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Abstract. Nowadays, gas turbines play a signiﬁcant role in industry and power generation units. Therefore, any
increase in their performance efﬁciency, is designers’ major concern. Power generation system’s principal
considerations are performance, weight and reliability. Gas turbine engine is considered as a probable choice for
such applications. This research develops and validates a Bond Graph model based on ﬂow of energy and
information of a gas turbine engine. Here, modelling of the gas turbine engine is achieved based on the pseudo
Bond Graph approach. Subsequently, by coupling the Bond-Graph component models, a uniﬁed framework for
model representation is presented. Also, to study the effect of changing external load on turbine’s performance,
an industrial two-shaft gas turbine is simulated under large transient loads based on the previously developed
component models. Finally, the commercial gas turbine simulation program (GSP) is used to validate the
simulation results. Transient response simulations indicate an acceptable error between the GSP and Bond
Graph model outputs.
Keywords: Dynamic performance / industrial gas turbine / Bond Graph approach / simulation

1 Introduction
Industrial gas turbines have a considerable potential to
generate the electrical power and mechanical drive force.
These turbines are used as the compressors derivers in the
mechanical applications and as the generators derivers in
the electrical applications for both open and combined
cycles. Modeling of industrial gas turbines plays an
important role in the design and development of the
control and diagnosis systems.
One method that is easily available to the engineers to
study the dynamic behavior of gas turbine systems is to
develop mathematical models and do simulations in order
to better understand the system dynamic behavior.
However, the availability of a set of general mathematical
models for gas turbine system modelling of the ﬂexibility
and level of complexity for the speciﬁc problem at hand is
often limited. Also, it is necessary to model a complete gas
turbine system available in different complexity levels to
assemble into a full model for simulating by a desired
simulator. Early models of gas turbines were the ﬁrst-order
linear models to relate the fuel ﬂow (as an input parameter)
and the turbine shaft rotational speed (as the output
*e-mails: montazeri@iust.ac.ir;
s.alireza.miran@gmail.com

parameter). These models, which their constant coefﬁcients were experimentally speciﬁed, were valid just in a
limited performance range. Along with the development of
ﬁrst-order models (in the frequency domain), more
parameters were gradually used for the calculation of the
constants. Also by developing the previous models used
only for the single-shaft turbines, new models were
presented to simulate the two-shaft gas turbines [1–3].
After that time, due to the limited validity of that
models (with time constants) and in order to enhance the
ﬂexibility of the designed models and meet the more needs,
the researchers paid attention to non-linear and more
complicated models. The ﬁrst non-linear model of the gas
turbine was presented by Saravanamuttoo and Fawke [4].
This thermodynamic model, obtained from the physical
characteristics of the system, was able to predict the
dynamic behavior of the turbine over the full performance
range. Of course, later, more accurate and comprehensive
models were introduced to simulate the transient behavior
of the gas turbine [5]. Effectively using and developing the
reusable models rely on a consistent framework for
representing a successful model. Bond Graphs is considered
as a probable choice to meet the requirements. To develop
the gas turbine engine, the ever-increasing demand for
gaining more power and lower fuel consumption has
resulted in designs at or near the thermal, aerodynamic and
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Table 1. Design point characteristics of the examined gas turbine engine.
Quantity

Value

Thermal efﬁciency, %
Compressor pressure ratio
Power, MW
Exhaust gas temperature, °C
Exhaust gas ﬂow, kg s1
GG turbine speed, rpm
Power turbine speed, rpm

34.2
14
24.77
543
80.4
9705
7700

structural limits of the system components. It means that
the effect of transient and dynamic instabilities which can
cause the severe damage of the components must be
quantiﬁed both from the individual components considerations, but also from aspect of a system approach. The
Bond Graphs are such a modeling approach that has a
potential to meet the needs [1,5].
The Bond Graph modeling approach, working based on
the energy balance and object-oriented concept, can cause
to produce and develop a library of ﬂexible models of the
gas turbine system components. The Bond Graph method
is efﬁciently capable of modeling the systems that have
non-linear behaviors and are connected with different ﬁelds
of the energy [6] (mechanical, hydraulic, electrical, pneumatics and thermodynamics systems). Thoma [7] was one
of the ﬁrst researchers in the ﬁeld of thermo-ﬂuid systems
modeling by the Bond Graph method. He proposed the
temperature as an effort variable and the entropy ﬂow as
the ﬂow variable. Karnopp [8] in 1979 introduced the
concept of pseudo Bond Graph for modeling of thermo-ﬂuid
systems.
Modeling of the gas turbine engine performance by the
Bond Graph approach was done in 1972 [9] at MIT
University for the ﬁrst time. The pressure, temperature and
torque were considered as the effort variables, and the mass
ﬂow and engine speed (rpm) were considered as the ﬂow
variables. Then a simple cycle of the single-shaft gas
turbine was modeled by implementing the physical laws
and performance characteristic curves of the elements in
the form of Bond Graph method. Also in 1988, Krikelis and
Papadakis [10] modeled a simple cycle of the single-shaft
gas turbine using the Bond Graph model and then by
linearization of the model around an operation point, they
designed a PI controller for it. They used the pressure,
temperature and torque as the effort variables, and the
mass ﬂow and engine speed (rpm) as the ﬂow variables. In
1993, Shoureshi and Brackney [11] in his research, on the
use of adaptive active noise control in the engine, modeled a
cycle of gas turbine using the Bond Graph method based on
the procedure outlined in reference [10]. In 1999, Diston [12]
carried out a uniﬁed modeling of aerospace systems by the
Bond Graph approach. He modeled a virtual aircraft engine
by the Bond Graph. In 2001, Pedersen [1] performed the
transient performance modeling of the gas turbine system
using the Bond Graph method. He developed the energy
ﬁelds presented by Karnopp and modeled the components
of gas turbine system based on them. In his research, the

pressure, temperature, torque and fuel factor were
considered as the effort variables, and the mass ﬂow,
energy ﬂow, engine speed and mass ﬂow of burnt fuel were
considered as the ﬂow variables. Thoma and Mocellin [13]
in 2006 modeled the components of a gas turbine such as
the convergent nozzle, divergent nozzle, stator and rotor
using the Bond Graph. In their research, the temperature
was considered as the effort variable and the entropy ﬂow
as the ﬂow variable. In 2011, Movaghar and Novinzadeh [14] modeled and simulated an ideal turbocharger using
the Bond Graph. The purpose of the modeling was to ﬁnd
the system state space equations. In 2014, Sanei et al. [15]
considered the effects of kinetic energy and momentum (in
the convergent-divergent nozzles with supersonic ﬂuid
ﬂows), using the pseudo Bond Graph approach. They also
developed the energy ﬁeld which was able to model the
position of vertical shock in the divergent nozzle. Since this
ﬁeld can model the non-isentropic ﬂows, this ﬁeld can be
used to model the thrust of rocket engines and thrusters in
the transient states. In 2015, Uddin and Gravdahl [16]
developed the Bond Graph model of a radial compressor
system to develop the control system. The analysis of Bond
Graph model investigates the energy ﬂow of compressor
performance in the surge region. Also, they developed some
methods to prevent the surge in the compressor. In 2015,
Montazeri and Miran Fashandi [17] showed the application
of the Bond Graph approach in modeling of cold start phase
of the microjet engine. They investigated the possibility of
using the combination of compressed air injection with the
electric starter by the Bond Graph approach in the cold
start phase of the engine. They used a simpliﬁed model of
microjet engine performance to study the cold start phase.
According to the literature, up to now, no study on
modeling and simulating of the dynamic performance of an
industrial gas turbine has been done by the Bond Graph.
This modeling needs to consider the effects of the inlet
guide vanes. Also in earlier studies, the information bonds
have not been used to transfer the information to the engine
components and to modulate them. But in this paper, the
energy ﬁelds (as the engine components) were modulated
by receiving the information from the information bonds.
The objective of this study is to model and simulate the
dynamic performance of the industrial gas turbine by the
Bond Graph method.
This paper is prepared in seven sections. First, the
examined industrial gas turbine engine is described. Next,
the thermodynamic C and R ﬁelds (pseudo Bond Graph
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Fig. 1. Schematic of the two-shaft gas turbine.

elements) proposed by Karnopp are developed for the
engine components. Subsequently, the complete dynamic
model of the gas turbine engine is constructed after
coupling the Bond-Graph component models. In the
following, the control system is described. Then, the
analysis and comparative study of the BG model and GSP
simulation results are presented. Finally, the discussions
and conclusions are given.

2 Gas turbine description
The gas turbine engine studied in this paper is a medium
size industrial two-shaft gas turbine, which can be
employed in both power generation and mechanical-drive
applications [18], and here, the power generation application is considered. This gas turbine engine which known as
SGT600, includes an axial compressor with 10 stages that
the ﬁrst two stages have the variable inlet guide vanes. The
examined engine also has two bleed valves that open during
start and stop to bypass some of the air to avoid surging.
The engine speciﬁcations in design point condition are
listed in Table 1 [18]. The industrial gas turbine under
study consists of two distinct parts; the gas generator (GG)
and power turbine (PT). The gas generator provides the
energy needed to rotate the power turbine and the power
turbine uses this power to rotate the generator or compressor
depend on the application. As shown in Figure 1, main
components of the gas turbine are the compressor, combustion chamber, GG turbine and power turbine. This engine
has two separate shafts. The ﬁrst shaft related to the gas
generator is the connector between the compressor and GG
turbine and the second shaft connects the power turbine to
the compressor or generator (external load).

3 Bond Graph modelling of gas turbine
engine components
A ﬁeld is a multiport Bond Graph element. In the following,
the engine components have been considered as energy
ﬁelds. The variables of effort and ﬂow in this section are as
the same variables as introduced and selected by
Karnopp [19] in the thermo-ﬂuid systems. The selection
of these variables causes that the use of the pseudo Bond
Graph is more useful than the true Bond Graph. One of the
pseudo bonds considers the energy ﬂow as the ﬂow variable
and the temperature as the effort variable. The other
pseudo bond takes into account the pressure as the effort
variable, and the mass ﬂow as the ﬂow variable. Also in the
modeling of the compressor and turbine, the torque is
selected as the effort variable and the engine speed as the
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ﬂow variable. Bond Graph modelling of gas turbine
systems for dynamic performance has to comply with
some very important guidelines to provide useful results:
the model must be able to predict steady state performance
over a wide area of operating conditions. The model should
be as simple as possible, yet able to predict the dynamic
operation of interest. The model should include a fairly
complete model of the control system, i.e. speed control,
temperature limitation, acceleration and deceleration
limitation, rate of fuel injection limitation, etc. To develop
a workable model for a complete gas turbine system a
number of simpliﬁcations has to be introduced. First the
total system is divided into a number of subsystems such as
the compressor, the combustor and turbine. Each of these
components having their own model description which are
inﬂuencing the exchange of mass, energy and work between
each of the subsystems. In addition they may introduce
changes in the composition of the working medium.
Describing the thermodynamic processes which take place
in each of the subsystems following the working medium
through the complete system is the common denominator
of the engine models to be developed.
In developing models for the compressor or turbine
basically two different approaches are normally taken.
Starting from the fundamental equations for the turbo
machine may lead to a correct model, but the number of
approximations that must be introduced soon give a model
of limited accuracy, at least over a wide operation area.
Such an approach also requires a very detailed information
of the machine that most manufacturers are extremely
reluctant to provide. An approach which is simpler is to
start from the steady state performance maps that you may
get from the manufacturers. These maps contain the most
condensed accurate information of the performance of the
machine over a large operational area. The models
developed here all use these maps in deriving the model
equations (10).
3.1 Compressor
For a compressor the mass and energy ﬂow through the
machine can be found from compressor performance maps.
These maps although they are presented in slightly
different versions from different manufacturers, expresses
the mass ﬂow and isentropic efﬁciency as a function of
pressure ratio and rotor speed. The assumption that there
are no mass or energy accumulation within the compressor
and that the time scale for the ﬂow through the compressor
is very small compared to the system time scales, allow us
to use a quasi-steady approach for the compressor. This
means that the steady state performance map for the
machine is assumed valid also during transient operation.
The performance map of the gas turbine engine under
study considers the corrected mass ﬂow rate (G C) and
isentropic efﬁciency (his,C) of the compressor as a function
of the compressor pressure ratio (pC), corrected rotor speed
(NC,cor) and position of the inlet guide vanes (uVIGV). The
compressor characteristic curve of the gas turbine engine
under study is shown in Figure 2. With regard to equations
(1) and (2), the corrected mass ﬂow rate and isentropic
efﬁciency are achieved from the compressor performance
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Fig. 2. Compressor performance map.
Fig. 3. Compressor pseudo-Bond Graph model.

characteristics curves [20].
G C ¼ f 1 ðpC ; N C;cor ; uV IGV Þ;
his;C ¼ f 2 ðpC ; N C;cor ; uV IGV Þ
pﬃﬃﬃ
_c u
m
;
GC ¼
d

N GG
N C;cor ¼ pﬃﬃﬃ ;
u

pC ¼

equation (5).
ð1Þ
P out
P in

ð2Þ

where d = Pin/Pref and u = Tin/Tref respectively represent
the dimensionless pressure and temperature and Pref and
Tref represent the standard pressure and temperature
_ c also introduces the gas
(ISA), respectively. NGG and m
generator speed and compressor air mass ﬂow respectively.
In order to consider the effects of the angular position of
VIGV on the general performance of the engine, the
compressor scale factors should be modiﬁed corresponding
to uVIGV changes. Since the data obtained from the gas
turbine test is recorded and displayed by the turbotronic
device and this device is merely capable of displaying the
percentage of VIGVs openings (a), therefore instead of the
angular position of VIGV, the percentage of VIGVs
openings should be considered in the calculations.
Experimental studies on some axial ﬂow compressors show
that the relation between the percentage of VIGVs
openings and correction coefﬁcients of the compressor
performance map parameters can be expressed through
equations (3) and (4) [21].
CP Rcco ¼ G cco ¼ 2:90667  103 a þ 0:819787
hcco ¼ 1:66667  104 a þ 0:9896667

ð3Þ
ð4Þ

where CPRcco, G cco and hcco represent the correction
coefﬁcients of the pressure ratio, corrected mass ﬂow and
isentropic efﬁciency of the compressor, respectively. As can
be seen in equations, the amount of correction coefﬁcient to
modify the mass ﬂow and pressure ratio is considered the
same. By applying the mentioned correction coefﬁcients,
the scale factor for parameter Y (SFY) can be expressed as


SF Y ¼


Y des
Y cco
Y Map

ð5Þ

where Ydes and YMap respectively represent the values of
parameter Y (pressure ratio, corrected ﬂow rate or
isentropic efﬁciency) in the design point and reference
map, and parameter Ycco also introduces the relevant
correction coefﬁcient.
It should be noted that the purpose of changing the
angular position of VIGV is reduction or increase in the
ﬂow rate of the compressor inlet air. Usually at low speeds
to enlarge the safety performance range of the compressor,
by changing the position of VIGV and decreasing the
compressor inlet air ﬂow, the possibility of occurring
aerodynamic instabilities and surge can be decreased. The
compressor shaft torque and exhaust temperature [22] can
subsequently be calculated as:


_ c ðhis;out  hin Þ
30 hV m
;
MC ¼
p
his;c N
"
#
g1
T in
P out g
1
ð6Þ
T out  T in ¼
hC
P in
where his,out and hin is the inﬂow enthalpy and outﬂow
isentropic enthalpy, hV is the volumetric efﬁciency of the
compressor and g is the speciﬁc heat ratio. The energy ﬂow in
and out of the compressor can subsequently be expressed as:
_ C hin;C
E_ in ¼ m


hV ðhis;out;C  hin;C Þ
_
_ C hin;C þ
E out ¼ m
his;C

ð7Þ

Now, reviewing the model equations derived using a pseudoBond Graph approach, we ﬁnd that they express a relation
between the hydraulic, thermal and mechanical efforts and
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ﬂows on the three ports of the component. The rotational
shaft and the ﬂuid inﬂow and outﬂow terminals of the
compressor, i.e. it is a R-ﬁeld relation as shown in Figure 3.
The VIGV signal enters to the R-ﬁeld by an information
bond. The information bond is determined in an open loop
fashion. This ﬁeld has the inputs of pressure, temperature
and rotational speed, and the outputs of compressor mass
ﬂow, energy ﬂow and torque. The preferred causality
indicated from the form of the performance maps and the
model equations are effort input on all ﬂuid bonds and ﬂow
input from the mechanical bond.
The 10-stage compressor is modelled as three compressors in series with two small volume (plenum) in
between. From these volumes, two bleed valves are
attached for bypassing an amount of air back to the
upstream side of the compressor. This does help to avoid
surge for low pressures ratios and during acceleration. The
plenum is considered to be equivalent to an isentropic
passage where both ﬂow speed and energy accumulation
are assumed to be negligible [20]. Thus, the following
equation is considered across the plenum: T, P (inlet
plenum) = T, P (outlet plenum).
Also the pressure and temperature derivative, representing the variation of pressure and temperature due to
mass accumulation in the plenum, is calculated using
equation (8) that is considered as a C-ﬁeld in complete
Bond Graph model of gas turbine engine in Figure 11.
dr
V P dpout
_ out
_ in  m
¼m
V p out ¼
dt
dRT out dt
dT out
d
_ in  ðcp T mÞ
_ out Þ
¼
ððcp T mÞ
rcp V p
dt
T out
_ out  m
_ in Þ
ðm
ð8Þ
þ
rV p
where VP is the volume of the plenum, cp and r are heat
capacity and density, respectively and d can be estimated
by the speciﬁc heat ratio [20].
3.2 Combustion chamber
In the combustion chamber, the combustion process
happens by mixing the fuel and compressed air. Combustion gases energy causes to rotate the turbine and generate
the work. The input fuel ﬂow rate into the combustion
chamber is determined by the control system. The
combustion chamber is considered as a constant-volume
tank. It is assumed that the process of mixing the fuel and
air in the chamber has been completed, and therefore, the
physical and chemical properties in the whole of the tank
are the same [23].
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The non-linear equations of the combustion chamber
have been calculated by the conservation laws of mass (Eq.
(9)) and energy (Eq. (10)). In this section, the dynamic
equations of the model have been extracted by the
following steps:
dm
_ in  m
_ out þ m
_f
¼m
ð9Þ
dt
dU
_ in hin  m
_ out hout þ m
_ f ðhf þ LHV hCC Þ
¼m
dt

ð10Þ

where hin is the input enthalpy, hout the output enthalpy,
LHV the fuel heat value and hCC the combustion chamber
efﬁciency. In addition, the internal energy will be as:
U = mCVT ; where CV is the speciﬁc heat at constant
volume. Derivative of the above equation can lead to obtain
equation (11):
dU
dm
dT
¼ CV T
þ CV m
ð11Þ
dt
dt
dt
By equating equations (10) and (11), the state equation to
calculate the chamber exhaust temperature can be written
as equation (12):
see equation (12) below
Using the perfect gas law (PV = mRT) and equation
(12), the following equation to calculate the chamber
output pressure will be obtained:
see equation (13) below
The fuel–air ratio is calculated by the following
m
mf
equation: f ¼ mairf ¼ mm
f
According to the above equations, the Bond Graph
model of the combustion chamber is shown in Figure 4 as a
modulated C-ﬁeld with the information bonds. This ﬁeld
has two mass ﬂow and energy ﬂow inputs through the
energy bonds as well as three pressure, temperature and
fuel inputs through the information bonds. Also, the energy
ﬁeld of the combustion chamber has two pressure and
temperature outputs through the energy bonds and a fuel–
air ratio output through the information bond. The
preferred causality indicated from the model equations
are ﬂow input on all ﬂuid bonds.
3.3 GG turbine
Expansion of the hot gases of the combustion and
conversion of the gases kinetic energy into the mechanical
energy lead to the shaft rotation. To describe the quasistatic behavior of the gas generator and power turbines, a
characteristic curve is used. The GG turbine characteristic
curve of the gas turbine engine under study is shown in

_ out h out þ m
_ f ðh f þ LH V C C Þ − C V T ðm
_ in − m
_ out þ m
_ fÞ
_ in h in − m
dT m
¼
dt
CVm
P
_ in − m
_ out þ m
_ fÞ
ðm
m


_ in h in − m
_ out h out þ m
_ f ðh f þ LH V C C Þ − C V T ðm
_ in − m
_ out þ m
_ fÞ
P m
dP
¼
þ
T
CVm
dt

ð12Þ

ð13Þ
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Fig. 6. GG turbine pseudo-Bond Graph model.

Fig. 4. Combustion pseudo-Bond Graph model.
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Fig. 7. Power turbine pseudo-Bond Graph model.
Ncor

The energy ﬂow in and out of the turbine can subsequently
be expressed as:

Fig. 5. GG turbine performance map.

Figure 5. The turbine performance map provides the
corrected mass ﬂow rate (G T) and isentropic efﬁciency
(his,T) as a function of the expansion ratio (pT) and
corrected rotor speed (NT,cor). According to equations (14)
and (15), the mass ﬂow rate and isentropic efﬁciency are
obtained using the turbine characteristic curves [22].
G T ¼ g1 ðpT ; N T ;cor Þ;
GT ¼

pﬃﬃﬃ
_T u
m
;
d

his;T ¼ g2 ðpT ; N T ;cor Þ

N GG
N T ;cor ¼ pﬃﬃﬃ ;
u

pT ¼

P in
P out

ð14Þ
ð15Þ

Similar to the compression process in the compressor, the
expansion process in the turbine is also considered as an
isentropic process. The turbine output torque in an
isentropic process can be calculated by equation (16).


_ T ðhu  hd;is Þ
30 hT m
ð16Þ
MT ¼
p
N

_ T hu;T
E_ in ¼ m


ðhu  hd;is Þ
_ T hu;T þ
E_ out ¼ m
hT

ð17Þ

Now, by reviewing the model equations, the modulated
R-ﬁeld can be deﬁned as shown in Figure 6. The chamber
output pressure and temperature, rotational speed, GG
turbine pressure and temperature are considered as the ﬁeld
inputs, and the GG turbine mass ﬂow and energy ﬂow and
torque as the ﬁeld outputs. Using an information bond, the
fuel–air ratio of the combustion chamber enters into the GG
turbine and then it is sent to the power turbine and plenum
by the other information bond. The plenum is put between
the GG turbine and the power turbine. The preferred
causality indicated from the model equations are effort input
on all ﬂuid bonds and ﬂow input from the mechanical bond.
3.4 Power turbine
The turbine performance map provides the corrected mass
ﬂow rate and isentropic efﬁciency as a function of the
expansion ratio and corrected rotor speed. According to
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Fig. 10. VIGV position against GG shaft speeds.

equations (14) and (15), the mass ﬂow rate and isentropic
efﬁciency are obtained using the turbine characteristic
curves. The modulated R-ﬁeld for the power turbine can be
deﬁned as presented in Figure 7. The GG turbine output
pressure and temperature, rotational speed, ambient
pressure and temperature are considered as the ﬁeld
inputs, and the power turbine mass ﬂow and energy ﬂow
and torque as the ﬁeld outputs. The fuel–air ratio of the GG
turbine enters to the power turbine by an information
bond. The preferred causality indicated from the model
equations are effort input on all ﬂuid bonds and ﬂow input
from the mechanical bond.

Effort
Sensor

(b)
Fig. 8. Bond graph representation of the engine shafts models:
(a) GG shaft model and (b) PT shaft model.

3.5 Engine shaft model
The imbalance between the generated power by the turbine
(output shaft) and the consumed power in the compressor
can cause the acceleration of the gas generator shaft. As the
same way, changes in the load applied to the power turbine
shaft can also be a factor for changing the power turbine
speed and accelerating the connector shaft between the
generator and power turbine. In a two-shaft gas turbine,
the dynamic behavior of the gas generator shaft and power
turbine shaft can be described by equations (20) and (21),
where in these equations, I and N respectively represent the
moment of inertia and rotational speed of the gas generator
and power turbine shafts. ML in equation (21) represents
the consumed torque due to the imposed load on the power
turbine shaft (consumed generator torque). Mfric in
equation (19) represents the friction torque that is
proportional to the shaft torque from the turbine with
coefﬁcient of the mechanical efﬁciency [22].
M fric;GG ¼ hmech;GG M GG:T urb
M fric;P T ¼ hmech;P T M P ower:T urb

Fig. 9. Schematic representation of the gas turbine engine
control circuit.

ð19Þ

dN GG
30
¼
ðM GG:T urb  M C  M fric;GG Þ
pI GG
dt

ð20Þ

dN P T
30
¼
ðM P ower:T urb  M L  M fric;P T Þ
pI P T
dt

ð21Þ

The related Bond Graph models are shown in Figure 8.
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4 Description of control system
Figure 9 shows the schematic of the gas turbine engine
control circuit. Under the standard conditions, the turbogenerators control system has two forms; the droop control
and isochronous control [24]. In this study, the isochronous
control strategy was used to control the turbo-generator
load/speed. When a turbo-generator unit is in the
isochronous control mode, the control system must change
the control parameters in a way that the power turbine

speed (output frequency) remains constant. In fact, the
change of loading causes the power turbine speed deviation
from the desired value and the controller is responsible for
the appropriate change in the fuel ﬂow rate during the
shortest possible time to restore the power turbine speed to
the initial value. The fuel controller block is depicted in
Figure 9 includes an isochronous controller and a set of
limiters that in addition to stabilizing the power turbine
speed, is also responsible for satisfying the engine’s physical
and aerodynamic constraints.
As previously described, the examined gas turbine
compressor have variable inlet guide vanes and hence, in
addition to the fuel ﬂow rate, the angular position of the
variable inlet guide vanes (i.e. uVIGV) can also be considered
as the second control parameter. For the examined gas
turbine, the control of uVIGV is as open loop control based
on the data presented in Figure 10, which means that the
desired position of the variable inlet guide vanes is merely a
function of the gas generator speed. Also, the valve
positions of bleed valves are functions of the gas generator
speed [25]. Loading block (in Fig. 9) receives the external
load and output power of the power turbine as inputs and
by balancing the power for the power turbine rotor, the
instantaneous value of NPT can be determined. The
controller can also be extended to control a by-pass valve
between different stages of the compressor.
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Fig. 15. The percentage of error between BG model and GSP for
EGT.

5 Complete Bond Graph model of gas
turbine engine
The complete dynamic model of the gas turbine engine is
constructed after coupling the Bond-Graph sub-models. As
shown in Figure 11, there is a one-to-one map between the
components modeled by the Bond Graph and the gas
turbine engine components shown in Figure 1. It shows the

ability of the Bond Graph approach in the modular
modeling of the system components. Using this feature a
model libraries which consists of the systems made from the
gas turbine engine components can be developed.
In Figure 11, after determining the effort and ﬂow in the
gas turbine system, the type of engine component elements
must be speciﬁed. In this study, the environment was
considered as a source of effort and the fuel mass ﬂow as a
source of ﬂow. Due to the assumption that no energy is
stored in the compressor and turbine, these were considered as the energy dissipater elements (resistance). The
combustion chamber and shaft dynamics were modeled as
the energy capacitor elements (i.e. capacitor and inertia).
In the next step, after the Bond Graph modeling of the
engine components, these elements were connected
together by the energy and information bonds, and zero
and one junctions. In the engine model, the energy enters
into the system via the source of effort (environment) and
the source of ﬂow (fuel ﬂow rate). The Bond Graph model,
developed in this study, is based on the exchange of energy
and power between the engine components. It means that
the effort and ﬂow are exchanged between the components.
The product of these two parameters is representative of
the power, and the integral of power represents the energy.
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Table 2. BG model and GSP simulation results maximum and mean percent error.

EGT
NPT
NGG
CAMF

Maximum error (%)

Mean error (%)

2.17
1.85
0.86
0.88

0.2526
0.2022
0.1379
0.1472

In other words, the output effort or ﬂow of each engine
component is algebraically or differentially related to the
effort or input ﬂow to that element.

6 Analysis of the simulation and results
In this study, external loading has been changed based on a
given proﬁle. The control system determines the instantaneous value of the fuel ﬂow proportional to the applied
load, to stabilize NPT and satisfy the system physical
constraints. Figure 12 shows the procedure of loading on
the power turbine. On the other hand, in order to compare
the results of the Bond Graph model with the GSP [26]
(software), the external load proﬁle was applied in GSP
software. Figure 13 shows the fuel ﬂow variations in terms
of the applied load. Using Figures 14, 16, 18 and 20 the
performance of the Bond Graph and GSP models in
estimating the parameters EGT, NPT, NGG and CAMF
can be compared with each other. Figures 15, 17, 19 and 21
show the error percentage of above parameters. Table 2
shows the maximum and mean percent error of the Bond
Graph model EGT, NPT, NGG, and CAMF values from
the GSP values over the simulations. As can be seen in
Table 2, the maximum percent errors of performance
parameters are found to be below 2.2% over a wide load
ranges, with the mean percent errors below 0.26%. These
results show that the Bond Graph model is acceptable for
approximating the GSP model output. As can be seen in
Figure 16, by changing in the applied load, the power
turbine speed deviates from its nominal value but the
isochronous mode controller, returns NPT to its nominal
value during a short time by simultaneously managing the
fuel ﬂow and subsequently changing the turbine’s output
power. Since the control system must keep the power
turbine speed constant, when the load applied on the
system is reduced, the fuel injected into the combustion
chamber is decreased. This causes to increase in the
amount of air to fuel ratio, and rises the risk of ﬂame-out.
So, the control system regulates the angular position of the
variable inlet guide vanes and thus reduces CAMF
(Fig. 20) to prevent the ﬂame-out. As the load rises, both
FMF and uIGV are used to regulate NPT. In this way, the
amount of FMF is increased to prevent NPT reduction. A
rapid increase in the input fuel entering the combustion
chamber, to achieve NPT around the full speed (100%) and
to increase the system response speed, causes an inevitable
increase in EGT (Fig. 14). High values of EGT indicate
high internal temperature which result in turbine blade
damage. In fact, because of increase in the input fuel in a
short moment, a greater power than the generator turbine

output power in the design point enters to the power
turbine and, therefore, the power turbine response speed
increases. In the ﬁrst moments of accelerating, a sudden
fuel injection into the combustion chamber and consequently the sudden increase in CPR and NGG (Fig. 18) are
the main causes of occurring the aerodynamic instabilities
such as surge and stall. The limiting loops such as
rotational speed and acceleration loops preserve the gas
turbine from exceeding the operational limitations. In
acceleration mode, since air and FMF are varying at the
same rate, sudden raise in EGT occurs but the EGT
limiting loop keeps it at safe region.

7 Conclusions
In this paper, modeling and simulation of the industrial
gas turbine dynamic performance is achieved based on the
pseudo Bond Graph approach. To do this, we ﬁrst obtained
the physical relationships governing each engine component
in conjunction with the performance characteristic curves of
the compressor and turbine. Next, the modulated energy
ﬁelds (pseudo Bond Graph elements) were developed for the
gas turbine components. The complete dynamic model of the
gas turbine is constructed after coupling the Bond Graph
sub-models. Also, the gas turbine simulation program (GSP)
is used to validate the simulation results. The maximum
percent errors of performance parameters are found to be
below 2.2% over a wide load ranges, with the mean percent
errors below 0.26%. The presented comparisons show the
good accuracy of the results. The proposed model can readily
be used as a subsystem for the larger systems like power
plants. It can also be applied as the basis for innovative design
of control and diagnosis systems associated with industrial
gas turbines.

Nomenclature
BG
GSP
EGT
FMF
NGG
NPT
CAMF
CPR
VIGV
GG
PT
N
e

Bond Graph
gas turbine simulation program
exhaust gas temperature
fuel mass ﬂow
gas generator speed
power turbine speed
compressor air mass ﬂow
compressor pressure ratio
variable inlet guide vane
gas generator
power turbine
rotational speed
effort sensor
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