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Abstract — In order to reduce the complexity of the process of
calculating the thermal coefficients of the equations of the dynamics of
Pphysical processes in ship steam boilers, a new approximation technique
is proposed. The methodology is based on the calculation of the values of
the coefficients of the parameters of the dynamic equations describing the
Pphysical processes in the ship's steam boilers. The calculation was carried
out on the three most frequently used thermal load operating modes of the
steam boiler (25 %, 50 %, 75 %). The use of the fuzzy algorithm of I
Mamdani in the proposed methodology allows taking into account the
nonlinear properties of physical parameters and carrying out their
approximation over the entire operating range of the thermal load of ship
steam boilers. To implement the fuzzy algorithm of 1. Mamdani,
fuzzification of boiler load parameters and differential equation
coefficients was carried out in the specialized MatLab editor package
(Fuzzy Logic Toolboox). The proposed technique demonstrates a high
level of adequacy of experimental and theoretical values of heat
coefficients during comparative analysis. The methodology allows using
the obtained equations in further studies of the properties of marine steam
boilers in order to improve their structural, ecological and economic
characteristics. It can be noted that the analysis of the equations allows the
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calculation of the setting parameters of the PID-regulator in the system of
automatic control of the "fuel-air"’ combustion process.

AHnomayia — 3 Memow 3HUINCEHHA mMpPyoomMicmkocmi npoyecy
DO3PDAXYHKY MEna0eux Koeiuicumie pieHAHb Ounamiku @i3uyHUX
npoyecie y cyOHOGUX RAPOBUX KOMIAX 3ANPONOHOBAHO HOBY MEMOOUKY
anpoxcumayii. Memoouka 3acHO6AHA HA  PO3PAXYHKY 3HAUEHb
Koegiyicnmie napamempie OUHAMIYHUX PIGHAHD, WO ONUCYIOMb DI3UYHI
npoyecu 6 cyonosux naposux komnax. Pospaxynox npoeedenuii na
mPboX HAWOLIbUWL YACHO GUKOPUCIOGYBARUX MENI0GUX HACAHMAINCEHUX
pexcumax pooomu naposozo komaa (25 %, 50 %, 75 %). Bukopucmanusn
Heuimkozo ancopummy 1. Mamoani y 3anponounosauiii memoouuyi
0036014€ 8PAX08Y8AMU HEIIHININI e1acmUueocmi izuuHux napamempie
ma npogodumu ix anpoKCumMauyilo Ha 6cbomMy poodouomy Oiana3oui
MennoB020 HAGAHMANCEHHA CYOHOBUX naposux xomuie. /na peanizauii
Heuimkozo anzopummy I. Mamoani y cneyianizoeanomy naxemi MatLab
peoaxkmopi (Fuzzy Logic Toolboox) nposedena gpazugixauia napamempie
HasanmadiceHHa Komaa ma Koegivicumie oughepenuianbHo20 pieHAHHA.
3anpononosana MemoouKka 0eMoOHCMpPY€e 6UCOKUIL PiGEHb A0eKEAMHOCH
EeKCnepuUMeHmaibHux i meopemuyHUX 3HAYeHb Meni108ux Koegiyicnmie
ni0 uac npoeedeHHs NOPIGHANbHO20 aHanizy. Memoouxka 0036013¢€
GUKOPUCMOBYBAMU OMPUMAHI PIGHAHHA Y NOOATLUIUX O0CTIONCEHHAX
enacmugocmeii cyoosux Napoeux KOMJe 3 Memol0 NOKPpAW|eHHA iX
KOHCMPYKMUBHUX, €KOI02IUHUX MA eKOHOMIYHUX XaPAKMePUcmux.
Moocna 6i03nauumu, w0 amaniz PieHAHL 0038071A€ HNPOBOOUMU
DPO3paxyHok nacmporosanvuux napamempis II/[-pecynamopa é cucmemi
ABMOMAMUYUHO20 KEPYBCAHHA RPOYEcoMm 2OpinHa ""'nanusa-nosimpsn’'.

DOI: 10.31653/1819-3293-2023-1-28-121-131

It is known that the coefficient of excess air o, which cannot be directly
measured, can be determined by the oxygen content in the flue gases of a
ship's steam boiler (SSB) almost independently of the fuel composition [1].
The coefficient of excess air is determined by air consumption M; and fuel
consumption Br. However, in practice, the oxygen content ACp, cannot be
measured at a point located directly behind the end zone of the combustion
process. In most cases, the sampling point is located in the convective part
of the boiler. At the same time, the gases are first mixed in the combustion
zone, then transported through radiative surfaces and then additionally
mixed in the zone of convective heating surfaces. Deep mixing occurs in the
smoke extractor (especially in the centrifugal type smoke extractors).

To determine the optimal fuel-air ratio in the processes of liquid fuel
combustion in the SSB furnace, the traditional method is used at the stage of
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automatic control system (ACS) development [2]. The technique is based on
the calculation of the coefficients of the parameters of differential equations
describing the processes of oxygen content in flue gases. The analysis of the
equations allows to calculate the tuning parameters of the PID - controller in
the ACS by the combustion process. Let's consider the use of the traditional
technique on the example of the "fuel-air" subsystem, which can be
approximated by equals [3]:

d’AC dAC

T 24T — 2 L AC,, = k,AM , (t—1)+k,AB,(t-1), (1)

2 2

dt
where 1 is the transport delay time; (taken to be equal to the inertia value of
the gas analyzer itself, for the gas analyzer T = 30 sec):

T, = TBZ;YI =27y, T, :i;kz :—2_1_;k4 = _—2_1
3 M, Ba
where B is the nominal fuel consumption, kg/sec; a — coefficient of excess
air; T — the average time of passage of flue gases from the furnace to the
place of measurement, sec.
Output data for the Mitsubishi MAS 35 SSB (35 tons of steam per hour)
with mass consumption of fuel and air [4]:

B[ =0,54, kg/sec; M . =11,8, kg/sec; &’ =1,2;

= 12
T, =12, sec; T, :?:4, sec.

21 21
=1,48, %-seckg; k, =——
11,8-1,2 0,52-1,2
For mode 50 % of nominal:
B =0,35, kg/sec; M ,*""= 5,8, kg/sec; &’ =1,2;
21 21
= =3, %-sec/kg; k, =————
5,8:1,2 0,35-1,2
For mode 25 % of nominal:
BP" =0,18, kg/sec; M *"=3,3,kg/sec;a”™" =1,3.
21 21
=5,3, %-sec/kg; k, =—
3,312 SeeRE R T 01841,
The values of the calculations are given in Tab. 1.

Then k, =

=-33,9, %-sec/kg.

=-50, %-sec/kg.

2

Then k, = =-91,3, %-sec/kg.

After substituting the values (see Tab. 1) in (1), we obtain:
4 dzAfoz +8 dAdfoz

6

+AC,, = 5,3AM , (t—30) - 91,3AB, (t - 30);
dt
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d*AC dAC
36 22+ 6 dt(” +AC,, =3AM ,(t—30)—-50AB,(t —30);

dt
d*AC dAC,
25 245 922 + AC,, =1,5AM , (t —30)—33,9AB, (t —30).
dt
dt
Table 1
Calculated coefficients of equation (1)
Coefficients of equation 25 % 50 % 75 %
T, sec 64 36 25
T, sec 8 6 5
ks, kg/sec % movement of 5,3 3,0 1,5
the regulatory body (RB)
ks, kg/sec % movement of -91,3 -50,0 -33,9
RB

The solution of this system under zero initial conditions is shown in
Fig. 1.
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Fig. 1. Transient characteristics along the channel "change in air flow -
change in O, content" during the heat load of the SSB (25, 50, 75 %)
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At the same time, the technique presented above is laborious and takes
into account the analysis of physical processes for only one operating mode
of the SSB.

To reduce the complexity and speed up the process of calculating thermal
coefficients, the authors present a method for approximating the thermal
calculated coefficients of differential equations describing the dynamics of
the controlled parameters of the SSB. As an example, for the implementation
of the proposed technique, equation (1) presented above and the initial data
obtained during the calculations (see Tab. 1) are used.

The first stage of the methodology for developing a fuzzy decision
support system or a fuzzy expert system (FES) when identifying the
parameters of SSB subsystems is the definition of input and output variables
(Fig. 2). The program is implemented using the MatLab (FLT) package [5].
In the presented figure, the input parameter of FES is the thermal load of the
SSB, which is determined by the current steam consumption, and the output
parameters are the calculated coefficients of the dynamic equation under
study (see the equation (1)).

The second stage is the process of fuzzification of input and output of the
expert system (Fig. 3 — 6).

The rest of the coefficients also go through the stage of fuzzification with
the help of triangular membership functions in a similar way (Fig. 6).

At the third stage, a knowledge base is developed in the MatLab package
using a fuzzy inference system that implements the Sugeno algorithm
[6 — 8]. At the next stage of the methodology, the adequacy of the FES is
checked by comparing the values of the calculated coefficients from the
table. 1 and values calculated by the program (Fig. 7).

The FES verification was also checked on two other known operating
modes, the deviation of which is within the permissible limits of no more
than 5 %. Taking into account the procedure of interpolation of non-linear
values for the regime of 35 % heat load, the proposed FES produces the
following values of heat coefficients (Fig. 7).

As can be seen from Fig. 7, the values of the coefficients obtained by the
FEC correspond to the values of the table. 1 at 50 % load. Thus, the
developed FES can be considered an effective tool for calculating the values
of the presented equations.

At the next stage of the methodology, the values of thermal coefficients
are calculated for a thermal regime of 35 % of the nominal one (the mode of
operation of the SSB at the ship's parking lot). The new values are shown in
Fig. 8.

The calculated values of thermal coefficients (1) determined by FES for
three thermal regimes of SSB are presented in Tab. 2.
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Fig. 2. A program interface synthesized by FES for calculating the thermal
coefficients of the SSB depending on the thermal load
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Fig. 4. Membership functions of 7 coefficient values
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Fig. 5. Membership functions of 7> coefficient values
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Fig. 6. Membership functions of K4 coefficient values
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Fig. 7. Calculation of the values of the coefficients of equation (1) using
the FES at a heat load of 50 %: T} = 6,06; T, = 36,1; K> = 2,96; K, = -50,1
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T1=5,72 T2=35,7 K2=2,32 K4=-43,%

\ |
J Ny,

L AAaa

(1] 100
load =50% - ' - .
0.5 10 15 20 0.5 7 -100 -22

Fig. 8. The interface showing the results of the calculation of the FES of
the thermal mode of the SSB, equal to 35% of the nominal

Table 2
The value of thermal coefficients
Load from nominal 17 % 35% 85 %
T», sec 64 36 25
T, sec 8 6 5
k>, kg/sec % movement of RB 5,3 3,0 1,5
ka, kg/sec % movement of RB -91,3 -50,0 -33,9

After substituting the values (see Tab. 2) in (1), we obtained:

A d’AC,, dAC,,
2
dt

6 +8

+AC,, =5,3AM (1 —30)—91,3AB, (1 —30);
dt
d’AC,,  dAC
202 +6 dtOZ +AC,, =3AM, (1 —30)— 50AB, (1 - 30);

36
dt

d*AC dAC

25 0245 dtm +AC,, =1,5AM, (t —30)—33,9AB, (¢ - 30).

dt
In this way, the developed FES allows you to obtain the value of thermal
and hydraulic coefficients for all operating modes of the SSB robots.
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Knowledge of the mathematical models of the main channels of the SSB
allows you to choose the optimal settings for the corresponding controllers
in the ACS of the key processes of the SSB, as well as to conduct an
additional study of the dynamic processes of the SSB. It can be noted that
the proposed method is universal for all types of SSB.
Conclusions

A universal method of approximation of the estimated coefficients of the
equations of the dynamics of the parameters of all structural types of SSB is
proposed, which implements a nonlinear fuzzy inference algorithm and
demonstrates a high degree of adequacy of the experimental and theoretical
values of the thermal coefficients. The method allows you to use the obtained
equations in further studies of the properties of SSB in order to improve their
constructive, ecological and economic characteristics.
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Abstract — In order to reduce the complexity of the process of calculating
the thermal coefficients of the equations of the dynamics of physical
processes in ship steam boilers, a new approximation technique is proposed.
The methodology is based on the calculation of the values of the coefficients
of the parameters of the dynamic equations describing the physical
processes in the ship's steam boilers. The calculation was carried out on the
three most frequently used thermal load operating modes of the steam boiler
(25 %, 50 %, 75%). As an example of the dynamics equation, the
coefficients for the process of oxygen formation in flue gases during liquid
fuel combustion were calculated. The use of the fuzzy algorithm of L
Mamdani in the proposed methodology allows taking into account the
nonlinear properties of physical parameters and carrying out their
approximation over the entire operating range of the thermal load of ship
steam boilers. To implement the fuzzy algorithm of . Mamdani, fuzzification
of boiler load parameters and differential equation coefficients was carried
out in the specialized MatLab editor package (Fuzzy Logic Toolboox). The
procedure of fuzzification or finding the values of membership functions of
fuzzy sets based on the initial data was carried out using triangular
functions. The proposed technique demonstrates a high level of adequacy of
experimental and theoretical values of heat coefficients during comparative
analysis. The graphical interface of the program that implements fuzzy
approximation allows you to determine the coefficients of the dynamics
equations in all operating modes of the ship's boiler. The methodology
allows using the obtained equations in further studies of the properties of
marine steam boilers in order to improve their structural, ecological and
economic characteristics. It can be noted that the analysis of the equations
allows the calculation of the setting parameters of the PID-regulator in the
system of automatic control of the "fuel-air" combustion process. And also
for further adaptation of the control system of the fuel combustion process
at all loading modes of operation of the ship's steam boiler.

Anomayisi — 3 Memoro 3HudICeHHsE MPYOOMICMKOCH NPOYecy PO3PAXYHKY
Menioeux KoeiyicHmia pieHsiHb OUHAMIKU (DIZUUHUX NPOYECI8 Y CYOHOBUX
naposux — KOMAGX 3aNPONOHOBAHO HOGY MEMOOUKy anpoKCUMAayii.
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Memoouka 3acH08ana Ha po3PAxyHKy 3HAYeHb KoeQiyicnmie napamempis
OUHAMIYHUX PIBHAHb, WO ONUCYIOMb DI3UYHI NPOYec 8 CYOHOBUX NAPOBUX
xkomaax. Po3spaxynox 0ys npoeedenuii Ha mpbox HaUOLIbWL HACTHO
BUKOPUCMOBYBAHUX MENJIOBUX HABAHMANICEHUX PEINCUMAX POOOMU NAPOBO2O
xomna (25 %, 50 %, 75 %). Ax npuxnad pieHsHHS OUHAMIKU NPOBEOEHO
PO3PAaxyHOK Koeiyicnmis 0Jis npoyecy YymeopeHHs KUCHIO 8 OUMOBUX 2a3aX
npu 2opinHi piokozo naaueéa. Buxopucmanwus newimkozo anecopummy 1.
Mamoani y 3anpononosaniiic mMemoouyi 00360/15€ 8PAX0BYEAMU HEIHIUHI
e1acmueocmi QI3uYHUX napamempie ma nPosooOUmu ix anpoKCUMAayilo Ha
8CLOMY pOOOHUOMY Olana30Hi MEN08020 HABAHMAICEHHS CYOHOBUX NAPOGUX
xomnie. Jna peanizayii Heuwimxoeo aneopummy 1. Mamoani y
cneyianizosanomy naxemi MatLab peoaxmopi (Fuzzy Logic Toolboox) 6yna
nposedena  asugbixayis napamempie  HABAHMANCEHH KOMAA Md
Koegiyiecumis ougepenyiarpnozo pisHauns. Ilpoyedypa gazugixayii abo
3HAXOONCEHHSL 3HAYEeHb DYHKYIU HAIeHCHOCMI HeUIMKUX MHONCUH HA OCHOBL
BUXIOHUX OQHUX HNPOBOOUNACS 34 OONOMO2OK) MPUKYIMHUX —(DYHKYILL.
3anpononosana memoouxa OeMOHCMPYE SUCOKULL Pi6eHb AOEKBAMMHOCHIL
EeKCNEePUMEHMAILHUX | MeOPemuUdHUX 3HAYEHb MEeNI08UX KoeiyicHmie nio
uac npogedeHHs NopieHsIbHo20 ananizy. I pagiunuil inmepgeiic npoepamu,
KA peanizye HeuimKy anpoKCuMayilo, 00380JI5€ GU3HAUAMU Koepiyichmu
PIiBHSAHb OUHAMIKU HA 6CIX POOOUUX pedxcumax podomu CyOHO8020 KOMIA.
Memoouka 0036015€ BUKOPUCTIOBYBAMU OMPUMAHI PIGHAHHSL Y NOOATLUUX
00CNIOCEHHAX — 61ACMUBOCEN  CYOOBUX NAPOBUX KOMIIE 3 Memoio
NOKpAWjeHHst  IX KOHCMPYKMUGHUX, eKOJNO2IYHUX MaA  eKOHOMIYHUX
xapaxmepucmux. Mooicha 6i03nauumu, Wo aumani3 pieHAHb 00360J5€
npo6OOUMU PO3PAXYHOK HACMPOI08ATbHUX napamempis I11/[-peeyismopa 6
cucmemi  A8MOMAMUYHO20 KepPY8AHHA NpOYecoM 20piHHsA  "nanuea-
nosimps”. A maxoxc 01 nooanbwiol aoanmayii cucmemu YnpasiiHHs
npoyecom 2opinHA NANUBA HA 6CIX HABAHMAIICYBANLHUX PEHCUMAX POOOMU
CYOH0B020 NAPOBO2O KOMIA.
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