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Abstract. This paper deals with gas turbine dynamic modeling and the control system designed for the transient
analysis of single shaft gas turbines. The main subsystem comprising a gas turbine, have been modeled: compressor,
combustor chamber and turbine. The mathematical models of each component are described with the aid of unsteady
one-dimensional governing equations and steady-state component characteristics. The adopted controller stucture
should maintain constant rotational speed and target temperature of the turbine inlet. The simulation code, devel oped
in Matlab-Smulink using an object-oriented approach, is flexible and can be easily adapted to any kind of plant
configuration. Smulations of the transient dynamics have been carried out for a single-shaft gas turbine engine. Time
plots of the main variables associated with the gas turbine dynamic behavior are shown.
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1. INTRODUCTION

Gas turbines suffer transient operation duringtgparload change and shutdown as well as underratato
conditions such as emergency. During the transipatation, system response time should be as abgubssible and
temporal peaks of main states such as turbine tieseperature and rotational speed should not excestdin reference
values required for safe and reliable operatioreré&fore, a precise prediction of the transient bigiaof gas turbine
engines is very important for stable operation|tfdiagnosis, controller design, and so on.

Analytical and experimental investigations of thensient behavior of gas turbines began arounckdny 1950s.
Several models and methods for predicting the keahdehavior of gas turbines have been proposddagplied in
analyzing system dynamic characteristics. In théyetages of those works, the gas turbine wasaqipiated as first-
order system with the response of rotor speedsteachange on fuel flow being a simple lag. Thmedels have been
used and modified for designing a speed contrelidr a frequency domain analysis (Rowen, 1983ganother works
more recent (Camporeadtal.,1997, Kimet a.l, 2001, Schobeirét al.,1994) dynamic simulations have been executed
in the time domain introducing conservation equasets.

In this work, models are developed to describetthesient behavior of gas turbines, and appliethéodynamic
simulation of a real engine. The mathematical mafedcribing system dynamics is derived on the bafsimsteady
one-dimensional conservation equations and stegatg sharacteristics of components (Camporetlal., 1997,
Schobeiriet al., 1994 ). The model is simulated by using Simulink/MAAB® with an object-oriented approach, this
code is flexible and can be easily adapted to amy &f plant configuration. The adopted controlteys, that to used in
previous works of gas turbine control (Hajagos @&wetube,2001, Hannet and Khan,1993, Rowen 1983) show
structure that consists in two control-loops: spead temperature, both based on PID control. Arragmh used in
previous work (Carrera,2006a, Carrera,2006b) basedptimization technique, is proposed for the rignof the
control system parameters. This controller shaulintain constant rotational speed and target tesyre of the
turbine inlet or outlet. Simulation tests of tharisients are carried out for a single-shaft geasirta engine. Time plots
of the main variables that describe the gas turbymamic behavior are shown and discussed.

2. GAS TURBINE MODEL

The model adopted in this paper consider compressml turbines as volume less elements; a cap@béyum is
introduced between these elements in order toitakeaccount the unsteady mass balance; this puoeedas adopted
in works (Alves, 2003, Camporeateal., 1997, Silva, 2006, Horobin, 1999, Saravanamuttad., 1990, Schobeirét
al., 1994, Schobeiri, 2004).



The burner is modeled as a pure energy accumukaborall the components, the algebraic equatioeseanged in
such a way that the output values can be obtaired the input variables without iterative calcutats. In most cases,
the input variables are referred to the enterimgvflSimilarly, the output variables are referredthe exiting flow.
However, in order to determine the matching betweempressor and first stage turbine, it is necgsgatake into
account the pressure in the downstream blockstHi®mreason, in some cases, a variable referreldetanlet flow is
evaluated as a function of the properties of thgnexflow.

2.1. Compressor Model

During the transient the compressor module is clemed as a volume less component. Thus, it imssduhat the
behavior is considered as a quasi-steady composerthat a steady state compressor map is usedn@peprovides
the corrected mass air flow ratee() and the isentropic efficiency of compressgy)( as a function of pressure ratio
Py = pout/Pin and corrected rotational speed/{/6).

me =f1(PRvn/\/§) 1)
Ne =f2(PRxn/\/§) 2
The functions represented by Eq. (1) and Egaf@)numerically evaluated through interpolatiordagitized maps

as illustrate in the Figure 1. The function blodlobk-up-tables” present in a library of the SimiMATLAB © is
used to interpolate the maps.
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Figure 1. Compressor maps.

The corrected mass flow is defined by

NG
m,=m (T) (3)
wherem is defined as mass flow rate and,
Tp Pp
6 =— d §=— 4
T, an 2 4)

Tp andP, are the temperature and pressure at the desigh pod theP, andT, are the standard day pressure and
temperature. The air temperature at the compressiis given by

1
Tout = Tin [1 + U_(PRya -1 (5)
c
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where y, is defined as,

R
Cp,airM

Ya = (6)

Cpair »R @andM are the air specific heat, universal gas consiadt molar weight, respectively. The specific heat

ratio C, 4; iS evaluated at the temperattiig that is the arithmetic average between the ifijetand the outlet,,,
temperatures. The compressor mechanical powereendluated by Eq. (7).

PWC = m(Touth,air (Tout) - Tin Cp,air (Tin)) (7)
2.2. Plenum

In the model adopted in this paper, the compressdrthe turbine units are considered as volumeelessents, and
the unsteady mass balance is modeled through abatiti capacity plenum. A plenum is placed at thepressor
outlet, considering the unsteady mass balanceampecessor ducts, compressor discharge and combust@amber,
and others plena are placed between the turbigestglves, 2003, Camporeadeal., 1997, Saravanamuttca al.,
1990, Schobeirgt al., 1994, Schobeiri, 2004). The flow speed is assumeldet negligible inside the plenum, while
temperature and pressure are supposed to varawgitiytrophic law with exponemt. Applying the mass conservation
law, it follows that.

dp RT,
d_c;ut =X T:ut (M — Moyt) C))

wherel,, is the volume of plenum andis defined by
C,
= — 9
« C 9

whereC,is the specific heat at the constant pressure(anglthe specific heat at the constant volume.

2.3. Combustion Chamber

The combustion chamber has been represented ase a&pergy accumulator, neglecting the mass baldrateis
instead attributed to the upstream plenum blocle Tiside temperature and pressure is assumed hoemge and
equal to the combustor outlet values (Camporetald.,1997, Schobeiret al., 1994). The temperature dynamics is
obtained from the unsteady energy conservationritesby.

dTout

7 = .B(mairhair + mg (hf + nfLHV) - mgashgas) (10)

where h is defined as enthalpyy, as fuel's efficiency andLHV as low heating value. The subscribes
f and gas represent respectively, the fuel and the combugases. They,,, andg are:

Myas = Mgy + Mg (11)
RTput

= 12

B C.P (12)

The enthalpy of the air and the gases are calalitzeed on the specific heats,; andc, 44s. The coefficients are
the functions of temperature evaluated by the pmtyial,

¢, = 4186((((CsT + CIT + C)T + C,)T + C;) (13)

whose coefficients was obtained in (Barbosa, 208%]),are shown in Table 1.



Table 1. Coefficients of polynomiaj,.

Coefficients|  Air (200 — 800 K) Ga(%%%o_f ggomob‘}g“o"
c, 0.24336328 0.19075549
C, 0.329211648 » 10% | 012752498 » 10~
Cs 0439514+ 10~ | —0.54651988 » 10~
C, 010126885 10° | 0.89378182 « 1011
C. 0.89883655 « 1013 0

The pressure drop across the industrial combustiamber is around 2%, and it's evaluated by

Pin = KPoyt (24)
where k is the constant based on each type of the condoustiamber (Barbosa, 2005, Saravanamuttoal.,
2005).

2.4. Turbine

The model adopted to represent the expansion wiibigimilar to the compressor model, under theothesis that
the turbine module behavior can be considered aigt@ady component. The turbine characteristigeezias illustrate
by Figure 1.b and 2, can be used to estimate threated mass flown,. and isentropic efficiency, (Camporealet al.,
1997, Saravanamuttoo, 1990, Schobeiri 199Mese variables are functions of the expansita Pg and the turbine
corrected speedhi(+/6) (Eg. (1) and Eq. (2)). Knowing the value of thergmeter it is possible to evaluate the mass
flow rate across turbine as a function of tempegatund pressure at the turbine inlet using the(Es).

6

Mmip = mcﬁ (15)
The temperature at the end of expansion in therteris given by the relationship expressed by
Tour = Tin[1 = 1:(1 = Py7)] (16)
where y, is defined as,

- 17)
Y9 = G M
The powerPw, produced by the expanding gas is given by
Pwy = My (hin — hout) (18)

Corrected Mass Flow

Pressure Ratio

Figure 2. Turbine map.
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2.5. Shaft Dynamic

The angular acceleration of the shaft joining caespor, turbine and, eventually, applied load iegiby the
angular momentum equilibrium. This equilibrium degeon moment of inertia which includes the inertia effects of
the shaft and of the other connected devices (Ceenf1997, Carrera,2006a, Carrera,2006b, Schd#9d) and is
given by

dw 1

E = m(PWt - PWC - PWL) (19)

wherew represents the angular velociBw; is the internal mechanical power of the turbiRe;, is the internal
mechanical power required by the compressor Bnglis the mechanical power required by the electtimzd.

2.6. Single Shaft Gas Turbine Flow Diagram
The flow diagram of the single shaft model issthated by

Figure 3. This diagram shows the interaction betwide models of the compressor, plenum, combusti@amber and
shaft, and their respective equations are indicated

Eq. (11)

Combustion HLLL
Chamber

Tout Eq.(16)

min  Eq.(15)

Compressor Plenum Turbine

Tout Eq. (5)

P Eq.(8)

Pwe Eq.(7) W Eq.(18)

W Eq.(18) Pw Eq.(17)

Figure 3. Flow diagram of single shaft gas turbimith the respective equations.
2.7. Simulation Results
This section shows the simulation results of sirsgjlaft gas turbine model proposed in this papegeieric engine

with 3MW of power was utilized for this purposegtie 4 illustrate the response of the engine subdib steps input
of fuel flow.
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Figure 4. Simulation results. (a) fuel flow, (b)asthspeed, (c) mass flow, (d) pressure of the cesgar outlet, (e)
burner temperature exit, (f) transient in the coespor map.

The behavior of the speed, mass and pressurelated¢o each other, and shows characteristicdasias the first
order systems. The temperature response, exhibisbwots as expected, because of the fast charthe &del flow.
Every illustrations, shows a transient behavioryveimilar to the results generated by commercidinvsoe as
GasTurlf and GSPB, and results proposed by technical literature ¢8)v2003, Camporeak al., 1997, Hajagos and
Berube,2001, Kinet al.,2001, Saravanamutt@bal., 1990).

3. CONTROL SYSTEM

The transients of the industrial gas turbines regme a very important aspect of performance intedat power
systems. The response of shaft speed to disturbaasechange load, is essential for the dynamifoieance of
electrical power systems. In most generator driygag turbines, the rotational speed should be altedrat constant
value after perturbations.

The adopted control system structure , with minodifications, has been used in previous works a¥ wirbine
control (Hajagos and Berube,2001, Hannet and KB&3)L Its structure consists in two control-looppeed and
temperature, both based on PID control and istiitis by Figure 5.
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Figure 5. Block diagram for the speed and tempegatantrol.
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An approach based on optimization technique is gge@ for the tuning control system parameters. HH¥s
parameters (Table 2) were obtained by the optinozaechnique Nelder-Mead (Carrera,2006a, Carré@®R). The
cost function employed is

] =

N-1

Z error(k)? + 10u(k)?

k

(20)

Table 2. PID parameters.

Ky

0.1808

K;

0.112/

Kp

0.0692

3.1. Simulation Results

The proposed simulation considers that the systperates in the equilibrium point, after 1 second kbad is
reduced to 40% of nominal load. Figure 6 showdridmesient response of the main variables of theérothed system.
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Figure 6. Simulations results of the system coledol(a) load, (b) response from control (fuel fjoye) shaft speed,
(d) combustion chamber outlet temperature.



In accord with the Figure 6.c, the controlled systidemonstrated a good performance, the shaft sgeete less
the 0.3% of the nominal speed, and the controlaesp (fuel flow) maintain under of the restrictiofsaturation)
imposed. The proposed control system with optim&emeters, regulated the shaft speed after pattan in load as
expected.

4. CONCLUSION

A dynamical nonlinear model of a gas turbine enggnproposed and applied to the realistic simutetiorhe main
components of a gas turbine are modeled by usinfprpgance maps and differential equations are based
conservation mass, energy and momentum. The reshttiined in transients simulations of the singjafisgas turbine
model, showed similar results as were proposedelhnical literaturegAlves, 2003, Camporealet al., 1997,
Saravanamuttoet al., 1990, Schobeirét al., 1994, Schobeiri, 2004) and generated results bynwential software as
GasTurlf and GSP.

A control system was adopted based on PID contra@led an approach for tuning the parameters igqaed. The
parameters were obtained using an optimizationnigole, reached the purpose, and regulated the spaéid after
perturbation of load as expected.
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