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The aim of this pa per is to dem on strate the suc cess ful ap pli ca tion of sys tem dy nam -
ics sim u la tion mod el ling at in ves ti gat ing per for mance dy nam ics of the ship steam
boiler. Ship steam boiler is a com plex non-lin ear sys tem which needs to be sys tem -
at i cally in ves ti gated as a unit con sist ing of a num ber of sub sys tems and el e ments,
which are linked by cause-ef fect feed back loops, both within the sys tem and with the 
rel e vant sur round ing. In this pa per the au thors will pres ent the ef fi cient ap pli ca tion 
of sci en tific meth ods for the re search of com plex dy namic sys tems called qual i ta tive 
and quan ti ta tive sim u la tion sys tem dy nam ics meth od ol ogy, which will al low for
pro duc tion and use of higher num ber and kinds of sim u la tion mod els of the ob -
served el e ments, and fi nally al low for the con tin u ous com puter sim u la tion, which
will con trib ute to ac qui si tion of new in for ma tion about the non-lin ear char ac ter of
per for mance dy nam ics of ship steam boil ers in the pro cess of de sign ing and ed u ca -
tion. Ship steam boiler will be pre sented in POWERSIM sim u la tion lan guage in
men tal-ver bal, struc tural, and math e mat i cal com puter mod els.

Key words: ship steam boiler, simulation modelling, system dynamics, continuous
and discrete simulation

In tro duc tion

The pur pose of this pa per is to pres ent the ef fi ciency of ap pli ca tion of the sys tem dy -
nam ics sim u la tion mod el ling [1] to the re search of per for mance dy nam ics of com plex non-lin -
ear ma rine pro pul sion sys tems. The ship boiler sys tem is a com plex non-lin ear sys tem which
needs to be sys tem at i cally in ves ti gated as a whole, con sist ing of a num ber of sub sys tems and el -
e ments, which are linked by cause-ef fect (UPV) feed back loops (KPD), both within the pro pul -
sion sys tem and with the rel e vant sur round ings.

The es sen tial hy poth e sis of this pa per is the au thors’ con vic tion that the ship steam
boiler is a non-lin ear and very com plex tech ni cal sys tem with pro nounced mul ti ple, inter-causal
con nec tions and feed back loops dom i nat ing the per for mance of the rel e vant vari ables.

Fur ther more, the ad di tional as sump tion is that these pro nounced man i fes ta tions are so
com plex that only the ap pli ca tion of the rel a tively newer sci en tific meth od ol ogy of the sys tem
dy nam ics sim u la tion mod el ling will even tu ally re sult in a higher level of in sights into dy namic
phe nom ena of tran si tional man i fes ta tions of the ob served sys tem, which will be con firmed, in
both the o ret i cal and prac ti cal ways, by the sci en tific com par i son of sim u la tion re sults with em -
pir i cal mea sure ments.

In di rect meth od ol o gies, which have been used so far, do not meet pres ent-day needs
for in sights into be hav iour dy nam ics of non-lin ear ship sys tems. They have been based on us ing
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clas si cal, mainly linearised meth ods such as Laplace’s trans for ma tion, tran sient func tions, and
sta bil ity cri te ria.

Al though Sys tem dy nam ics, as a sci en tific dis ci pline, has been around for sev eral de -
cades, it was the high per for mance speed of mod ern dig i tal com put ers, which in creased the ac -
cu racy of sim u la tion mod el ling, that has now al lowed prac ti cal and sim ple ap pli ca tion of the
com puter sim u la tion of non-lin ear dy namic sys tems of higher level (whose mod els com prise
thou sands of dif fer en tial equa tions), i. e. ex tremely com plex sys tems. Over the last few years the 
dy namic sim u la tion sys tem has been used to a great ex tent dur ing re search of be hav iour dy nam -
ics of all sorts of com plex sys tems.

The au thors be lieve that Sys tem dy nam ics is an ex cel lent sci en tific tool for in ves ti gat -
ing be hav iour dy nam ics of com plex en gine sys tems, sub-sys tems, and el e ments. Sys tem dy -
nam ics as a sci en tific dis ci pline is ac tu ally a math e mat i cal-com puter-sim u la tion meth od olog i -
cal tool that serves as the ba sis of the gen eral sys tem the ory and man age ment the ory.   

Given the high com plex ity of ship sys tems, this pa per has pre sented the ef fi ciency of
ap pli ca tion of a sci en tific method of in ves ti gat ing com plex dy namic sys tems called: Qual i ta tive
and quan ti ta tive sim u la tion meth od ol ogy of Sys tem dy nam ics (Sys tem Dy nam ics Mod el ling
Ap proach – MIT), which has en abled de sign ing and us ing a num ber of types of sim u la tion mod -
els for an ob served re al ity, and has fi nally en abled a con tin ued com puter sim u la tion us ing fast
and ac cu rate dig i tal com put ers. This has con sid er ably con trib uted to ac quir ing new in sights into 
the non-lin ear na ture of per for mance dy nam ics of the boiler sys tem in the pro cess of de sign ing
and ed u ca tion.

Sim u la tion mod el ling, sup ported by Sys tem dy nam ics and in ten sive use of mod ern
dig i tal com put ers, is one of the most ap pro pri ate and suc cess ful sci en tific meth ods of in ves ti gat -
ing per for mance dy nam ics of non-lin ear nat u ral, tech ni cal and or gani sa tional sys tems. In the
ed u ca tional and de sign prac tice so far, the meth od ol ogy of sys tem dy nam ics, as a rel a tively
newer sci en tific dis ci pline, proved to have been an ef fi cient tool in the sci en tific re search of the
prob lems of man age ment, be hav iour, sen si tiv ity, and flex i bil ity of nu mer ous sys tems and pro -
cesses.

Sim u la tion mod el ling of the ship steam boiler 

Math e mat i cal model of ship steam boiler

Study ing ther mo dy namic be hav iour of ship steam boiler may be, per formed in such
way that the steam boiler is ob served as a heat ing ca pac ity unit con sist ing of the fol low ing heat -
ing ca pac ity el e ments, ac cord ing to [2-6]:
– metal parts of the boiler,
– economisers,
–  quantity of water in the boiler and pipes,
– quantity of dry saturated and overheated steam, and
– steam super heater.

The boiler may be con sid ered as a ho mog e nous de vice, a ther mal ac cu mu la tor, i. e. a
ho mog e nous ther mal ca pac ity. The equa tions of ther mal bal ance of such ther mal ac cu mu la tor
(ca pac ity) sug gest de ter min ing the equa tion for the level of the wa ter in the boiler.

In or der to cre ate equa tions of per for mance dy nam ics of the boiler it is nec es sary to ob -
serve only the steam pip ing part of the boiler (fig. 1).

The fol low ing are brought to the steam pip ing:
– thermal power of the fuel which is brought to the burner of the boiler QG [kJh–1],
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– thermal power of the feed water which is brought to the
boiler QPV [kJh–1], and

– thermal power of the steam which is discharged from the
boiler QP [kJh–1].
Sys tem dy nam ics math e mat i cal model of the ship steam

boiler is de fined by ex plicit form of dif fer en tial equa tions, ac -
cord ing to [2]:
(1) Equa tion of the boiler dy nam ics for the steam pres sure:
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(2) Equa tion of the boiler dy nam ics for the wa ter level:
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where jK is the rel a tive state of the steam pres sure in the boiler,
jY – the rel a tive state of the wa ter level in the boiler, Ta1 [s] –  the 
time con stant of the steam boiler for the steam pres sure, Ta2 [s] –
the time con stant of the steam boiler for the wa ter level,  k – the
co ef fi cient of self-reg u la tion of the steam boiler, mG – the rel a -
tive change of the po si tion of the fuel valve, mV – the rel a tive
change of the valve of the feed wa ter, mP – the rel a tive change of
the po si tion of the steam dis charge valve, djK/dt – the speed of the change of the rel a tive in cre -
ment of the boiler steam pres sure, dmP/dt – the speed of the rel a tive change of the po si tion of the
steam dis charge valve, a1, 2, 3 – are the co ef fi cients of the steam boiler for the steam pres sure, and
b1, 2, 3, 4 – the co ef fi cients of the steam boiler for the wa ter level.

Sys tem dy nam ics men tal-ver bal of the ship steam boiler

On the ba sis of a math e mat i cal model, or the ex plicit form of the mode equa tion of the
ship steam boiler (1) it is pos si ble to de ter mine the men tal-ver bal model of the ship steam boiler:
– if the rel a tive in cre ment of the steam pres sure in the boiler jK in creases, the speed of the

change of the rel a tive pres sure in the boiler djK/dt will de crease, which gives a neg a tive
cause-ef fect link (–), and

– if the speed of the change of the rel a tive in cre ment of the steam pres sure  djK/dt in creases,
the state of the rel a tive in cre ment of the steam pres sure in the boiler jK will in crease, which
is the in te gral or sum of all changes of the state, which gives a pos i tive cause-ef fect link (+).

In the ob served cir cle of the cause-ef fect (KPD) there are only two cause-ef fect (UPV)
links, and the sum of their neg a tive val ues is 1, so the global sign for cause-ef fect KPD is neg a -
tive, which means self-reg u lat ing, which leads any change of the state to wards qui es cent state
ac cord ing to [8]:
– if the co ef fi cient of self-reg u la tion of the steam boiler for the steam pres sure k in creases, the

speed of the change of the rel a tive in cre ment of the steam pres sure in the boiler  djK/dt will
de crease, which gives a neg a tive cause-ef fect link (–);

– if the time con stant of the boiler for the steam pres sure Ta1 in creases, the speed of the change
of the state of the rel a tive in cre ment of the boiler steam pres sure djK/dt will de crease, which
gives a neg a tive cause-ef fect link (–);
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Fig ure 1. Pre sen ta tion of the
steam boiler with nat u ral 
cir cu la tion [7]



– if the rel a tive change of the po si tion of the fuel sup ply valve  mG in creases, which as sumes
the in crease of fuel sup ply in the time unit, the speed of the change of state of rel a tive
in cre ment of the boiler steam pres sure djK/dt will in crease, which gives a pos i tive
cause-ef fect link (+);

– if the aux il iary co ef fi cient a1 in creases, the speed of the change of rel a tive in cre ment of the
boiler steam pres sure djK/dt will in crease, which gives a pos i tive cause-ef fect link (+);

– if the rel a tive change of the po si tion of the feed wa ter valve mV in creases, the speed of the
change of the rel a tive state of the in cre ment of the boiler steam pres sure djK/dt will in crease, 
which gives a pos i tive cause-ef fect link (+);

– if the aux il iary co ef fi cient a2 in creases, the speed of the change of the state of the rel a tive
in cre ment of the boiler steam pres sure djK/dt will de crease, which gives a neg a tive
cause-ef fect link (–);

– if the rel a tive change of the steam dis charge valve mP in creases, the speed of the change of
the state of the rel a tive in cre ment of the boiler steam pres sure djK/dt will de crease, which
gives a neg a tive cause-ef fect link (–);

– if the aux il iary co ef fi cient a3 in creases, the speed of the change of state of the rel a tive
in cre ment of the boiler steam pres sure djK/dt will de crease, which gives a neg a tive
cause-ef fect link (–);

– if the speed of the rel a tive change of the po si tion of the boiler steam dis charge valve dmP/dt
in creases, the speed of the change of the state of the rel a tive in cre ment of the boiler steam
pres sure djK/dt will de crease, which gives a neg a tive cause-ef fect link (–);

– if the rel a tive change of the po si tion of the boiler steam dis charge valve mP in creases, the
speed of the change of the rel a tive change of the boiler steam dis charge valve po si tion dmP/dt
will in crease, which gives a pos i tive cause-ef fect link (+).

On the ba sis of the math e mat i cal model, or the ex plicit form of the equa tion of the ship
steam boiler (2) it is pos si ble to de ter mine the men tal-ver bal model of ship steam boiler:
– dy namic per for mance pro cess of the steam boiler with nat u ral cir cu la tion for the wa ter level

does not have self-reg u lat ing prop erty, be cause there is no in ter nal neg a tive cause-ef fect link 
(UPV), which the dy namic pro cess of steam boiler per for mance with nat u ral cir cu la tion for
the steam pres sure has:

– if the time con stant of the steam boiler for the wa ter level Ta2 in creases, the speed of the
change of the state of rel a tive in cre ment of the boiler  wa ter level djY/dt will de crease, which 
gives a neg a tive cause-ef fect link (–);

– if the rel a tive change of the feed wa ter valve po si tion mV in creases, the speed of the change of 
the rel a tive in cre ment of the steam boiler wa ter level djY/dt will in crease, which gives a
pos i tive cause-ef fect link (+);

– if the aux il iary co ef fi cient b1 in creases, the speed of the change of the state of the rel a tive
in cre ment of the steam boiler wa ter level djY/dt will de crease, which gives a neg a tive
cause-ef fect link (-);

– if the rel a tive in cre ment of the boiler steam pres sure jK in creases, the speed of the change of
the state of the rel a tive in cre ment of the boiler wa ter level djY/dt will de crease, which gives
a neg a tive cause-ef fect link (–);

– if the aux il iary co ef fi cient b2 in creases, the speed of the change of the state of the rel a tive
in cre ment of the boiler wa ter level djY/dt  will de crease, which gives a neg a tive cause-ef fect
link (–);

– if the speed of the change of the rel a tive in cre ment of the steam pres sure  djK/dt in creases,
the speed of the change of the state of the rel a tive in cre ment of the boiler wa ter djY/dt level 
will de crease, which gives a neg a tive cause-ef fect link (–);
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– if the rel a tive change of the po si tion of the steam dis charge valve mP in creases, the speed of
change of the state of the rel a tive in cre ment of boiler wa ter level djY/dt  will de crease, which 
gives a neg a tive cause-ef fect link (–);

– if the aux il iary co ef fi cient b3 in creases, the speed of the change of the state of the rel a tive
in cre ment of the boiler wa ter level djY/dt will de crease, which gives a neg a tive cause-ef fect
link (–);

– if the speed of the change of the rel a tive po si tion of the boiler steam dis charge valve dmP/dt
in creases, the speed of the change of the state of the rel a tive in cre ment of the boiler wa ter
level djY/dt will de crease, which gives a neg a tive cause-ef fect link (–);

– if the aux il iary co ef fi cient b4 in creases, the speed of the change of the state of the rel a tive
in cre ment of the boiler wa ter level djY/dt will de crease, which gives a neg a tive cause-ef fect
link (–).

Sys tem dy nam ics struc tural mod els of the ship steam boiler

On the ba sis of the stated metal-ver bal mod els it is pos si ble to pro duce struc tural di a -
grams of the ship steam boiler, as shown in figs. 2, 3, and 4, ac cord ing to [9-13].

In the ob served sys tem there is the feed back loop (KPD1).
KPD1(–):FIK=>(–)DFIK=>(+)DFIK=>(+)FIK; which has self-reg u lat ing dy namic char ac ter
(–), be cause the sum of neg a tive signs is an odd num ber.
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Fig ure 2. Struc tural model of the ship steam boiler –
for steam pres sure 
FIK (jK) – rel a tive state of the steam pres sure in the
boiler, TA1 (Ta1) – time con stant of the steam boiler for
the steam pres sure, K (k) – co ef fi cient of self-reg u la tion
of the steam boiler, MIG (mG) – rel a tive change of the
po si tion of the fuel valve, MIV (mV) – rel a tive change of
the valve of the feed wa ter, MIP (mP) – rel a tive change of 
the po si tion of the steam dis charge valve, DFIK (dmK/dt)
– speed of the change of the rel a tive in cre ment of the
boiler steam pres sure, DMIP (dmP/dt) – speed of the 
rel a tive change of the po si tion of the steam dis charge
valve, and A1-3 (a1, 2, 3) – co ef fi cients of the steam boiler
for the steam pres sure

Fig ure 3. Struc tural model of the ship steam boiler –
for the wa ter level
FIK (jK) – rel a tive state of the steam pres sure in the
boiler, TA2 (Ta2) – time con stant of the steam boiler for
the wa ter level, MIV (mV) – rel a tive change of the valve
of the feed wa ter, MIP (mP) – rel a tive change of the 
po si tion of the steam dis charge valve, DFIYDT (dmY/dt)
– speed of the change of the state of rel a tive in cre ment
of the boiler  wa ter level, DFIK (dmK/dt) – speed of the
change of the rel a tive in cre ment of the boiler steam
pres sure, DMIP (dmP/dt) – speed of the rel a tive change
of the po si tion of the steam  dis charge valve, and B1-4
(b1, 2, 3, 4) – co ef fi cients of the steam boiler for the wa ter
level



In the ob served sys tem there
is not a feed back loop KPD, be -
cause the dy namic pro cess of the
per for mance of the steam boiler
with nat u ral cir cu la tion for the
wa ter level does not have the
self-reg u la tion prop erty.

Sys tem dy nam ics flowchart of
the ship steam boiler

On the ba sis of the pro duced
metal-ver bal and struc tural mod -
els the flowchart of the ship steam 
boiler in POWERSIM sim u la tion 
lan guage is pro duced at fig. 5, ac -
cord ing to [14].

In ves ti gat ing per for mance
dy nam ics of the ship steam
boiler in load con di tions 

Af ter Sys tem dy nam ics qual i -
ta tive and quan ti ta tive sim u la tion mod els have been pro duced, in one of the sim u la tion pack -
ages, most fre quently DYNAMO [15] or POWERSIM [14], all pos si ble op er at ing modes of the
sys tem will be sim u lated in a lab o ra tory. 
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Fig ure 4. Global struc tural model of 
the ship steam boiler

Fig ure 5. Global flowchart of the ship steam boiler with the
built-in PID gov er nors 



Af ter the en gi neer, de signer or a stu dent have con ducted a suf fi cient num ber of ex per i -
ments, or sce nar ios, and an in sight has been ob tained about the per for mance dy nam ics of the
sys tem us ing the method of heu ris tic op ti mi sa tion, op ti mi sa tion of any pa ram e ters in the sys tem
may be per formed, pro vided that the model is valid.

In the pre sented sce nario the sim u la tion model of the ship steam boiler for the steam
pres sure and the wa ter level with two
built-in PID gov er nors will be pre -
sented [16-18].
(1) Con sump tion of the steam is

de ter mined by the im pulse func tion
of 50 seconds du ra tion, which
means from 200-250 seconds, and
MIP = 0, FIK = 0, FIY = 0.9999 at
the ini tial TIME = 0.

(2) Fuel sup ply MIG is de ter mined as
an out let of PID gov er nor, at which
in let there is the dis crep ancy of the
steam pres sure (1-FIK), and
cor re spond ingly, the wa ter sup ply
MIV is out let of the other PID
gov er nor, to which the in let is
dis crep ancy  (1-FIY).

(3) Other pa ram e ters of the ship steam
boiler equal nom i nal val ues.
Graphic re sults of the sim u la tion

are shown in figs. 6-9.
From the re sults of the sim u la tion it

may be ob served that the model shows
real per for mance dy nam ics and that by
ap ply ing PID gov er nors and ad e quate
val ues of co ef fi cients better lev el ling
and at ten u a tion of the tran si tion oc cur -
rence of the vari ables FIK and FIY will
be achieved.

Con clu sions

Sys tem dy nam ics is a sci en tific
method which al lows sim u la tion of the
most com plex sys tems. The method
used in the pre sented ex am ple dem on -
strates a high qual ity of sim u la tions of
com plex dy namic sys tems, and pro -
vides an op por tu nity to all in ter ested
stu dents or en gi neers to ap ply the same
method for mod el ling, op ti mis ing and
sim u lat ing any sce nario of the ex ist ing
el e ments. 
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Fig ure 6. Rel a tive state of the steam pres sure in the steam
boiler

Fig ure 7. Rel a tive change of the po si tion of the fuel valve

Fig ure 8. Rel a tive state of the wa ter level in the steam
boiler



Fur ther more, the us ers of this method of sim u lat ing con tin u ous mod els in dig i tal com -
put ers have an op por tu nity to ac quire new in for ma tion in dy namic sys tems per for mance. The
method is also im por tant be cause it does not only re fer to com puter mod el ling, but also clearly
de ter mines men tal, struc tural, and math e mat i cal mod el ling of the el e ments of the sys tem.

This pa per’s con tri bu tion is as fol lows.
· New in sights have been made into per for mance dy nam ics of a com plex ship boiler sys tem.

All rel e vant causal con nec tions have been de fined as well as rel e vant feed back loops
dom i nat ing within a ship steam boiler.

· The de sign of the dy namic sim u la tion model of a ship steam boiler en ables di ag no sis,
con di tion fore cast ing, and higher qual ity of de ci sion mak ing, aim ing at the safe man ag ing of
the op er a tion of the ship as a whole,.

· In the pro cess of ed u ca tion of pres ent and fu ture uni ver sity ma rine and electrotechnical
en gi neers in the field of sim u la tion mod el ling of com plex or ga ni za tional, nat u ral, and
tech ni cal sys tems.

· En ables stu dents, tech ni cians, and en gi neers to “feel” the per for mance dy nam ics of the ship
steam boiler as a whole at any mo ment.

· En ables de sign ers of new ship pro pul sion sys tems and pro cesses to get nec es sary
in for ma tion in the stage of de sign ing by us ing com puter in ap ply ing the sys tem at i cally
dy namic sci en tific method of sim u la tion mod el ling, and to avoid wait ing for the re sults of
ex per i men tal test ing.

· Form ing ba sis for fur ther sci en tific re search of the per for mance dy nam ics of ship pro pul sion
sys tems as a whole, and of ship han dling sys tems in view of the long-term de vel op ment
pro ject of the “in tel li gent” ship han dling.

In this pa per we have pre sented an ef fi cient ap pli ca tion of the sys tem-dy namic meth -
od ol ogy of sim u la tion mod el ling while in ves ti gat ing the per for mance dy nam ics of tech ni cal
sys tems with non-lin ear char ac ter is tics, aim ing at a more thor ough re search of per for mance dur -
ing tran sient phe nom ena oc cur ring when work ing con di tions and ex ploi ta tion loads are
changed.

This pa per deals with the ship steam boiler, i. e. we have made qual i ta tive and quan ti -
ta tive sim u la tion mod els based on the math e mat i cal model which is partly taken from [2] (pages
26-31). Even tu ally the model has been shown with a set of dif fer en tial equa tions, which in deed
makes it one of ex cep tion ally com plex tech ni cal sys tems with dom i nat ing set of rel e vant causal
con nec tions and feed back loops that we have de fined. The sim u la tion has been car ried out with
re gard to the per for mance dy nam ics of the ob served sys tems.

Based on our long term ex pe ri ence in the ap pli ca tion of dy nam ics meth od ol ogy of
sim u lat ing and in this short pre sen ta tion we pro vide to each ex pert who needs it, the pos si bil ity
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Fig ure 9. Rel a tive change of the po si tion of
the feed wa ter valve and rel a tive change of
the po si tion of the steam dis charge valve
(color im age see on our web site)



to ac quire ad di tional knowl edge about the same sys tem in a brief sci en tif i cally based method of
ex plor ing the com plex sys tems [19-21]. It means:

“Do not sim u late be hav ior dy nam ics of com plex sys tem us ing so called black box ap -
proach, be cause prac tice of ed u ca tion and de sign ing of com plex sys tem con firmed that is better
to sim u late us ing the so called white box ap proach, e. g. Sys tem dy nam ics meth od ol ogy!”

Fi nally, we may quote the Chi nese prov erb say ing:
“When I hear I for get. When I see I re mem ber. When I work I un der stand.”
This wis dom can be re phrased into the Sys tem dy nam ics no tions as a sum ma ri za tion

of our con clu sion:
“When I hear men tal and ver bal model of dy namic pro cess,

I for get”.
“When I see struc tural model and re al ity of dy namic pro cess,

I re mem ber.”
“When I make math e mat i cal or com put ing sim u la tion model of

dy namic pro cess, I learn”.
“When I make sim u la tion or ex er cise ei ther on Sys tem dy namic model or dy namic pro cess, I
re fresh my tech ni cal knowl edge with gained the o ret i cal and prac ti cal knowl edge on dy namic

pro cess”.

Ac knowl edg ment

The re sults pre sented in the pa per have been de rived from the sci en tific re search pro -
ject „Ship board en ergy sys tems, al ter na tive fuel oils and re duc tion of pol lut ants emision“ sup -
ported by the Min is try of Sci ence, Ed u ca tion and Sports of the Re pub lic of Croatia.
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