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Abstract: Improving the performance of industrial gas turbines has always been at the focus of
attention of researchers and manufacturers. Nowadays, the operating environment of gas turbines
has been transformed significantly respect to the very fast growth of renewable electricity generation
where gas turbines should provide a safe, reliable, fast, and flexible transient operation to support
their renewable partners. So, having a reliable tools to predict the transient behavior of the gas turbine
is becoming more and more important. Regarding the response time and flexibility, improving the
turbine performance during the start-up phase is an important issue that should be taken into
account by the turbine manufacturers. To analyze the turbine performance during the start-up phase
and to implement novel ideas so as to improve its performance, modeling, and simulation of an
industrial gas turbine during cold start-up phase is investigated this article using an integrated
modular approach. During this phase, a complex mechatronic system comprised of an asynchronous
AC motor (electric starter), static frequency converter drive, and gas turbine exists. The start-up phase
happens in this manner: first, the clutch transfers the torque generated by the electric starter to the gas
turbine so that the turbine reaches a specific speed (cranking stage). Next, the turbine spends some
time at this speed (purging stage), after which the turbine speed decreases, sparking stage begins, and
the turbine enters the warm start-up phase. It is, however, possible that the start-up process fails at an
intermediate stage. Such unsuccessful start-ups can be caused by turbine vibrations, the increase in
the gradients of exhaust gases, or issues with fuel spray nozzles. If, for any reason, the turbine cannot
reach the self-sustained speed and the speed falls below a certain threshold, the clutch engages once
again with the turbine shaft and the start-up process is repeated. Consequently, when modeling the
start-up phase, we face discontinuities in performance and a system with variable structure owing to
the existence of clutch. Modeling the start-up phase, which happens to exist in many different fields
including electric and mechanical application, brings about problems in numerical solutions (such
as algebraic loop). Accordingly, this study attempts to benefit from the bond graph approach (as a
powerful physical modeling approach) to model such a mechatronic system. The results confirm
the effectiveness of the proposed approach in detailed performance prediction of the gas turbine in
start-up phase.

Keywords: industrial gas turbine; electric starter; cold start-up phase; dynamic modeling; bond
graph; mechatronic approach; integrated modeling approach
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1. Introduction

Current focuses of industrial gas turbine manufacturers are on minimizing costs, enhancing
flexibility and capacity, while retaining the reliability. This has motivated well-known companies
including Siemens [1], GE [2], and Alstom [3] to work on a set of what is known as performance
enhancement methods to be able to yield more profit.

In order to increase the flexibility of industrial gas turbine, improving the start-up phase is of
considerable importance since the start-up phase in most utilized gas turbines has created challenges in
gas transmission line stations in certain countries, resulting in trip in the turbine [4]. The reason behind
such unsuccessful start-ups could be attributed to turbine vibrations, the increase in the gradients of
exhaust gases, or problems in fuel spray nozzles. If the turbine is unable to attain the self-sustained
speed and its speed falls below a certain limit, the clutch engages with the turbine shaft once more
and the start-up process is repeated. This in turn increases the turbine start-up duration and incurs
expenses for repair and maintenance. Therefore, appropriately performing the start-up process and
reducing its time have always been considered by manufacturers. Since the performance of the gas
turbine during the start-up phase has direct impacts on its lifespan as well as the time required for its
repair, the importance of this notion becomes much more significant. For instance, Siemens believes
that as the market continues to grow, faster start-ups become as important as recurring ones. As a
result, Siemens launched a project named FACY, abbreviated from fast cycling (Figure 1), to integrate
every engineering thought into a comprehensive plant concept. The purpose was to devise a plant that
could increase the frequency of starts while decreasing their duration and keeping the requirements of
other components to a minimum including the steam generator used for heat recovery at warm and
hot start-ups [4].

GT and ST loading

Conventional start-up
sequence

Plant Load

v

Time

Figure 1. Improving the start-up process in Siemens combined-cycle power plant (GT: Gas Turbine, ST:
Steam Turbine).

Additionally, investigation and implementation of improving the performance of start-up phase
were carried out by GE company researchers. For instance, the start-up phase of a normal industrial
gas turbine, GE LM6000, which takes 10 min is displayed in Figure 2.

The start-up phase of the GE LM6000 industrial gas turbine is reduced to less than 5 min by
implementing the following actions (Figure 3 shows the new start-up process of this gas turbine):

e No LLP (Life Limited Parts) penalty when used less than 4 times a year
e Two cycles per 1 penalty when used more than 4 times a year
e  Observation and measurement manual should be checked when used more than 4 times a year.
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Figure 2. Normal start-up process of GE LM6000 industrial gas turbine (HPC: High Pressure
Compressot) [5].
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Figure 3. Improved start-up process of GE LM6000 industrial gas turbine.

In general, the start-up phase of an industrial gas turbine can be divided into two phases of cold
and warm start-ups. During cold start-up phase, the turbine is first accelerated using a starter (usually
electric starter) and reaches a certain rpm (cranking stage), then spends some time at this rpm (purging
stage). Next, rpm is reduced and sparking and combustion stage begins. This is when the warm
start-up phase commences. These stages are shown in Figures 2 and 3 as an example.

So, as it is clear from Figures 2 and 3, the performance of the start-up phase is improved in
the following stages. In addition, as shown in the figures, the first two stages occur during the cold
start-up phase:

e Initialization, purge of enclosure
e  Purge of engine/stack



Electronics 2019, 8, 363 4 of 25

e  Acceleration to reach syncidle
e  Synchronization to grid, then warm up
e  Acceleration to reach full load

In most industrial gas turbines, including the studied one in this research, active components
in the cold start-up phase include asynchronous AC motor and static frequency converter (SFC) to
control the induction motor and clutch as shown in Figure 4.

(a) (b) (©) (d)

Figure 4. Active components in cold start-up phase: (a) static frequency converter (SFC), (b) electric
starter, (c) clutch, (d) industrial gas turbine.

To analyze and improve the performance of gas turbine during start-up phase, modeling and
simulation of turbine are required in addition to experimental investigation. The designer gains a
better insight on the system using numerical simulation so as to apply modifications and experiment
with the system response in the easiest manner. In other words, simulation is what connects the design
to operation. However, certain challenges still exist when simulating and modeling the cold start-up
phase of industrial gas turbines as various energy fields such electric and mechanical areas have
energy and information interaction. This results in specific numerical issues such as the occurrence of
algebraic loop in conventional software including Matlab. Overall, numerical stiffness issues caused
by discontinuity and systems variable-structure systems make the simulation and modeling of such
systems a cumbersome task.

Poluéktova [6] presented a mathematical model for a special gas-turbine unit named DYa-951
accompanied by a free power turbine. Using this model, the emergency operation of a gas-turbine
as well as its start-up process were studied in an efficient manner. Simulations for determining the
parameters of automatic start-up alternatives were also performed. Bahlawan et al. [7] considered
a General Electric PG 9351FA gas turbine and studied setting up reliable Nonlinear Autoregressive
Exogenous (NARX) models with the aid of sensitivity analysis. They also defined a novel performance
function for better analysis of quick transients and could design an accurate and efficient tool for
simulations that could also be used for diagnosis of gas turbines. Asgari et al. [8] performed a
series of studies on the start-up phase of a heavy-duty industrial gas turbine using neural network
approach implemented in MATLAB. Both NARX and Simulink models were capable of appropriate
prediction but not the turbine behavior during the cold start-up phase. Using a physics-based model,
Morini et al. [9] attempted to study a single-shaft gas turbine especially during the start-up phase.
The proposed model could consider both steady-state and dynamic characteristics using shaft power
balance along with other features such as considering heat soakage. They finally tested ALSTOM
GT13E2 gas turbine to validate their proposed model. Regarding novelty detection in industrial
gas turbines, Zhang et al. [10] focused on analyzing start-up vibration. To this end, a vibration
signature obtained from accurate measurements based on a neuro-fuzzy system was necessary. They
could detect conditions of novel/fault during start-up along with cross-correlation measures and
Euclidean distance.

Mahdipour and Bathaee [11] designed a new SFC based on a 7-level voltage source inverter to
provide the capability of start-up of whole similar units in a Tehran power plant with a single SFC.
The inverter switching frequency was lower than that of other classical methods, whereas the total
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harmonic distortion of the machine current was under 6%. The simulation results confirmed the
functionality of proposed system during shutdown and start-up. In another study by An etal., [12] a
novel senseless start-up method along with a flux estimator were designed. Utilizing a phase locked
loop, they could obtain the rotor speed to a good accuracy in addition to precise estimation of initial
rotor angle. Their load commutated inverter (LCI) system was designed based on a closed loop
method, while Simpower/Matlab was used in their modeling process to assess the performance of
their start-up method. An and Cha [13] could develop a novel start-up method designed for an LCI in
a synchronous generator. They could successfully determine the early rotor position in just 150 ms
with an error of less than 1%. Simulink was used to model the current controller and the performance
of presented method was verified in Psim.

Bretschneider and Reed [14] focused on engine start-up with static engine-off states. In doing
so, they benefited from existing turbofan simulations. A case study focusing on the effects of
ground starts was added that compared findings from engine dry crank with those of simulations,
corroborating the ability of simulation for estimation of proper trends. Sheng et al. [15] employed an
inexact computational approach regarding low-speed part behavior in aeroengines so as to obtain
comprehensive component characteristics with the aid of integrating empirical data above idle. The
result was a turboshaft engine model that could consider the start-up state. The full-range model
obtained by a computational approach proved to be of high accuracy. Sukhovii et al. [16] noted the
lack of enough research on component maps at sub-idle mode and presented a novel method for
simulation of the starting phase that incorporated a linear dynamic model accompanied by a simple
static one so that the relations between rotational speed and gas path parameters can be explained in a
simplified manner.

Cao et al. [17] devised a speed control arrangement for a heavy-duty gas turbine, accompanied
by a Simulink model of the gas turbine with its accompanying control system. A notable finding
was that the gas turbine transient response when isolated showed more variation compared to the
synchronized case. To tackle the issue of lack of component map data, especially in low rotational
speeds, Hu et al. [18] focused on sub-idle modeling to propose a generalized method. To model various
accessories along with combustion chamber, they benefited from analytic calculations, and the model
accuracy was improved using the coefficients of total pressure loss.

Agrawal and Yunis [19] presented an approximation of gas turbine behavior during start-up
phase. As an example study, they presented the characteristic curve of a starter motor accompanied
by torque—speed plots at different battery voltages and validated their model using test data of a
turbofan, a turboshaft and a turboprop engine. Kim et al. [20] involved in the modeling and simulation
of the start-up process of a heavy-duty industrial gas turbine. In their research, they considered the
performance of the electric starter during the start-up phase in an approximate manner, but did not
propose a relevant model. In addition, they did not consider the purging stage in the cold start-up
phase which occurs prior to the combustion stage. Blomstedt et al. [21] considered the challenges
for Siemens SGT600 in cold climates as the material used in the start-up may become brittle. Since
solutions such as using an electric pre-heater or using less-brittle materials may not be feasible, another
novel solution is to incorporate a control logic which can tackle the issue during start-up in the software
so that no additional hardware or change in the material is required especially when the temperature
falls below —30 °C (—22 °F) by automatically checking the amount of stress prior to loading the
machine. Motazeri-Gh and Miran-F [22], investigated the idea of compressed air injection in the cold
start-up phase of a microjet engine using bond graph approach. In another research, they focused on
modeling of the electric starter of a small jet engine with the aid of bond graph method [23]. They also
carried out the simulation and modeling of JetQuad system with the same methodology [23]. The use
of NARX model for start-up phase simulation is also investigated in [24].

In renewable energy sector, a system level approach for combined cycle gas turbine start-up phase
has been done by utilizing a model-based control approach in [25,26]. Moreover, dynamic performance
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simulation and control of gas turbine used for hybrid gas/wind energy application has been discussed
in detail in [27].

The lack of published articles around the modeling of industrial gas turbines during start-up
phase, leads to this conclusion that no study has been performed on the integrated dynamic modeling
of the cold start-up phase of industrial gas turbine. An example of improving GE LM6000 industrial
gas turbine during cold start-up phase in Figures 2 and 3 demonstrates the importance of investigating
this phase. In other words, the duration of engine/stack purge is shown to be 90 s in Figure 2,
whereas this time is reduced to 15 s in Figure 3. This stage represents the process of cranking and
purging in cold start-up phase. A complicated mechatronic system composed of an asynchronous
motor (starter motor), SFC drive, clutch, and gas turbine are contributing in this phase. This clearly
shows the transfer of energy and information among different fields such as electric and mechanical
during this phase. Consequently, modeling the dynamic behavior of gas turbine during the cold
start-up phase is carried out using bond graph approach. The bond graph, when used as a modeling
framework, provides the ability for the designer to examine causal difficulties. Furthermore, this type
of modeling has the benefit of a constant and consistent structure related to the system which can
minimize the issue of numerical stiffness [28-36]. According to Vangheluwe et al.’s [37] evaluation, the
bond graph is the most suitable graph for library-based modeling with respect to its high potential for
the best modularity, re-usability, and adaptability among other modeling formalisms and languages.
Moreover, bond graphs fundamentally maintain the model structure as it would be configured in the
physical process and, therefore, provides good readability. Therefore, the outcome of this research is
a modular library including the gas turbine elements as well as starter system elements that could
be used to model and to analyze other similar systems even in different applications (e.g., marine
and aero-engines). The other innovation of this paper is the integrated approach taken to model and
predict the behavior of the gas turbine and the starter system simultaneously and to analyze the effects
of different elements on each other. So, this paper presents a methodological approach for integrated
modeling and simulation of gas turbines and their electric starters.

This article is presented in six sections. The first section provides the introduction, problem
definition, and innovation of this study. The second section describes the examined industrial gas
turbine and its cold start-up phase. Section 3 is devoted to the modeling of active components
during the cold start-up phase. Section 4 puts together the built models in Section 3 to provide a
complete model of the mechatronic system in cold start-up phase. The analysis of modeling results
and conclusion are expressed in Sections 5 and 6 respectively.

2. Description of Gas Turbine and its Start-Up Process

The SGT 600, an industrial gas turbine of medium size with two shafts is investigated in this
article. This setup can be utilized in mechanical-drive and power generation applications [38]. Known
as one of the most reliable gas turbine in its power range, the SGT 600 comprises an axial compressor
that possesses 10 stages, of which the first two include variable inlet guide vanes. To prevent surging,
the studied engine benefits from two bleed valves that can open at start to guarantee the stability
and integrity for the engine. Table 1 lists the engine properties at design point [38]. In addition, the
examined gas turbine includes two specific components: (1) gas generator (referred to as GG), and
(2) power turbine (referred to as PT). The former supplies the energy required for the rotary motion of
the latter, which in turn is used to rotate the compressor or generator based on relevant applications.
The offset section view of the SGT 600 and is shown in Figure 5.

The variation of performance parameters of the turbine during cold start-up phase is as follow:
the rpm of GG shaft is first increased using the electric starter until it hits a certain amount (cranking).
It spends some time at this rpm (purging), followed by sparking and combustion.
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Table 1. Design point characteristics of the studied gas turbine [38]. GG: gas generator.

Quantity Value
Thermal efficiency, % 34.2
Compressor pressure ratio 14
Power, MW 24.77
Exhaust gas temperature, °C 543
Exhaust gas flow, kg/s 80.4
GG turbine speed, rpm 9705
Power turbine speed, rpm 7700

Figure 5. Offset section view of SGT600 industrial gas turbine.

As can be seen in Figure 6, after starting, the clutch is engaged and the starter increases GG speed
up to 2300 rpm. The starter remains at the same speed from this point and the clutch is in D state.
However, due to the rotor inertia force, NGG slightly increases (it experiences a jump) and then returns
to 2300 rpm once more such that the clutch is put in E state. The starter and GG rotate with each other
for 75 s until the gas turbine is purged (freeing any left gas). After 75 s, the clutch reaches D state so that
the flame can be created, preventing it from being put out by air speed. Once NGG reaches 1620 rpm,
the flame is created and the clutch turns into E state again. From this moment on, the starter and CC
(combustion chamber) cooperatively increase NGG. Once the speed get to the self-sustaining stage,
the clutch will be in D state, after which CC increases NGG up to working rpm. After the operation
of gas turbine for the desired amount of time, the shutdown command arrives at the motor and the
starter is turned on (200 rpm). GG rpm decreases after shutting down until it hits 200 rpm.

NGG (RPM)
D: Clutch Disengagement
E: Clutch Engagement
Nominal 9970 - - - ------ - cc == - shutdown
Self-
susts:ilning S D
Purge 2300|- - - - - - D E75 sec b cooldown
gencration 16201 == - 2~ - - = - - - - =% 4
pirhie DO o e St S S e E{10/hours
Time

Figure 6. GG shaft speed and clutch variations in normal start-up process (NGG: Gas Generator
Rotational Speed).
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3. Bond Graph Modeling of Components During Cold Start

To launch the industrial gas turbine with the aid of an electric starter motor, control of the
induction motor using SFC is necessary since the turbine inertia is high and in cases where the motor
tends to rotate such loads with direct connection to the distribution network, the starting current of
motor would be too high, causing severe thermal and mechanical damages to the motor. Moreover,
sudden start of motor exerts stress to the turbine shaft and other mechanical parts. Figure 7 shows the
general diagram of the simulated system. After starting the induction motor using the drive, power
transmission to the turbine shaft is controlled via the automatic clutch mechanism.

Electrical Grid Is SFC Drive 'ﬁl Induction Motor H Clutch % Gas Turbine

Figure 7. Overall diagram of motor, drive, clutch and gas turbine. SFC: static frequency converter.

A comprehensive study by Astrém et al. on evolution of continuous-time modeling and
simulation shows that there are several problems in complicated /mechatronic systems modeling
when analog and numerical simulation tools are used [39]. Astrom et al. confirms this issues by
some examples in [39]. They showed that even for simple system (a motor drive with an electric
motor, a gearbox, a load, and a controller), if the detailed equations are considered to implement
directly there will be a loop which only contains algebraic equations. The phenomenon which is well
known in analog simulation is called the algebraic loop problem. One way of dealing with it in analog
computing was to introduce a small capacitor in the algebraic loop. With respect to these conclusions,
physical modeling approaches are suggested for integrated modeling and simulations. Especially,
for mechatronic systems, bond graphs is a very high potential candidates. Bond graphs are directed
graphs where the subsystems are the nodes and the power flow in the system is shown by the branches.
The connections are called power bonds and have associated effort variables (such as voltage and
torque) and flow variables (current and angular velocity). This approach is used successfully by the
authors in the field of gas turbine engines modeling and simulation and the effectiveness is confirmed
against theoretical and experimental data [40-42].

3.1. Modeling the Induction Motor and SFC Drive

Thermal, electrical, and mechanical stresses may constantly be exerted on electric drive systems.
As a result, one needs to take great care of simulation and modeling of such devices so as to be able
to properly examine their behavior. What might cause some technical issues is that electric starters
are modeled independently to the rest of the subsystems in simulation environments. Coupling the
models developed for each subsystems and the occurrence of numerical problems such as algebraic
loop in simulation are among this group [39]. When simulating a hybrid system composed of electric
starter and gas turbine, we are dealing with algebraic and differential governing equations of the
system. An algebraic loop constantly occurs when these equations are implemented in the conventional
software (including Matlab) as a means of simulation. This is one of the challenges of simulation and
modeling of mechatronic systems including the above system. Modern tools like Modelica, Simscape
with Simpower, Simdriveline (which is Mathworks incarnation of Modelica), and bond graph can
effectively tackle this issue. Another innovation of the present article is that modeling the electric
starter is achieved through bond graph methodology and is then linked to the model of gas turbine.

The induction motor is a type of alternative current motor, i.e., an asynchronous AC motor whose
necessary power in its moving part is provided using electromagnetic induction. AC induction motors
are the most common types of motors used in industrial gas turbines. Since exact data concerning
the induction motor of SGT600 gas turbine is not accessible, the start-up process plot of Ref. [21] is
instead used. According to this plot, it can be concluded that the maximum nominal speed of induction
motor is equal to 3000 rpm. Moreover, the required torque for the turbine to reach the purging stage
is found from Ref. [43]. Considering these two values, the nominal power of the induction motor is
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obtained. Moreover, the supply voltage is taken from the power network. In the following, modeling
the induction motor and SFC drive is studied.

3.1.1. Modeling the Induction Motor Using Bond Graph

Circuit form representation of induction motors regarding their steady state characteristics at
constant speed, especially under sinusoidal excitation, has been a common trend, providing the
ability to obtain the valuable plots of torque versus speed [44]. However, complicated control
strategies on current or voltage should be implemented when dealing with variable speed drives.
Such control techniques are mainly designed with respect to the motor’s dynamic model. For the
general theory on electrical machines with rotary motion, the reader is referred to Refs. [45-47], which
present the standard model of an induction motor. It should be noted that certain recent studies
tend to demonstrate the model of induction motors as nonlinear state equations (of fifth order) or
alternatively, using an analogous circuit, although the mechanical components are not visible [45]. In
the following, the presented model equations are similar to those of some other researches [48-50]
where the two-phase model belonging to the motor is described in a reference frame of & — j, fixed
and located on the stator. The notations and main parameters of such models vary by author, and
different variables are taken as state variables, while the reasons behind the selection of state variables
are usually left unexplained and different combined parameters are exploited, leading to different
representation. Here, the notations of Karnopp [51] are mainly utilized:

digy . MR, pM

T Y L (s 3% i M)
disﬁ . M r ‘B
WS L e bt @
d R R, .
Z’;a = _f:¢ra - PW(Pr[% + Mfilsvu (3)
dg R, .
d;lg = p(,(](P,,a — L 4)1,‘3 —|— M Sﬁ/ (4:)
dw k ) . T
E = TT((PMIS,B — (PrﬁlSlX) — 71 (5)

where R, and R; are the resistances of rotor and stator, L, and L; are the corresponding self-inductances,
M represents the common mutual inductance, | depicts the moment of inertia and T; is the load torque.
It should be noted that the process of obtaining two-phase variables from three-phase variables is
not explained here for the sake of brevity. In addition, certain assumptions are made, including
the linearity of magnetic circuits, while the control inputs are (15, s g) (voltages of stator) and the
state variables are takes as follows: w (mechanical speed of rotor), (¢r, ¢rp) (fluxes of rotor), and
(isa, isp) (currents of stator). Finally, p is the number of pole pairs and k7 = pM/ L, displays the joined
parameters. Moreover,
#=Rs/0Ls+ R,M?/0LsL?

6
oc=1—M2/LsL, ©)

When the stator currents are assumed to come from sources with stiff current, and are used at
control inputs of the motor, then Equations (3)-(5) represent the third-order motor model, neglecting
Equations (1) and (2) altogether.

Inductive Coupling of Rotor and Stator

The inductive coupling existing between rotor and stator described in « and  axes is considered
foremost. The parameters of mutual and self inductances are utilized to show the relationship between
currents and fluxes. These linear relationships are simply displayed using I-fields in the bond graph
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approach, as depicted in Figure 8 where these I-fields in different forms along with related matrix
equations can be seen. The derivative causality can be considered as the most basic equation on each
I-field bond. Logically, the all-integral version for such I-field equations is employed in a bond graph
model and the mixed-causality one is suitable when control inputs are assumed to be stator currents.
The reason why certain combined parameters including ¢ occur, can be traced back to the inversion
process of induction matrix and LsL, — M? as the accompanying factor.

¢.~V o ¢r0(

rd S

All derivative causality
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_ir(l _ - LrLs _Mz __M L‘y i _¢r0(
iy | 1 (L -M[ ¢, iy 9,
T T _ag2 D 1 1
i, | \LL,-M*)|-M L | ¢, Al
is‘ﬁ l}"ﬂ
Mixed causality . ¢Sa . ¢rtx
- o - o I 7 I S ;
é, | |L—M*/L MI/L || i, Lo ra
_i’”a _ L _M/Ll 1/[41’ __¢r(l_ . .
(0, [L-m2iL, MLy b 95
RCTE “sB | |
i -M/L  1/L - — | = .
L rB ] L r r __¢r/3_ ZTIB lrﬂ

Figure 8. Various causalities and I-fields for stator and rotor

Representation of Torque and Induced Voltage in Bond Graph

The previously-mentioned model equations contain certain complexities, in part due to the choice
of state variables. First, the induced voltage might seem to be commensurate to the mechanical speed,
whereas the coefficients are actually different since the currents and fluxes are selected for the stator
and rotor, respectively. Second, the power conservation related to different mechanical and electrical
variables is not easily recognized as a combination of current and flux terms are used in the torque
equation. The corresponding bond graph model of gyrator, nevertheless, provides a clear means of
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obtaining a gyrator structure used for the induction motor. The concurrent relation between the speed
and induced voltage along with the relation between currents and fluxes to the torque is displayed in
Figure 9.

€., p ¢rﬁ
Ilﬁ MGY
\' .
1———
/\ @
e 5 p ¢ra
ﬁ MGY
rp

Figure 9. Gyrator structure.

One can easily observe the voltage terms that appeared in Equations (3) and (4) in Figure 10, as in

era = PPrpw,

7
ergp = pPraw. @

while this is not exactly true for the generated torque. After some manipulation and using the mixed
causality depicted in Figure 9, an appropriate relation for the torque from the bond graph is obtained as

Te = (PM/LV) (‘Pmisﬂ - (Prﬂisa)

. . 8)
= p(‘Pr‘BInx - (Prtxlrﬁ)

Through the use of bond graph, one can verify the power conserving nature of the conversion of
electromechanical energy.

R
u Jj d.., d.., Jlj e, Php L=/

—— MGY T
h

I, I, \I | ;
w 4, b, e, P

Se A1 e LS L 1—Z meY
SR
R :R R :R

Figure 10. Bond graph model of the induction motor.
Bond Graph for the Induction Motor

The set of equations presented in this section can be represented using Figure 10. However, the
bond graph model utilized four fluxes instead of two currents and two fluxes and as a result, the
associated equation of the displayed causality may seem different. In addition, the angular velocity w
has been replaced by the angular momentum # in the bond graph.
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The advantage of bond graph is that there is no need to explicitly list the equations when a
processor for the bond graph is available. It should also be noted that the integral causality is preferred
for the representation of I-field. As a comparison, one can obtain the new set of equations in the form

L —RsL, RsM .
P = (LTLS_MZ)‘Psa"‘ (LrLs—MZ)(Pm_'—us“ 9)
y —R;Ly RsM
Psp = (LyLs — M2)"’Sﬁ + (L,Ls — Mz)<l’rﬁ T Usp (10)
y —R,Ls R:M
(Ibm = (LrLs _ M2)¢m =+ (LrLs — Mz)‘f’sa - P(Pr‘B7 (11)
y —RyLs R:M h
Prp = (L,Ls — 2)¢’r/5 + L — Mz)‘Psﬁ + P‘Praj (12)
] Lspra — Mgy Ls¢rg — M
"= p(prﬁ((LQI:Ls—ZVICI;)) - p(P’“((L,i—]VIZ)B) -Tr (13)

which seem more complicated than Equations (1)—(5). The introduction of some ancillary parameters
may simplify this issue. In the case the current sources drive the motor model instead of voltage
sources, the number of state variables dictated by causality is only three. This implies that except using
h instead of w, the consequent equations would be similar to Equations (2)—(5) and the mixed causality
previously displayed in Figure 9 is a suitable option.

3.1.2. Modeling SFC Drive

The main components of the drive include three-phase diode rectifier for generation of desired
AC voltage, DC link, DC link chopper, three-phase inverter for generation of AC voltage with suitable
amplitude and frequency for supplying the induction motor, and breaking chopper for controlling
the DC link with capacitor energy difference in resistance when the acceleration is negative or the
loading torque accelerates the motor. Speed sensors and controller, along with current sensor and
drive controller system are based on the field oriented control (F.O.C). SFC drive structure is shown in
Figure 11. The designed drive that is connected to three-phase electrical grid with an effective voltage
of 400 V and frequency of 50 Hz controls the induction motor. Figure 12 displays the internal structure
of the drive used in simulation which was designed in Matlab/Simulink.

Three-phase Three-phase

diode rectifier inverter
A Induction
== ] motor

B Braking
chopper

¢ I

|
|
? |
E.O.C. |  Spesd

sensor
Speed Speed !
E——
reference controller

Figure 11. SFC drive structure. FO.C: field oriented control.

.
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c fo—alv - v : Mtb i <Rotor speed (wm)>
:C £ C W Mic
Induction
machine

Figure 12. SFC drive internal structure used in simulation.

3.2. Modeling the Industrial Gas Turbine

The bond graph model of gas turbine used in this study is developed and described by the authors
of this study in Refs. [38,52,53]. For a better understanding of gas turbine modeling procedure using

bond graph, the reader is encouraged to read the mentioned references. Figure 13 is a description of
the gas turbine bond graph model.

Control System

Compressor

Se

Figure 13. Completed model of gas turbine in cold start-up phase. (Se: Source of Effort, R: Resistance,
MR: Modulated Resistance, C: Capacitor, MC: Modulated Capacitor, MSf: Modulated Source of Flow, I:
Inertia, MGY: Modulated Gyrator, MTF: Modulated Transformer, MSe: Modulated Source of Effort)
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4. Completed Model of Gas Turbine in Cold Start-Up Phase

By combining the bond graph models developed in previous sections, the completed bond graph
model of the mentioned mechatronic system is obtained according to Figure 13. A section named
“start-up” is observed in this figure. SFC drive and clutch controller are located in this section. The goal
of this section is to control the induction motor and clutch during start-up. This section is connected to
the gas turbine control system through two information bonds. One bond sends the information to the
turbine control system and the other bond receives the information from that. Two other information
bonds are sent to voltage sources through SFC drive and modulates them. The clutch along with a
modulated transformer (MTF) is shown in Figure 14. Controlling the clutch is realized via information
exchange with start-up section. The speed of input shaft connected to the electric starter is sent to the
start-up section from 1-juction in the induction motor model via an information bond. The output
shaft speed connected to the gas turbine compressor is sent to the start-up section from 1-juction in
turbine model via another information bond. By comparing the input and output shaft speeds in
the start-up section, a decision concerning the engagement or engagement of clutch in this section is
made. This decision is sent to the clutch from another information bond and modulate it. For instance,
immediately after the input speed is reduced with respect to the output speed, the clutch is disengaged.

3000 induction motor torque-speed characteristic
R
v
————— —===2R
2500 F __mmmmmmTmmT T - i
- ~\
~
\Q
2000 | N 1
\,
.
B \\
£ 1500 | kN 1
o \
< \Y
\
.
1000 - \ 1
\
)
\
)
500 AN e
\
L)
\
0 . | | . .
0 500 1000 1500 2000 2500 3000
n_ (rpm)

Figure 14. Characteristic torque-speed of the induction motor.
5. Analysis of Simulation Results

The specifications of the studied induction motor are presented in Table 2. According to this
table, the parameters of the induction motor are listed in Table 3. Moreover, Table 4 shows the
simulation parameters.

The characteristic torque-speed of the induction motor under study with two different rotor
resistances is shown as in Figure 14. As the rotor resistance increases, the starting torque and the
sliding amount at which the maximum torque occurs change.

As obvious in Figure 14, the increase in the rotor resistance also increases the starting torque,
while reducing the speed at which the maximum torque occurs. Figure 15 shows the variations of
induction motor efficiency with respect to speed. As can be noticed, the highest efficiency of the
machine happens to be around the synchronous speed.
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Table 2. Specifications of the studied induction motor.

Rated IM Voltage 400 VA.C
Rated IM current 345 A
Rated IM power 200 KW
Rated IM power factor 0.86
IM pole pair number 1
Synchronous speed 3000 RPM
Efficiency (100% load) 95.7
Efficiency (75% load) 95.7
Efficiency (50% load) 94.9
Number of phases 3
Frequency (Hz) 50 Hz
IM pole number 2
Stator connection Delta
Inominal 345 A
Istart / Inominal 7.7
T hominal 640 N.m
Tiocked Rotor / Tnominal 26
Toull out/ Tnominal 4
J (Inertia) kg-m2 2.1 1<g~m2
Weight 1290 Kg
Sound press level 78 Db
Temperature rise class F

Table 3. Complementary parameters of the induction motor.

Stator Resistance

0.01908 (2

Rotor resistance

0.02545 O

Stator leakage inductance

0.000128 H

Rotor leakage inductance

0. 000113 H

Mutual inductance

0. 005195 H

Friction factor

0.1 N-m-s

Table 4. Simulation parameters.

Simulation Method Discrete
Time step 2x107°%s
Network frequency 50 Hz
Run time 120 s
Solver

Ode45
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induction motor Efficiency-speed characteristic
T T T

1 T

0.1 . | . .
0 500 1000 1500 2000 2500 3000
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Figure 15. The variation of efficiency versus the variations of induction motor speed.

Noting the pre-described conditions for the induction motor motion, the speed reference in this
section is built upon the empirical test curve as well as the reference curve [21]. Figure 16 shows the
utilized speed reference.

Speed Reference
2500 T T

2000

1500

1000

Speed (rpm)

500

500 I 1 1 I I
0 20 40 60 80 100 120

Time (Sec)

Figure 16. Induction motor speed reference.

According to Figure 16, the speed reference has four parts. In the first part, the speed increases
with constant acceleration and reaches 2278 rpm at t = 25 s. Then, it remains constant for 75 s, after
which the motor speed decreases for around 8.5 s and reaches the constant velocity of 1500 rpm at
which it continues its operation. Table 5 shows the properties of the used drive.
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Table 5. SFC drive specifications.

Resistance (ohm) 10 x 103
Snubbers
. Capacitance (F) 20 x 10~°
®» Rectifier
ng On-state resistance (ohm) 1x103
3 Diodes
a2 Forward voltage (V) 1.3
g DC Bus Capacitance (F) 10,000 x 106
3 Resistance (ohm) 8
Tl
[
Ch f H 4000
E Breaking chopper opper frequency (Hz)
O Activation voltage (V) 700
Shutdown voltage (V) 660
Inverter Source frequency (Hz) 50
On-state resistance (ohm) 1x103
Regulation Type Speed regulation
Acceleration 900
Speed ramps (rpm/s)
Deceleration —900
PI regulator Proportional Tgain 300
Speed Controller Integral gain 2000
E Speed cutoff frequency (Hz) 1000
g Speed controller sampling time (s) 120 x 1070
=1 .
S Torque output limit Negative —1200
(N-m) Positive 1200
Proportional gain 100
Flux controller
Integral gain 30
Field Oriented o Negative -2
Control Flux output limit —
Positive 2
Low pass filter cutoff frequency (Hz) 16
Sampling time (s) 60 x 10~

In this section, based on the speed reference curve, the set of network—drive—starter motor—gas
turbine is simulated. Figure 17 shows the torque-time plot of turbine output.
The amount of above-mentioned effective current is obtained as

Lrms = %/iZ(t)dt (14)
T

Figure 18 shows the extracted current-time from the network by motor—drive set and Figure 19
shows the details of extracted current from the network by the motor-drive set and stator current.

As can be seen in Figures 18 and 19, the extracted current form the network is intensely harmonic
which is natural in existence of drive as a nonlinear load. By altering the amplitude and frequency
of the motor terminal voltage, motor control drives are able to control the output speed or torque of
the motor based on speed reference or torques. As a result, the extracted current from the network is
highly harmonic. Figure 20 shows THD (Total Harmonic Distortion), a measurement of the harmonic
distortion present in a signal and is defined as the ratio of the sum of the powers of all harmonic
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components to the power of the fundamental frequency, of extracted current from the network. THD
value is obtained as:

LI

k=2 k

THD; = V2 (15)
I

where [ is the main component of current and I, is the kth harmonic component of current.

700 T T T T

= Qutput Torque

Torque (N.m)

-100 I | I | I
0 20 40 60 80 100 120

time (sec)

Figure 17. Torque-time plot of engine output.
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Figure 18. Plot of extracted current-time from the network by motor-drive set.

In Figure 20, the very high value of THD during initial moments is due to measurement error
caused by the generated transients at drive starting moment. After the initial transients, it is observed
that THD value is reduced after some time and accompanied by the increase in motor speed and torque.
When the speed, output torque and, consequently, output power of motor in addition to the input
power of drive become constant, THD value also remains the same. At t = 100 s and with the decrease
in speed along with changes in torque and power, THD value rises. DC bus voltage is displayed in
Figure 21.
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Figure 19. Details of extracted current from the network by motor—drive set and stator current.
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Figure 20. Extracted current from the network.
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Figure 21. DC bus voltage of the induction motor controller drive.

According to Figure 21, the average DC bus voltage decreases during motor acceleration, and
remains constant when the motor output speed and torque are held constant as the power does not
change. Variations of DC bus voltage occurs due to the switching of power electronic switches used in
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the inverter. Figure 22 shows the calculated output mechanical power from P = Tw as a function of
time along with the input electric power.

5
3.5 210 . . |
e E|ectrical Input Power
sl Mechanical Output Power B
25F B
2K -
g ,
5 15F A \ 4
3
o
o
1 u
0.5 =
0 o
05 | 1 L 1 1
0 20 40 60 80 100 120
time (sec)

Figure 22. Calculated output mechanical power based on loading speed and torque.

As visible in Figure 22, during the time interval of t = 0-25 s, when the load required mechanical
power is increasing, the input electric power to the motor — drive set also increases. In fact, the drive
input power is equal to the sum of load required mechanical power and electric and mechanical
dissipations of motor—drive set.

Figure 23, shows the total active (P) and reactive (Q) power extracted from the network.
Furthermore, Equation (16) describes the relation used for obtaining the total active and reactive
power extracted from the network in which I; and V;_; are, respectively, the effective current and
effective voltage of the electrical grid.

P = \@VLfLIL cos ¢

1
Q=+V3V,_I sing 16)

5
3.5 x10 T T T

= E|ectrical Input Active Power
= Electrical Input Reactive Power

25 *

Power (W & VAr)
&
|

0.5 =
0 e
05 1 I 1 1 1
0 20 40 60 80 100 120

time (sec)

Figure 23. Total active and reactive power extracted from the network.
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Figure 24 shows the active and reactive power of the main three-phase frequency extracted from
the network. The amount of active and reactive power of the main frequency extracted from the
network is found using Equation (17) in which I} and V}} ; are, respectively, the effective current
and effective voltage of the main component of network line and ¢; is the phase difference between
the two.

P= \@VL{LQ cos @1

Q= \/§VL1_LI{ sin ¢q (17)

5
2 x10 . : :

= Fundamental Frequency Active Power
= Fundamental Frequency Reactive Power

Power (W & VAr)
o

2 I I I I I
0 20 40 60 80 100 120

time (sec)

Figure 24. The active and reactive power of the main three-phase frequency extracted from the network.

As noticeable by analyzing the two figures above, the little difference between the total active
power and the active power of the main component is due to the fact that the harmonic constituent
of the input voltage of drive is too low and, therefore, the active power consumed by harmonic
components is negligible. Due to the harmonic nature of the current extracted from the drive, as shown
in Figure 19, the total distortion reactive power and the main component reactive power are noticeable
and these two reactive powers display a dramatic difference such that the reactive power of main
component is positive, while the total reactive power is negative. This large difference occurs because
the main portion of the power generated from harmonic components are of the reactive type. Figure 25
shows the variation of the induction motor input frequency during studying period.

80 T

IM Input Frequency

Frequency (Hz)
» o (2]
o o o
T T T
1 Al L

w
o
T
1

0 I I ! I I
0 20 40 60 80 100 120

time (sec)

Figure 25. Variation of the induction motor input frequency during studying period.
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As evident from Figure 25, the motor input frequency increases according to the speed reference
curve. When the speed is constant around 2400 rpm, the motor input frequency is held constant by the
drive at 80 Hz. Figure 26 displays the induction motor input voltage.

800 T T T T

IM Input Phase Voltage
IM Input Phase RMS Voltage

600 [

Voltage (Volts)

0 20 40 60 80 100 120
time (sec)

Figure 26. Induction motor input phase voltage and its effective value.

As can be seen in Figure 26, at times when an increase in speed is required based on the speed
reference curve, the input voltage is also increased by the drive.

6. Conclusions

Gas turbine utilization in the power industry has seen an increasing trend in recent years. By
properly optimizing the gas turbine performance during start-up, emergency power demand on the
electrical grid can be better responded. Starting is still one of the most important challenges when
designing and operating gas turbines across the world. Accordingly, modeling the cold start-up
phase of industrial gas turbine is studied in this article. During this phase, an asynchronous AC
motor controlled by a SFC drive exists as electric starter. Bond graph models of these components
are developed in this study. Vector control systems represented by their dynamic equations and used
for controlling the speed of induction motor drives can be appropriately represented through the use
of bond graph. Modeling complete systems is thus possible as the mechanical port exists explicitly.
Finally, the bond graph model of asynchronous motor is coupled to the gas turbine model through
the mechanical port. Start-up speed reference is selected according to empirical tests such that the
technical requirements imposed on the gas turbine are satisfied. Simulation results can prove the
proper performance of the system during start-up.
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