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1. Fundamentals of turboprop engine modeling 
philosophy

Problems in the development of mathematical 
models for turboprop engines are of high interest in 
today’s control industry. There are several methods 
how to build a mathematical model of the arbitrary 
gas turbine engine in order to its control system 
synthesis, see [1], [2]. 

There were some initially failed trials of this 
activity at our company in history, aiming how 
to reach a usable result in relatively short time. 
Finally, an industrial standard of mathematical 
model design which is based on connection of 
submodels governing equations of basic engine 
parts, i.e. compressor, turbine, nozzle was accepted. 
The lumped parameters method is applied on these 
submodels where their properties are described by 
well-known kind of characteristics.

1.1 Model requirements

The main purpose of engine model creation 
is its application in the process of engine control 
software design and testing. Therefore, the basic 
set of requirements which must be met by the 
mathematical model of an engine is given:

– determinism – the results are dependent only 
on the engine inputs and have to be same in each 
case where the inputs are same; 

– continuity in time – its desirable discretization 
is one of next steps;

– two-parts architecture: static model (so called 
engine deck) and dynamic model; 
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– interactivity – responds to an impulse from 
an engine environment;

– must run in real time; 

1.2 Model assumptions

Physical nature of any industrial power plant 
should be correctly described by its distributed 
parameters. This can be realized via system of 
partial differential equations. This task is solved by 
various software based on finite volume methods 
(Ansys–Fluent, Comsol–Multyphysics or others) 
in the common industrial level. This approach 
is excessive and impractical in order to control 
algorithm design. Anyway, in order to finding of 
acceptable equilibrium between an accuracy and 
a complexity, there must be accepted following 
assumptions and restrictions:

– The engine = distributed physical system. Its 
parameters are continuously distributed in a space 
and time ( Y=f(x,y,z,t) ). Accepted assumption 
is a discretization of chosen control volume for 
particular components described by lumped 
parameters, see fig. 1.

– Simplification of physical properties. Thermal 
properties of air (dry air) and products of combustion 
of air with hydrocarbon fuels are described only as a 
function of temperature for the sake of simplicity. 

– 1st and 2nd generation of his mathematical 
model considers only the dynamics of rotating 
masses. There are neglected temperature and 
pressure dynamics. These dynamics are considered 
in a 3th model generation.

– Effect of a heat accumulation inside the metal 
components of the engine is not considered.

 Jozef Polacek, Lubos Vargovcik, 2015



ÑÀÓ è  äèàãíîñòèêà

– 74 – 

– A very simple model of combustion chamber is 
applied. It is set as a constant of a pressure drop and 
combustor effectivity.

– Characteristics of the engine components are 
described in a form of a pressure drop and adiabatic 
effectivity as a functions of reduced variables. The 
well-known theory of similarity is applied. 

– Only the adiabatic processes are considered. 

1.3 Model composition

Process of the model component architecture 
is composed of the following steps. The first step 
is a decomposition of the whole power plant into 
the main groups and components in next step, 
see fig. 1. Model of the engine is assembled from 
components which are ordered along the engine 
gas path, see fig. 2

Fig. 1. Scheme of typical engine components modeled as discrete control volumes

.

Fig. 2. Scheme of the engine gas path components
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These components are joined together in the 
sense of serial/parallel block connections which 
are subsequently merged into a static and dynamic 
model, see fig. 3.

2. Derivation of the engine model

Borders between components in the gas path 
are numbered according to the aerospace standard 
SAE ARP755C, see fig. 4.

Fig.3. Scheme of the model with static and dynamic parts

2.1 Static model

Governing equations for temperatures, pressures 
and mass flows were assembled and adjusted in 
these numbered stations. The common laws of 
energy and mass conservation and various semi-
empirical estimations of dimensionless values of 
efficiencies, pressures and speed ratios of mass flow 
parameters were applied.

2.2 Dynamic model 

A dynamic model were assembled with the help 
of the static model. The governing equations were 
rewritten from equations of the static model, see 
two examples below. 

1. Dynamic equilibrium of gas generator rotating 
mass, [rpm/s]:

 

.

 

2. Dynamic equilibrium of free turbine rotating 
mass, [rpm/s]:

 

.

 

2.3 Component characteristics

Chosen block values are incorporated in the en-
gine model. This characteristics deals with maps of 
pressure ratios and efficiency which are dependent 
on a speed ratio and mass flows parameters. These 
characteristics are used in calibrated forms, in the 
2nd and 3rd model, see fig. 5.

3. Results of calculation of the engine model

Calculation of important values (pressures, 
temperatures, ...) are realized only in the numbered 
stations, see fig. 4.

Fig. 4. Station numbering of the engine
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3.1 Calculation of the steady state series

Calculations of above-mentioned values in the 
steady state are processed via the static model, 
so called engine deck. Examples of pressure and 
temperature gas path profiles are depicted in 
fig. 6. These values were calculated by the 1st engine 

model. The 2nd engine model is more precise. It 
enables to calculate similar set of steady state values 
- examples of static characteristics as a function of 
steady state fuel flow and Mach number, see fig. 7. 
Tab.1 shows calculated steady-state series of chosen 
values in the points of equilibrium.

Fig. 5. Example of a calibrated compressor characteristic

Fig. 6. Engine pressure and temperature profiles
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Fig. 7. Values of engine gas generator speed (nGG), compressor air mass flow (mf2),  propeller speed (nPP) and propeller 
blade angle (fiPP) as the function of steady-state fuel flow and Mach number

Tab. 1
Example of a rig test at referential altitude 4000 m (ISA). The steady-state series of chosen values are 

calculated as a function of steady-state fuel flow
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3.2 Calculation of the transient state series

Transient states of important values were calcu-
lated for many cases of input values combinations. 
These calculations were processed using MathCAD 
software as well as MATLAB/Simulink, see fig. 8. 

The MathCAD calculations are more convenient 
for the algorithm debugging. The MATLAB/Simu-
link model is advantageous for large and real-time 
data processing. 

Fig. 8. Example of time series of compressor air mass flow (mf2) and gas generator speed (nGG) as a reaction to fuel mass 

There was made an attempt to model develop-
ment in a GSP software (Gas turbine Simulation 
Program) in order to get some kind of spectacular 
verification. An approximate example of this cal-

culation is placed in fig. 9. This attempt for veri-
fication failed due to unclarity of input and other 
parameters setting.

Fig. 9. Jet engine example of a GSP results sheet. There is calculated time series of compressor pressure ratio (PRC), 
temperature after combustor (T4) and compressor mass flow (W2)
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4. Possibilities for the next development

Development of the 3rd revision of the engine 
model successfully started in the first quarter of 
2015. This approach was chosen in response to the 
problems with an implementation of previous two 
models into the dSPACE hardware-in-the-loop 
simulation platform. The 3rd generation of model is 
based on fully differential set of governing equations 
which is the main difference in comparison with 
the previous model generations. Previous models 
were constituted of mixed set of both differential 
and nondifferential governing equations. This 
mixed system contained algebraic loops as a source 
of problems. The major expectations for the 3rd 
model generation are connected with a significant 
shortening of calculation time in order to fulfilling 
of real-time requirements. Unfortunately, the lower 
accuracy in calculated results is expected as a 

penalty of additional simplifications. This drawback 
has been accepted in order to fast processing of the 
3rd engine model algorithm.

Development of the 3rd engine model algorithm 
is being finalized nowadays in MathCAD software. 
In order to a future progress, there is a need to 
start the transition and testing of the model in 
MATLAB/Simulink.
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Jozef Polacek, Lubos Vargovcik. Ìàòåìàòè÷åñêàÿ ìîäåëü òóðáîâèíòîâîãî 
ìàëîðàçìåðíîãî äâèãàòåëÿ

Â äàííîé ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû è îïèñûâàåòñÿ ïðîöåññ ðàçðàáîòêè ìàòå-
ìàòè÷åñêîé ìîäåëè òóðáîâèíòîâîãî ìàëîðàçìåðíîãî äâèãàòåëÿ. Ïðåäñòàâëåííàÿ ìîäåëü 
îñíîâàíà íà õàðàêòåðèñòèêàõ äâèãàòåëÿ è äðóãèõ íåîáõîäèìûõ âõîäíûõ  äàííûõ, ïîëó-
÷åííûõ ïî ïðîåêòó Eâðîïåéñêîãî Ñîþçà ESPOSA. Äàííûé äâèãàòåëü â íàñòîÿùåå âðåìÿ 
íàõîäèòñÿ íà ñòàäèè ðàçðàáîòêè è èñïûòàíèé åâðîïåéñêèì èçãîòîâèòåëåì. Ïîëó÷åííàÿ 
ìîäåëü ÿâëÿåòñÿ òèïîâîé, äèíàìè÷åñêîé è  íåëèíåéíîé.  Èñïîëüçóåòñÿ êîíöåïöèÿ, ñîãëàñíî 
êîòîðîé îêîí÷àòåëüíûé íàáîð îïðåäåëÿþùèõ óðàâíåíèé îñíîâàí íà ñâÿçè îïðåäåëÿþùèõ 
óðàâíåíèé ñóáìîäåëåé ýëåìåíòàðíûõ óçëîâ äâèãàòåëÿ, íàïðèìåð, êîìïðåññîðà, òóðáèíû, 
ñîïëîâîãî àïïàðàòà. Äëÿ ýòèõ ñóáìîäåëåé èñïîëüçóåòñÿ ìåòîä ñîñðåäîòî÷åííûõ ïàðà-
ìåòðîâ, ãäå èõ ñâîéñòâà îïèñûâàþòñÿ õàðàêòåðèñòèêàìè, êîòîðûå ÿâëÿþòñÿ ñòàí-
äàðòíûìè â àâèàöèè. Ïåðâàÿ è âòîðàÿ ïðîèçâîäíûå ìàòåìàòè÷åñêèå ìîäåëè ñîñòîÿò 
èç äèíàìè÷åñêîé ÷àñòè, êîòîðàÿ ðàñïðîñòðàíÿåòñÿ òîëüêî íà äèíàìèêó âðàùàþùèõñÿ 
ìàññ. Ðåçóëüòàòîì ýòîãî îãðàíè÷åíèÿ ÿâëÿåòñÿ ñèñòåìà êàê äèôôåðåíöèàëüíûõ, òàê 
è íåäèôôåðåíöèàëüíûõ óðàâíåíèé. Äèíàìè÷åñêàÿ ÷àñòü òðåòüåé ïðîèçâîäíîé ìîäåëè 
òàêæå ðàñïðîñòðàíÿåòñÿ íà äèíàìèêó òåìïåðàòóðû è äàâëåíèÿ. Åå ñèñòåìà óðàâíåíèé 
ÿâëÿåòñÿ ïîëíîñòüþ äèôôåðåíöèàëüíîé.

Êëþ÷åâûå ñëîâà: ìàòåìàòè÷åñêàÿ ìîäåëü, ìàëûå òóðáîâèíòîâûå äâèãàòåëè, 
ESPOSA
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äâèãóíà 

Ó äàí³é ñòàòò³ ïðåäñòàâëåíî ðåçóëüòàòè ³ îïèñóºòüñÿ ïðîöåñ ðîçðîáêè ìàòåìàòè÷íî¿ 
ìîäåë³ òóðáîãâèíòîâîãî ìàëîðîçì³ðíîãî äâèãóíà. Ïðåäñòàâëåíà ìîäåëü çàñíîâàíà íà 
õàðàêòåðèñòèêàõ äâèãóíà ³ ³íøèõ íåîáõ³äíèõ âõ³äíèõ  äàíèõ, îòðèìàíèõ çà ïðîåêòîì 
ªâðîïåéñüêîãî Ñîþçó ESPOSA. Äàíèé äâèãóí ó öåé ÷àñ ïåðåáóâàº â ñòàä³¿ ðîçðîáêè ³ 
âèïðîáóâàíü ºâðîïåéñüêèì âèãîòîâëþâà÷åì. Îòðèìàíà ìîäåëü º òèïîâîþ, äèíàì³÷íîþ 
³  íåë³í³éíîþ.  Âèêîðèñòîâóºòüñÿ êîíöåïö³ÿ, â³äïîâ³äíî äî ÿêî¿ îñòàòî÷íèé íàá³ð âèç-
íà÷àëüíèõ ð³âíÿíü çàñíîâàíî íà çâ'ÿçêó âèçíà÷àëüíèõ ð³âíÿíü ñóáìîäåëåé åëåìåíòàðíèõ 
âóçë³â äâèãóíà, íàïðèêëàä, êîìïðåñîðà, òóðá³íè, ñîïëîâîãî àïàðàòà. Äëÿ öèõ ñóáìîäåëåé 
âèêîðèñòîâóºòüñÿ ìåòîä çîñåðåäæåíèõ ïàðàìåòð³â, äå ¿õ âëàñòèâîñò³ îïèñóþòüñÿ õàðàê-
òåðèñòèêàìè, ÿê³ º ñòàíäàðòíèìè â àâ³àö³¿. Ïåðøà ³ äðóãà ïîõ³äíî¿ ìàòåìàòè÷íî¿ ìîäåë³ 
ñêëàäàþòüñÿ ç äèíàì³÷íî¿ ÷àñòèíè, ùî ïîøèðþºòüñÿ ò³ëüêè íà äèíàì³êó îáåðòîâèõ ìàñ. 
Ðåçóëüòàòîì öüîãî îáìåæåííÿ º ñèñòåìà ÿê äèôåðåíö³àëüíèõ, òàê ³ íåäèôåðåíö³àëüíèõ 
ð³âíÿíü. Äèíàì³÷íà ÷àñòèíà òðåòüî¿ ïîõ³äíî¿ ìîäåë³ òàêîæ ïîøèðþºòüñÿ íà äèíàì³êó 
òåìïåðàòóðè ³ òèñêó. ¯¿ ñèñòåìà ð³âíÿíü º ïîâí³ñòþ äèôåðåíö³àëüíîþ.

Êëþ÷îâ³ ñëîâà: ìàòåìàòè÷íà ìîäåëü, ìàëîðîçì³ðíèé òóðáîãâèíòîâèé äâèãóí, 
ESPOSA.




