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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, developed 
in Matlab-Simulink using an object-oriented approach, is flexible and can be easily adapted to any kind of plant 
configuration. Simulations 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 during startup, load change and shutdown as well as under abnormal 

conditions such as emergency. During the transient operation, system response time should be as short as possible and 
temporal peaks of main states such as turbine inlet temperature and rotational speed should not exceed certain reference 
values required for safe and reliable operation. Therefore, a precise prediction of the transient behavior of gas turbine 
engines is very important for stable operation, fault diagnosis, controller design, and so on. 

Analytical and experimental investigations of the transient behavior of gas turbines began around the early 1950s. 
Several models and methods for predicting the transient behavior of gas turbines have been proposed and applied in 
analyzing system dynamic characteristics. In the early stages of those works, the gas turbine was approximated as first-
order system with the response of rotor speed to a step change on fuel flow being a simple lag.  These models have been 
used and modified for designing a speed controller with a frequency domain analysis (Rowen, 1983). In another works 
more recent (Camporeale et al.,1997, Kim et a.l, 2001, Schobeiri et al.,1994) dynamic simulations have been executed 
in the time domain introducing conservation equation sets. 

In this work, models are developed to describe the transient behavior of gas turbines, and applied to the dynamic 
simulation of a real engine. The mathematical model describing system dynamics is derived on the basis of unsteady 
one-dimensional conservation equations and steady state characteristics of components (Camporeale et al.,1997, 
Schobeiri et al.,1994 ). The model is simulated by using Simulink/MATLAB© with   an object-oriented approach, this 
code is flexible and can be easily adapted to any kind of plant configuration. The adopted control system, that to used in 
previous works of gas turbine control (Hajagos and Berube,2001, Hannet and Khan,1993, Rowen 1983) show a 
structure that consists in two control-loops: speed and temperature, both based on PID control. An approach used in 
previous work (Carrera,2006a, Carrera,2006b) based on optimization technique, is proposed for the tuning of the 
control system parameters.  This controller should maintain constant rotational speed and target temperature of the 
turbine inlet or outlet.  Simulation tests of the transients are carried out for a single-shaft gas turbine engine. Time plots 
of the main variables that describe the gas turbine dynamic behavior are shown and discussed. 
 
2. GAS TURBINE MODEL 

 
The model adopted in this paper consider compressors and turbines as volume less elements; a capacity  plenum is 

introduced between these elements in order to take into account the unsteady mass balance; this procedure was adopted 
in works (Alves, 2003, Camporeale et al., 1997, Silva, 2006, Horobin, 1999, Saravanamuttoo et al., 1990, Schobeiri et 
al., 1994, Schobeiri, 2004).   
  



The burner is modeled as a pure energy accumulator. For all the components, the algebraic equations are arranged in 
such a way that the output values can be obtained from the input variables without iterative calculations. In most cases, 
the input variables are referred to the entering flow. Similarly, the output variables are referred to the exiting flow. 
However, in order to determine the matching between compressor and first stage turbine, it is necessary to take into 
account the pressure in the downstream blocks. For this reason, in some cases, a variable referred to the inlet flow is 
evaluated as a function of the properties of the exiting flow. 
 
2.1. Compressor Model 

 
During the transient the compressor module is considered as a volume less component.  Thus, it is assumed that the 

behavior is considered as a quasi-steady component, so that a steady state compressor map is used. The map provides 
the corrected mass air flow rate (��) and the isentropic efficiency of compressor (��), as a function of pressure ratio 
�� � ��	
 ���⁄  and corrected rotational speed (� √�⁄ ).  

 
�� � �����, � √�⁄ ) (1) 

 
 �� � �����, � √�⁄ ) (2) 

 
The functions represented by Eq.  (1) and  Eq. (2) are numerically evaluated through interpolation on digitized maps 

as illustrate in the Figure 1. The function block “Look-up-tables” present in a library of the Simulink/MATLAB ©  is 
used to interpolate the maps. 

 
 (a) 

 

(b) 

 
 

Figure 1. Compressor maps.  
 
The corrected mass flow is defined by 

 

�� �  � �√�
� � (3) 

     
where � is defined as mass flow rate and, 
 

� � ����    and   δ � P!P"  (4) 

 �� and P! are the temperature and pressure at the design point, and the �� and �� are the standard day pressure and 
temperature. The air temperature at the compressor exit is given by 

 

��	
 � ��� #1 % 1
��

���&' ( 1)* (5) 
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where  +, is defined as, 
 

+, � -
./,,�12 (6) 

 ./,,�1  , - and 2 are the air specific heat, universal gas constant and molar weight, respectively. The specific heat 
ratio ./,,�1 is evaluated at the temperature T4 that is the arithmetic average between the inlet T56 and the outlet T789 
temperatures. The compressor mechanical power can be evaluated by Eq.  (7). 

 

 
2.2. Plenum 
 

In the model adopted in this paper, the compressor and the turbine units are considered as volume less elements, and 
the unsteady mass balance is modeled through an adiabatic capacity plenum. A plenum is placed at the compressor 
outlet, considering the unsteady mass balance in: compressor ducts, compressor discharge and combustion chamber, 
and others plena are placed between the turbine stages (Alves, 2003, Camporeale et al.,1997, Saravanamuttoo et al., 
1990, Schobeiri et al., 1994, Schobeiri, 2004). The flow speed is assumed to be negligible inside the plenum, while 
temperature and pressure are supposed to vary with a polytrophic law with exponent :. Applying the mass conservation 
law, it follows that. 

 ;��	
;< �= -��	
>/ ���� ( ��	
) (8) 

 
where >/ is the volume of plenum and = is defined by 
 

=� ./.? (9) 

 
where ./is the specific heat at the constant pressure, and .? is the specific heat at the constant volume.  
 

2.3. Combustion Chamber 
 

The combustion chamber has been represented as a pure energy accumulator, neglecting the mass balance that is 
instead attributed to the upstream plenum block. The inside temperature and pressure is assumed homogeneous and 
equal to the combustor outlet values (Camporeale et al.,1997, Schobeiri et al., 1994). The temperature dynamics is 
obtained from the unsteady energy conservation describe by. 

 ;��	
;< � @��,�1A,�1 % �BCAB % �BDE>F ( �G,�AG,�) (10) 

 
where A is defined as enthalpy, �B as fuel’s efficiency and DE> as low heating value. The subscribes 

 � H�; IHJ represent respectively, the fuel and  the combustion gases. The �G,� and @ are: 
 �G,� � �,�1 % �B (11) 
 

@ � -��	
.?�  (12) 

 
The enthalpy of the air and the gases are calculated based on the specific heats, K/,,�1 and K/,G,�. The coefficients are 

the functions of temperature evaluated by the polynomial, 
 
K/ � 4186C���.O� % .P)� % .Q)� % .�)� % .�F (13) 

 
whose coefficients was obtained in (Barbosa, 2005), and are shown in Table 1. 
  

  
  

 �R� � �S ���	
./,,�1���	
) ( ���./,,�1����)) (7) 



Table 1. Coefficients of polynomial K/. 
 

Coefficients Air (200 – 800 K) 
Gases of combustion 

(800 – 2000 K) .� 0.24336328 0.19075549 .� (0.329211648 [ 10\P 0.12752498 [ 10\Q .Q 0.439514 [ 10\] (0.54651988 [ 10\] .P 0.10126885 [ 10\^ 0.89378182 [ 10\�� .O (0.89883655 [ 10\�Q 0 
 

 
The pressure drop across the industrial combustion chamber is around 2%, and it’s evaluated by  
 ��� � _��	
 (14) 
 
where ̀  is the constant based on each type of the combustion chamber (Barbosa, 2005, Saravanamuttoo et al., 

2005). 
 

2.4. Turbine 
 

The model adopted to represent the expansion turbine is similar to the compressor model,  under the hypothesis that 
the turbine module behavior can be considered a quasi-steady component.  The turbine characteristic curves as illustrate 
by Figure 1.b and 2, can be used to estimate the corrected mass flow ��  and isentropic efficiency �
 (Camporeale et al., 
1997, Saravanamuttoo, 1990, Schobeiri 1994) . These variables are functions of the expansion ratio Pa and the turbine 
corrected speed (� √�⁄ ) (Eq. (1) and Eq. (2)). Knowing the value of the parameter it is possible to evaluate the mass 
flow rate across turbine as a function of temperature and pressure at the turbine inlet using the Eq. (15).   

 

��� � ��
�

√� (15) 

 
The temperature at the end of expansion in the turbine is given by the relationship expressed by 

 
��	
 � ���b1 ( �
C1 ( ��

&cFd (16) 
 

where  +G is defined as, 
 

+G � -
./,G,�2 (17) 

 
The power �R
 produced by the expanding gas is given by 
 

 

 
 

Figure 2. Turbine map. 
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2.5. Shaft Dynamic 
 

The angular acceleration of the shaft joining compressor, turbine and, eventually, applied load is given by the 
angular momentum equilibrium. This equilibrium depend on moment of inertia e which includes the inertia effects of 
the shaft and of the other connected devices (Camporeale,1997, Carrera,2006a, Carrera,2006b, Schobeiri 1994)  and is 
given by 

 
where R represents the angular velocity, �R
   is the internal mechanical power of the turbine, �R�  is the internal 

mechanical power required by the compressor and, �Rf  is the mechanical power required by the electrical load. 
 
2.6. Single Shaft Gas Turbine Flow Diagram 
 

 The flow diagram of the single shaft model is illustrated by  
Figure 3. This diagram shows the interaction between the models of the compressor, plenum, combustion chamber and 
shaft, and their respective equations are indicated. 

 

 
 

Figure 3. Flow diagram of single shaft gas turbine, with the respective equations. 
  

2.7.  Simulation Results 
 

This section shows the simulation results of single shaft gas turbine model proposed in this paper. A generic engine 
with 3MW of power was utilized for this purpose. Figure 4 illustrate the response of the engine submitted to steps input 
of fuel flow.  
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(a) (b) (c) 

 
(d) (e) (f) 

 
Figure 4. Simulation results. (a) fuel flow, (b) shaft speed, (c) mass flow, (d) pressure of the compressor outlet, (e) 

burner temperature exit, (f) transient in the compressor map. 
 
The behavior of the speed, mass and pressure are related to each other, and shows characteristics similar as the first 

order systems. The temperature response, exhibit overshoots as expected, because of the fast change of the fuel flow. 
Every illustrations, shows a transient behavior very similar to the results generated by commercial software as 
GasTurb© and GSP©, and results proposed by technical literature (Alves, 2003, Camporeale et al.,1997, Hajagos and 
Berube,2001, Kim et al.,2001, Saravanamuttoo et al., 1990). 

 
3. CONTROL SYSTEM 
 

The transients of the industrial gas turbines represent a very important aspect of performance in electrical power 
systems. The response of shaft speed to disturbances, as change load, is essential for the dynamic performance of 
electrical power systems. In most generator driving gas turbines, the rotational speed should be controlled at constant 
value after perturbations. 

The adopted control system structure , with minor modifications, has been used in previous works  of gas turbine 
control (Hajagos and Berube,2001, Hannet and Khan,1993).  Its structure consists in two control-loops: speed and 
temperature, both based on PID control and is illustrate by Figure 5.    

 

 
 

Figure 5. Block diagram for the speed and temperature control. 
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An approach based on optimization technique is proposed for the tuning control system parameters. The PID’s 

parameters (Table 2) were obtained by the optimization technique Nelder-Mead (Carrera,2006a, Carrera,2006b). The 
cost function employed is 

 
 

Table 2. PID parameters. 
 g/ 0.1808 

gh  0.1124 g� 0.0692 
 

 
3.1. Simulation Results 
 

The proposed simulation considers that the system operates in the equilibrium point, after 1 second the load is 
reduced to 40% of nominal load. Figure 6 shows the transient response of the main variables of the controlled system. 
 

(a) (b) 

 
(c) 

 
(d) 

 
Figure 6. Simulations results of the system controlled. (a) load, (b) response from control (fuel flow), (c) shaft speed, 

(d) combustion chamber outlet temperature. 
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In accord with the Figure 6.c, the controlled system demonstrated a good performance, the shaft speed change less 
the 0.3% of the nominal speed, and the control response (fuel flow) maintain under of the restrictions (saturation) 
imposed. The proposed control system with optimized parameters, regulated the shaft speed after perturbation in load as 
expected.   
 
4. CONCLUSION 
 

A dynamical nonlinear model of a gas turbine engine is proposed and applied to the realistic simulations. The main 
components of a gas turbine are modeled by using performance maps and differential equations are based on: 
conservation mass, energy and momentum. The results obtained in transients simulations of the single shaft gas turbine 
model, showed similar results as were proposed by technical literatures (Alves, 2003, Camporeale et al., 1997, 
Saravanamuttoo et al., 1990, Schobeiri et al., 1994, Schobeiri, 2004) and generated results by commercial software as 
GasTurb© and GSP©.  

A control system was adopted based on PID controller, and an approach for tuning the parameters is proposed. The 
parameters were obtained using an optimization technique, reached the purpose, and regulated the shaft speed after 
perturbation of load as expected. 
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