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MATHEMATICAL MODEL OF STEADY OPERATION
OF SHIP ELECTRICAL COMPLEXES

Currently, existing control systems for parallel operation of diesel-generator units do not control the
presence of power exchange fluctuations and do not limit their level. Research conducted earlier led to the
discovery of the negative impact of power exchange fluctuations between parallel-working diesel-generator
units on the quality of the produced electrical energy and on the operation of electrical engineering complexes
as a whole. In this regard, the development of methods for identifying the presence and level of power exchange
fluctuations in electrical engineering complexes is relevant.

The article examines the issue of ensuring the stable operation of ship electrical engineering complexes.
When conducting research, real oscillograms of exchange and in-phase power fluctuations are used, taken
during joint-parallel operation of diesel-generator units, common bus bars of the main switchboard. One of
the problems of electro technical ship complexes of marine vessels is considered appearance of alternating
and in-phase power fluctuations when diesel-generator units are connected in parallel. To eliminate such
fluctuations, it is necessary to influence the speed regulators and change their transmission coefficients so
as not to disturb the stable operation of the entire electro technical complex of the ship. It is necessary to
determine the permissible range of change of gain coefficients of frequency regulators of jointly parallel-
connected generators to preserve the stable operation of shipboard power plants of marine vessels.

The results of mathematical modeling allow us to conclude that it is necessary to limit the change in the values of
gain coefficients of frequency regulators. Based on the results of mathematical modeling, it is possible to recommend
limiting the change in gain coefficients of frequency regulators during parallel operation. It is proposed to limit the
change in gain coefficients of frequency regulators while eliminating power exchange fluctuations.

Key words: power exchange fluctuations, parallel operation, autonomous electro technical complex,
stability, generator set, the frequency regulator setting.

Formulation of the problem. In the modern
world, the maritime fleet includes hundreds of
maritime vessels that perform various functions [1].
The main tasks of maritime floating objects include
transportation of various types of goods, as well as
cargo and personnel, extraction of fish resources and
hydrocarbons, laying pipelines and communications,
state defense, ensuring operation in Arctic conditions,
and others [2, 3]. On board any maritime vessel,
there is an autonomous electrical system consisting
of generating energy objects and devices and
mechanisms that consume electrical energy [4]. The
conditions and peculiarities of operating electrical
systems of maritime vessels are regulated by the
requirements of the Maritime Register of Shipping
and the International Convention for the Safety of
Life at Sea (SOLAS) [5, 6]. Diesel generator sets
connected in parallel are often used as sources of
electrical energy, connected to the main distribution
panel [7, 8]. The list of capacities and consumers is

very wide and is determined by the type and purpose
of the vessel [9]. Ensuring the stable operation of the
power station of a maritime vessel with the production
of quality electrical energy is a vital condition for
the safety of the vessel and the fulfillment of its
technological and production tasks [10].

The most rational scheme for the production of
electrical energy on maritime vessels is the parallel
operation of several diesel generator sets from a
technical and economic perspective [11]. Each
diesel generator has its own speed governor and
voltage regulator [12]. The settings of the regulators
determine the load distribution between the units in
quasi-steady-state operating modes of the electrical
power complexes of maritime vessels, leading to
exchange and in-phase oscillations of power between
the parallel-connected generators [11]. To eliminate
such oscillations, it is necessary to influence the speed
governor and change their gain coefficients in such a
way that the stable operation of the entire electrical

125



Bueni sanucku THY imeni B.1. Bepnaacbkoro. Cepisa: Texniuni Hayku

complex of the vessel is not disturbed. It is necessary
to determine the permissible range of variation of the
gain coefficients of frequency regulators for parallel-
connected generators to maintain the stable operation
of the power stations of maritime vessels.

Analysis of recent research and publications.
One of the problems of electrical ship complexes of
maritime vessels is the occurrence of exchange and
in-phase power oscillations when diesel generator
sets are connected in parallel [11]. Such oscillations
lead to accelerated wear of diesel speed governors,
the inability to use generating devices at full capacity,
pulsating voltage in the vessel electrical network, a
decrease in the performance of electrical drives and
ship automation systems, as well as the need to use
mathematical modeling to evaluate permissible limits
and ratios when changing the gain coefficients of
frequency regulators [12].

For synchronous machines with rotor excitation
winding, a slow number of 0...n, equivalent short-
circuited circuits in the d-axis and a slow number of
0...n, equivalent short-circuited circuits in the g-axis,
the Park-Horjev equations in per-unit values can be
written in the following form:

da\;lr" + oy, + i, =—u,, (D)
dy, .

oy, — drq —ri,=u,, 2)

M.\ ri-E, 3)

T
Additionally, synchronous generators in stationary
to d and q coordinates can be represented as a series
of equations [11]:

T‘C = WJq(’Or - rsisd - usd s (4)
dy, .
T‘Cq = VY0, — 'Txlxq - u.vq s (5)
dy .
dtf =Up —Tyly (6)

where v, v, u,,u,,i,i, — The projections of the
flux linkage vector, voltage vector, and stator current
vector onto the d-axis can be represented as follows:

— Flux linkage vector projection on the d-axis:
yd =y - cos(0)

— Voltage vector projection on the d-axis:
Vd=V - cos(Bv)

— Stator current vector projection on the d-axis:
Id=1 - cos(0i)

Here, yd is the flux linkage vector projection
on the d-axis, y is the flux linkage magnitude, 0 is
the angle between the flux linkage vector and the
reference axis, Vd is the voltage vector projection on
the d-axis, V is the voltage magnitude, Ov is the angle
between the voltage vector and the reference axis,
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Id is the stator current vector projection on the d-axis,
I is the stator current magnitude, 01 is the angle between
the stator current vector and the reference axis.

These equations represent the components of the
vectors in the d-axis direction, which is a coordinate
axis commonly used in the analysis of synchronous
machines;

Vs Wy, ty,, 0,0, — The projections of the flux
linkage vector, voltage vector, and stator current
vector onto the g-axis ;

v, u,,i,,r, — The projections of the flux linkage
vector, voltage vector, current vector, and excitation
winding resistance;

v,,i,r. — Projection of the flux linkage vector,
voltage, current, and active resistance of the excitation
winding;

E.— Excitation voltage;

7 — Duration of the process.

The synchronous generator has a brushless exciter
with a proportional voltage regulator:

Y K, W) /T ()
where K, — Gain coefficient;
U, — Predetermined voltage value;

2 2
u, = Jusd + usq .
Based on the above statement, an equation can be
written for a diesel engine:

do,
Jm?:Md_Mg’ (8)
M, =K,h, )

Mg = ngi_vd - ‘V:disg s (10)
where J,, — The referred moment of inertia of the
diesel generator shaft;

M, — Diesel engine torque;

M, — Generator torque;

h — Fuel rail displacement;

K., — Diesel speed gain coefficient.

Then the speed control regulator of the diesel
engine installation will have the following form:

T _ku _n,

0 g7 Rt
where T, — A constant time value;
K, — Gain coefficient;
U, — The difference between the set o,, andd actual
o, rotational frequencies.

Presenting main material. In Fig. 1 you can
see the results of the research using mathematical
methods in the form of graphs of currents and
rotational frequencies of two generators connected
in parallel on the main distribution panel, at different
values of proportional coefficients of their speed
control regulators. K, = 80, K, = 40. The current
graphs show synchronous power oscillations with
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a constant amplitude, while the generator rotational
frequencies tend to reach the set value.

Figure 2 shows the results of mathematical control
in the form of current and rotation frequency graphs
of two generators operating in parallel on the main
distribution panel busbars, with varying proportional
coefficients (gain coefficients) of their rotation
frequency regulators K ,,= 350, K ,= 250.

The presence of in-phase current oscillations and
increasing amplitudes, as well as the increasing instan-
taneous rotation frequencies of the generators, indicates
instability in the operation of the vessel power plant.
This suggests an approaching activation of protection
measures with subsequent power outage of the vessel.

Discussion of experiments. Thus, changing
the proportional coefficients (gain coefficients) of
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Fig. 1. Results of mathematical modeling of parallel operation of generators
with K, =80, K, =
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Fig. 2. Results of the investigation of parallel operation of generators
with K= 350, K,,= 250
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the frequency regulators when paralleling diesel
generators on the main distribution panel can lead
to uncontrolled growth of in-phase power oscillation
amplitudes and rotational frequencies. In order
to ensure stable operation of the vessel power
plant during changes in the gain coefficients of the
frequency regulators, mathematical modeling was
conducted at various transmission coefficient ratios.
The research results, where stable operation of the
vessel power plant is maintained, are presented in
Table 1, and the settings map is depicted in Figure 3.

It can be observed that when the gain coefficients
of the frequency regulators in the diesel generators are
equal, there are no power oscillations. The difference
in gain coefficients leads to the appearance of power
oscillations, and their amplitude increases with the

increase in the difference between the gain coefficient
values within the range of 0 to 200, as shown in
Figure 1. Parallel-connected diesel generators operate
stably under such conditions. However, when the
gain coefficients exceed certain values, as shown in
Figure 2, power oscillations occur, indicating unstable
parallel operation of the generators.

The above-mentioned data was obtained for
electrical complexes of maritime vessels. However,
they can be applied to any autonomous electrical system
that utilizes parallel operation of diesel generator units.
While the operating conditions of a maritime vessel
are entirely autonomous, making the operation of its
electrical complex crucial, extreme situations can also
arise in land-based systems where the viability of an
entire operation depends on reliable power supply.

Table 1

Research the dependence of in-phase power oscillation amplitude of diesel generator
on gain coefficient values of the frequency regulator in steady operation modes

K,/K, 10 20 40 60 80 100 120 140 160 180 200
10 0,01 1,2 1 09 0.9 1,2 0,5 0,45 0.4 03 0,3
20 1 0,01 0,9 1 1 1 1,1 0,95 0.8 0,75 0,9
40 0,8 065 | 005 1 1,1 0,9 1,2 1,2 1,35 1 1,2
60 1,1 095 | 095 0,05 03 0,9 0,7 0,95 0,95 1,05 1,1
80 1 1 0,8 0,25 0,05 0,25 0,7 1,1 09 1 1:3
100 0,6 0,7 1.1 1,1 0.2 0,05 0,22 0,8 0.8 06 1,1
120 0,4 1 1.2 1 1.1 0,1 0,06 0,17 11 0.8 1,2
140 0,6 1,1 1,2 09 0,95 0,22 0,08 0,06 0,17 07 1,05
160 12 1 1,2 07 08 0,6 0,25 0,09 0,06 0,17 0,6
180 1,1 1,2 1,05 1,1 1,2 0,75 0,7 0,2 0,07 0,06 0,14
200 1 1,05 | 095 1,05 1,05 0,75 0,7 0,6 0,15 0,06 0,07

B b =« 3 N a3 S w
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Fig. 3. Map of the dependency of power oscillation amplitude on gain coefficient values
of frequency regulators in diesel generator
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Conclusion. The conducted research has
demonstrated the dependency of the stability of
operation of a maritime vessel's electrical complex,
with parallel connection to the main distribution panel
of diesel generator units, on the values and ratios of gain
coefficients of the frequency regulators. Based on the

results of mathematical modeling, it is recommended to
limit the variation of gain coefficients of the frequency
regulators within the range of 0-200 during parallel
operation. Such limitation should be taken into account
when adjusting the gain coefficients of the frequency
regulators to mitigate power oscillations.
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Jlomenko I.T., Haroscbkuii LA, MATEMATUYHA MOJIEJIb CTAJIOI POBOTH

CYJHOBUX EJEKTPOTEXHIYHUX KOMIIJIEKCIB

Y oanuii uac icuyroui cucmemu KepyeanHs nApaieIbHOW POOOMOK OU3ENb-2eHEPAMOPHUX d2pe2amis He
KOHMPONIOMb HAAGHICMb OOMIHHUX KOIUBAHb NOMYHCHOCHI MA He 00MedXdCcyromy ix pigens. J[ociiodxcenHs,
WO NPOBOOUNUCS paHiue, NPU36enu 00 BUABLEHHS He2AMUBHO20 8NIUBY OOMIHHUX KOIUBAHb NOMYHCHOCT MIdHC
napanerbHo NPayioyUMU OU3eIb-2eHEPAMOPHUMU A2pe2amamil Ha SIKICIb UPOOII0BAHOT eneKMpPUYHOT eHep-
2il’ i Ha pobomy eneKmpoOmexHiuHUX KOMNIEKCI8 8 YinoMy. ¥V 36'A3Ky 3 yum aKmyaibHUM € po3pooKa cnocooie
i0enmuchixayii HaseHOCMI Ma Pi6HSA OOMIHHUX KOTUBAHb NOMYHCHOCHI 8 e1eKMPOMEXHIUHUX KOMNAEKCAX.

Y cmammi pozensoaemvca numanns 3ab6e3nevents cmanoi pobomu cyOHOBUX eleKMPOMEXHIUHUX KOMN-
JIeKCi8 npu NpogeodenHi O0CI0NCeHb BUKOPUCMOBYIOMbCS PEAlbHI OCYULOZPaMU OOMIHHUX MA CUHQAZHUX
KOAUBAHb NOMYICHOCMI, 3HAMI NPU CRLIbHO-NAPALENbHIL POOOMI OU3ETb-2CHEPAMOPHUX A2Pe2amis 3a2dbHi
WUHU 207106H020 PO3N00iNbH020 wuma. OOHIEW 3 npobiem eleKmpOmMexHIYHUX CYOHOBUX KOMNIEKCI8 MOp-
CbKUX CYO€eH 88ANCAEMbCSA NOABA OOMIHHUX MA CUHDAZHUX KONUBAHL HOMYHCHOCTT NPU CRIIbHO-NAPALETbHOMY
BKIIOYEHHI OU3eIb-2eHEPAMOPHUX aepe2amis. /[l YCYHeHHA MAaKUX KOIUBAHb HeoOXIOHO 30iliCHI08amMU 8NIUE
Ha pe2yisimopu Yacmomu 00epmants ma sMinoeamu ix xoegiyiecumu nepedaui max, wood He nOPYULy8aIaAcs.
CmItiKa poboma 6Ccb020 e1eKmpomexHiuHo20 KOMIIeKcy cyoHa. Heobxiono seusnavumu donycmumuii dianazou
3MIHU KOeqhiyieHmi8 NOCUNIeHHs YaCMOMHUX Pe2YIsiImMOpI8 CRIIbHO-NAPALEIbHO BKIYEHUX 2eHepamopie OJis
30epedcents cmanoi pobomu cyOHO8UX eleKmpPOCMAHYIL MOPCbKUX CYOeH.

Pesynomamu mamemamuuno2o mooeniosanus 003801810Mb 3p0OUMU BUCHOBOK NPO HEOOXIOHIcmb 0OMe-
JICEHHSL 3MIHU 3HAYEHb KOeIYyIEHMIie NOCUNeHHs Yacmomuux peaynamopie. Ha ocnosi pesyiomamie mame-
MAMUUHO20 MOOCTHOBAHHS MONCHA PEKOMEHOY8AMU 0OMeNCUmu 3MIHy KoeqiyieHmie nocuienHs 4yacmomHux
pe2yismopis npu napaienviit pooomi. 3anponono8ano oomedcumu 3miny Koepiyicumie noCcUIeHHsa Yacmom-
HUX pe2yisimopie npu YCyHeHHi 0OMIHHUX KOTUBAHL NOMYHCHOCHII.

Knrouosi cnoea: oOMinHi KOTUBAHHA NOMYIHCHOCHI, NAPATLENbHA POOOMA, A8MOHOMHUL eleKMPOMeEeXHIYHUL
KOMAJIEKC, CIMIUKICMb, 2eHepamopHull azpe2am, HalaumysanHs pecyiamopa Yacmomu.
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