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Thermotechnigue et thermoduergéiique
DYNAMIC MODELLING OF GAS TURBINES
G. LAZAROIU

§19:621.1:621.311

The gas turbine has cccupied a strong position on the power plant market for a long
time now, and this is very clearly reflected in the number of gas turbines ordered in
recent years. Greater use is being made of dynamic simulation of energy systems as
a design tool for selecting control strategies and establishing operating procedures.
As it is a part of the power systern, it affects overall system behaviour during dy-
namic conditiens so that its dynamic model is of prime importance. The present
paper endeavour to establish a theoretical way of finding a suitable dynamic model
of a single shaft gas turbine, especially for power system stability studies.

1. INFRODUCTION

There are 50th years from the bringing into operation of the first power
plant with gas turbines, in 1939 by Brown Boveri at Newchitel, Swiss, with
an output of 4 MW at a thermal efficiency of 17%, [1]. Meantime the unitary
power of gas turbines raised over 240 MW and thermal efficiency at 38%
(see table 1). Thermal efficiency, turbine inlet temperature and pressure ratio
have doubled, having as result the increase of the specific power over
300 kW/(kgfs); for example for the turbine V94,3A Siemens the specific power
is 375 kW/(kgls).

Table |
Progress in gas turbine development
50 years ago 15 years ago today
Power {MW] 4 80 240
Thermal efficiency [%)] 17 30 38
Turbine inlet temperature [°C] 550 043 >1250
Pressure ratio [-] & 10 =14

The increase of the specific power allowed the increase of the unitary power
and the construction of some installations more compact on a single shaft.

Rev, Roum. Sci. Techn. — Electrotechn. et Energ., 43, 2, p. 235-242, Bucarest, 1998
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The plants with gas twbines bzve the smallest leve! of pollution with
50O, reduced level of CO, the smallest specific investment costs and the
reduced consume of cooling water.

The gas turbines have occupied 2 strong position on the power plang
market for a long time now. and this is very clearly reflected in the number
of gas turbines ordered in recent years. Gas turbines are widely used as sources
of power generation especially during peak load conditions. Some features
sach as ease of installation and maintenance, high reliability, and quick res-
ponse have made it an attractive means of producing mechanical energy, [2].

On the other hand, as a basic element in an electric power network, a gay
turbine affects overall system behaviour during dynamic/transient condiiions
so that its accurate dynamic model is of definite requirement.

Although dynamic models for steam and hydroturbines have received
special attention in the literature, [3.4], no specific reference is made to gas
turbines so that the task of {finding a suitable model is of prime importance in
power system stability studies. The dynamic analysis of a plant with combined
cycle is of recent date, [3].

' The dynamic processes are very complex and are proceeding very guick
therefore there are necessarly some simplifications of the models in order for
thern to be evaluated in real time.

2. PHYSICAL AND MATHEMATICAL MODELS

Let us consider an installation of gas torbines (ITG) on a single shaft,
as in fig. 1, which consists of compressor.a combustion chamber and & turbine,
For this arrangement the physical model is shown in fig. 2, where nozzle
I represents the compressor part, nozele 2 represents the gas turbine part and

et

the rectangular zone represents the combustion chamber unit.
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Dynamic modelling of gas wrbines

The main parameters of the model are: my [kg/sh & [kJ/kg]| - the mass
flow rate, re\@ectwe v the air enthalpy value of compressor C iniet;
i [kg; 1/ s} kJ/ kgj - the mass flow rate, respectively the gas enthalpy value
of the gas Eurbme TG outlet; B [Rg/s] [kf/kn] the mass flow rate, respec-
tively the inferior caloric power of the fuei of combustion chamber inlet CA;
B, [kW] ~ the mechanical power in ITG; p [bacl, T [K], ¥ |m?], M [ke] - the
pressure, the temperature, the volume and respectively the mass of the combus-
tion chamber; p_ [bar] - the atmospheric air pressure.

The mathematical model is based on the balance equations of the mass,
of the energy, and of the debit who flow through a nozzle, as well as on the
equation of polytropic expansion, {6].

The balance equation of mass applied to this model leads to:

dM . .

"ci}"' - ml - n‘lz. (1}

Considering small variations and assuming the mass flow rate, m,, to be
constant { Am, =0), the equatian under operational form and in per unit is

— -1
5 - AM“’“——-Am-; = A;M-—~———Am3, (2}
a, 54
where bar represents per unit and a, = M, /m, is the gas turbine constant
ITG, calculable on the constructive data, while the indices 0 refers to a refe-
rence system.
The energy balance equation applied to the whole gas turbine ITG is:
d . .
E;[M'hz]“ H - BB 4y Iy —rmy - by, (3)
For small variations and considering that the mass flow rate into the gas
turbine system to be a constant (Am, = 0), after some mathematical manipu-
lations, the operational form of the energy balance equation per unit becomes:
- C = C = C =
Ay =B AR Do Ay TR AR (4
1+5-a I+5-a, Tds-ap
where Cg, €, Cpy are the amplifications, calculable for the reference system
with the relations
hayy — B h P,
CBzHg' 20 10’ Ch“";l&: Cpkz . kﬁh.
20 20 My iy
Considering that the ambient parameters and the power output remain
constant, A, =0; Ak =0; AR =0, it results:
B__.AB.

Ahy=-—B

(5
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The polyiropic can one of the lower down forms:

x o B b
TVl =pYov=p T™ =T.p ¥ =pytump.T1 (€
The flow equation who gives the flow through a nozzle is, i6],.
1
2 kg
_ [ 2 ¥ ¥
mi = A.vﬁg_l—{-———f— Ee_ - ,Ei?, ) (7)
VRT, [y~H i py p;
!\
where: index “i” represent the entrance in the nozzle: index “e” signifies the
k .
exit from the nozzle; v =m———{) is the real polytropic exponent; 1 is the
[l § B ¥/
C - a .
average output of the steps group: & =-£ is the adiabatic average exponent
[

I

of the steps group.

Assuming the ambient temperature to remain constant during the pro-
cess, p, = p, = constant, after some mathematical manipulations, the opera-
tional form per unit becomes:

Afity =C, - Ap —0.5- AT, (8)

where (=1-0.35

Making the reasonable assumption that the combustion gas behaves like

a perfect gas, then we may use the perfect gas equation
p¥=MRT. {9
Considering the small variations and taking into consideration that the
volume V of the combustion chamber remains constant and the relation bet-

ween the enthalpy and the temperature, per unit, it results the relation
AP = AM + Ah,. (10}

3. DETERMINATION OF POWER OUTPUT

The net power outpur can be calculated, in this case, with the relation:

By =0 U= (i

b4l
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3 Dynamic modelling of gas furbines

Transforming it in per unit, considering the small variations and the fact
that the ambient enthalpy is constant, Ai’?; =(, the following equation is ob-
tained

AP = it + fza {12}

net

Taking into consideration the previous relations, (2) and (10), who give
the expression of the mass M variations and of the > pressure p as well as of the
relation between the enthalpy and the pressure, AT = A/zz, the mass at the exit
is

_ g, -05)a,5 ~
Aty = 202 A
2 C('{"a[‘g - (13}

Therefore, the net power variation depending on the gas enthalpy vari-
ation at the exit from the gas turbine is:

= I+a, s
net mwﬂiﬁ (14)
] a; C,+05
where: a, :E-; a, :MME_‘-al'
I !

The net power variation with the input combustible variation, taking into
consideration those which we established previous, is

. CAB. .
l+a,-s I+a,-s (13)

et 7

The block diagram of the gas turbine installation, proposed for the simu-
lation, written in SIMULINK language, {7}, is shown in fig. 3.
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@ i
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Fig. 3 ~ The simplified block diagram.

4. SIMULATION RESULTS

A special importance in any simulation have the specific time constant
gas turbine, respectively airg/, as well as the adiabatic exponent; the com-
pressor rate, as well as the gas turbine rate, have high values. Also it has been
analysed the adiabatic exponent influence on the time constants aifg? and
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aitg3, see tab. 2, from which it results that these decrease during the increas-
ing of the adiabatic.

Table 2

The adiabatic exponent influence on the time constants

k a, a3

1.4 0.2359 a, 0.2180 a,
135 0.2484 a, 0.2242 a,
1.3 G.2633 &, 0.2317 a,
1.25 0.2814 a, 0.2407 a,
1.2 0.3039 &, 0.2519 a
1.1 0.3700 a, 0.2850 a,

In fig. 4 is presented the exquisite importance, pi/p,, on the dynamic
behaviour, from which we observe that a greater ratio is also favourable from
a dynamic sight.
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Fig. 4 - The influence of pressure ratio for dynamic.

The time constants’ influence on the dynamic behaviour and on the net
power is presented in fig. 5. The time constants used in simulation studies
affect the performance of the derived gas turbine model and the fuel and
governor system are the significant effect.
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The fuel system consists of the fuel valve and the actaator, [7]. The fuel
flow cut of the fuel systems results from the inertia of fuel system actuator
and the valve positioner:

AB = a kg -(MF+&}-€:“I'S-AF), (16)
(@ kp kg +e)+brct,)s+b1,-5°

where: a, b, ¢ — valve parameters for positioner; k; — feedback coefficient;
kg — fuel system gain constant; 7; - fuel system time constant; MF — minimum
fuel signal, specific; o - rotation speed of the turbine, from the generator model;
T — fuel system pure time delay; F - fuel demand signal, from a controller,

The gas turbine controller regulates both the gas turbine and the gas tur-
bine generator. From the dynamic performances shown for the derived model, it
can be stated that this simple representation of single shaft gas wrbine is valid
for power systern stability studies. Despite the different time constants used, the
derived model was able to approximate quite closely the measured test results.

The paper established a theoretical way of finding a suitable model of
a single shaft gas turbine, mainly for power system stability studies. The
author are in the process of performing a similar task for the twin shaft

arrangements of a gas turbines.

Received March 18, 1998. “Politehnica” University of Bucharest
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