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Abstract

This article considers a model of gas turbine plants (GTPs) with concentrated parameters for analysing the
regularities of the dynamic properties of transients with power changes. The main goal is to study and analyse the
dynamic properties of GTPs, in particular their transients, taking into account power changes. To achieve this goal,
the task is to develop a universal model based on approximation approaches using concentrated parameters. The key
tasks of the article include: development of a mathematical model with concentrated parameters, which takes into
account the current rated power of the GTP, investigation of the dynamic properties of the transient processes of the
GTP using approximation models, obtaining an approximation dependence that shows the relationship between
changes in the dynamic properties of transients and changes in the current power of the GTP. Focusing on the
development of a universal model with approximation parameters provides the basis for a detailed analysis of the
dynamic properties of GTPs and their behaviour at different power levels. These studies can have practical
applications in improving the regulation and optimization of power systems based on gas turbine plants.
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1. Literature review

The study of the dynamic properties of gas turbine units (GTUs) and their analysis to optimise and improve their
performance is a relevant and important topic in the energy sector. In recent years, much attention has been paid to
the development of mathematical models for describing and predicting the dynamic behaviour of gas turbines. One
approach to achieving this goal is to use models with concentrated parameters, which allow generalising the dynamic
characteristics of the system and making their analysis more convenient and efficient.

In their paper, Stefano Braco and co-authors [1] describe a mathematical model and research on the use of
microturbines in smart microgrids, in particular in 65 kW cogeneration systems, with a focus on their efficiency and
flexible simulator and control system architecture. The study is based on model validation using microturbines
installed in the Savona Campus smart polygeneration microgrid at the University of Genoa in Italy.

In addition, Miller and colleagues [2] consider a methodology for modelling and analysing the dynamic
behaviour of gas turbine generator rotors of active magnetic bearing units used in gas turbine cogeneration systems.
The study includes a mathematical model that takes into account electromagnetic processes in active magnetic
bearings, the use of the contour flow method to analyse these processes, and the comparison of the results with
experimental data to confirm the effectiveness of rotor dynamics modelling.

Based on the above studies, it can be concluded that the development of models with concentrated parameters is
important for analyzing the regularities of the dynamic properties of gas turbine plants. These models allow for a
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more detailed analysis of the impact of various factors on the dynamic behaviour of the system, which can help
improve its operation and efficiency.

2. Purpose and objectives of the article

The aim is to analyze the regularities of the dynamic properties of transient processes when changing the
capacities of gas turbine plants by developing a universal model based on concentrated parameters on the basis of
approximation models.

Objectives:

1) to develop a mathematical model with concentrated parameters, taking into account the current rated capacity
of the gas turbine unit;

2) to investigate the dynamic properties of the transient processes of the GTP on the basis of approximation
models;

3) to obtain an approximation dependence of the change in the dynamic properties of transients on the current
value of the GTP power.

3. A mathematical model with concentrated parameters taking into account the current rated capacity of
a gas turbine

3.1. Assumptions

3.1.1. Equation for the turbine rotor

Modern gas turbine plants are complex nonlinear dynamic systems with mutual influence of gas-dynamic and
thermophysical processes occurring in their components. These processes are usually non-stationary in terms of time
and operating conditions, and some design schemes have a variable structure. The operation of a gas turbine occurs
under the constant influence of internal and external disturbances, sometimes in transient modes.

When considering a turbine as a control object, we mean its rotating masses - the rotor, which is subject to forces
from the flow of the working fluid, and the control valves (valves, nozzles), which can be used to change these forces
within certain limits. The characteristics of the distributing bodies can be very diverse, depending on the type of
machine for which this unit serves as a drive (electric generator, compressor, etc.) [3].

A schematic diagram of a single-shaft gas turbine unit (GTU) operating in a regenerative cycle is shown in Fig.1.
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Fig.1. Schematic diagram of a single-shaft GTP with a regenerator:
1 - compressor; 2 - gas turbine; 3 - combustion chamber; 4 - fuel supply valve; 5 - speed regulator.

The gas turbine rotates an axial compressor, which is part of the gas turbine system, and an electric generator
located on the same shaft. The rotor is subjected to forces from the gas turbine which generate torque. And the
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generator and compressor are subjected to drag moments. A parametric diagram for the rotor of a gas turbine plant
can be presented as follows (Fig.2).
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Fig.2. Parametric diagram of the GTP rotor.

The temperature of the gases upstream of the turbine is the strongest factor that determines the useful life of a
gas turbine. The frequency in the circuit changes relatively insignificantly (within the range of the unevenness factor),
and the main change in torque occurs under the influence of deviations in fuel consumption. Its value depends on the
position of the fuel valve. The fuel consumption is determined by the static response of the fuel valve depending on
the speed. Along with the fuel consumption, the gas temperature and pressure change (almost instantaneously with
small tanks), which determine the flow rate of the working fluid (gases) and the torque [8].

According to the quantity-momentum theorem, if the driving and resistance torques are not equal, their
difference causes a change in the rotor speed [8].

For mechanical accumulators, in accordance with the theorem of moments of quantity of motion, the equation
for the steady-state mode will be as follows [4]-[8]:

MY — M2 = 0. 1)

For the unsteady state, equation (1) will take the form:

P
Myr—M, = ]d—(:,

where Mg is the moment of driving forces on the turbine blades, W-s; M, is the moment of resistance forces, W-s; J is
the moment of inertia of the turbine rotor together with the compressor and generator, kg'm %; » angular speed of
rotor rotation, s™.

Since small deviations of the GTP operating modes are considered for the study of dynamic characteristics,
changes in the efficiency of turbomachines and physical properties of working bodies can be neglected and
considered constant when deriving the equations of dynamics [6].

The moment of driving forces on the turbine blades Mg; is determined by the turbine driving force torque M.
And the moment of resistance forces M, is determined by the compressor M. and generator torque Mg:

Mdf = MT’ MT = MC + Mg.

The torque of a gas turbine depends on the initial parameters of the gases leaving the combustion chamber
(temperature t; and pressure pg), on the backpressure pg and on the rotational speed w. The compressor torque
depends on the inlet air temperature t/, its inlet p; and outlet pressure p, and the turbine rotor speed . And the
torque of an electric generator depends on changes in the electrical load N, and rotor speed.

All things considered, all of the above points can be represented in the form of functions:

Mr = /,(py. 0y, tg, w);
M. = /, (pa, Pa> to, w);
Mg = /;(Ne! (U),

where p’, p” are pressures of the working fluid at the inlet and outlet of the turbine and compressor, respectively,
MPa; t’ is temperature of the working fluid at the inlet of the turbine and compressor inlet, °C; N is electric load of
the generator, W.
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After the known transformations, we obtain the differential equation describing the dynamics of the turbine rotor
in the form [4]-[8]:

dAw
B—== biApg + byApg + bsAty — byApy — bsApg — beAt, — b;AN,, )
S s & aMg
oMy _ dMc | OMg OMge _ OMr, , _ J . ___9pg | ___Oopg | __otg | _ __ 9pg
where dw  dw dw' dw  dw’' — ~ 9My Mgp by = My Mg b, = My Mg by = oMy _OMgg? b, = My _OMgg?
dw OJw w OJdw w OJdw w OJdw dw OJdw
oM oM Mg
b _ sz . b _ at:z . b _ dNe
57 9My 9Mgr' ¥6 T aMy 9Mgg U6 T gMy Mgy
ow Ow w OJw dw  dw
Partial derivatives are defined by the expressions:
( M. = Gy - Hr "1y
| T w ]
{ M G, H,
K — )
1 w - T]C
lom, M2 N?

k g __9. M0 =€
ow w9 @Y

where the flow rate of the working medium is determined by the Stodola formula

G. =GO pizn _pgut . E
9 g (pion)z - (pgut)z Tin

and the static characteristics of the compressor.

3.1.2. Dynamic equations for the combustion chamber

The air enters the combustion chamber from the compressor at pressure p, and temperature t,. The combustion
of the fuel G; in quantity heats the entire gas to a temperature t,.

The combustion chamber requires uneven temperature and pressure fields to organise combustion. While the
temperature of the gases before the turbine is strictly limited, it must be very high in the combustion chamber. Only a
part of the air coming from the compressor (the primary air in the combustion chamber) is directed to the combustion
hearth. The rest of the air (the secondary air) is supplied to a mixer located behind the combustion zone [8].

The ignition lag is important for the combustion process. In the first combustion zone, fuel particles are heated
and evaporated. At the same time, oxidation takes place. This is followed by the slow oxidation of the fuel vapours,
which precedes ignition and combustion. These processes take time to complete. The travel time of the gas particles
from the fuel inlet to the turbine inlet determines the lag t [8].

However, with integrated combustion chambers, when the volume of the combustion chamber is small and there
are no connecting pipelines in the path of the combustion products, the path of gas particles from the hearth to the
turbine impeller is small and amounts to a fraction of a second. Therefore, such a time t with large rotor inertia allows
us to ignore the lag effect. However, the lag can be significant if the fuel control valve is located at a considerable
distance from the combustion chamber or if the capacity between the valve and the combustion chamber is large
compared to the fuel flow rate [8].

The calculations show that the accumulated heat in the metal of the combustion chamber is of secondary
importance and has little effect on the control dynamics [8].

Thus, taking into account the above assumptions, the gas parameters in the combustion chamber will be
concentrated, and the temperature and pressure at the outlet of the combustion chamber will be set almost
instantaneously depending on the valve stroke [4]-[8].
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In this model, at a constant rotor speed (® = const) the change in air flow by the compressor AG, and gas flow by
the turbine AGr is synchronized with the fuel supply AGs. The flow rates are related by the following equation:

AG, + AG; = AGy.

The fuel component plays a significant role if the GTP operates on gaseous fuels with a low calorific value [8].
Therefore, the value of the lower calorific value of the fuel will significantly affect the amount of heat released in the
combustion chamber during fuel combustion.

Based on the above, the existing mathematical model for the combustion chamber of a GTP should be improved
in such a way as to neutralise the impact of the perturbation on the change in the lower heating value of fuel. Such a
correction of the mathematical model will allow the development of a cogeneration power plant that allows the use of
non-certified fuels.

The independent variables that determine the state of the gas in the chamber are the pressure in the chamber pq
and the temperature t;. The temperature of the gases at the combustion chamber outlet is characterized by three heat
fluxes: the amount of heat supplied by the air flow Q,, the amount of heat supplied by the fuel Qr and the amount of
heat released in the combustion chamber during the fuel combustion process Q.

Based on this, the heat balance equation for the steady-state regime will be as follows [4], [5]:
Q+Qf+Q.—Qg=0. ®)
For the transient regime, equation (3) will take the form:

al,
Qu+ Q¢+ Qcc _Qg = Mga_f,

where Q,, Qs are heat fluxes entering the combustion chamber with air and fuel, respectively, kW; Q.. is amount of
heat released in the combustion chamber during fuel combustion, kW; Qg is amount of heat that goes with the gases
(combustion products) to the turbine, KW; Mg is mass of gases in the combustion chamber, kg; I is enthalpy of gases

at the combustion chamber outlet I, = c,t,, kJ/kg.

After the known transformations, we obtain the differential equation describing the dynamics of temperature
changes in the combustion chamber gases [4], [5]:

Aty

A—=+ Aty = a;Aw + aAme + azAt, + a,Atg + asALCV, (4)
y 090 999 901,99ce % Qa 9% 9Qcc
_ Mgcqg, _ 3Gq 98Gq 0Gq, _ 0Gf 9Gf 9Gg 0Gq, _ Otq. _ 9tf, _ 9LCV
Where A - an y al - an aw, 2 = an amf, a3 - an, a4 - an, as - an .
atg atg atg atg tg 6tg

The partial derivatives are determined by the expressions for the heat fluxes:

( Qa = GaCaty;
{ Qr = Grertys

Qcc = Gf -LCV - Nees
Qg = GgCyty)

where G, is air flow rate entering the combustion chamber, kg/s; Gy is fuel flow rate entering the combustion chamber, kg/s;
G, is gas flow rate at the outlet of the combustion chamber, kg/s; c,, C;, ¢4 are heat capacities of air, fuel and gases at the
outlet of the combustion chamber, respectively, kd/(kg-°C); LCV is lower calorific value of fuel, ki/kg; n. is combustion
chamber efficiency; t,, t;, ty are temperatures of air, fuel and gases at the combustion chamber outlet, respectively, °C.

3.1.3. Dynamic equations for material energy accumulators

In gas turbine plants, there are pipes, nozzles and heat exchangers along the path of the working fluid. Such
elements are often energy accumulators that influence the control process to some extent. When studying processes in
gas volumes, it is necessary to distinguish between two cases: an adiabatic process and a process with heat exchange [8].
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Consider the capacities of the gas volumes between the compressor (C) and the combustion chamber (CC),
between the fuel supply distributor (m¢) and the combustion chamber, the gas volume of the combustion chamber
itself, and the gas volume between the combustion chamber and the turbine (T), in which the process of heat
exchange under pressure p takes place (Fig. 3).
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Fig.3. Design scheme of gas volumes of the GTP.

The supply or removal of heat from the outside can fundamentally change the state of the working fluid and thus
affect the control process. In this case, the process is considered barotropic (when the density is a function of pressure

only) [4], [8].
To establish its mode, the equation of conservation of mass in the allocated volumes will be as follows:

GO+ G — G = 0.

For transitional mode the following equation is applied:

%a 1y OPf |y e
at +V at + Ve at +V

ap
Go+ G — Gy =V, e
where V, is the gas volume between the compressor and the combustion chamber, m®; V; is gas volume between the
distributor and the combustion chamber, m*; V.. is gas volume of the combustion chamber, m*; V, is gas volume
between the combustion chamber and the turbine, m*; G, is air flow rate through the compressor, m*/s; G; is fuel flow
rate, m*/s; G, is gas flow rate through the turbine, m?s.

The relationship between the gas parameters in the allocated volumes is established by the Clapeyron-Mendeleev
equation:

pp~t = RT. (5)

We assume that in the volumes V,, V; and V, the state of the gas changes isothermally, as in an insulated
pipeline. Based on this, equation (5) can be written in the form [4], [5]:

dpg 1 0dp, dpr 1 0p, dpg 1 dp
at  RTY at’ ot RTPat’ ot RT§ Ot

In volume V., the process involves heat exchange, i.e., the density cannot be considered a function of pressure
alone. Therefore, the change in the density of the combustion chamber will be described by the following equation:

0pec _ 1 @ p 0T

at RTS8t  RTo” ot '

The flow rates G, and G, are presented as a function of the pressure and temperature in the volume, as well as the
rotor speed of the compressor and turbine. The fuel consumption G; depends only on the position of the distributing
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valve. The effect of the temperature upstream of the turbine on the flow rate G, is reflected in the pressure change.
. . . aG
The effect of rotational speed on the turbine gas flow rate is small and can be assumed to be a—jAw =0.

The cooling air injected into the turbine was modelled using a duct passage to connect the compressor exit with the
cooled turbine stage blades. Thus, the cooling air injected into the turbine affects the pressure and temperature of the
main gas stream. By that it modifies the expansion line of the gas turbine component. The pressures at different locations
where cooling air is injected into the turbine have determined the amount of air flow rate for respective stage cooling.
The mass flow of the cooling air for each blade row can be calculated as proposed by [9] and presented in [10]:

Mair = KM (1_ ot ),

VTout Pout

where my;, is cooling air flow rate to the turbine; K is discharge coefficient, which depends on turbine design; Poy is
air pressure at compressor output; T,y iS air temperature at compressor output; Pg is turbine pressure at a specific
stage.

Then, after performing the known transformations, we obtain a differential equation that describes the change in
gas parameters in the selected volumes [4], [5]:

dAp 0T¢c

Tp? +Ap =T, praley kAT, + kmAmf + k,Aw, (6)
Ma+Mp+Mcc+Mg VecP 3Gy 9Gy 96a
_ » . _ _RT& ., _ __Tp . __ o _ e
where Ty = —56; 65— 1T = 365_otq) KT = 95 _sea’ Km = 365 _otq) K = 365 s6q
dp Odp dp Odp dp dp dp Odp dp Odp
3.2. Initial data

Siemens gas turbines with the following parameters (Table 1) were selected for modelling, on which the
frequency change depends:

Table 1. The studied GTPs and their significant parameters.

GTP Power, Gas pre_zssure ReQuceq momer;t
MW ratio of inertia, kg-m
SGT-300 7.9 13.7 1663.645
SGT-700 35.2 20.4 3655.078
SGT6-5000F 260 19.5 19928.17
SGT5-4000F 385 21 36342.22
SGT5-8000H 450 21 57424.56
SGT5-9000HL 593 24 102662.8

Table 2 shows the initial data used to design the model:

Table 2. Initial data.

Description Variable Value Units of measurement

The temperature of the gases in front of the turbine Ts 1200 °C
Air temperature at the compressor inlet Ti 15 °C
The enthalpy of air at temperature T, hia 15.05 kdrkg
Standard air temperature Tat 25 °C
Enthalpy of air at standard temperature T Nsta 25.08 kdrkg
Enthalpy of gases at standard temperature T hstg 26.77 kdrkg
Enthalpy of gases at temperature T hag 1479.55 kdrkg
Enthalpy of air at temperature T3 hsa 1330.08 kdrkg
Pressure loss coefficient A 0.95 -
The coefficient of fuel heat consumption in the CC Nee 0.995 -
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Table 2 (continued)

Description Variable Value Units of measurement
Mechanical efficiency of the turbine Nm 0.995 -
Electric generator efficiency Neg 0.982 -
Isentropic efficiency of the turbine nr 0.88 -
The isentropic efficiency of the compressor Ne 0.86 -
Loss ratio o, 0.005 -
The minimum amount of air required for the complete combustion of 1 kg of gas | Lo 15 karkg
The heat of combustion Ky 44300 kdrkg
3.3. Set of formulae
To design the GTP model, we used the formulae presented in Table 3 — Table 6:
Table 3. Formulae used in model designing.
Explanation of the formula Formula

Air temperature after compression

oMa
T, = ((n +273)- (1 +

c

)

Excess air coefficient

+ Lo) - hag

0(_KT-7700+L0-h3a+hf—(1
Lo (hsa — h3)

Gas temperature after the turbine

T,= (T, +273)- (1 - (1 - (- O)™9) - p,) — 273

Expansion work of 1 kg of gas in a turbine

Hy =h; —hy

Work consumed to compress 1 kg of air in the compressor

He=hy —hy

GTP operation on the unit shaft

a Ly (1+ay)

H =H-.- —
€ 7" 1+a-Lgy K
Air flow through the turbine G = N,
T H, - Ueg
Air flow rate to the compressor _a Ly (+a)
€T 14a-l, T
Fuel consumption B = Gr
T (A+a-Ly)
The power of the gas turbine Ny = Gy Hy
The power consumed by the compressor N. =G, H,
Efficiency factor Ny — N,
=N
T
Electrical efficiency of the GTP Gr-H,- Meg
"= B K,
T T

Table 4. Formulae for calculating the coefficients of the dynamic equation for material

energy accumulators.

Description of the formula

Formula

k,, coefficient by channel dw — p

i G
Denominator den den = T \/73 . p 4083
D* — Dy
P -p;
p* — pi
Lag coefficient T, M, + M, + M. + M,
p
T, =
P den
T, coefficient by channel £ — p _ Ve'p
dt 5. - BT +273)?
T den
k, coefficient by channel AT.. — p —Gr T3+273
JT, (T +273)?
k=2 "
¢ den
k., coefficient by channel 4Am; — p _ 1
™ den
_ 0.38

Y den
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Table 5. Formulae for calculating the coefficients of the dynamic equation for the GTP rotor.

Description of the formula Formula
Denominator den p G, Hy-10% (038 N 0.0024 1\ N,¢10° M;-10°
en—=— —- —_— R
w7, G, 7. W w? w
Lag coefficient B _ L
den
b, coefficient by channel T. . Ps
apy = w GT-HT-103-77T./ ‘/_317%—172 kl\
w \+R-(T3+273)_(&)%/
b = Hr -103 - ps D3
! den
b, coefficient by channel / kR k-1 \|
Apg ~> w G- Hp 103 - (k—1)-H103'<1_(p_4)k>
r ' Hr r . | T Ps3 |
w B Ty + 273
\ 2+ (Ty +273)2 [Ty /
b, =
den

b, coefficient by channel
Adp, = w

b, =

R- (T, +273)

/—0.83+
GC'HT'103, Gc pZ'H€'103

w7, PV k-, 0.017 |
-(P1) * .

den

bs coefficient by channel 1
AN, > w bhe = L
‘ 57 den

Table 6. Formulae for calculating the coefficients of the dynamic equation for the

combustion chamber.

Description of the formula Formula
Denominator den den =103 (G, ¢, + Gf - ¢5)
Lag coefficient A Mg cy- 103

- den
a, coefficient by channel Aw — t, 103(c, "ty + ¢4 t,)
0= den
a, coefficient by channel 4m; — t, C10° - (ep b+ Qu 1y — G4 " E)
%2 = den
a, coefficient by channel 4t, — ¢, _ Ggrcgt 10°
% = den
as coefficient by channel 4Q), - t, 4 = Gee " 1,
den

4. Dynamic properties of transient processes

113

Using the differential equations (2), (4), (6), the model was implemented in the Simulink Matlab software
package (Fig. 4), and using the formulae from Tables 3 — 6 and the initial data from Tables 1 — 2, the coefficients of

the model were calculated (Fig.5 — 7).
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Qp KC 13 t4
t4
Turbine

Fig.4. The GTP model.
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Fig.6. Turbine rotor model.
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Fig.7. Model of the combustion chamber.

The following figures show the resulting transient processes of the model under the corresponding power
disturbances:
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Fig.8. Transient processes during disturbance AN = +10%.
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Fig.9. Transient processes during disturbance AN = -10%.
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Fig.10. Transient processes during disturbance AN = +20%.
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Fig.11. Transient processes during disturbance AN = -20%.
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Fig.12. Transient processes during disturbance AN = +30%.
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Fig.13. Transient processes during disturbance AN = -30%.

Since modelling of the presented transient processes is time-consuming, these transient processes were
approximated by a sixth-order polynomial to save time in subsequent calculations:

y = a;x + ayx® + azx* + a,x3 + asx? + agx + a,,

where a,, are the coefficients of the polynomial.

Tables 7 — 12 show the transient processes approximation coefficients.
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Table 7. Approximation coefficients of transient processes under
disturbance AN = +10%.

Table 8. Approximation coefficients of transient processes under
disturbance AN = -10%.

GTU Polynomial coefficients GTU Polynomial coefficients
al a2 a3 |a4 a5 a6 a7 al a2 a3 ad4 ab a6 ar’
SGT-300 58705 | 30614 |63.478 |-66.662 [37.31 |-10.609 |-0.0504 SGT300 5 T 5es 5 Ts T s i 90303
SGT-700 11.063 |-63.000 |132.70 |-142.24 |81.749 |-24.062 |-0.0835 SGT-700 61564 | 3112 [61.655 | 60339 |30035 [68954 |0.0733
SGT6-5000F |18616 |-07608 |204.29 |-217 |1234 |35876 |-0.1086 SGT6-5000F | 4259 | 21.93 144743 | 46.083 |-25.11 16.926 | 0.0853
SGT5-4000F |1225 |6573% [142.36 |-150.15 [07.626 |-BL779 |-0.0487 SGT5.4000F | 2694 | 14251 [30206 | 32872 19524 [61316 |00473
SGT5-8000H 5579 | SL487 [72.943 |-69.829 |63.367 |-25.086 | -0.0051 SGT5-8000H | 1374 | 7216|6127 | 19052 1285 [48847 [00%58

Table 9. Approximation coefficients of transient processes under
disturbance AN = +20%.

Table 10. Appr

distur

oximation coefficients of transient processes under
bance AN = -20%.

Polynomial coefficients

Polynomial coefficients

Table 11. Approximation coefficients of transient processes under
disturbance AN = +30%.

GTU GTU
al a2 a3 ad ES) a6 a7 al a2 a3 ad4 ab a6 ar
SGT-300 10416 |-54266 |112.32 |-117.54 |e5.256 |-18.157 |-0.0907 SGT-300 -7.761 [40.318 [-83.019 [85.952 [-46517 [12.034 [0.0707
SGT-700 21.028 [-110.23 [230.05 |-243.56 |137.65 [-39.543 |-0.1619 SGT-700 -15.22 |78.247 |-15801 |161.65 |-85.936 |22.376 |0.1517
SGT6-5000F |30.06 |-157.54 |328.86 |-348.56 [197.66 |-57.279 |-0.2055 SGT6-5000F |-15.7 |8L.763 |-169.29 |177.58 |-99.373 |28.328 |0.1822
SGT5-4000F | 19674 |-10574 | 2287 |-255.19 |156.21 | 50735 |-0.0967 SGT5-4000F |-1015 |54.254 |-11651 |1289 |-78.103 |25.088 |0.0953
SGT5-8000H [9.0285 |-50.844 [117.49 |-144.28 |101.48 [-40.072 |-0.0205 SGT5-8000H|-4766 26571 |60669 |73.497 |50.966 |19.87 |0.0412

Table 12. Approximation coefficients of transient processes under
disturbance AN = -30%.

GTU Polynomial coefficients GTU Polynomial coefficients
al a2 a3 a4 a5 a6 a7 al |a2 a3 a4 ab ab a7
SGT-300 1496 |7791 |161.16 |-16842 (932  |25.706 |-0.131 SGT-300 [12.305[63.961 [131.85 |136.83 |74461 |19.581 |0.111
SGT-700 30080 |157.34 |[327.29 |344.86 |19355 |[55023 |-0.2402 SGT-700 (2428112536 |256.14 |262.96 [-141.83 |37.856 |0.23
SGT6-5000F [41498 |[217.36 45338 |480.00 [27192 |78.682 |0.3024 SGT6-5000F  |27.141[141.59 [293.82 [309.11 [173.63 |49.731 |0.2791
SGT5-4000F [7129 [14574 [31499 3512 [1479 [69.691 |-01447 SGT5-4000F F17.608[94.251 [20281 [224.92 [136.68 |44.044 |0.1433
SGT5-8000H 12477 |[7019% [16202 |19.72 [13959 |55057 |-0.0359 SGT5-8000H |[82149(45.924 110521 [127.94 [89.078 [34.856 [0.0566

5. Dependence of change in dynamic properties of transient processes on current value of GTP power

To find the dependence of the change in the dynamic properties of transient processes on the current value of the GTP
power, the time constant for each transient was found for different disturbances. This was done by drawing a tangent to the
inflection point when the function graph resembles an oscillatory or aperiodic 2nd order link. In the case when the graph
resembles a 1st order aperiodic link, the tangent was drawn to the zero point. After that, the interval between the zero
point and the point of intersection of the tangent with the asymptote of the transient on the time axis was found.

Curve fitting was made by means of a second-order polynomial (7), the coefficients of which are shown in Table 13:

y = ayx? + a;x + a,.

U]

Fig.14 — 15 show the time constants for GTPs of the respective capacities at positive and negative deviations.

Time constant, s

200.00

ANe = +n%

500.00

700.00

Fig.14. Dependence of time constants on power at positive deviations and their approximation.
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ANe = -n%
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Fig.15. Dependence of time constants on power at negative deviations and their approximation.

Table 13. Coefficients of polynomials approximating the dependence of time constants on power.

. Time constant, s
Polyr?o_mlal ANe = +n% ANe = -n%
coefficients
10 20 30 10 20 30
a 7.00E-07 7.00E-07 7.00E-07 2.00E-07 4.00E-07 5.00E-07
a -0.0001 -0.0001 -0.0001 -4.00E-05 -7.00E-05 -9.00E-05
a 0.1054 0.0986 0.0958 0.0298 0.0589 0.0686

The obtained approximation dependencies are characterised by high approximation accuracy with a
determination coefficient R? value of more than 0.98, which indicates high quality of the results. In addition, it should
be noted that these dependencies are nonlinear and show variations depending on different levels of disturbance, in
particular, with negative power changes. The obtained data can be used in the regulation of the power system of gas
turbine plants with different power levels, which emphasizes their value and practical significance.

6. Conclusion

The article considers a model of gas turbine plants (GTP) with concentrated parameters for analyzing the
dynamics of transients under power changes. The main purpose of the article is to study the dynamic properties of
GTPs, in particular transients, taking into account power changes. The literature review indicated the relevance of
studying the dynamics of GTPs in order to optimize their operation. The development of mathematical models to
predict the dynamic behaviour of GTPs is an important task. Models with concentrated parameters allow simplifying
the analysis of system dynamics.

The authors of this article have developed a mathematical model of a gas turbine with concentrated parameters for
analyzing the dynamics of power changes. This model allows for a detailed analysis of the influence of factors on the
system dynamics. To achieve this goal, the authors formulated tasks such as developing a model with concentrated
parameters, studying the dynamics of transient processes and obtaining dependencies between the dynamic properties
and power of a gas turbine engine. The article emphasizes the importance of modelling the dynamics of GTPs with
regard to concentrated parameters. The obtained results confirm the high accuracy of the approximation dependencies,
which can be used to regulate power systems of gas turbine plants of different power levels.

Thus, the article deals with the important topic of studying dynamic processes in gas turbine plants with regard
to power changes. The developed model with concentrated parameters is a powerful tool for analyzing the dynamics
and optimizing the operation of such systems.
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Mogaeab ra3oTypOiHHOI YCTAHOBKH 3i 30CepelKeHUMH MapaMeTpaMu 1JIA
aHaJIi3y 3AKOHOMiPHOCTEH TMHAMIYHHMX BJIACTUBOCTEH

Onexcannp ABopcebkuii, Onwera TapaxTiit, Makcum MakcumoB, Bikropist Kpusna

Hayionanvnuii ynieepcumem « Odecvka nonimexuixay, np. T. [llesuenxa 1, m. Odeca, 65044, Yrpaina

AHoTauisa

VY naniit cratTi po3risiiaeThes Mojienb ra3o-TypoinHux ycraHoBok (I'TY) 3i 30cepepkeHnME apaMeTpamMu AJst
aHaJIi3y 3aKOHOMIPHOCTEH JMHAMIYHMX BIACTHBOCTEH MEPEXiJHUX MPOLECIB MPH 3MiHI NOTYy)KHOCTeH. OCHOBHA MeTa
NoJisArae B JIOCTI/DKEHHI Ta aHami3l 3MiHM AuHaMivHux BiactuBocted ['TY, 30kpeMa iX mepexifiHMX MpOLECiB 3i
3MIHEHOIO TOTYXHOCTI. [IJisi MOCSITHEHHS 1i€1 METH CTAaBUTHCS 3aBIaHHs PO3POOKH YHIBEpCalIbHOI MOJIEli Ha OCHOBI
ANpOKCHMAIIHUX MIAXOMIB 3 BUKOPHCTAHHSIM 30Cepe/keHnX mnapaMeTpiB. OCHOBHI 3aBlIaHHSI CTAaTTi BKJIIOYAIOTh:
PO3pOOKY MaTeMaTH4HOI MOJIEN 31 30CepePKEHUMH TTapaMeTpaMH, sKa BPaxOBYE MOTOUYHY HOMIHAJIbHY MOTYXKHICTh
I'TY, nocmijpkeHHs TMHAMIYHUX BIACTHBOCTEH mepexinuux mporeciB ['TY 3 BUKOpUCTaHHAM anpOKCHUMAILiHHUX
MoJieJiel, OTPUMAaHHsI alPOKCUMAIIIHHOT 3aJIe)KHOCTI, SKa MOKa3ye B3a€MO3B'SI30K 3MIHHM JJMHAMIUHHUX BIIACTHBOCTEH
MepexiIHMX TPoLeciB Bi 3MiHKM moTodHol motyxHocTi ['TY. 3ocepekenns Ha po3polili yHIBepcalbHOI MOJIENi 3
anpOKCUMAIITHUMH MTapaMeTpaMu TIOKIIaIa€ OCHOBY JIsl IETaJbHOTO aHalli3y qUHaMIuHUX BiactuBocTed ['TY Ta ix
TIOBE/IIHKY TIPU Pi3HUX PIBHIX MOTYXHOCTI. L{i TOCHimKeHHs] MOXKYTh MaTH MPAKTUYHE 3aCTOCYBAHHS Y TIOKPAIICHHI
pETyIIOBaHHS Ta ONTHMI3allil eHEPrOCUCTEM, 1110 0a3YIOThCS Ha ra30-TYpOIHHHX YCTaHOBKaX.

KialouoBi cjoBa: nuHaMidHI BJIACTHBOCTI, ampoKCHMAIiiiHi wmozeni; moTyxHicte [TY; peryitroBaHHA
€HEPrOCHCTEM.



