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Abstract. At the parallel operation of diesel generator sets in the sea vessels electrical power system the presence
of power exchange oscillations is recorded. Power exchange oscillations adversely affect the operation of electrical
equipment and automation systems of sea vessels. The results of mathematical modeling allow us to conclude that it is
expedient to adaptively change the transmission coefficient of governor to reduce the amplitude of exchange oscilla-
tions. To study various technological modes of operation of a ship power plant with a different number
of generators operating in parallel, the values of active resistances are set in the mathematical model instead
of generating machines, while a large value of active resistance corresponds to a disconnected generator, and a small
value of active resistance corresponds to a generator set connected to the main switchboard. To test the performance
and efficiency of the method based on changing the settings of the governor, it is proposed to conduct computer simu-
lations with dynamic implementation. A method has been developed for determining the value characterizing the cur-
rent amplitude of power exchange oscillations by a computer automatic control system. Conclusions are drawn about
the efficiency of the eliminating power exchange oscillations method, the results of testing the method obtained using
the developed computer program allow us to recommend the introduction of a block for eliminating power exchange
oscillations in the control systems of electrical power system on sea vessels.
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Annoramms. [Ipn mapamuiensHol paboTe AW3ENb-TEHEPATOPHBIX YCTAHOBOK B 3JIEKTPOTEXHHYECKHX KOMILIEKCAX
MOPCKHX CYZOB (DUKCHpYyeTCs Haau4dre OOMEHHBIX KojiebaHui MOIHOCTH. OOMEHHbIE KOJIe0aHnsI MOLTHOCTU OKa3bl-
BAIOT OTPULIATENIBHOE BO3/eiicTBUE HAa PabOTY 3JEKTPOOOOPYIOBaHHS M CUCTEM aBTOMATUKH MOPCKUX CyIOB. Pe3yib-
TaThl MaTEMaTHYECKOTO MOJEIMPOBAHUS IO3BOJSIOT CIEIaTh BBIBOJ O LEJIECOOOPa3HOCTH aJalTHBHOTO M3MEHEHHS
ko3 duirenTa nepenadn perysaTOpoB YaCTOTHI ULl YMEHBIICHHS aMILINTY bl 0OMEHHbIX Konebauuit. s uccneno-
BaHUS PA3JIMYHBIX TEXHOJIOTHIECKUX PEKUMOB PAOOTHI CYHOBOH MICKTPOCTAHINN C PA3IMIHEIM KOJIMIECTBOM Iapai-
JIeTBHO pabOTAIOIUX TEeHEPaTOPOB B MATEMaTUUECKOH MOJEIH 33af0TCsl 3HAYCHUs aKTUBHBIX CONPOTHBICHHH BMe-
CTO T'€HEPAaTOPHBIX aBTOMATOB, IIPU 3TOM OOJBIIOE 3HAYCHHE aKTHBHOTO CONPOTHUBIICHHUS COOTBETCTBYET OTKIIIOUCH-
HOMY T€HepaTropy, a Majoe 3HaueHHe aKTUBHOTO CONPOTHUBIIEHHS — TeHEPaTOPHOH yCTaHOBKE, ITOAKITIOUYEHHOH K TJIaB-
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HOMY pacHpezeuTeIbHoMY IuTy. [ mpoBepku paboTocriocoOHOCTH 1 3 (heKTUBHOCTH METOA, OCHOBAHHOTO HAa H3Me-
HEHUHU HACTPOEK PEryATOPOB YacCTOThI, IPEUIOKEHO IPOBECTH KOMIIBFOTEPHOE MOJCIMPOBAHUE C JUHAMUYECKOH peanu-
3anueil. Pa3paboTan MeTox onpeeneHust KOMITBIOTEPHOH CHCTEMOI aBTOMAaTHYECKOTO YIIPABJICHUS BEIIINHBI, XapaKTepH-
3yIomieil TeKyIyIo aMILTUTYy OOMEHHBIX KojieOaHuil MonHOCTH. CrieaHs! BEIBOJBI O PabOTOCIIOCOOHOCTH METO/a yCTpa-
HeHMs1 OOMEHHBIX KoJIeOaHHIT MOIITHOCTH; PEe3yJIbTaThl MPOBEPKH METO/A, OIYUYCHHbIE C IIOMOILBIO pa3pabOTaHHOW KOM-
MIBIOTEPHOI MPOrpaMMBbl, HO3BOJIIOT PEKOMEHIIOBATh BHEAPEHHE OJOKAa YCTpaHCHHs OOMEHHBIX KOJEeOaHMH MOILIHOCTH
B CHCTEMBI yIPABIICHUS 3JIEKTPOTEXHUYECKUMH KOMIUIEKCAMH Ha MOPCKHX CyZaX.

KiroueBble ciioBa: oOMeHHbBIE KOJeOaHUS MOIIHOCTH, HapajulenbHass padoTa, 3JIEKTPOTEXHUYECKHUH KOMILIEKC,
YCTOHYUBOCTH, TEHEPATOPHBII arperar, HACTPOMKHU PETyIISTOpa YaCTOTHI

Jst nutupoBanusi: Cagenxo A. E., Casenxo I1. C. IIpoBepka 3¢ (GpeKTHBHOCTH 1 pabOTOCIOCOOHOCTH METO/Ia yCTpa-
HEHUsI OOMEHHBIX K0Je0aHHH MOIIHOCTH B 3JIEKTPOTEXHUIECKHX KOMILIEKCaX MOPCKHX cynoB // BecTHuk Actpaxan-
CKOI0 roCyJapCTBEHHOro TexHHueckoro yHusepcurera. Cepusi: Mopckas TexHuka M TexHonorus. 2023. Ne 4.
C. 88-95. https://doi.org/10.24143/2073-1574-2023-4-88-95. EDN JLTTRU.

Introduction

Studies carried out at the operating power plants
of sea vessels [1-3] with the joint parallel use of diesel
generator sets confirmed the presence of power ex-
change oscillations (PEO).

To eliminate such processes, which extremely neg-
atively affect the operation of the entire electrical power
system of an autonomous object [4], a method has been
developed based on varying the settings of the speed con-
trollers of marine diesel generator sets [5, 6]. The devel-
opment of the method was carried out in close connec-
tion with the sea vessel and the mathematical model
of its ship electrical power system, while modeling the
currents, voltages, moments, load angles and rotational
speeds of the jointly used diesel generator sets of the
studied vessel [5]. Given the values of the settings
of the speed controllers, the current PEO amplitude
was calculated from the results. The results of succes-
sive calculations confirmed a decrease in the ampli-
tudes of exchange oscillations with a decrease in the
gain of the speed controllers [5]. However, the behav-
ior of the electrical power system remained unclear
with an adaptive stepwise change in the settings of the
speed controllers in dynamics [7]. According to the
requirements of the international maritime convention
on the safety of navigation Solas, it is not allowed to
carry out any intervention that changes the configura-
tion of the control system on an operating ship [8].

Taking into account the importance of confirming
the operability, efficiency and safety of the proposed
eliminating PEO method, it is necessary to test it be-
fore introducing it into the power plant control system
of an operating sea vessel. Obviously, it is necessary to
create a computer program based on a mathematical
model that would demonstrate the operation of the
PEO elimination unit in dynamics. And then after re-
ceiving positive results it will be possible to carry out
tests on an operating ship.

Materials and methods of research
Figure 1 shows a diagram of a ship's multi-
generator electrical power system, in which the gen-

erator circuit breakers are replaced by active resistanc-
es Ry. It is in such ship electrical systems that ex-
change power fluctuations are recorded (Fig. 2).
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Fig. 1. Scheme of connecting generators
to the main switchboard

In a computer program, equations for the parallel
operation of diesel generator sets are compiled, which
include descriptions of the switches in the electrical
circuits between the generators and the main switch-
board [5].

If the generator works through the main switch-
board to the grid, then the active resistance of the cor-
responding switch is close to zero, and in the case
when the generator is not connected to the ship's grid,
the active resistance of the switch tends to infinity.
Thus, the mathematical description of the ship's elec-
trical power system, which uses several diesel genera-
tor sets as sources of electricity, can be written in one
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system of equations. At the same time, the values tions by the ship's electrical power system, depending
of active resistances make it possible to conduct re- on the number of generators connected to the main
search when performing various technological opera-  switchboard.
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Fig. 2. Oscillograms of currents of two diesel generator sets connected in parallel

For a mathematical description of the generator sta-
tor circuits, the ship grid and the existing load, it is

advisable to use a fixed coordinate system a, B. Using

the design scheme for switching on generator sets

Lo, . . o G Ly

shown in Fig. 3, we obtain the following equations: gal
K(X

1 Igul + Ikal; Iu2 = IguZ + 1ka2; ~~-Ikn = Igo.n + Ikun;

2
Ugi = haiRig + Uy Uy = hipRig + Ugy; .. Uy = ﬁ
= Ik(mRkn + Uga; gaz

gal UalGla ga2 U(XZGZ) .. gan UanGn;

I = Lt + Lt Lot = UnaGrs Uga = LpiaRps + Lifdlygy ! d), e @ilw MsB

where G, is the conductivity; Gy, Ry, Ly — ship grid Fig. 3. Scheme of switching on generators for calculations
load; Ry; — generator breakers resistance.

Load

The solution of the system has the form:

U = (chl+Ioc2+"'Iou'_chlG1_Uoc2G2_"‘ IHoc)
ga GH
=Iq1Rk1+Ug1' U =Ia2Rk2+Ug2_ U _I R, U,
al > a2 s> o on 5

1+ R,G, 1+R,,G, 1+R,,G,
dly, U=l Ry)
dt L, '

Research results of the speed controller of the second diesel-generator

Let us take as initial conditions for research the K., = 50, the commanded speed level of the first diesel
backlash of the speed controller of the first diesel gen-  generator ®,y; = 1, the commanded speed level of the
erator D,; = 0.002, the backlash of the speed controller  second diesel generator ®,¢, = 1. The presence of given
of the second diesel generator D,, = 0.01, the transmis-  backlashes determines the existence of power ex-
sion coefficient of the speed controller of the first die- change oscillations, and the equality of the transmis-
sel generator K, = 50, the transmission coefficient sion coefficients and the settings of the speed control-
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lers excludes the occurrence of power common-mode
oscillations [5].

The results of calculations and construction with
the above initial conditions presented in Fig. 4 confirm
the existence of the PEO in the jointly parallel opera-
tion of two diesel generator sets with different back-

lash indicators in the speed controllers. The main fea-
ture is the correspondence of the maximum of the cur-
rent envelope of the first generator to the minimum
of the current envelope of the second generator. There
are also oscillations in antiphase of the graphs of load
angles and moments of these generators.

JENE

-1 )
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Fig. 4. Results of calculations and construction at D,,; = 0.002; D,,=0.01; K,;=50; K= 50; ®,0;=1; ©,0o=1

When considering the results of such modeling, it
is possible to determine the amplitude of exchange
oscillations based on the scale on the coordinate axes.
Then, depending on the obtained value of the oscilla-
tion amplitude, change the transmission coefficients
of the speed controllers and repeat the simulation again
with new data. Based on the results of repeated model-
ing, a conclusion is made about the effectiveness
of changing the settings of the regulators and the need
to continue such changes.

This approach has been a good tool in determining
the causes of exchange and common-mode oscilla-

tions, as well as in developing methods and means that
exclude such oscillations in a ship power plant. When
using selective modeling, it is possible to choose any
necessary values and analyze changes in oscillatory
processes in the ship's electrical power system. Also,
such a technique has proven itself well for constructing
settings maps (Table) of the dependences of the char-
acteristics of power exchange and power in-phase os-
cillations on the backlash values of the speed control-
lers of these regulators and other reasons, for example,
shown in Fig. 5.

Dependence of the amplitude of power exchange oscillations on the values of time constants of speed controllers

To1! Tep 10 20 30 40 50 60 70 80 90 100
10 0 0 0 0.015 0.037 0.05 0.045 0.045 0.045 0.05
20 0 0 0.022 0.015 0.045 0.052 0.06 0.08 0.07 0.06
30 0 0.022 0.045 0.045 0.052 0.055 0.062 0.065 0.065 0.065
40 0 0.005 0.037 0.037 0.05 0.056 0.06 0.067 0.067 0.067
50 0.005 0.03 0.03 0.037 0.04 0.052 0.055 0.067 0.067 0.067
60 0.005 0.03 0.022 0.03 0.037 0.045 0.05 0.06 0.065 0.067
70 0.045 0.022 0.015 0.022 0.03 0.037 0.045 0.05 0.06 0.067
80 0.015 0.015 0.015 0.02 0.022 0.03 0.037 0.045 0.05 0.055
90 0.03 0.012 0.015 0.017 0.022 0.023 0.03 0.037 0.043 0.05
100 0.037 0.01 0.01 0.015 0.022 0.022 0.025 0.03 0.035 0.043

91

S[9SSAA BIS JO WISAS 1om0d [BOL1}OI[O Y} UI POYIdW SUOLR[[19S0 d3ueyox? 1omod Suneurwife oy Jo Anjiqerddo pue ASUdIo1y)e oy} Sunody) 'S 'd ONUIALS “H Y OJUIARS



Cagenko A. E., Casenxo I1. C. [TpoBepka 3peKTHBHOCTH U pabOTOCTIOCOOHOCTH METO/Ia yCTPaHEeH sl OOMEHHBIX KOJICOaHM MOLIHOCTH B 3JICKTPOTEXHMYECKMX KOMILIEKCAX MOPCKHX CY/I0B

Becmnux Acmpaxancxozo zocydapcmaennozo MEexXHU1YeCcKo20 ynueepcumema.

Cepusa: Mopckaa mexnuka u mexuonozus. 2023. Ne 4
ISSN 2073-1574 (Print), ISSN 2225-0352 (Online)
Cyoosvie anekmposHepeemuieckie KOMHACKChl U CUCTHEMbL

m0-0,02 m0,02-0,04

m0,04-0,06 m0,06-0,08

Fig. 5. Map of the dependence of the amplitude of the PEO on the values of the time constants of the speed controllers

Obviously, for the study of electrical power sys-
tem, modeling with fixed values is the only acceptable
approach. Of course, on an operating ship, the possi-
bility of manual mode of changing parameters in au-
tomatic control systems is always provided. However,
for regular operation, adaptive automatic tuning of the
parameters of the speed controller is necessary. There-
fore, in order to check the method for eliminating
PEO, a computer program is needed that, after starting
with given initial conditions, independently, without
the participation of personnel, would determine the
amplitude of the existing exchange oscillations and, if
necessary, adaptively change the settings of the regula-
tors of diesel generator sets. Such a computer program
is the maximum approximation to the block of elimi-

nation of PEO for integration into the composition
of the ship's electrical power system.

The key task on this path is the automatic determi-
nation of the amplitude of exchange oscillations. The
following turned out to be quite effective from the
point of view of simplicity, reliability and speed. First,
it is necessary to construct the envelopes of currents /1
and 2 of generators operating in parallel and create
digital arrays characterizing them. Next, the difference
I1-12 of the obtained envelopes is found both in graph-
ical and digital forms. The envelopes and their differ-
ence represent a harmonically changing line, for exam-
ple, a sinusoid. Moreover, the difference of the enve-
lopes change symmetrically relative to the horizontal
line, forming together the areas S1, S2, S3, etc. (Fig. 6).

I1(t)

e | _
AI(E)
0 I|1-I2
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51 53
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| | | |
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Fig. 6. Determination of the characteristic 4pzo of power exchange oscillations for two generators
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It is necessary to determine the value of time 7. Its
value determines, on the one hand, the accuracy, and,
on the other hand, the speed of the system. Sum
of areas S1, 52, §3, etc. normalized by the time of their
determination 7, is a reliable indicator characterizing
the PEO amplitude:

> S(1-12)
1
APEO T .

Depending on the requirements for the electrical
power system in a specific mode of performing trip
tasks, it is necessary to set in the program the permis-
sible value of the PEO amplitude A,,,,,, with which the
obtained Apzp of the system is compared. The value
of the permissible value A4, is determined by the
requirements of the electrical power system and may
vary depending on the specific situation. To determine
each of the areas S1, S2, S3, etc. the program sets the
step along the abscissa-time axis. Depending on the
given step, each figure with area S1, S2, S3, etc. is
divided into a certain number of rectangles, the areas
of which are found and summed up, forming the areas

S1, 82, 83, etc., respectively. The assumption consists
only in replacing one of the sides of each rectangle
of the envelope section, formed by adjacent values
of the change step along the abscissa-time axis. The
number of summed areas of rectangles depends on the
value of the step along the abscissa-time axis and also
determines the accuracy and speed of calculations.
Naturally, the speed of data processing depends on the
characteristics of the computing system - processor,
memory, etc.

We present the result of the computer program
(Fig. 7) for the initial conditions D,; = 0.002;
D,,z = 001, Ku)l = 50, szz 50, 0,01 = 1, W02 = 1. The
program examines the time range from 3.5 to 5.5 sec-
onds, so the normalization period of the envelope cur-
rents lasts for 2 seconds. On the graph, the current 7,
is shown in blue, and the envelope /om.x On it is red,
and the current /,; is shown in red with the blue enve-
lope I41max- The transmission coefficient K, changes
with a given step equal to 4, and the speed setting var-
ies with a step of 0.01. The areal characteristic of pow-
er exchange oscillations, which estimates the ampli-
tude level 4., is taken equal to 0.025.

UM\I(U\IHU\U\IIM(\IIW]\llHUNHW\UHUI!UW\IWU\UUW\UWWHW\ |
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LAlmax
TA2max

45 B
2,5

01

Fig. 7. The results of the computer program at D,,; = 0.002; D,,= 0.01; K,; = 50; K, = 50; ®,0;
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So, the program has made an adaptive dynamic
change in the settings of the speed controllers of the
diesel generator sets operating in parallel to eliminate
the existing PEO. The effectiveness and efficiency
of the measures and actions taken can be concluded by
comparing the initial graphs in Fig. 2 and the final
results presented in Fig. 7. It is obvious that in Fig. 7
there are practically no minimum and maximum of the
envelope currents. Graphs of rotation frequencies, load
angles and moments of diesel generator sets do not
contain oscillatory sections in antiphase. While the
program is running, the current values of the speed
controller settings and the corresponding amplitude
of exchange oscillations are displayed. Thus, the com-
puter program is very flexible, it allows you to change
the values of all current settings that specify both the

initial parameters and the characteristics of the per-
formance indicators of the electrical power system.

Conclusions

The computer program has demonstrated good ef-
ficiency and operability of the eliminating power ex-
change oscillations method in ship electrical power
system with parallel operation of synchronous diesel
generator sets. According to the results of the research,
it is possible to recommend the use of a block for elim-
inating power exchange oscillations, which controls
the settings of speed regulators, on the sea ships. In
addition, the computer program that was used to test
the performance of the method is a ready-made prod-
uct for integration into the software systems of ship-
board electrical power system.
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