chosen as
research method, which nowadays is one of the main
ones in the field of emergency processes studies in
complex systems.

V. PROBLEM SOLUTION

A. Initial scheme under study

The part of DP3 class wvessel’s (Lewek
Connector) SEPS was used as initial scheme,
namely, the hydraulic pump motor power supply
system of the electro-hydraulic crane with a lifting
capacity of 400 tons. The studied circuit includes
synchronous generator, step-down transformer and
induction motor (Fig. 1).

CB1 ;
MSB
CB2
@ e
CB3
SB
CB4
s \

SC

Fig. 1. Single-line circuit under study: G is the
synchronous generator; M is the induction motor; MSB is
the main switchboard; SB is the local switchboard; CB1,
CB2, CB3, CB4 are circuit breakers; S is the starter; SC is

the short circuit point

The parameters of the system elements are
presented in Table 1.
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TABLE I.SYSTEM UNDER STUDY ELEMENTS’ PARAMETERS

Element Parameters
Sm,m 4156 kVA,
Poom = 3740 kW,
Synchronous Uvom = 6600 V,
generator from = 60 Hz,
cosp =038, xj . =0.125
Shom = 3500 kVA,
Step down Unompr = 6600 V,
transformer Unomsee = 690 V,
Up = 10.5%
Prom = 835 kW,

Induction motor Upom =690V, K= 5.3,
cos® =0.9, 1=93%
. Um,m =690V,
Comimiing |, 08
X = 0.25 Ohm
r=0.196 Ohm,
Cable line 1 x=0.139 Ohm,
[=50m, n=1
7=0.154 Ohm,
Cable line 2 x=0.113 Ohm,
[=100m, n=9
7=0.154 Ohm,
Cable line 3 x=0.113 Ohm,
[=200m, n=3

The equivalent single-line circuit of the system
under study is as shown on Fig. 2 [25].

E’c X"’ XcrLi

HHW

XCL3

XTR

xc2 SC

Fig. 2. Equivalent single-line circuit: £ and E is the

transient EMF of the generator and induction motor;
respectively; x;,' and x] is the transient resistance of the
generator and induction motor respectively; X;., Xci1, X
and x.z3 is the resistance of the transformer and cable lines
respectively; the short circuit point corresponds to SC
point

B. Parameters determination of the obtained

equivalent circuit in proportional unit

The circuit parameters are determined at the base
voltage and power [26], [27] that are U, = 690 V and
S, =10 MW respectively.

The value of the transient EMF of the
synchronous generator G in the equivalent circuit is
determined using following equation:

E”= a’+b*,

_1+xdgnom Sln(pnomﬂ (1)

— " .
b= Xq g nom cos (pnom >

the value of the synchronous generator G resistance
in the equivalent circuit is determined according to
the expression:

S, -cosQ
"o__n b g nom
xg - xdgnom ’ H (2)

g nom

where x;, ., is the transient inductive resistance by

d-axis; ¢, . is the angle between the voltage and

current phases; coso,,,, is rated power factor;

S is the total generator power (MVA); P, is

g nom g nom
active generator power (MW).
Transient resistance of the induction motor M in
the equivalent circuit we define as:

U2 - COS . l
) ) mnom P rinom 100 3
A3)

m xd im nom )

X

mnom

EMF of the induction motor M in the equivalent
circuit we define bellow:

"o 2 2
E' =~Nc +d”,
a— " 1
c= 1- xd mnom sin (pmnom H (4)

o
d - xd mnom Cos (pmnom H

1

where xgmnom:?; K, U, P and

mnom? Tl: mnom

CoS®,, ... are inrush current multiplicity, rated
voltage (kV), efficiency (%), rated power (MW),
rated power factor of the electric induction motor
respectively.

The resistance of a two winding transformer is
determined by the expression:

S, _u% S,
100% S

X, =X ; )

tr

trnom
S

tr nom tr nom

where u,, S

«nom 18 the short circuit voltage (%),
rated power (MVA) of the transformer respectively.
The resistances of the cable lines of the

investigated circuit are determined by the expression:

X, =2z, = X+, (6)

b . .
where x=x,-1-——; r=r-1-——; x;,r, land n

b ev
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reactive and active resistance of the cable, length
and number of conductors respectively.
Current-limiting reactor’s resistance is found
using following equation:
S
X =x. -t 7

r rnom Uz >
b

where x is the inductive reactance of the reactor

(Ohm).
The values of the obtained elements’ parameters
of the investigated circuit are shown in Table II.

TABLE II. INVESTIGATED CIRCUIT PARAMETERS’
VALUES IN PROPORTIONAL UNITS
Parameter Value

E" 1.08

g

xg 0.301
E" 0.93
x! 0.189
X4 0.3
Xell 0252
Xel2 0.0444
Xen3 0.267
X, 5.25

C. Short circuit modeling

The short circuit current is presented as the sum
of the ac i,.(f) and dc i,(f) components [28]. Based
on this, the short circuit current can be represented
in the form of equation system:

i(t)=i,(t)+i, (1),
iac,(t)=e+f,

e= —\/E-Iacg(,) - COS 7,
f= —\/E-Iacm(t) -COs Mt
idc,(t)=g+h,

g=v2-1

acg(r)

=T L e

ac n?(f)

(®)

Tog
e ,

"
Eg

where [ =— ;
xg + xcll + xtr + xcl2

acg(r) -

t
- Err
; Tig . _ m___.
ldcg(t) - \/5 ’ Iacg(()) e 4 Iacm(()) - x" + X,,3 4
t

. o
ldc m(t) = \/5 ’ Iac m(0) e

T,, and T, are the decay time constants of the ac

; o is the angular velocity;

components of the generator and motor currents
respectively.

Modeling of the emergency process was
performed in the Simulink application of the Matlab
program.

The emergency mode transition process modeling
result of the initial studied circuit (see Fig. 1) from
each of the sources (both G and M) is shown below

(Fig. 3).

Fig. 3. The total short circuit current, as well as its
components from each of sources: 1, 2 is the current
components from the synchronous generator and
induction motor respectively; 3 is the total SC current

The maximum current value in the initial

investigated circuit is 3.61.

D. Development of a system that will provide
protection efficiency increase against short circuit
currents

Let’s consider a transformed initial circuit taking
into consideration the use of a current-limiting
reactor and a system which provides advanced,
emergency control based on the use of the first and
second derivatives of a controlled parameter,
structural diagram of which is shown in Fig. 4.

The equivalent circuit of the proposed system is
presented in Fig. 5.

The resistance value of the current-limiting
reactor in the equivalent circuit, based on the data of
the nominal parameters (Table I) were previously
determined (Table II).

Despite all advantages of using current-limiting
reactors, their permanent use is accompanied by a
number of disadvantages, namely voltage drop and
power loss in transient conditions [18]. In this
regard, there is a need to develop a high speed
control system for a current-limiting reactor
connection in order to ensure reliable operation of
the SEPS and to ecliminate the disadvantages
described above.

During short circuit due to resistance decrease
current value changes from normal (working) to pick
values. Current value cannot change instantly due to
the presence of inductance in the circuit. This feature
makes possible development of an advanced control
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system which is based on the application of the first
and second derivatives of the parameter that
describes controlled process [28]. In this case, we
are talking about the speed and acceleration of the
controlled parameter (Fig. 6)
de d’e

y=K, dr +K, i ©
where y is the output measurement function of the
control unit; ¢ is the controlled parameter (signal
proportional to the current change); K; and K, are
the gain coefficients.

MSB

Fig. 4. Structural diagram of the proposed system
implementation: G is the synchronous generator; M is the
induction motor, MSB is the main switchboard; SB is the
local distribution switchboard; CB1, CB2, CB3, CB4 are
circuit breakers; S is the starter; R is the current-limiting
reactor; CU is the control unit; K is the switching
element; SC is the short circuit point

XCLI XTR XcL2

@ H H H W

XxcrL3 XM E’u

=

Fig. 5. Equivalent circuit of the proposed system: E;,' and

XR sC

E" is the transition EMF of the generator and induction
motor respectively; x; and x, is the transition resistance

of the generator and induction motor respectively; x;,., X1,
Xen, Xa3, X, are the resistances of the transformer, cable
lines and current-limiting reactor respectively; the fault
point corresponds to the SC point

Fig. 6. Modeling results: 1 is the curve describing the
short circuit current; 2, 3 is the first and second
derivatives of the controlled parameter respectively

However, the use of derivative links in the
control system is accompanied by the problem that
the output signal disappears [29] if the controlled
parameter becomes a constant value, the derivative
of which is equal to zero. In this regard, the control
law is supplemented by third summand K e, where

K, is the gain coefficient:

d’e de
—+K, —+Kg.
ta tdr

E. Description of the system operation

y=K (10)

Let’s consider the algorithm of the proposed
system (Fig. 4). In normal operating mode, the shunt
element, thyristor block unit K is open (closed - in
the case of a contactor use), supplying the connected
load to the SB via switchgear bypassing the current-
limiting reactor. If short circuit currents occur in the
power circuit of one of the connected consumers, the
control system closes the thyristor block unit
(opening the contactor, if the contactor is used)
continuing supply to consumers via a current-
limiting reactor, while turn off signal is generated to
the power supply CB5.

The modeling results in proposed system
application case are shown in Figs 7 and 8. Figure 7
shows the modeling results of current component
from a synchronous generator G.

I, pu

\_-/\_/

t, me

Fig. 7. The modeling results of the current component
from the synchronous generator during operation of the
proposed system: 1, 2 are ac and dc current components

respectively; 3 is the total short circuit current
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Figure 8§ presents the results of the summary pick
current modeling (curve 3), as well as its
components, component from a synchronous
generator (curve 1) and from induction motor (curve
2) while using a current-limiting reactor and
proposed control system based on measurement of
speed and acceleration of the controlled parameter.

t, me

Fig. 8. The modeling results of the current components
from each of the sources using the proposed system: 1 and
2 are components from a synchronous generator and an
induction motor respectively; 3 is the summary short
circuit current

Analysis of the study results showed that the use
of current-limiting reactors along with control
system based on the use of the first and second
derivatives of the controlled parameter will reduce
the value of the pick current from 3.61 to 1.1 pu
eliminating the additional wear of switching
elements of the system, voltage drops caused by the
SC currents and disadvantages related to use of
current-limiting reactors which confirms the
advisability of proposed system in SEPS.

VI. CONCLUSIONS

Proposed system will allow to solve a number of
problems related to the system protection efficiency
increase against short circuit currents in the SEPS
such as: 1) protection against short circuit currents
by limiting their pick values; 2) elimination of
negative impacts influence on the quality of
electrical power quality associated with the use of
current-limiting reactors constantly connected to the
circuit, namely power losses and voltage drops in
normal operating mode.

However, despite the advantages of the proposed
system, the problem of false triggering remains
unstudied, for example during consumer inrush
currents, while monitoring elements such as a
current transformer fails or while control circuits
break, etc., which should be the subject of an
individual study.
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B. C. JlykoBues, C. A. Tepeabnuk. IlinBumenns egeKTUBHOCTI 3aXUCTy Big CTPYMiB KOPOTKOr0 3aMHKAHHS B
CY/THOBHX €JIEKTPOeHEePreTHYHHX CHCTEMAX

KopoTke 3aMuKkaHHs € HallBa)KYMM 1 HaliHeOe3NMEeYHIINM aBapiiHUM PEXHUMOM POOOTH CYTHOBHUX €JIEKTPOSHEPTETUIHIX
CHCTEM, 1 BiJl TOTO Ha CKIIBKU €EKTHBHO CUCTEMHU aBTOMATHUKH 3a0€3MeUyIOTh 3aXUCHI (PYHKIIIT, 3a1€KHUTh )KUBYUICTB 1
HaIiHHICTh POOOTH SIK CYIHOBIH €IEKTPOSHEePreTHYHIH CUCTEMH, TaK 1 CylHa B IJIOMY. Y 3B'S3KYy 3 IIMM METOIO JaHOI
poboT € po3poOKa CHUCTEMH, sKa JI03BOJIUTH MiJABUINUTH e(EKTUBHICTh 3aCTOCYBaHHS CTPYyMOOOMEXYBaJIbHUX
PEaKkTOpiB B CYJHOBUX EIEKTPOSHEPIeTHYHHUX CHUCTEMax i TUM CaMHMM HiJBHIIUTH €()eKTUBHICTh 3aXHCTIB BiJl CTPyMy
KOpPOTKOT'0 3aMUKaHHs. J{J1s1 JOCATHEHHS OCTaBJICHOT METH BUPILLIEHO PSAJl JOMOMIDKHHX 3aBIaHb: BU3HAYEHO MapaMeTpu
€JIEMEHTIB JI0CIIDKYBaHOI CUCTEMH Y BIJHOCHUX OJMHUIIAX, PO3po0IieHa MaTeMaTHYHA MOJIEIb JIOCIPKYBAHOI CHCTEMHU
3 TIOAJIBIIUM MOJIEITIOBaHHSIM, 3aIIPOMIOHOBAaHa cHCTeMa (POpPMYBaHHS BUIIEPEDKAIOYOro YIIPABIIHHS, sike 0a3yeThcs Ha
3aCTOCYBaHHI IepUIoi i pyroi MOXiJHUX KOHTPOJIbOBAHOIO MapaMeTpa. AHall3 pe3ysbTaTiB TOCIHiPKEHHS T0Ka3aB, M0
3aCTOCYBaHHS 3alpOIOHOBAHOI CHUCTEMH, JO03BOJMTH IIIJBUIIUTH €(QEKTHUBHICTh 3aXHCTy BiJl CTPYMIiB KOPOTKOTO
3aMUKaHHS [UBIXOM OOMEXKEHHsS 3HAa4YeHHsS YJApHOTO CTPyMY, BHKJIIOYAIOYM TPU LOMY HEIONIKH, IOB'A3aHi i3
3aCTOCYBaHHSM CTPYMOOOMEXYBAJIbHUH PEaKTOpPIB, TAaKUX SIK TAiHHS HANPYTH i BTPATH HOTYXHOCTI B IEpeXiIHUX
peXUMax, IO MiATBEPKYE EPCIEKTUBHICTh BUKOPUCTAHHS 3aIIPOIIOHOBAHOI CUCTEMHU.

KarouoBi ciioBa: miaBuieHHs e(heKTUBHOCTI 3aXUCTY; CTPYMOOOMEXYBaJIbHUI PEaKToOp; CTPYM KOPOTKOTO 3aMUKaHHSI.
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B. C. JykoBueB, C. A. Tepenbnuk. IloBbimenne 3(p¢peKTUBHOCTH 3alIMT OT TOKOB KOPOTKOI'0 3aMbIKAHUA B
CY/IOBBIX JJIEKTPOIHEPreTHYECKHX CHCTEMAX

KopoTkoe 3aMbikaHWe SBJSIETCS CaMbIM  TSDKEJIBIM UM OIIACHBIM aBapUHWHBIM  PEKUMOM PabOTBI  CYJOBBIX
AJIEKTPOIHEPTETUIECKUX CHUCTEM, H OT TOTO Ha CKOJIBKO 3(pPEKTUBHO CHCTEMBbI aBTOMAaTHKHA O0ECIIEUHBAIOT 3AIIUTHBIE
(YHKIMHM, 3aBHCHT JKUBYYECTh M HaJI©KHOCTh pabOThI KaK CyJOBOW 3JIEKTPOIHEPreTHIECKOH CHCTEMBI, TaK U Cy/lHA B
uenoM. B CBs3M ¢ 3TUM Lenblo0 JaHHOW pabOTHI SIBISETCS pa3pabOTKa CHUCTEMBI, KOTOpasi MO3BOJUT IOBBICHTH
3¢ PEKTUBHOCTH MPUMEHEHHSI TOKOOTPAaHHYHUBAIONINX PEAKTOPOB B CYIOBBIX JJIEKTPOIHEPTETUYECKUX CHCTEMaX M TeM
CaMbIM TIOBBICHTH A(P(EKTUBHOCTH 3alIUT OT TOKa KOPOTKOI'O 3aMbIKaHus. J{JIsl JOCTMIKEHUS IMOCTAaBICHHOW LENN
pellIeH sl BCIIOMOTaTENbHBIX 3a/lad: ONMpEeAeNIeHbl TapaMeTpPhl SIEMEHTOB UCCIEAYyeMO CUCTEMBbl B OTHOCHTENILHBIX
eIUHHULAX, pa3paboTaHa MaTeMaTH4ecKas MOJENIb MCCIeNLyeMOH CHUCTEeMBl C IOCIEAYIOUIUM MOZIEIUPOBAHUEM,
Npe/ITIoKeHa cucreMa (pOpMHUPOBAHHMS OIIEPEKAIOIIEro YIIpaBJIeHHsl, OCHOBAHHOTO Ha NMPUMEHEHUW TEepPBOM M BTOPOH
MIPOU3BOJIHBIX KOHTPOJIMPYEMOrO Mapamerpa. AHalu3 pe3yJbTaToB HCCIEIOBAaHMS II0Ka3al, 4YTO IPUMEHEHHE
MPE/IJIOKEHHOH CHCTEMBI, TO3BOJHUT IOBBICHTH 3((EKTHBHOCTb 3allUT OT TOKOB KOPOTKOI'O 3aMBIKAHHS ITyTEM
OrpaHMYEHUs] 3HAa4YEeHHE YIApHOTO TOKa, MpPU OTOM, HCKIIOYash HEIOCTaTKH, CBSI3aHHBIE C IMPUMEHEHHEM
TOKOOTPAaHUYMBAIOIINX PEaKTOPOB, TAKUX KaK Ma/IcHUE HANPSHKEHHs U ITOTEPH MOIIHOCTH B TIEPEXOAHBIX PEKUMaX, 4TO
MOATBEPXKIAET MEPCIIEKTUBHOCTD UCIIOIb30BAHMS TIPEIOKEHHON CUCTEMBI.
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