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Abstract

The dependence of the specific fuel consumption of the ship diesel-generator set on the generated electric
power and the power factor is given. An algorithm for load distribution between parallel marine diesel gen-
erator sets is given, taking into account the dependencies of the specific fuel consumption on the generated
power and the power factor of each marine diesel generator set. The possibility of using neural networks to
solve the problem of minimizing the specific fuel consumption for parallel operation of ship diesel-generator
sets in the steady state mode is considered. A neural network model for reducing fuel consumption is pro-
posed by distributing the total electric load of a ship power plant between diesel generators operating in
parallel. Such a model, based on the database obtained in the training process, which is implemented by
microprocessor controllers with the algorithms of searching for a combination of capacities inherent in
them for each of the parallel running generator, at which the minimum flow is reached, independently deter-
mines how it is necessary to load the units operating in parallel, to achieve a minimization of fuel consump-
tion; and periodically checks the correspondence between the estimated (calculated) and the actual fuel
costs, which ensures the control of the technical condition of the mechanisms.

AHHOTanUA

[IpuBe/jeHa 3aBUCUMOCTb Y/[e/IbHOT0 PAacXo/ja TOMJIMBA CYA0BOr0 AU3e/b-TeHepaTOPHOro arperaTa Ot Bbl-
pabaTbiBaeMOH 3JIEKTPHUYECKO# MOIHOCTH 1 K03 dULMeHTa MOLHOCTH. [IpHBe/ieH aIrOpUTM pacnpeje-
JIeHUsl Harpy3KH MeX/y NapaJijieJbHO PaGOoTAIOLMMH CYA0BbBIMU JJU3€/Ib-TeHepaTOPHBIMU arperaTaMu C
y4eTOM 3aBHCHMOCTEH y/IeJIbHOTO pacxo/ia TOMJIMBA OT BbIpaGaThIBAeMOH MOIHOCTH ¥ Ko3ddHULHeHTa
MOIIIHOCTH KaX(/{0T'0 CYZJOBOTO JJU3€e/Ib-TeHepaTOPHOro arperara. PaccMoTpeHa BO3MOXXHOCTb HCI0Jb30-
BaHUs HEeHPOHHbIX ceTel /IS pellleHus 3a/jayll MUHUMU3alMH Y/eJIbHOTO0 pacxo/ia TOIUIMBA NPU Mapaj-
JIeJIbHOM PaGoTe CyAOBbIX AH3e/b-TeHepaTOPHbIX arperaToB B YCTAHOBUBIIeMcs pexxuMe. [IpesioxeHa
HelipoceTeBasi MO/ie/Ib CHIDKEHHsT PAcxXo/a TOIJIMBA MyTeM pacnpesesieHus o6leld 31eKTpUYecKor Ha-
IPYy3KH CYAOBOH 3JIEKTPOCTAHIIMU MEXAY Ju3esb-reHepaTopaMy, paGoTalolMMH napasiesnbHo. Takas
MoO/ie/1b Ha OCHOBAaHHUH 6a3bl JAHHBIX, TOJYYeHHBIX B Ipoliecce 06y4eH sl, KOTOPOe peasn3yeTcsi MUKPO-
HPOLECCOPHBIMU KOHTPOJLJIEpAMH C 3aJI0KEHHBIMU B HUX QJITOPUTMaMM IOMCKa KOMGHHALUU MOIHO-
CTeH, MPUXOASIIMXCS HA KaX/blH U3 MapasjieIbHO paGoTaloLMK reHepaTop, MPU KOTOPbIX JOCTUTHYT
MHUHHMaJIbHBIN pacxo/i, CAMOCTOSITE/IbHO ONpe/iesisieT, Kak Heo6X0JUMO Harpy)kaThb arperaTsl, pa6oTao-
I[1e B MapaJjuiesb, YTOObI JOCTHYb MUHUMHU3ALMK PACcX0/ia TOMJIMBA; a TAKXKe epHOJUIeCKH TPOBepsieT
COOTBETCTBHE MEX/Y NpejjnoaraeMbIM (pPacCiUTaHHBIM) U paKTHIECKUM pacXoJjaMHy TOIUIMBA, 4TO 06e-
CreynBaeT KOHTPOJIb TEXHUYECKOTO COCTOSTHUSI MEXaHU3MOB.
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Introduction consumption due to the uneven nature of the SFC change from elec-

To date, in the field of transport and operation of energy systems, the
question of minimizing fuel consumption remains topical. The study
of issues related to the reduction of fuel consumption during the op-
eration of diesel power plants is given in [1], [2], [3], [4].

For example, in the field of water transport, ship power plants,
equipped with two or more marine diesel generator sets (SDG) units
operating in parallel, are set forth by the classification societies (Rus-
sian Maritime Register of Shipping (RMRS)) classification and con-
struction of ships [Part XI «Electrical Equipment» ND N22-020101-
104, 2018. - 138 p.]. According to these requirements, in parallel
operation of alternators in the range from 20 to 100% of the total
load, its distribution to each generator should occur in proportion to
their capacities and should not differ by more than 15% from the cal-
culated load of the larger generator or 25% from the calculated load
of the generator under consideration, whichever is less [5]. Currently,
the total load is distributed between parallel-working SDG-units ac-
cording to these requirements, but without taking into account the
dependence of the specific fuel consumption (URT) on the generated
electric power of each SDG-unit.

Main part

The minimum fuel consumption of a single diesel generator set when
the load changes is determined by its dependence of specific fuel con-
sumption q on the generator electric power output Pg, originally ob-
tained from factory tests of a serviceable diesel generator using stan-
dard fuel and given in the data sheet of each SDG-unit. The minimum
specific fuel consumption usually corresponds to the load range of
75-85% of the nominal electric power of the unit, and going beyond
this range results in excessive fuel consumption. In the passport data
is usually given the dependence of the specific fuel consumption only
from the active electric load diesel generator unit, that is, when the
power factor is equal to unit cosg = 1. With a decrease in cos¢ of the
load, the specific fuel consumption increases.
In the process of long-term operation of SDG-units, there is a change
in the dependence of the specific fuel consumption on the output
power of the diesel (generator), that is, an increase in the specific fuel
consumption and a shift in the range of loads corresponding to the
minimum specific fuel consumption (SFC). In addition, even for sin-
gle-type diesel generator sets of the same rated power and assembly
before commissioning (or after overhaul), the dependence of the SFC
on the relative power of the generator

-t

P

and the power factor cos, as arule, do not coincide (PGN is the rated
power generator power), and for SDG-units of unequal power, the dif-
ference in the dependences may be more significant. In fig. 1 shows
the URT dependencies on power for two ship SDG units with brush-
less synchronous generators of the same assembly and the same
power (PGN = 750 kW, Un = 440 V) with a power factor of cosep =1,
built according to factory test data before commissioning. Questions
on the dependence of fuel consumption on the load, the nature of the
load, period of operation, quality of electricity, etc., are displayed in
[61, [71, [81, [9], [10].
For generators operating in parallel, the distribution of the total load
of the shipboard power plant in strict proportion to their nominal
capacities may not be effective in terms of minimizing specific fuel
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tric power and power factor; and during long-term operation of SDG-
units, these dependences change, and the difference between them
can increase significantly.

Rules for the classification and construction of ships RMRS deviations
in load distribution between parallel generators are allowed in pro-
portion to their capacities, therefore, taking into account the differ-
ence in SFC dependencies on power, the load between generators can
be divided taking into account these dependencies so that the total
specific fuel consumption is less than if the load was shared strictly
proportionally.

24¢]

0.5 1
P
Fig. 1. The dependence of the specific fuel consumption

of SDG-unit from the power load

Puc. 1 3aBHCHMOCTB yZie/IbHOTO pacxoza ToriuBa JIIA OT MOLIHOCTH Harpy3Ku

To do this, it is necessary to know the regression dependence of
the specific fuel consumption q (PG) on the value of the electric
power PG and power factor cos@ for each SDG-unit operating in
parallel, and taking into account their technical condition at the
considered time point.

In accordance with the methodology described in [11], [12], the
dependence of the specific fuel consumption of the SDG unit on the
generator power and cos¢ can be represented as follows:

A(B) = B S R+ ) Bk
cos” @ cos” @ cos” @ B
10°-
here q(PG):TQ (gr/kW-h) - specific fuel

G
consumption of SDG-unit; P¢ (kW) - synchronous generator
power; Q (kg/h) - fuel consumption; cos ¢ - power factor of
load; ki1 + ke - constant coefficients depending on the technical
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10"

state of SDG-unit: kl = sz : ng (gr/kW+*h),

9.U*
2-10°
k, :W-KF K v, ky =10 K
(gr/kwh), k, =100 g/ 1), ks =10 K 1,
10°-K K
(gr/kW2-h), k6 = #, (gr/kWzh), K

(kW/A2), Ku (kg/kW-h), Ks2 (kg/kW2-h); Q (kg/h) - fuel
consumption; U (V) - generator voltage; Qconst (kg/h) - the
constant component of fuel consumption corresponding to the
fuel consumption at idle SDG-unit.

To search for such a combination of electrical power, falling on each of
the parallel working SDG-units, in which the total specific fuel
consumption would be minimal than with a strictly proportional load
distribution between the SDG-units, the problem of choosing the power
of parallel operating SDG-units ( PG, and PG,) satisfying the conditions:

P=R, +H,
q(P)=[q(F,)+q(F,)] > min

2
3)

The enlarged scheme of the algorithm for solving this problem is
shown in Fig. 2 — a continuous measurement of the power and cos¢ of
the shipboard power plant is made, the measurement results and the
regression dependencies (1) for each SDG unit are entered into a
computer model in which, based on the analysis, load distributions
between parallel SDG-units for a given power of a marine power plant
and cos is determined by the load distribution with the minimum
total specific fuel consumption.

According to the studies carried out in [11], [12], the coefficients K,
K., K, Q. in expression (1) are determined on the basis of periodic
tests of the SDG-unit at different loads. When the voltage U, the
frequency f and the power factor cos¢ is constant, the coefficients K,
K,,, K,,, Qconst determine the dependence q (P). It is important to
note that the values of the coefficients K, K, K ,, Qconst during
operation will change due to changes in the technical state of the SDG-
unit, and therefore periodic correction of these coefficients is necessary,
for example, during maintenance or after repair.

According to known values K, K, K, Q_ for each parallel SDG-unit
and the value of the total electric power P in the steady state, the task of
finding a combination of power (P, and P_,) for parallel SDG-units,
corresponding to the minimum total specific consumption fuel can be
solved using a convergent cognitive-informational complex based on
neural networks for the ship’s power station, equipped with two or more
SDG-units operating in parallel. In addition, using such a complex, it is
possible to predict the above factors using the database of SDG aggregates
obtained during operation, which will allow to correct the dependence q
(P) for each SDG-unit The reliability of the q (P) dependence is important
for increasing the accuracy of minimizing the total SFC.

The use of neural network modeling seems to be the most promising
for modeling input-output ratios of parameters in ship power systems.
Implementing a neural network providing the minimum total fuel
consumption at a given value of the total power of the ship power
station in the steady state is possible with a database of previous power
measurements of the parallel operating SDG-units P and P,
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corresponding to the minimum total URT, with known electrical power
power plants PY, which can be performed by modern microprocessor
tools developed by Russian and foreign companies for maritime fleet.
Such a database can be formed by a neural network for a certain period
of time in use to solve the problem of minimizing the fuel consumption
of the microprocessor controller, in which the above-mentioned
algorithmislaid (Fig. 2). After a set of sufficient numbers (combinations
- PE; P_; P.,; qmin), that is, after the training stage is completed, the
neural network itself determines how it is necessary to load the SDG-
units operating in parallel to achieve minimization of SFC.

As noted above, the coefficients that determine the dependence q (P)
for SDG-units depend on the technical state of the mechanisms and
change with time.

The neural network forms a database for fixed values of coefficients
(K, K, K, Q) for each SDG-unit, received at some moment of time,
and does not take into account their change over time, which is its
disadvantage. To eliminate this drawback, it is proposed to compare
the results calculated by the neural network (minimum total SFC) and
the actual values of the SFC with a given periodicity, and if these values
diverge more than the set limit, generate a signal for the correction of
coefficients (K, K,, K,,, Q_,J, conduct retraining of the neural
network with adequately new coefficient values (K, K ,, K ,, Q_ .J)-
Thus, with the help of such a model of a cognitive-information complex
based on a neural network, the technical state of SDG aggregates can
also be monitored.

Data input
P, cost

Math modeling:
qG1=f{PG1, cosd);
qG2=f{PG2, cosd);

P=PG1+PG2
q=qG1+qG2

!

Determination
PG1, PG2 forgmin

Load assurance

PG1. PG2 npi
qmin

Display
PG1, PG2
for gmin

PG1, PG2 for
gmin
are provided?

Fig. 2. A block diagram of the load distribution algorithm between parallel
operating ship diesel generator sets
Puc.2. Bok-cxeMa aropuTMa pacnpejie/ieHusl Harpy3Ku Mex /iy 1apaJileIbHO
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In fig. 3 shows a neural network model for minimizing fuel consump-
tion.

n inner hidden layers

—> —
cs
—p |——>
—»|
b EC
s
—»

Fig. 3. Neural network model to minimize fuel consumption

Puc. 3. HeiipoceTeBasi MoJie/ib MUHHMHU3AlL[MH1 PAcXo/a TOMJIUBa

The model consists of the input layer, the n-th number of inner hidden
layers, the output layer, the comparison element EC.

In the steady state mode, the signals from the sensors come to the
model input - the total electrical power of the shipboard power sta-
tion P and the value of the power factor cos¢. Based on the generated
database, the trained neural network model sets the values of P and
P, at which the total specific fuel consumption g, is minimal and gen-
erates signals CS1 and CS2 - control signals for setting the fuel con-
sumption corresponding to the minimum fuel consumption for a giv-
en load. Control signals CS1 and CS2 change the position of the fuel
rail SDG-units. The minimum SFC qa calculated by the model is com-
pared with the actually measured SFC gfact value and in the EC com-
parison unit: when the difference between the calculated and mea-
sured SFC values exceeds the set limit, a significant change is made in
the technical state of the SDG-units “S” and the need to retrain the
neural network.

In the works [13], [14] it is shown how the reduction of fuel consumption
of diesel generator sets in systems with variable speed is carried out.

Conclusion

Automatic control using neural networks of one process or another is
a promising direction in the development of modern technology; and
is currently being actively tested and used in engineering [15]. Most
of the difficulties encountered in the operation of marine diesel gen-
erators are associated with a large number of controlled parameters
and the inability to control their change in full. In such conditions,
neural network control is effective for solving certain technical prob-
lems. So in this work, the neural network model, previously trained,
provides minimal fuel consumption and monitors changes in the
technical state of SDG-units even in the presence of interference in the
input data or in conditions of lack of information.

Also, issues related to optimization, including the use of intelligent
systems, the operation of autonomous diesel power plants for fuel
economy, are discussed in [16] - [20].
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