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Abstract 
 
In this study, a program for analyzing the transient behaviors of heavy-duty gas turbines was developed. Focus was given to simulating 

a practical load-following operation. A distinct feature of our work is that all of the gas turbine components are modularized to enhance 
the expandability of the program. We used object-oriented programing for this purpose. Mass and energy balances and performance 
maps for the compressor and turbine were used for the modeling, and a multivariable numerical solving technique was used to enhance 
the numerical stability. The fundamental thermodynamic modeling of the program was validated by comparison of the transient response 
of a simulated gas turbine with that of a commercial program. PID control was adopted for simultaneous control of the rotational shaft 
speed and turbine exhaust temperature by the modulations of the fuel flow and the opening of the compressor inlet guide vane at the 
same time. The influence of the magnitude of load change and ramp rate was investigated. Stable control of the gas turbine was possible, 
even for a very rapid change of load.   
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1. Introduction 

Gas turbine technology has developed remarkably since its 
full-scale introduction to the electric power generation market 
in the 1980s, and it is now one of the main sources of power. 
Gas turbines have future prospects in the forthcoming age of 
renewable energy due to their various advantages over other 
technologies, such as steam turbine plants powered by fossil 
fuels (mostly coal). The major renewable technologies such as 
solar and wind power have a critical drawback of intermittent 
power generation. Owing to the advantage of swift power 
change, the gas turbine is the most reliable power source that 
can rapidly back up the electric grid in response to the fluctu-
ating power generation of renewable sources [1].  

The demand for gas turbines and the gas/steam-turbine 
combined cycle is expected to remain high in the future. 
However, even faster responses to changes in electric load will 
eventually be required from the electricity market. Such a 
market demand will bring about the need for further technol-
ogy developments in future gas turbines. Research and devel-
opment are needed to ensure stable operation in the rapidly 
changing working conditions.  

When the power supply of an electrical grid becomes un-
stable, a gas turbine rapidly performs a load change (accelera-
tion and deceleration) to resolve the situation. This rapid load 
change or repetitive extreme conditions such as start-up and 
shut-down can damage the gas turbine. A rapid load change 
damages the hot part of the gas turbine (the turbine blades) 
and the heat recovery steam generator of combined cycle 
power plants. Frequent changes in working conditions of the 
critical components decrease their lifetimes and raise safety 
issues for the entire power plant. Therefore, to avoid extreme 
conditions, precise prediction of the transient state change 
inside every component in the early stages of gas turbine de-
velopment is very important. An optimized operation scheme 
enabled by precise prediction will contribute to a more stable 
and swift load change of the developed gas turbine. 

Methods for analyzing the transient behaviors involve either 
an experiment or an analysis through simulation. In the case of 
experiments, relatively accurate behavior analysis is possible, 
but there are numerous limitations regarding time and costs. 
Therefore, simulation is generally preferred. However, the 
results of simulation depend on the analysis models. There 
have been various efforts to enhance the simulation accuracy. 
Some recent works compared the dynamic behaviors of an 
actual power plant and those predicted by commercial pro-
grams with different analysis models [2, 3]. There have also 

*Corresponding author. Tel.: +82 32 860 7307, Fax.: +82 32 868 1716 
E-mail address: kts@inha.ac.kr  

† Recommended by Associate Editor Jae Dong Chung 
© KSME & Springer 2016 



5818 J. H. Kim et al. / Journal of Mechanical Science and Technology 30 (12) (2016) 5817~5828 
 

 

been efforts to increase the expandability of programs via 
object-oriented simulation [4, 5]. One study analyzed the dy-
namic behaviors of a gas turbine using the nonlinear autore-
gressive exogenous (NARX) model [6]. 

The major commercial programs used for performance 
analysis of gas turbines are GasTurb [7], GateCycle [8], GSP 
[9], PROOSIS [10], ProTRAX [11] and NPSS [12], and gas 
turbine performance can be analyzed by selecting pre-
manufactured components with the program interface. To 
stably assist users with fewer specialties, some commercial 
programs limit their access to the mathematical models. This 
might be useful for a non-professional conducting gas turbine 
performance analysis. However, this also means that the scope 
of the performance analysis can be limited, and it is difficult 
for the user to analyze various types of system configurations. 
Cases might occur where the system is very complex or the 
users are required to modify the source code for the model. To 
resolve these limits, programs based on object-oriented lan-
guages such as GSP and PROOSIS were developed [4]. Such 
languages enhance the reusability, expandability, and modu-
larization of the code, and a user can model various types of 
gas turbines more easily.  

All of the commercial programs mentioned above provide 
user-defined component modeling to some extent. However, 
each program focuses on different features, and the various 
user demands cannot all be fully satisfied. A simple example 
is the fuel choices. Natural gas is the reference fuel for gas 
turbines, but many recent studies are investigating biogas or 
syngas as new fuels. For example, some studies examined the 
Integrated gasification combined cycle (IGCC) using syngas 
[13, 14], a gas turbine combined heat and power system that 
uses biogas [15], and a micro gas turbine that uses biogas [16].  

Transient operation includes changes in rotor speed, volume 
packing, heat soakage, and time lag of the control system [17]. 
The accuracy of the analysis depends on the capability of 
modeling these factors, and the commercial programs differ 
widely in the detailed modeling. Consideration is required for 
the suitability of the component modeling for a specific analy-
sis purpose. Some commercial programs calculate the per-
formance of gas turbines by using the choking condition of the 
turbine. Heavy-duty gas turbines are mainly operated in the 
choking condition in normal operation near the design points. 
However, in the case of start-up or rapid load change, a tur-
bine performance map should be used to ensure accurate 
analysis. 

Our ultimate research goal is to develop an in-house dy-
namic simulation program capable of simulating full dynamic 
operations including load-following transient operations as 
well as full start-up and shut-down procedures. As a first step 
of this long-term development project, we set up the modeling 
of the load-following simulation and this paper presents the 
program modeling and results. The developed program mainly 
focuses on the simulation of dynamic behaviors similar to 
those of a real engine in a wide operation range. 

The program is capable of analyzing both steady state and 

dynamic behaviors. Compressor and turbine performance 
maps are used, and a turbine blade cooling model is incorpo-
rated. Various types of gaseous fuel can be used. The fuel 
flow rate and the opening of the compressor Inlet guide vane 
(IGV) can be modulated simultaneously to control the shaft 
speed and the Turbine exhaust temperature (TET). The simu-
lation considers the time lag of the control system that occurs 
when controlling the fuel flow rate and the IGV angle. The 
results of the program were validated using commercial pro-
grams, and the dynamic behavior change of the gas turbine 
was analyzed in accordance with the load profile. 

 
2. Modeling  

2.1 Overview  

The program was developed using MathWorks MATLAB 
[18]. Each component of the gas turbine was modularized by 
applying object-oriented programming, which increased the 
expandability and reusability. The configuration of the heavy-
duty gas turbine for power generation is shown in Fig. 1. Our 
current focus is on the single-shaft simple-cycle engine shown 
in the figure, but our application can be expanded easily to 
various types of gas turbines in the future due to the object-
oriented programming.  

The governing equation of the rotor shaft is given by Eq. (1). 

 
2( ) / ( ) .
60net load

dI W W N
dt
w p
= - ´& &   (1) 

 
The rotational speed of the shaft changes in transient condi-

tions due to the imbalance between the net shaft power output 
and the load. In the load-following operation, an external load 
is the input of the simulation, while the power output response 
and the resulting rotational speed are the simulation outputs.  

The entire gas turbine is modeled as a sum of several con-
trol volumes (components such as the compressor combustor, 
turbine, ducts, and so on), which satisfy mass and energy 
equations. The fluid speed is far higher than the rate of the 
rotational speed change, so each control volume is assumed to 
be in thermodynamic equilibrium in every time step [19, 20]. 
Thus, the fluid inertia in the mass and energy equations was 
ignored, and a quasi-steady state model was used. 

 
 
Fig. 1. System configuration. 
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2.2 Properties 

There are two options in the program for calculating the 
working fluid properties: ideal gas properties using tempera-
ture-dependent specific heat data, or real gas properties using 
REFPROP [21]. With ideal gas properties, the enthalpy and 
entropy at any location are calculated using the ideal gas mix-
ing rule and constant pressure specific heat data for each gas 
composition [22]. The humidity of the ambient air was taken 
into account using the water vapor pressure correlation. 

 
2.3 Compressor 

Every modern heavy-duty gas turbine uses a multi-stage ax-
ial compressor, and a portion of air is bled at several inter-
stages and fed to the turbine to cool the turbine blades. The 
exact amount of coolant bled from each location in commer-
cial gas turbines is hard to estimate precisely. However, the 
entire amount of coolant and the first-stage nozzle coolant can 
be calculated using information about the Turbine inlet tem-
perature (TIT) and Turbine rotor inlet temperature (TRIT, 
temperature at the first stage rotor inlet). The coolant of the 
turbine rows after the first-stage nozzle rotor was estimated 
using available information from previous research, such as 
the coolant distribution [23]. In off-design and transient opera-
tion, the coolant distribution is assumed to be the same as in 
the design conditions. If the pressure ratios of all stages are 
given, we can simply input them. Otherwise, we assume that 
the pressure ratio is equally distributed in all stages.  

The outlet enthalpy of each stage is calculated using the 
stage efficiency as in the following equation, which also pro-
vides the temperature and pressure of the turbine cooling air. 

 
, , ,
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The power consumption of the compressor is then calcu-

lated as the sum of the power consumption of each stage. 
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The compressor performance map used in the simulation is 

shown in Fig. 2. It describes relationships among dimen-
sionless speed and mass flow (  / , /in in inN T m T P& ), pressure 
ratio and efficiency. The b-lines are arbitrary lines that facili-
tate map interpolation and were used to find the operating 
point on the performance map [24]. At high rotational speed, 
there is a zone where the flow rate effectively does not change 
(i.e., the flow is choked) with changes in pressure ratio. Be-
cause the constant speed line is vertical in the zone, the pres-
sure ratio cannot be determined. To resolve this problem, the 
b-lines are used. When the operating point is determined in 
the performance map, the flow rate, pressure ratio, and effi-
ciency are also determined.  

In the case of a heavy-duty gas turbine, the rotor shaft 
should be controlled to maintain a constant speed during all 
operations. The turbine exhaust temperature is also controlled 
to maintain as high a value as possible. This is usually done to 
provide a high partial load efficiency for combined cycle 
power plants. To control the turbine exhaust temperature, the 
IGV angle is adjusted to modulate the mass flow rate through 
the compressor. The shape of the performance map changes 
when the mass flow rate changes as a result of the IGV angle 
adjustment. The changes in the shape of the compressor per-
formance map are simulated according to the IGV angle. This 
is done by multiplying the mass flow rate and pressure ratio 
by the scaling factors regarding the IGV angles defined by the 
following equation:   

 
,   .sc o IGV sc o IGVm m sf PR PR sf= ´ = ´& &   (4) 

 
2.4 Combustor 

Complete combustion is assumed [25]. A wide range of 
gaseous fuels (natural gas, syngas, biogas, etc.) can be simu-
lated because the fuel composition can be selected by the user. 
In the design calculation, an exact amount of fuel supply is 
calculated to achieve the target performance of the gas turbine 
(net power and efficiency). In off-design and transient analy-
ses, the fuel supply is controlled to match the net power output 
to the required load. 

 
2.5 Turbine 

A stage-by-stage calculation was used in our turbine model-
ing. Cooling of the hot sections, (especially turbine blades) is 
important because gas turbines are operated at high tempera-
tures for a long time. Therefore, to accurately simulate the 
performance of a heavy-duty gas turbine, turbine cooling 
modeling must be conducted. However, accurate modeling of 
the turbine cooling for commercial engines is difficult because 
there is little information about the details of the cooling 
schemes. A number of turbine cooling models have been sug-
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Fig. 2. Compressor performance map. 
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gested, with various advantages and disadvantages. The 
cooled turbine stage model in Fig. 3 was used in our program.  

Coolant is bled from the inter-stages of the compressor and 
used for cooling the nozzles and rotors of the turbine. The 
power output is generated by the expansion of fluid in the 
rotor. All the coolant of the nozzle and a portion of the coolant 
of the rotor (f) contribute to the turbine output produced by the 
rotor. The fluid expands from the rotor inlet Fig. 3(a) to the 
rotor outlet Fig. 3(b). The coolant (1-f) that does not contribute 
to the power output is mixed at the rotor outlet and becomes a 
final-stage outlet condition Fig. 3(c).  

The stage efficiency and the turbine power output, which is 
the sum of all stage outputs, are defined by the following 
equations:  

 

,
,
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The pressure ratio and efficiency of each stage can be indi-

vidually specified as calculation inputs. We assumed an equal 
pressure ratio distribution and an identical efficiency in our 
sample calculation.  

Our cooled stage model is similar to the cooling model of 
GateCycle [8]. The detailed equations of the GateCycle model 
were not available, but the factor f is similarly defined. We 
performed calculations for arbitrary cooled turbine stages 
using the same f and stage efficiency in both our program and 
GateCycle, which showed very close values. This confirmed 
that our turbine model is at least as feasible as that of the 
commercial program. The factor f is set as 0.5 in our sample 
calculation.  

Fig. 4 shows the turbine map used for our calculation. The 
b-lines in the turbine map are used for the easiness of map 
interpolation as we did for the compressor map. Matching 
between the compressor and turbine maps determines an op-
erating point. It was assumed that the stage expansion ratio 
distribution and efficiencies of all stages are the same as in the 

design calculation.  
The method so far is based on the fact that a turbine map is 

available. If a turbine map is not available, the turbine off-
design model is replaced by the choking equation [26]: 
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The design points of modern gas turbines are close to a 

choked condition. Therefore, this method is feasible for indus-
trial gas turbines as long as the turbine expansion ratio does 
not deviate much from the design value. The turbine output 
calculation is the same as in the map-based method (Eq. (10)), 
but the stage efficiency is corrected using an analytical 
method [27]:  
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There are limits for using the choking condition, especially 

when the operating expansion ratio is quite low as in the start-
up operation. Therefore, using a turbine map is preferred for 
the expandability of our program. 

 
2.6 Inlet and exhaust ducts 

Ducts are used for connecting any two components. The 
pressure loss is assigned in the design point analysis, while in 
the off-design analysis, the pressure loss is corrected using the 
following equation [28]:  
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2.7 Control unit 

Heavy-duty commercial gas turbines are not always oper-

 
 
Fig. 3. Turbine cooling modeling. 
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Fig. 4. Turbine performance map. 
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ated in the steady state. Controlling gas turbines is important 
to prevent surges due to unexpected load changes or fuel sup-
ply problems and to prevent abrupt increases in the rotational 
speed and turbine inlet temperatures. A PID control method 
was used to stably control a gas turbine in the transient state, 
as shown in Fig. 5. Similar controls based on PID logic to 
control both the speed (or power) and exhaust temperature 
have been successfully used for transient behavior simulations 
of large heavy duty gas turbines [29], and micro gas turbines 
[30, 31].   

The entire control consists of two sub-control units: speed 
control and TET control. The manipulated variables for the 
former and the latter are the fuel flow rate and the IGV factor, 
respectively. When the rotational speed increases or decreases 
because of a load change, the fuel is controlled to maintain the 
rotational speed. In the case of partial-load gas turbine opera-
tion in combined cycle power generation, the turbine exhaust 
temperature is controlled to maintain the maximum output 
generated from the bottoming cycle. To control the turbine 
exhaust temperature, the compressor inlet air flow is con-
trolled by changing the IGV factor. The two sub-control units 
do not operate independently from each other but are cross-
coupled. The output parameter of each control unit affects the 
input parameter of the other as depicted by the connecting 
lines between the two controls. The speed control causes a 
variation in TET through the changes in firing temperature 
and compressor air flow rate, and the air flow rate controlled 
by the TET control affects the fuel flow rate.  

As shown in Fig. 5, the fuel flow rate and IGV factor should 
be controlled simultaneously. The equation of the PID control 
is shown below. The optimized proportional coefficient, inte-
grated coefficient, and differential coefficient were estimated 
by trial and error. A case study for determining the coefficient 
is presented in Sec. 3.3. 
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In real gas turbines, components such as the IGV and fuel 

valve are usually relocated by the control unit during the tran-
sient conditions. Each component is operated by an actuator, 
which has an intrinsic delay usually called actuator delay in 
the response to the command of the control unit. This delay is 
usually referred to as time lag and is simulated using the fol-
lowing equation [17]: 
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  (11) 

 
The actual fuel flow rate in the next time step is calculated 

using the demanded fuel supply and the fuel flow rate meas-
ured in the current time step in consideration of the time lag. It 
is known that the actuator delay usually increases control in-
stability. We considered the delay time by a Time constant 
(TC) in Eq. (11), and further confirmed that the delay time 
does not affect the control instability in our simulation. The 
exact time constant should be provided by the manufacturer of 
the control unit system. In this study, the time constant was set 
as 0.01 s [17]. 

 
2.8 Gas turbine performance 

After the performance analysis, the net power and effi-
ciency of the gas turbine are calculated as follows in consid-
eration of the mechanical loss, generator loss, etc.: 
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2.9 Program structure 

The structure of our program is shown in Fig. 6. A steady 
state analysis should be performed before dynamic analysis. 
The design point analysis is performed with the ISO standard 
conditions (288.15 K, 1 atm, 60 % relative humidity) using the 
input variables of the input data module. The dynamic calcula-
tion is closely related to the off-design calculation routine, 
which includes all of the essential off-design characteristic 
models of all components. The performance maps of the com-
pressor and turbine and the results of the design point calcula-
tion are used for the off-design calculation. An operating point 
that satisfies the mass and energy conservation was thus calcu-
lated. This process is called matching between components, 
especially those between the compressor and the turbine. The 
multi-dimensional Newton–Raphson method was used to 
solve the complex equation sets [32]. The dynamic calculation 
is carried out with the shaft torque balance equation, the con-
troller model, and the load input patterns.  

 
 
Fig. 5. Schematic diagram of control block. 
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3. Results and discussion 

3.1 Steady state validation 

The program was validated by simulating the General elec-
tric (GE) 7FA, which is one of the most widely used commer-
cial gas turbines. Prior to the transient analysis, the basics of 
the thermodynamic modeling were validated using steady 
state simulation. The design point performance was simulated 
with our program, GateCycle [8] and PROOSIS [10], and the 
results of three programs were compared. The design specifi-
cations from the manufacturer [33, 34] and simulation results 
are compared in Table 1. The fuel is natural gas, and its com-
position and low heating value are shown in Table 2. The 
component characteristic parameters such as the efficiencies 
of the compressor and turbine were not provided by the manu-
facturers. Thus, appropriate values satisfying the design power 
output and efficiency were estimated.  

The known turbine inlet temperature, turbine rotor inlet 
temperature, and turbine exhaust temperature were used to 
estimate the turbine coolant flow rate and stage efficiency. 
Table 3 shows the cooled turbine locations, coolant extraction 
locations, coolant flow rates, and temperatures. The coolant 
flow rates were determined by our in-house program, and the 
same values were assigned in the other commercial programs. 
The resulting coolant temperatures are slightly different 
among the three programs. The coolant temperatures of our 
program and GateCycle are quite close, even though GateCy-
cle uses a different thermodynamic database [35]. This means 
that the two property databases provide almost the same re-
sults. 

PROOSIS uses the same thermodynamic database as Gate-
Cycle. Therefore, the slightly larger deviations of its results 

from those of other two programs are due to the difference in 
calculating the coolant properties. In GateCycle and our pro-
gram, a stage-by-stage calculation naturally produces the 
coolant temperatures. However, PROOSIS uses a unique 
method of estimating coolant temperatures with a factor that 
determines the enthalpy of the coolant source [10]. The com-
parison in Table 1 shows that all of the gas turbine perform-
ance parameters (power output, efficiency, and turbine ex-
haust temperature) simulated by our program match the data 
provided by manufacturers very well (within 0.3 %). The en-
tire coolant rate was expected to be 17.83 % of the inlet air 
mass flow rate.  

Off-design analyses were performed as a second step of the 
validation of the steady state modeling, and the results were 
compared with available manufacturer data. The compressor 
and turbine performance maps used in our calculation (Figs. 2 
and 4) were taken from the PROOSIS database. They differ 
from those of the actual engine (7FA), so they were scaled to 
reproduce the performance correction curves of the engine 
provided by GE [36] sufficiently well. Fig. 7 shows the pre-
dicted performance variation with ambient temperature at full 
load conditions, where the turbine rotor inlet temperature is 
maintained at the design value. There was good agreement 
between the prediction and manufacturer data.  

Fig. 8 shows the partial load performance at an ambient 
temperature of 288.15 K. To enhance the heat recovery from 
the gas turbine exhaust, the turbine inlet temperature was 
maintained from 100 % load to 80 % partial load by control-
ling the IGV angle and fuel flow. After the IGV is fully closed, 
the power output is controlled by only the fuel flow down to 
0 % load, resulting in almost constant exhaust mass flow. The 
results of the performance prediction and the manufacturer’s  

 
Fig. 6. Program structure. 
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Table 2. Natural gas properties. 
 

Component Mole fraction (%) 

CH4 0.9133 

C2H6 0.0536 

C3H8 0.0214 

C4H10 0.0095 

N2 0.0022 

Lower heating value (kJ/kg) 49300.1 
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Fig. 7. Variation in full-load performance of 7FA with ambient tem-
perature. 

Table 3. Coolant properties for each cooled blade row. 
 

Coolant temperature (K) Cooled 
turbine 

blade row 

Coolant 
source 

(compressor 
stage exit) 

Coolant frac-
tion relative to 

compressor 
inlet air flow 

In-house 
program 

Gate 
Cycle PROOSIS 

1st nozzle 18 7.31 % 681.72 681.87 682.72 

1st rotor 17 2.87 % 652.14 651.20 653.80 

2nd nozzle 13 2.39 % 543.78 540.16 554.00 

2nd rotor 17 2.87 % 652.14 651.20 653.80 

3rd nozzle 13 2.39 % 543.78 540.16 554.00 

 

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0 0.2 0.4 0.6 0.8 1

Reference data [33]
In-house program

R
el

at
iv

e 
pa

ra
m

et
er

s

Relative power

PR

TET

TIT
Mass flow

 
 
Fig. 8. Part-load performance (288.15 K ambient temperature). 

Table 1. Design specification of gas turbine. 
 

 Parameters Manufacturer’s reference 
data [33, 34] 

In-house  
program GateCycle PROOSIS 

Air temperature (K) 288.15 288.15 288.15 288.15 
Air pressure (kPa) 101.325 101.325 101.325 101.325 

Relative humidity (%) 60 60 60 60 
Inlet 

Air flow rate (kg/s) 435 435 435 435 
Pressure ratio (-) 16 16 16 16 

Stage polytropic efficiency (%) NA 89.8 89.8 89.8 Compressor 

Number of stage (-) 18 18 18 18 
Fuel flow rate (kg/s)* NA 9.46 9.46 9.46 

Combustor 
Pressure loss (%) NA 4 4 4 

Turbine inlet temperature (K) 1670.15 1670.15 1670.15 1670.15 
Turbine rotor inlet temperature (K) 1600.15 1600.15 1600.15 1600.15 
Turbine exhaust temperature (K)* 874.25 874.25 875.60 876.00 

Number of stage (-) 3 3 3 3 
Stage efficiency (%) NA 87.8 87.8 87.8 

Turbine 

Total coolant fraction (%)* NA 17.83 17.83 17.83 
Duct Pressure loss (%) 0.5 0.5 0.5 0.5 

Shaft speed (rpm) 3600 3600 3600 3600 
Mechanical efficiency (%) NA 99 99 99 
Generator efficiency (%) NA 98.5 98.5 98.5 

GT power (MW)* 171.6 171.5 171.5 171.3 

Performance 

GT efficiency (%)* 36.80 36.80 36.78 36.78 

* Simulation outputs (the fuel flow rate and the total coolant fraction are simulation outputs in the in-house program but are used as input in the two com-
mercial programs) 
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data are very close (pressure ratio, turbine inlet temperature, 
turbine exhaust temperature, and exhaust mass flow rate).  

The results show that all of the basic modeling of our pro-
gram such as working fluid properties and component models 
are appropriate and sufficient for dynamic analysis. 

 
3.2 Transient response 

We also validated our program for simulation of the dy-
namic behavior of gas turbines. We compared results of our 
program with a reliable commercial program. Comparison 
with real operation data must be the best way to verify our 
program but obtaining precisely measured operation data suit-
able for our validation purpose was very hard. Furthermore, 
we obtained some plant operation data recently and found 
good agreements between our simulation and operation data 
but we cannot show the comparison in this paper because of 
some confidentiality issues. We are continuously advancing 
the transient simulation capability of our program and we 
expect to present comparisons with real operation data in fu-
ture publications. Finally, we decided to present comparisons 
of our program with a commercial program to verify the fun-
damental modeling of our program. There are only a few 
commercial programs that are capable of dynamic simulation. 
For example, PROOSIS provides a similar level of dynamic 
simulation capability to our program, while GateCycle pro-
vides steady state analysis only.  

To validate the fundamental thermodynamic modeling of 
the program, we simulated the transient response of the gas 
turbine to a load change profile without implementing engine 
control. The fully controlled simulation will be shown in the 
next section. Fig. 9 shows the load change profile. The engine 
is initially at the design point conditions. Then, the input load 
changes as shown in Fig. 9, and we calculated the engine’s 
response. The actual moment of inertia of the simulated com-
mercial gas turbine is not available. Therefore, we surveyed 
several sources showing the moment of inertia values for gas 
turbines that produce similar power output to the simulated 
engine [37] and used a value of 42000 kgm2 .  

Fig. 10 shows the response of the gas turbine to the load 
profile of Fig. 9. Figs. 10(a) and (b) show the variations in the 
simulated power output of the gas turbine and shaft speed. 
After a small undershoot or overshoot due to the inertia of the 
shaft, the power output quickly matches the required load. The 
small peaks in the power and speed caused by abrupt load 

changes were captured well by our program. The variations in 
turbine exhaust temperature, exhaust mass flow rate, and fuel 
flow are shown in Figs. 10(c)-(e). The turbine exhaust tem-
perature shows a large peak before the power converges to the 
load. The air and fuel flows follow the load change smoothly. 
The patterns and numerical values of the simulated results are 
quite similar to those predicted by PROOSIS, which confirms 
the validity of the fundamental transient modeling of our pro-
gram. 

 
3.3 Load-following operation 

We next simulated the realistic load-following operation of 
the gas turbine. The control module described in Sec. 2.8 was 
applied to analyze the response in accordance with arbitrary 
load changes. The performance of the PID control depends on 
the gains in the control equation. Therefore, we selected ap-
propriate gain values via trial and error. Fig. 11 shows an ex-
ample of the influence of the gains on the simulated result for 
a stepwise 10 % load reduction. Case 1 is the selected combi-
nation of the three gains (KP, KI, KD) that minimizes the devia-
tion of the rotational speed. The results of two other cases with 
different gain values are also shown for comparison. Table 4 
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Fig. 9. Load profile. 
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Fig. 10. Response to load profile without engine control: (a) Net 
power; (b) rotational speed; (c) turbine exhaust temperature; (d) tur-
bine exhaust flow; (e) fuel flow. 
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shows the gain values of the three cases.  
As shown in Fig. 11, the rotational speed of the optimized 

case experiences only a single overshoot and rapidly con-
verges to the desired value (3600 rpm), while the other cases 
show some multiple over- and undershoots and much longer 
settling time. The overshoot of case 1 is less than 0.2 %. The 
power output of case 1 converges to the required load in less 
than 15 seconds. The peak undershoot of the power is less 
than 2.5 %. The turbine exhaust temperature follows a similar 
pattern to the power with less than 2 % peak change.  

We simulated various load-following operations with the 
optimal combination of gains (Case 1). We illustrate an exam-
ple that shows the influences of the magnitude of load change 
and ramp rate on the dynamic response of the controlled en-
gine. Fig. 12 shows the three different load profiles. The initial 
conditions are the design conditions. In the first profile, the 
ramp rate which is the rate of the change of the load input was 
fixed at 30 MW/min, and the magnitude of the load change 
was 10 % (17 MW). The same ramp rate was used in the sec-
ond profile, but the magnitude of load change was increased to 
20 % (34 MW). Thus, comparison between the first and sec-
ond cases showed the influence of the load change magnitude. 
In the third profile, the magnitude of load change was the 
same as in the first profile but the ramp rate was reduced to 
10 MW/min. 30 MW/min is a typical ramp rate for a fast start-

up of F-class gas turbines [38]. Therefore, this value simulates 
a very rapid load change that represents extreme load-
following operating conditions. 

Fig. 13 shows the response of the gas turbine to the con-
trolled operation followed by the load profiles of Fig. 12. Fig. 
13(a) shows the variation in power output. In all cases, the 
power follows the load very well with only marginal under-
shoots before settling. The rotational speed increases slightly 
due to the deceasing load, and the increased shaft speed re-
mains during the load change period, as shown in Fig. 13(b). 
Then, it returns to the reference speed soon once the load 
change stops. Fig. 13(c) shows the variation in the turbine 

Table 4. Cases with different control gains. 
 

 P,fuelK  I,fuelK  D,fuelK  P,IGVK  I,IGVK  D,IGVK  

Case 1 0.0056 1(10-5) 1.75 2(10-4) 1(10-5) 0.4 

Case 2 0.008 1(10-5) 0.4 1.3(10-4) 1(10-5) 0.4 

Case 3 0.0053 1(10-5) 0.0016 1.3(10-4) 1(10-5) 0.4 

 

 
 
Fig. 11. Simulated parameter changes for a stepwise 10 % load reduc-
tion with engine control: (a) Rotational speed; (b) net power; (c) tur-
bine exhaust temperature. 

 

75.0

80.0

85.0

90.0

95.0

100.0

105.0

110.0

0 20 40 60 80 100 120

Load 10% change
Load 20% change

Load 10% change

Lo
ad

(%
)

Time(s)

Ramp rate : 30MW/min Ramp rate : 10MW/min

 
 
Fig. 12. Three different load profiles for controlled load-following 
operation. 

 

 
 
Fig. 13. Response to three different load profiles with engine control: 
(a) Net power; (b) rotational speed; (c) turbine exhaust temperature. 
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exhaust temperature. The settling time is nearly equivalent 
among the three parameters. For example, three parameters 
show the nearly same settling time of about 5 seconds at the 
end of the 10 % load change with the 30 MW/min rate (see 
the variations around 40 seconds). The actual partial load op-
eration strategy of the 7FA is to maintain the turbine inlet 
temperature from base load to 80 % load, as illustrated in Fig. 
8. However, we assumed constant turbine exhaust temperature 
operation to simply illustrate the application of the control 
logic.  

It is clear that the peak increases of the rotational speed and 
turbine exhaust temperature depend on the ramp rate. The 
peak of rotational speed is about 0.012 % in the first and sec-
ond profiles and is further reduced to 0.004 % in the third 
profile. These peak changes are well within the allowable limit 
of frequency deviation for electric power plants. This result 
tells us that the adopted PID controller is very effective for 
controlling the engine. The exhaust temperature is also con-
trolled very well with peak variation less than 0.15 %, even 
for the large ramp rate of 30 MW/min. 

The results so far show that the dynamic program with 
the control model would provide physically sound simula-
tion results and could be utilized for simulation of various 
dynamic operation scenarios in the early stages of engine 
development.  

 
4. Conclusions 

An in-house program for analyzing the dynamic behaviors 
of heavy-duty gas turbines was developed. Both the multi-
stage compressor and turbine were modeled, and the turbine 
cooling was fully considered. Compressor and turbine per-
formance maps were used. The program can simulate a wide 
operation range of load and environment conditions without 
numerical problems. 

The transient response of the gas turbine to a typical step-
wise load reduction was simulated, and the results were com-
pared with those of a commercial program. The results were 
quite close, which validated the fundamental thermodynamic 
modeling of our program.  

PID control was used to simulate the simultaneous fuel and 
IGV controls. An appropriate combination of control gains 
was obtained by trial and error to make the deviation of the 
rotational speed sufficiently small. Dynamic responses of the 
gas turbine under controlled load-following operations were 
simulated, and the influence of the load change magnitude and 
ramp rate was examined. Stable control of the gas turbine is 
possible, even for a very rapid change of load. 

This study set up a reliable program to simulate the dy-
namic operation of heavy-duty gas turbines based on thermo-
dynamic models, component characteristics, and control logic. 
In the subsequent research, we expect to develop the current 
program into an extensive version that is capable of simulating 
start-up and shut-down and predicting the influence of harsh 
transient operations on gas turbines. 
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Nomenclature------------------------------------------------------------------------ 

A : Area [m2] 
e : Error [-] 
f : Fraction of rotor coolant chargeable to power [-] 
h : Enthalpy [kJ/kg] 
I : Polar moment of inertia [kgm2] 
IGV : Inlet guide vane 
K : Gain [-] 
m&  : Mass flow rate [kg/s] 
N : Rotational speed [rpm] 
n : Number of stage 
LHV : Low heating value [kJ/kg] 
P : Pressure [kPa] 
PR  : Pressure ratio [-] 
R : Gas constant [J/kg K] 
sf : Scaling factor [-] 
T : Temperature [K] 
TC : Time constant [s] 
TET : Turbine exhaust temperature [K] 
TIT : Turbine inlet temperature [K] 
TRIT : Turbine rotor inlet temperature [K] 
t : Time [s] 
W&  : Power [MW] 
X : Variable [-] 
g  : Ratio of specific heat [-] 
η : Efficiency [%] 
w  : Angular velocity [rad/s] 
k : Constant [(kJ/kgK)-0.5] 

 
Subscripts 

a,b,c : Locations inside turbine stage 
C : Coolant 
comp : Compressor 
D : Derivative 
d : Design point 
gen : Generator 
I : Integral 
in : Inlet 
mech : Mechanical 
N : Nozzle 
o : Original map 
out : Outlet 
P : Proportional 
s : Isentropic 
sc : Scaled map 
st : Stage 
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turb : Turbine 
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