i:;l?é electronics

Article

Modelling of Electric Power Generation Plant Based on Gas
Turbines with Agricultural Biomass Fuel

Luis Fernando Rico-Riveros !, César Leonardo Trujillo-Rodriguez 2
3,4,%

and Catalina Rus-Casas

check for
updates

Citation: Rico-Riveros, L.E;
Trujillo-Rodriguez, C.L.;
Diaz-Aldana, N.L.; Rus-Casas, C.
Modelling of Electric Power
Generation Plant Based on Gas
Turbines with Agricultural Biomass
Fuel. Electronics 2023, 12, 1981.
https://doi.org/10.3390/
electronics12091981

Academic Editor: Shailendra Rajput

Received: 7 March 2023
Revised: 21 April 2023
Accepted: 21 April 2023
Published: 24 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Nelson Leonardo Diaz-Aldana 2

Department of Electronic Engineering, Faculty of Engineering, Universidad ECCI, Bogota 111311, Colombia;
direccion.electronica@ecci.edu.co
Facultad de Ingenieria, Universidad Distrital Francisco José de Caldas, Bogota 110231, Colombia;
cltrujillo@udistrital.edu.co (C.L.T.-R.); nldiaza@udistrital.edu.co (N.L.D.-A.)
Department of Electronic and Automatic Engineering, University of Jaén, 23071 Jaén, Spain
4 Center for Advanced Studies on Earth Sciences, Energy and Environment CEACTEMA,
Campus Las Lagunillas, University of Jaén, 23071 Jaén, Spain
*  Correspondence: crus@ujaen.es

Abstract: To ensure the survival of society, an enormous amount of energy is required to sustain the
economic and social development of communities. In addition, there is a pressing need to achieve
significant reductions in climate change and the associated costs of implementing systems based on
traditional energy sources, as well as addressing the issue of providing electricity to isolated areas.
In rural environments, there is an alternative energy source with enormous potential, agricultural
biomass, which can produce electrical and thermal energy and can progressively help to reduce
dependence on fossil fuels. The purpose of this work is to present a dynamic simulation model of
a power generation plant that uses the Joule Brayton thermodynamic cycle, based on a gas turbine
which is fueled by residual agricultural biomass; the cycle converts mechanical energy to electrical
energy. The problem is approached through the characterization of the biomass, mathematical
models of the plant components, and simulation of the system behavior in different scenarios. The
simulations are processed in Matlab/Simulink, which allows the model to be verified, validating the
equilibrium relationship between generation and load demand.

Keywords: integrated models; simulation; biomass plant; gas turbine; mechanical to electrical
energy conversion

1. Introduction

Biomass power generation has been identified as an alternative for meeting future
energy demand. As part of promoting the development of biomass technology, it is essential
to understand the advantages and disadvantages of biomass technology, as well as the
technological implementation of biomass plants and their start, operation and shutdown
characteristics [1].

Over the last few decades, there has been a significant growth in biomass research,
conversion technologies, and the end use of the products obtained. Within this growth is
further progress in gasification, given the number of advantages it presents. Simultaneously
to its development, this work has been carried out on different models that allow for better
understanding, optimization, and management of this type of processes [2].

Mathematical modeling of a gasification process has proven to be a relatively fast
and inexpensive solution compared to the direct construction of pilot units. Mathematical
models, based on theoretical, experimental, and practical operational work, aim to analyze
the thermochemical processes involved in biomass gasification and to evaluate the influence
of the main input variables on the properties of the gaseous products (e.g., gas composition
and calorific value). Different types of models have been developed for gasification systems,
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including Computational Fluid Dynamics (CFD), Artificial Neural Networks (ANN), and
thermodynamic equilibrium and kinetic models [3].

There is a large amount of work in the literature on gas turbine modeling [4]. The
complexity of the model varies according to the intended application [5]. These models de-
scribe the spatially distributed nature of gas flow dynamics by dividing the gas turbine into
several sections [6,7]. Mathematically, the complete description of the partial differential
equation model boils down to a set of ordinary differential equations that facilitate applica-
tion in a computer simulation program [4,8]. The simplest models for simpler applications,
such as microgeneration, divide the gas turbine into only three sections corresponding to
the main components of the turbine, i.e., compressor, combustion, and turbine [8].

Based on the referenced literature review and classification of studies presented, and
focusing on energy generation through biomass plants and gasification processes with gas
turbines, this work aims to develop a comprehensive model of an energy generation plant
based on a gas turbine using agricultural biomass waste as fuel in a methodical manner.
The model is simulated using the specialized software Matlab/Simulink.

The scope of this work is to verify the mathematical model through simulation, which
will allow for continuity in subsequent developments towards the small-scale application of
integrating a hybrid microgrid in a local environment in the department of Cundinamarca,
Colombia. Therefore, the model must be comprehensive enough to represent the primary
steady-state and transient characteristics of the plant, yet simple enough computationally
to avoid complex implementation or long processing times during verification [4].

In this work, we implement models oriented towards the application of gas turbine-
based microgeneration and highlight the relative simplicity of these models, which we
verify mathematically and under simulation. The goals of this paper include: achieving con-
trol to stabilize variables at desired values, ensuring the necessary dynamic behavior when
changing from one operating point to another, controlling fuel flow to achieve a desired
load, controlling fuel/air ratio to provide the correct outlet gas temperature, and controlling
injected water flow to prevent NOx emissions, as well as flow and temperature control.

The article is organized as follows. The materials and methods section presents a
characterization of fuel based on agricultural biomass, references to studies based on
models, a description of the used mathematical models, and a description of the control
system and simulation model in Matlab/Simulink of the whole system.

Likewise, in the results discussion section, an analysis of the simulations carried out
for various system test scenarios with variation in the load and fuel is presented. These
variations are regulated by a classic PID control system, obtaining a satisfactory response for
the biomass plant, generator, and control. The small-scale application of the mathematical
models, plant modules, and control modules are verified, allowing the application to be
oriented towards a projected integration of energy resources in a local microgrid in a
non-interconnected area.

2. Materials and Methods

The following sections are presented in an orderly and consistent manner according
to the development of consultation and application:

A.  Characterization of fuel based on agricultural biomass;

B. References to model-based studies: thermodynamic, techno-economic, simulation,
and mathematical;

Description of mathematical models;

Control system description;

Matlab /Simulink simulation model of the whole system.

> mon

Characterization of Biomass as fuel

Biomass means biological mass and corresponds to the amount of living matter
produced on a given area of the earth’s surface by organisms of a specific type [9]. The
importance of biomass lies in the fact it can be transformed into energy, either electrical
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or as a source of heat, given that organic substances are produced from plant matter,
and when burned they produce energy and some other compounds such as CO, and
water (H,O). Biomass is classified into several types, depending on how it is constituted
and its production sector. The types found are agricultural biomass, forestry biomass,
livestock biomass, and Organic Urban Solid Waste (OUSW) biomass [10]. The use of
agricultural biomass as fuel in a gas turbine plant has some important advantages, but also
presents significant challenges that must be carefully considered; Table 1 summarizes some
advantages and disadvantages presented by the use of agricultural biomass as fuel.

Table 1. Advantages and disadvantages of the use of agricultural biomass as fuel.

Source Advantages Disadvantages
[11] Renewable energy source May require processing
[12] Reduction of greenhouse gas emissions Combustion generates ash and tar
[13] Waste reduction Limited availability
[14] Contribution to rural development Requires space and resources
[15] Local production Can compete with food production

Source: Own.

Table 1 presents some characteristics of the advantages and disadvantages of the use
of agricultural biomass residues as fuel. It can be seen that the advantages are that it is
greater in terms of mitigating the environmental impact, the contribution of local economic
developments in agricultural regions where there is a large amount of waste that can be
processed and used, and using energy content as a renewable and sustainable resource.

The energy content of biomass is usually measured in terms of the calorific value
of the resource. The calorific value of a fuel refers to the number of calories it is capable
of producing by the combustion of a unit mass of each element. Not only biomass, but
each fuel has an associated value against which it can be compared with others of similar
characteristics [16].

The units are determined based on the state of the fuel, whether it is solid, such
as firewood and agro-industrial waste, liquid, such as diesel, or gaseous [17,18]. The
agricultural sector produces a significant amount of biomass [6]. In this sector, the by-
products generated during the collection process are referred to as agricultural crop residues.
For energy crops, plants that have fast growth and do not require much supervision for
cultivation are usually used. Some crops, such as aquatic plants, soybeans, and peanuts,
are used to produce biodiesel, while others, such as corn, cassava, wheat, and sugar cane,
are used to produce bioethanol.

Table 2 shows the source of biomasses, the type of waste and their energy potential
as a result of a characterization that was carried out in the Department of Cundinamarca
in Colombia.

Table 2. Calorific value according to the crop.

Type of Crop Type of Waste LCV (kcal/kg) Energy Potential (T]/Year) Energy Potential (GWh/Year)

Fart 3.988 239.29 66.471

Oil Palm Fibre 4.274 618.24 171.733
Palm rachis 4.021 601.11 166.974

Panelera C Bagasse 4.456 9524.84 2645.791
anelera L-ane Leaves—Bud 4.007 2866.22 796.173
Pulp 4.259 217.76 60.489
Coffee Cisco 4.430 100.73 27.981

Stems 4.384 1165.21 323.67
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Table 2. Cont.

Type of Crop Type of Waste LCV (kcal/kg) Energy Potential (T]J/Year) Energy Potential (GWh/Year)

Stubble 3.429 318.01 88.336
Corn Tusa 3.390 97.27 27.019

Doormat 3.815 110.88 30.8
Ri Tamo 3.113 143.98 39.995
e Husk 3.603 49.63 13.787
Banana rachis 1.809 12.05 3.347
Banana Banana stem 2.032 79.15 21.986
Rejected banana 2.488 74 2.056

Plantain rachis 1.808 10.03 2.786

Plantain Plantain stem 2.032 65.88 18.3
Rejected plantain 2.480 6.16 1.711

Source: [18].

Table 2 presents characterized values of the energy potential of crop and residue
types, which depend on the climatic conditions of the agricultural area in which they are
developed. This is an important criterion to consider when determining the availability
of the residue with the highest energy potential that can be used. For example, in the
study area of the department of Cundinamarca, Colombia, the most common crops are
coffee, banana, and plantain. Table 2 shows that coffee stems have the highest energy
potential. These models can be represented as mathematical functions that relate the
different variables involved in the process, as shown in Table 3.

Table 3. The mathematical model for biomass characterization.
Equation Parameter Description Value Unit
PE Energy Potential [T]/year]
M Mass of dry residue t/year
PE = Mys + E rs y [t/year]
E Energy of ’fhe residue per [T]/4]
unit mass
A Cultivated area [ha/year]
R Crop yield [t main product/ha planted]
Mrs = A # Re * Mrg * Yrs M Mass of residue generated [t of waste/t of
8 from the cultivation main product]
Yrs Dry residue fraction [t dry residue/t wet residue]
Mgs = “_lf, Biomass cla551f1'cat10n [t/year]
n m i Types of waste biomass
ok A Reox ) ZMrgki*Yrski . . 6
i=1k=1 o Unit conversion constant 1 x 10

n

i=1k=1

PEBRA = X * A*RC *
m
X Mrgki * Yyggi * PClg

The overall energy
PEgraA potential of agricultural
waste biomass

Lower Caloric Value of
PCI the residue (174

Source: Own.

The mathematical models for assessing the energy potential of biomass are based on
the fact that the energy contained in its matter is proportional to its dry mass.

The Lower Calorific Value (LCV) is defined as the amount of energy given off in the
combustion of a unit of mass of a combustible material in which water is released as vapor.
If this water condenses, it gives off heat, and the Higher Calorific Value (HCV) would
then be obtained, adding this given-off heat to the LCV. Therefore, the LCV is lower than
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the HCV, and the higher the moisture content of the fuel, the greater this difference will
be. Therefore, the energy content of biomass is measured by the calorific value of the
resource. It is necessary to clarify that the calorific value of resources, in the case of biomass,
varies according to the level of humidity at which it is found. In particular, the higher
the humidity, the lower the calorific value. In the case of biomass, it is necessary that the
moisture content is less than 30% [19].

In many cases, the waste has a high moisture content, which requires conditioning,
which is why the resources are usually subjected to prior drying processes, either naturally
or induced, to make the raw material as suitable as possible for energy transformation
processes [12].

The most suitable method to realize the energy utilization of agricultural biomass is
through thermochemical processes. In the case of the agricultural sector, it must be taken
into account that biomass residues contain a portion of the main product of the crop, and
this fraction is usually larger than the unit [20].

Taking the LCV for different types of waste from different crops as a reference, the
amount of biomass required to produce a certain amount of electricity can be dimensioned,

for which calculations are presented in Table 4, taking generation as an example:

Power required: 1 kW

1 kW = 860 kcal/h, equivalence

PCI: 4.384 (kcal/kg). Average value of the PCI of the coffee stem taken from Table 2
1 cal = 4.1855 kJ, equivalence

Table 4. Calculation of the biomass required to produce electrical energy.

Equation Parameter Description Value Unit

Biomass Biomass quantity [%}
Biomass[%] = %‘w Power Power required [kW]
PCI Lower Calorific Value [%]
PCI Lower Calorific Value 4.384 {%ﬂ}

per| kgl | = 4.384| 52l | x 4.1855(K]] _
& & cal 1 calorie 4.1855 kJ
~ 18349232 [ 1|
& PCI * cal Product 18.349232 [1%]
= 1[kW] x 860 [%] x 4.1855[K]] = 3599.53 [%] Power required 3599.53 [g]
. ity of biomass required

. k 3599.53[ 3 k Biomasa Quantity o 4 0.215 kg

Biomass [Yg} = [1&&492[[};]]} = 0215 [ﬁg} to produce 1 kW [ h }
8

Source: Own.

With ideal efficiency values of the generation system of 100%, 0.215 kg/h would be
required, but under an estimated lower performance, e.g., 90%, the following is obtained:

0.215 F<g

) kg| h} - kg
Blomass[h] = |09 —0.238[}1}

To produce 1 kW of power, 0.238 kg/h of agricultural biomass would be required,
with an estimated efficiency of 90%.

B. References of studies based on different methods

The studies and references consulted based on different models, for a greater under-
standing of this work, are classified as follows: thermodynamic studies, techno-economic
studies, studies based on simulation platforms, and studies of mathematical models. For
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the first three, a brief reference is made, and for the last, which is the mathematical classifi-
cation, a greater depth is presented, since the main objective of this work is to develop a
complete mathematical model of a power generation plant based on a gas turbine whose
fuel is agricultural biomass residue. Some references for each study are presented below.
References from thermodynamic studies. Table 5 presents some references based on the
biomass gasification process, and energy, mass, exergy, chemical, and thermodynamic analyses.

Table 5. References of thermodynamic studies.

Source Description Process Contribution
The complete evaluation of the
thermodynamic performance of an It performs a comprehensive
integrated biomass-supported combined thermodynamic calculation of the
[2] plant is investigated. For thermodynamic Biomass gasification combined cycle supported by biomass
investigation, the mass, energy, entropy, gasification to produce electric heat, fresh
and exergy balance relationships of the water, and hydrogen.
modelled plant and sub-plants are applied.
Gasification modelling procedures fall into aDevle 1(?;: éfe ;:)sclggul\iﬁziﬁg soiiwggg :)(;
[21] two main categories: equilibrium and Biomass gasification PPy A pro purp .
Kinetic models system optimization from thermodynamic
' and economic perspectives.
The model reproduces the operation of the
It presents the simulation of a real mCHP syngas cleaning unit, the ICE, fmd the
plant, based on a biomass gasifier coupled thermal recovery system. In particular, the
[22] to an internal combustion engine (ICE), in Biomass gasification thermal recovery system has been'
the Aspen Plus environment to predict the reproduced by implementing the detailed
svstem behavior. geometrical characteristics of the actual
Y ’ heat exchangers of the mCHP with Aspen
EDR environment.
They propose computational fluid The results showed that all models can
[23] dynamics (CFD) simulation validated Biomass gasification represent biomass combustion in a

against experiments.

reasonable way. Biomass gasification is
completed at a temperature of 1050 °K.

They develop and implement a
zero-dimensional model for downdraft
biomass gasification in fixed-bed or
slow-bed gasifiers.

Biomass gasification

The proposed model considers the main
gasification sub-processes (drying,
pyrolysis, gasification) and their products.
The model successfully predicts the
conversion behaviors of different types of
biomasses during a gasification process in
terms of yield and product composition.

Source: Own.

References of techno-economic studies. Table 6 presents some references of studies, anal-
yses, and case studies on the technological, economic, and environmental components
aimed at energy sustainability using biomass gasification resources.

References of studies based on simulation platforms. Table 7 lists some references based on
the use of specialized simulation software, and some other case studies oriented toward
the knowledge and implementation of strategies and computational tools for optimization
and modern control in biomass gasification processes are presented.
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Table 6. References techno-economic studies.

Source Description Process Contribution
The study shows that various
. téc.hno-economlc parameters have CSP-biomass-TES hybrid In the paper, they modell and s.1mulate
[24] significant effects on the reduction of the ower plant three power plant configurations to
normalized cost of electricity—LCOE in p plant. calculate the cost of electricity for each.
different power plant configurations.
The innovative energy system presented
is defined based on the integration of a
downdraft gasifier, an external
They propose a novel concept of BECCS combustion gas turbine, an MCFC
[25] (Bioenergy with carbon capture and Downdraft gasifier section, an organic Rankine cycle and a
storage) for energy production. cryogenic CO; capture. The proposed
system is modelled and analyzed on the
basis of exergy and
exergy-economic analysis.
They evaluate the performance of an
advanced biomass-fueled hybrid power Biomass gasifier, SOFC, They present a detailed parametric study
[26] generation system and model a modern Direct Combustion GT of the system to exhibit thermo-economic
biomass-based electrochemical power and ORC. and environmental behaviors.
generation system.
They include descriptions of gasification
They present the latest statistical data on conversion routes, with their
[27] energy generation from bioenergy Biomass gasification sustainability conditions, as well as the
resources using available sources. government policies necessary for their
implementation in the Indian context.
A review of the sustainability aspects of The sustainability framework provided
. e by the ODS, together with the concepts of
biomass gasification and the use of o
- - energy transition and the energy
biomass synthesis gas for small-scale . . ) L
[28] Lo ) Synthesis gas from biomass trilemma, give bioenergy great
power generation is presented, taking the . i .
. importance in what should be its
UN Sustainable Development Goals ST .
participation in an energy matrix geared
(ODS) as a frame of reference. I
towards distributed energy systems.
It assesses the feasibility of new They consider not only the cost of energy
renewable energy systems, and analyses .
L0 but also the environmental and
the sustainability impact of these Systems of . - .
[29] . . socio-economic impacts involved
technologies along the entire supply Renewable energy .
L. . - throughout the life cycle of
chain in the environmental, social, and
L the technology.
economic pillars.
They present an analysis to achieve the They stress that renewable solutions
EU’s goals of a climate-neutral economy should be introduced into our existing
by 2050, highlighting that an adjustment . . production chain and should be
[30] Bioeconomic . . . .
of the current economy to one based on conceived not as immediate solutions,
renewable raw materials (bioeconomic) but as long-term solutions, to be used as
must take place. early as possible and improved over time.
They present an analysis of micro-scale They study various types of l?oﬂers for
. o . each type of biomass, resulting from
biomass-fueled applications, with wood, . . . ,
N . different fuel properties and investors
[31] straw, energy crop plants, and Applications Microscale

agricultural products being the most
used fuels.

expectations (e.g., in relation to price and
operational parameters such as the
convenience of use).

Source: Own.
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Table 7. References simulation platforms studies.

Source

Description

Process

Contribution

[32]

They point out that there are very few
published studies on the modelling of
biomass gasification based on the ANN
method and even fewer in the field of
fixed-bed downdraft gasifiers.

Biomass gasification based on
the ANN method

They develop an integrated ANN model
with a thermodynamic equilibrium
approach for the downstream biomass
gasification integrated power generation
unit, which aims to predict the net power
output of systems derived from various
types of biomass feedstocks under
atmospheric pressure and various
operating conditions.

[33]

It presents an Artificial Neural Network
(ANN) based model hybridized with a
Particle Swarm Optimization (PSO)
algorithm for a Biomass Gasification
Plant (BGP) to estimate the amount of
biomass needed to produce the syngas
required to satisfy the energy demand.

Biomass gasification plant

The proposed model is compared with
two traditional ANN models: Backward
Feedback Propagation (FF-BP) and
Forward Cascade Propagation (CF-P).
ANN s are trained in MATLAB software
using a real historical data set from a BGP
located in the Distributed Energy
Resources Laboratory of the Universitat
Politecnica de Valéncia in Spain.

[34]

They researched about the possibility of
using NARX ANN in a fixed-bed
downdraft gasifier to predict syngas
composition for lower data logging
frequency.

Biomass downdraft fixed-bed
downdraft gasifier

They obtain results from an open-loop
network consisting of input and output
layers connected with a hidden layer of
5 neurons. The application of the
network allows online prediction and
control of the gasification process.

[35]

They present two case studies that
combining PV, biomass gasifier and
batteries; one in Honduras and the other
in Zambia.

Biomass gasification

The simulation resulting from the
research allowed to review the
performance of a gasifier in two HRES
case studies that combine PV, biomass
gasifier and batteries; one in Honduras
and the other in Zambia.

Source: Own.

Mathematical modelling studies. Table 8 presents some references that are oriented
toward mathematical modelling, simulation, and control, where the majority are based on
the same models, but with different scopes of application in biomass gasification.

As has been mentioned, the main objective of this article is to develop the mathematical
models of each component that is part of a gas turbine-based power generation plant.
Although the other models which were consulted and referenced are important, it is
considered that mathematical models are the basis for sizing. Simulating and evidencing
behaviors of the components of the plant, and managing to establish a stable, reliable,
and reproducible plant model, are the basis to determine and apply the other models.
The referenced mathematical models are comprehensive enough to represent the primary
steady-state and transient characteristics of the plant, yet simple enough computationally
to avoid complex implementation or long processing times during verification.

The following section presents a detailed description of the mathematical models of
each subsystem of the biomass-fueled gas turbine power plant.

C.  Description of the Mathematical Models

Gas turbines have played an important role in recent decades, due to their low initial
investment cost and operational versatility. They can be used efficiently not only for
emergency services to cover peak daily demand if required, but also as microgrid-based
generation systems, which integrate energy resources into a comprehensive, manageable,
and coordinated hybrid system.
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Plants that use gas turbines to operate mechanical power, which is converted to
electrical power by a generator, can operate either in closed or open loops. Figure 1 shows

a schematic of an open loop gas turbine power plant.

Table 8. References mathematical models.

Source Description Process

Contribution

The book presents comprehensive
information on CC combined cycle and
CHP combined heat and power
cycle systems.

Biomass gasification

It presents in detail the mathematical,
control, and simulation models of gas
turbine, steam turbine, and combined gas
turbine-based power plants. From the
book the following references are
highlighted [8,28,36—40], being the basis
for the development and application of
gas turbines.

The book presents comprehensive
information on distributed generation
using gas microturbines, apart from
mathematical models, it highlights
control models and
microgrid applications.

Distributed electricity
generation with
gas microturbine

6]

Control models and micro-grid oriented
applications are highlighted.

In the Thesis, it is applied the dynamic
models described in the book [27] by
generating simulations of gas, steam, and
combined cycle turbine plants, which
validate the models for his
own application.

Modeling and dynamic
simulation of
cogeneration schemes

It presents simulations of gas, steam, and
combined cycle turbine plants, which
validate the models for their
own application.

It presents an application of
mathematical models oriented to
simulation and control based on

Neuro-fuzzy controller applied to

. euro-fuzzy Contro various scenarios of variation of power,

4l neuro-fuzzy controllers, controlling N fuzzy Control i . f variati fp

several scenarios of variation of power, torque, active, and reactive load

torque, active, and reactive load.
There is no great detail of the
. mathematical models, calculations, or
They are based on the same mathematical . ’ ’
[42-49] €y are basec on the same ematic Gas turbine parameters of each subsystem, each

and control models

study focuses its development on
specific applications.

Source: Own.

FUEL: COMBUSTION
BIOMASS CHAMBER

EXHAUST GASES

COMPRESSOR < q—»@
R

Figure 1. Open circuit gas turbine power plant. Source: [7].
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In this configuration, fuel and air enter the combustion chamber and, after the chemical
reaction is generated, the gas exits to the turbine producing mechanical power; the gases
leaving the turbine are not recycled. This type of “open loop” plant does not constitute a
thermodynamic cycle. However, its performance is often evaluated as if it were operating
as a “closed loop” plant, Figure 2a illustrates this type of plant.

COMPRESSOR

——

EXHAUST GASES
3 [ o | T

p=cte

1-2 Isentropic compression
2-3 Isobaric Q input

N
—\ W

p=cte

TURBINE

a4
I 3-4 Isentropic expansion

GENERATOR 4-1 Isobaric Q Emission

[

(@) (b)

Figure 2. (a) Closed-loop diagram; (b) Temperature — Entropy (T — S) diagram of the thermal cycle of
mechanical power generation with a gas turbine. Source: [7].

Power plants that utilize gas turbines are based on the constant pressure Joule Brayton
cycle [28]. In this cycle, a constant flow of air or gas is compressed, heated, and expanded
through the turbine, and then cooled in a heat exchanger, in the case of a closed thermal
cycle. The turbine provides mechanical power to both the compressor and the generator.

In Figure 2, it can be seen that the main components of power plants using gas turbines
are: the compressor, the combustion chamber, and the turbine. The way in which these
plants operate is: at point 1, the air is taken from the atmosphere and enters the compressor
to achieve the most favorable conditions for combustion. Then, at point 2, the air is mixed
with fuel in gas form in the combustion chamber for combustion to take place, and then, at
point 3, the hot gases that leave the chamber go to the turbine to produce mechanical power.
In terms of energy conversion, the chemical energy that is released due to combustion is
transferred to the gas flow. This energy, which is measured in terms of the enthalpy of the
gases, is converted into mechanical power by the gas flow that turns the turbine. It must be
considered that, in this process, part of the mechanical power which is handled goes to the
compressor and the rest to the desired application.

In the T-s diagram of Figure 2b, the area under each of the process curves represents
the heat transferred by that process; therefore, the area under the curve joining point
2 to 3 represents the heat transferred by the combustion taking part in the combustion
chamber, as shown in Equation (1):

53
Jent = /T(S)2,3d5 (1)
52

Equation (1) is valid for all processes, the limits of integration should be adjusted to
the limits in which the process is carried out, and also the temperature as a function of
entropy for that process. Then, the heat given off in the Joule Brayton thermal cycle is given
by the area under the curve from 1 to 4, as shown in Equation (2):

54

Gsal = /T(S)lAds (2

51
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Finally, by the first law of thermodynamics, the difference between the areas 2 and
3 and from 1 to 4 represents the net work produced in the thermal cycle, as shown in
Equation (3):
®)

It is evident that the higher the temperatures handled in the 2 to 3 process and the
lower the temperatures handled in the 4 to 1 process, the higher the efficiency of the
thermal cycle.

In order to model the various components of gas turbine power plants, the following
considerations are usually made [36,46]:

Wheto = Gent — Gsal

Air and the products of combustion are considered ideal gases;
The specific heats are considered constant for the products of combustion, air, and
injected steam;

e  The flow through the nozzles (compressor) is described as a polytropic, one-dimensional,
and uniform adiabatic process;

o  The energy storage and transport delay in the compressor, turbine, and combustion
chamber are relatively small, which is why steady state equations are applied;

e  The kinetic energy at the inlet of the gas flow in the compressor and turbine is consid-
ered negligible;

e  The mass flow of air through the compressor is controllable by means of the blades at
the inlet.

Taking into account the previous equations and considerations, more detailed informa-
tion on the mathematical models resulting from analyzing the gas turbine as a process of
compression and expansion of combustion gases (behavior of a nozzle) is presented below,
for which the system is decomposed into four main subsystems. These are illustrated in
Figure 3, where input, process, and output variables are highlighted.

COMPRESSOR w_air COMBUSTION CHAMBER Wg TURBINE Pmech
w_is Trin TTuus
pi Density Peout Air flow Prin Fuel flow Prout
——
Pein Pressure Teout Steam flow hrin Temperature hrout
cin Temperature Pc Pressure Genox Pressure
—_—
. Temperature Pc Enthalpy
Fd wf
Fuel system

Figure 3. Gas Turbine Subsystems. Source: Own.

For the application and projected environments, a very high load requirement is not
required, and all mathematical, simulation, and control models are dimensioned for the
operation of a 5 kW power plant at a frequency of 60 Hz.

The mathematical models for the four (4) subsystems that make up the gas turbine-
based power generation plant, as well as the electrical generator subsystem as a transducer
of mechanical power to electrical power, are described below:

Fuel system (valve with actuator)
Compressor

Combustion chamber

Turbine

Electric generator

L o

Fuel System
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This system provides the fuel necessary for combustion to take place. In other words,
from a fuel demand signal, this system operates by increasing the flow or decreasing the
flow as required. The fuel flowing from the fuel system is the result of the inertia of the
actuator and valve positioner, which are controlled by the PID controller’s designer for this
purpose. The equations in the Laplace domain, describing the dynamics of the system, are
presented in Table 9, which shows: the equations, parameters, description, value, units,
and procedure, as well as whether the value obtained arises from applying a calculation
process, from a parameter, or from a constant.

Table 9. The mathematical model of the Fuel System.

Equation Parameter Description Value Unit Procedure
Wy Fuel mass flow. 2.889 x 1074 kg/s Calculation

we = K, kg System Gain. 1 No Unit Parameter
fm gsTH ¢ System time constant. 0.01 S Parameter
el Valve positioner. dynamic No Unit Calculation

e — A, a,b,c Valve parameters. 10,1,0 No Unit Parameter
17 554c™2 e Internal positioning signal. dynamic No Unit Calculation
MF Minimum fuel signal. 0.8 p-u. Calculation

ke Feedback coefficient. 1 No Unit Parameter

ey = MF + Fywre ™" — wsky F, Fuel demand signal. 1 p.u. Calculation
wT Turbine speed. 188.45 rad/s Calculation

T System time delay. 0.01 s Parameter

Source: Own.

2. Compressor

Compressors are positive displacement machines that maintain a constant volume in
their chamber and a range of pressures at the outlet; the pressures depend proportionally
on the inlet pressure to the compressor and are inversely proportional to the ratio of
inlet-outlet densities. That is, the gas density at the compressor outlet is greater than the
inlet density. The compressor is modelled as an equivalent nozzle in which an isentropic
compression of the air is carried out, and the turbine as an equivalent nozzle in which an
isentropic expansion of the gases leaving the combustion chamber is carried out, because
this simplifies the models and, even with these simplifications, the relevant physics of the
process, such as the change in temperature, pressure, and enthalpy, are still represented.
Table 10 presents the mathematical model of the compressor.

The dynamics of the compressor are developed using the mathematical model outlined
in Table 10. The following aspects can be observed: equations, parameters, descriptions,
values, units, and procedures. The value obtained can arise from a calculation process, a
parameter, or a constant. This model describes stable one-dimensional flow through the
nozzle for uniform polytropic compression.

3. Combustion chamber

In this subsystem, combustion takes place where the hot gases, as a product of combus-
tion, are directed to the gas turbine. The mathematical model of the combustor is presented
in Table 11. The combustion of the gas turbine is modelled using the steady-state energy
balance for combustion at the reference temperature.

4.  Turbine

The turbine subsystem is where the gases leaving the combustion chamber expand.
As the gases expand against the turbine blades, the turbine acquires kinetic energy, thus
delivering mechanical power to the electrical generator.

Table 12 presents the mathematical model of the turbine, which is modelled using
standard one-dimensional steady state gas flow equations.
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Table 10. The mathematical model of the Compressor.
Equation Parameter Description Value Unit Procedure
Air mass flow inside 5.767 x
Iculati
Wa the compressor. 101 kg/s Calculation
Wa = Ay Compressor 1.2 x 1072 m? Parameter
om 2 (a1 7Y 05 outlet area.
A —_— ; ; 7, mg — 7, mg .
0{ Noac (1, —1) (Peinpi) | (re) (re) ] } Tooc Polytropllc compressor 0.9 No Unit Parameter
efficiency.
Oi Inlet air density. 1.21 kg/m3 Parameter
Pcin Inlet air pressure. 15.62 Pa Parameter
my Polytropic index. 1.417 No Unit Calculation
e Pressure ratio 10 No Unit Calculation
(Pout/Pin)-
Ya (c,',a/cw) S.p ecific heat 1.411 No Unit Calculation
- Ya ratio for air (constant).
Ma =\ 5u-teD Specific heat of air at
tieoc Cpa 1.012 J/ (kg °K) Parameter
constant pressure.
Specific heat of air at o
Cua constant volume. 0.717 J/ (kg °K) Parameter
(img) Pressure ratio . .
Py = 2 (ma=1) Te 10 No Unit Calculation
Po ¢ (m,+1) (Pout/Pin)-
Peout = Pein'ec Peout Outlet air pressure 156 Pa Calculation
T (ra=1) Teout Outlet air temperature 547 °K Calculation
1o = (re) e Tein Inlet air temperature. 288 °K Parameter
P, Compressor Power 1820 \%\Y Calculation
consumption
P.= % isoentropic enthalpy
change. Corresponding
Ahy to the compression of ~ 2.698 x 10° J/kg Calculation
P, with respect
to Peout
e Total c‘0¥npressor 0.863 No Unit Calculation
efficiency.
Transmission
Wtrans efficiency from turbine 0.99 No Unit Parameter
to compressor.
(va—1)
_ ) 1=(r) NG e Total compressor 0.863 No Unit Calculation
e = Ga=D efficiency.
1— (yc ) TaTlcoc
Ry Coni Specific heat of air at 1005 1/ (kg °K) Parameter
Ahp = CpairTcin (re) reir —1 p constant pressure.
Ideal gas constant o
Ruir for air. 287 J/ (kg °K) Parameter
Source: Own.
Table 11. Mathematical model of Combustion Chamber.
Equation Parameter Description Value Unit Procedure
we Outlet gas mass flow. 5.77 x 107! kg/s Calculation
Wis ﬂStea.m. mass 29 x 1075 kg/s Calculation
WG = Wa+wys + Wi . CiW m]e;ltlon.t
‘uel mass rlow to _4 .
wr the turbine. 2.88 x 10 kg/s Calculation

wGCPg(TTin — 298) -‘rwan,; (298—Tcm,t)+wj«Ah25

+wisCps(298—Tjs) =0

Equation for the energy
of combustion at
temperature 25 °C, is
cleared for Trjy,.
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Table 11. Cont.

Equation Parameter Description Value Unit Procedure
Cpg Specific heat of flue gases 1144 J/(kg °K)  Parameter
Cps Specific heat of steam. 2005 J/ (kg °K) Parameter
Cpa Specific heat of air. 1005 J/ (kg °K) Parameter
WGCpg(Trin —298)  +0aCpa(298—Teour)+wyAhas T, Turbine inet 1420 °K  Calculation
+0isCps (298—T}5) = 0 gas temperature.
Specific enthalpy of
Ahys reaction at the reference (—4.0 x 107) J/(kg) Parameter
temperature, (25 °C).
T;s Steam temperature. 601 °K Parameter
- Loss of combustion .
PTin = Peout — Ap Prin chamber pressure. 159 Pa Calculation
Ap Loss of p ressure in the 2.698 Pa Calculation
combustion chamber.
k1, ko Pressure loss coefficients 1 No Unit Parameter
Universal gas constant o
R for flue gases 287 J/(kg °K)  Constante
Tin R(_d 2 Cross-sectional area
Ap = {(kl + ko (ﬁ - 1)) 2 (#ij TEOW} Am of the 1 m? Parameter
combustion chamber.
T Reference combustion 1000 oK Parameter
temperature.
Reference flue 6
hyes gas enthalpy. 1.2 x 10 J/kg Parameter
Turbine inlet 6 .
htin gas enthalpy. 1.685 x 10! J/kg Calculation
Source: Own.
Table 12. The mathematical model of the Turbine.
Equation Parameter Description Value Unit Procedure
Gas temperature at the o .
Trout turbine outlet. 763 K Calculation
rT Plout/PTin Turt'nne 6.29 x 1072 No Unit Calculation
(reg-1) ) Tprsssure ralatlo.
T — () 1T g urbine outlet air .
Trin (") PTout pressure. 94 Pa Calculation
HooT POIY;EEZIS;bme 0.9 No Unit Parameter
Yeg Cif i ,{izvﬁéfﬁizlf;;e:t 1.33 No Unit Calculation
wg Turbine gas mass flow 5.77 x 107! kg/s Calculation
w Ar Turbine outlet area 0.14 m? Parameter
c = . .
) gD 1Y %% oo Polytl;;).p}c turbine 0.9 No Unit Parameter
A 2cg (prinoms) | (rr) ™5 — (£> Thicg efficiency
O Yeor (imeg—1) P TinETi 7o OTin Inlet gas density 3.778 x 1074 kg/m3 Calculation
PTin Turbine inlet air pressure. 159 Pa Calculation
Mg Polytropic flue gas index. 1.384 No Unit Calculation
0Tin = % CIZ Tf; - OTin Inlet gas density 3.778 x 1074 kg/m3 Calculation
Meg = Yeg Mg Polytropic flue gas index. 1.384 No Unit Calculation
e
(mcg) . 1
p 2 (incg—1) rr Prout/PTin Turt.nne 6.29 x 1072 No Unit  Calculation
(—) =rr= |7 pressure ratio.
Po (mfg+1)
(reg—1)
yr = 1-(rp) ieg nr Overall turbine efficiency. 0.931 No Unit Calculation
T= (1eg—1)

1—(rp) "e8eoT
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Table 12. Cont.

Equation Parameter Description Value Unit Procedure
Isentropic enthalpy 4 J/ (kg °K) .

L ?hl change. 12{11410 J/ (kg °K) CPaaer;f tio?

Ahy = cpeTriy ((’T )P — 1) P Specific heat of flue gas. 287 ]/ (kg Paramstgr

8 Ideal gas constant for gas. °K)

htout = hrin — nrARI Ptout Enths)l(l;;f:ttgaestel:bme 1.697 x 10° J/kg Calculation
_ Mechanical power .

Pr = nrWgAhl Pr delivered by the turbine. 6820 W Calculation

P. Power required by 1820 w Calculation

P = Pr—Pe the compressor.

mee P Net mechanical power .

mech 5000 w Calculation

available in the turbine.

Source: Own.

In addition to the description of the four subsystems of the plant, the mathematical
model of the electric generator is presented.

5.  Electric Generator

In order to convert the mechanical energy from the PGT into electrical energy, it is
necessary to use an electric generator. Table 13 highlights some comparative advantages and
disadvantages between synchronous and asynchronous generators [50]. This comparison
allows for the establishment of a series of technical criteria in order to select the most
suitable generator for the present application [51].

Table 13. Advantages and disadvantages of synchronous and asynchronous generators.

Advantages Disadvantages

Synchronous Generator

Greater efficiency Greater complexity
Increased stability Requires an excitation source
Lower long-term cost Higher initial cost
Reactive power Increased maintenance
Good power quality Accurate grid synchronization
Low noise Increased inertia
Greater responsiveness to load variations Increased sensitivity to network disturbances

Accuracy in frequency control

Asynchronous generator

Simplicity Lower efficiency
Does not require an excitation source Lower power quality
Lower initial cost Slower response time
No regular maintenance required No regular maintenance required

Increased capacity to withstand
network disturbances

Source: [50,52].

Based on Table 13, and taking into account aspects such as efficiency, stability, power
quality, greater responsiveness to load variations—which allows for greater precision in
frequency control, and the parameter that relates to load requirements and fuel system
control, it has been determined that the generator to be used in the simulation of the PGT
plant is a synchronous generator whose equivalent in Matlab/Simulink is the Simplified



Electronics 2023, 12, 1981

16 of 28

Synchronous Machine. Table 14 presents the mathematical model of the selected generator.

Table 14. The mathematical model of the Electric Generator.

Equation Parameter Description Value Unit Procedure
Aw(t) Deviation from nominal dynamic rad/s Calculation
operating speed
1 H Inertia constant 3 S Parameter
Aw(t) = 7f0t (T — Te)dt — KdAw(t) T Mechanical torque N/m Parameter
(201_(115) = Aw(t) + wo T, Electromagnetic torque N/m Parameter
kd Damping factor 64.3 pu Calculation
w(t) Mechanical rotor speed 188.45 rad/s Parameter

Nominal operating

188.45 rad/s Calculation
rotor speed

wo

Source: Own.

D. Description of the control system

The gas turbine controller regulates both the gas turbine and the electric generator. One
of the most popular designs is the SpeedTronic MarK IV system [39] developed for General
Electric gas turbines. For the purpose of this article only, the control of the mechanical side
of the gas turbine is the main focus; therefore, the model is significantly simplified.

The simplified model of the gas turbine controller is realized with a classic PID
controller (supervisory), consisting of four inputs and three outputs. The inputs to the
controller, which are outputs of the gas turbine model, are:

Delivered mechanical power: Pmech, in W;

Rotational speed (related to electrical frequency): w in rad/s;
Exhaust gas temperature: Tyt in °K;

Exhaust gas composition (NOx and CO content): g.nox in p.p-m.

The controller outputs that are inputs to the gas turbine model are:

Fuel flow: conversion of fuel quantity Fd to p.u.;
Air flow (inlet guide vane position): w,i; in kg/s;
Steam (or water) injection flow into the combustion chamber: wjg in kg/s.
Figure 4 shows the blocks of the control system, which consists of: PI controller for
the electrical power signal Pe, PD controller for the rotational speed w, P controller for the
temperature signal Ty, PI controller of NOx gas emissions, and the LVF and MVF blocks
which complement the system.

Each block of the control system is described below, and Table 15 presents the internal
diagrams of each control block, as well as the parameters, description, value, and unit of
each element that is part of each block.

e  Power control Pe: this is implemented with the electrical power signal Pe coming from
the generator GTP (Gas Turbine Plant); this in turn receives the mechanical power
signal Pmech coming from all of the dynamics of the GTP. This signal is subtracted
from the reference signal Pe_ref, and the result of the subtraction is integrated in the PI
controller generating the required dynamic power signal according to the requirements
of the load and the dynamic behavior of the other signals;

e  Speed control: similar to power control, the rotor speed signal w comes from the GTP
generator and performs a similar procedure; it is subtracted from a reference value
w_ref, and the result of the subtraction is derived in the PD controller generating
the required dynamic speed signal according to the requirements of the load and
the dynamic behavior of the other signals. This control must be considered in safety
conditions so that the turbine does not lose balance and overspeed;

e  Temperature Control T,y the temperature signal comes from the Turbine block, and
the temperature value is the highest of the compression and expansion process that
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occurs inside the plant; this parameter is important to control so that the temperature
level does not exceed the upper temperature limit that the plant can withstand;
Control of Outlet gases NOx: although a more robust and complex control of this
block is not carried out, as it requires a deeper and more detailed development, it is
important to take into account what it produces as a result in the outlet gases and
pollutant components, as well as with the working temperatures; the behavior is
reviewed as its process results in the steam flow of gases wjs are the steam mass
flow injection;

LVF Block (Minimum Value Selector): this allows discrimination of the lowest value
signal coming from the power, speed, and temperature controls, with the power signal
predominating, without disregarding the other signals that are considered more for
plant safety procedures, in terms of speed overflow and temperature level overshoot;
MVF Block (Maximum Value Selector): this also complements the system, as it allows
the higher signal of the two incoming signals to pass, which are the ones coming
from the LVF block and Fd_MIin; this last block is very important as it provides the
minimum flow signal that must be injected to the plant so that it does not shut down
and maintains the flame of the combustion system.

Matlab/Simulink simulation model of the whole system.

By interconnecting all the subsystems developed up to this point, we have an equiva-

lent that involves the fuel flow input, which will come from a controller and the mechanical
power as output; this concept is illustrated in Figure 5. All the subsystems obtained can
be part of an equivalent system, in which only the fuel flow is required as input and the
mechanical power and the gas temperature parameters at the turbine outlet as output.
Through the mechanical power, the generator system based on a simplified synchronous
machine is connected.

Table 15. Gas Turbine—Generator PID Control Model.

Control Parameter Description Value Units
Electrical Power: Pe Pe_pu Signal power generator 1 p-u.
Reference signal
I:pe,pu ; . Pe_set_pu generator power
7 PI_Pe Proportional—Integral
P Proportional
PolsoLpu I Integral
Rotor Speed: w w_pu Rotor speed of operation p-u.
Reference rotor speed
w_set_pu ¢ . p-u.
_% O of operation
-~ Proportional—Integral—
)_p ‘ PID_w P ID_ w Deri .
erivative
[ P Proportional
- I Integral
D Derivative
Temperature: Tyt T_Tout_pu Turbine outlet temperature

T_Tout_pu

Funcién CR

T_Tout_set_pu

Radiation field
Outlet reference
temperature Turbine

FuncionT Termocouple
P_T_Tout Proportional _T_Tout
p Proportional
PL w._air Proportiqnal—lntegral
airflow
p Proportional
I Integral
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Table 15. Cont.

Control Parameter Description Value Units
Gases NOx: gcnox 8cNOx Mass flow of NOx
Wis Steam mass flow inyection. 2.9 x 1075 kg/s
Fuel mass flow to 4
o> “f the turbine. 288 > 10 kg/s
Fom ¢ Experimental curve: NOx
GT2 steam mass flow to fuel ratio
8cNOx_set Reference mass flow of NOx
Delay 0.001
Dead Zone —0.1-0.1
PLw._is Proportional—Integral mass
flow of steam
P Proportional 0.0002
1 Integral 0.001
Source: Own.
| Controlpower T 1
| |
: Pe =) !
| Pl i
| "\;J/ I
| |
| Pe_re |
| |
I Speedcontrol T T
| |
| |
| w S0 |
! PD I LVF
| B :
|
I w_re 1
I I Fd
__________________________ MVF
:Temperature control :
| |
T -
P T () J } Fd_Min
| |
| * |
I Trou_ref 1
| |
| |
| |
I I ws
: — Pl i |
| |
| |
e e e e e e —— J
| ControlgasNox 1
| |
: Genox () PI ! Wis
| |
[ + [
: Genox Te :
| |

Figure 4. Control system blocks. Source: Own.
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GTP CONTROL w_air GTP GAS TURBINE PLANT GTP GENERATOR A LOAD
w_is R
Pe Power Fd w_air Compressor Simple C RL
w Speed w_is |Combustion chamber Synchronous Font
Trout |Temperatur Fd Fuel system Pm Machine
Gases NOx Turbine Trout SSM Pe

Figure 5. Blocks of the whole system: GTP control, GTP Plant, GTP generator and load. Source: Own.

As a result of the procedure described above, in terms of the implementation of all
the models, in the first instance, all the mathematical models were transferred to Excel
for monitoring, verification, and interaction of each equation for each component that is
part of each subsystem. The appropriate dimensioning and parameterization were carried
out on a small scale for the application of a 5 kW full-scale generation plant. From the
monitoring and verification in Excel, all the models were implemented in Matlab /Simulink.
Figure 6 shows the implementation in blocks of each component of the GTP system with
fuel characterized as agricultural biomass residue.

—» TTout
w_airf—
—P{omega -
‘ r w_is
» Fd wf speed (rpm)
W [ i
Fd
Pe Pe (W)
Fuel system Control_GTP —1
Speed p.u.
Pe p.u.
Mux SSM
J wf
Pc WG
—»lw_is Scope2
»1
vabe P >“—,
Pe (W)
J 3 TTout T Tout labc  Q
_Tout
+—> w_air Tcout Power
>4 TTinF— e (Positive-Sequence)
> w_air 3 f oo A Vabe
4 labc
pcou 8
u G Pmech P— :
PTin 4 c
Conistessor 405.9 }J 6250 VA - 400V Three-Phase
P! 7 - 60 Hz - 3600 rpm V-1 Measurement
Turbine
Combustion chamber

Figure 6. Matlab/Simulink model: GTP control, GTP plant, GTP generator and load. Source: Own.

The sub-systems are listed below:

GTP Control (Gas Turbine Plant);

Fuel System;

Compressor;

Combustion Chamber;

Gas Turbine;

Simple Synchronous Machine (SSM);

Simple Synchronous Machine (SSM) output multiplexer: speed in rpm, electrical
power Pe (W);

8. Three-phase outputs;

NN
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2.195

2.185

2475

9.  Three-phase resistive load.

3. Discussion of Results

According to the entire procedure developed for the implementation and verification
of the mathematical models of each of the subsystems described and which constitute the
GTP-based generation plant, two generalized scenarios are presented for the verification
of the results, which are aimed at operating with resistive load for basic consumption in a
rural domestic environment. The scenarios are described below:

1. Checking of nominal values:

In this scenario, there is variation in the load requirement, which leads to fuel variation.
Figure 7 shows the load variations of a 1 kW and 5 kW requirement. For simplification
of the calculations and presentation of the data, the parameterization and conversion of
the SI international average system to parts per unit p.u. is used, corresponding to the
parameterization of 5 kW to 1 p.u., 4 kW to 0.8 p.u., and so on until a value of 1 kW
corresponding to 0.2 p.u. is obtained.

As an example of checking the low nominal value, Figure 7a shows the variation in
the load requirement of 1 kW. The red graph illustrates the mechanical power output of
the GTP, denoted as Pmech, with the conversion of units for a 1 kW variation of 0.2 p.u.
being obtained. Similarly, the blue graph represents the output of the Simple Synchronous
Machine, also demonstrating a variation of 0.2 p.u.

Pmech p.u. Pep.u.
T T T T T T T T T T

T
02
015
0.1
0.05
0
3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
@)
Pmech p.u. Pe p.u. | —ryy
T T T T T T pul T T T T T T T ———1
1
08
06
04
02
0
0 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Figure 7. 1 kW and 5 kW load requirement with varying Pmech and Pe. (a) 1 kW load requirement,
(b) 5 kW load requirement. Source: Own.
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For the case of variation in the highest nominal value, Figure 7b represents the variation
in the load requirement of 5 kW, the red graph illustrates the mechanical power Pmech being
the output of the GTP, with the conversion of units for a 5 kW variation of 1.0 p.u. being
obtained. Likewise, the graph in blue represents the output of the Simple Synchronous
Machine, also representing a variation of 1.0 p.u.

For the two example cases, when there is variation in the load requirement, there is a
correspondence in output variation in both the GTP and the Simple Synchronous Machine.
The operation of the integration and interaction of the generation plant based on a gas
turbine and electric generator is checked for the nominal values of 1 kW and 5 kW.

From Figure 7, it can be seen that, in general the operation of the GTP can be checked
and verified, given the load requirement. In the plant, a dynamic occurs in the subsystems
and in the control system when there is a load requirement. When the load requirement
occurs, it generates an electrical power requirement and rotor speed variation requirement,
which is detected by the control system of each of these variables, as presented in the
previous section; in the dynamics of the PID controller the amount of fuel flow required for
each case is determined.

2. Dynamic load requirement variation:

The dynamic response of the modelled and implemented system with dynamic be-
havior is tested in the transitions of load variation in an upward and downward manner.
Figure 8 shows the variations every 10 s, from 1 kW to 5 kW upwards and load variation
from 5 kW to 1 kW downwards. Every 10 s there is a load change transition of 1 kW; the
scenario starts at 0 and, after 10 s, the load varies for a consumption of 1 kW, then, after
another 10 s, the load requires a consumption of 2 kW. This variation continues until 50 s,
when it reaches full load with a consumption of 5 kW.

Pe p.u. speed p.u.
T

0.8 [

<

T T T T T

60 80 100 120 0 20 40 60 80 100 120
Figure 8. Variation in load requirement—variation in rotor speed. Source: Own.

Likewise, the dynamic response of the system in a downward manner is checked in
the transitions of load variation from 5 kW to 1 kW, where every 10 s a transition of 1 kW
load change is made. The scenario is reversed after 60 s when switching to a load for a
consumption of 4 kW, then, after another 10 s the load requires a consumption of 3 kW, and
this variation continues until 100 s when it is allowed to have no load.

Figure 8 shows the dynamic behavior with the transitions described above for the
variation in electrical power Pe (p.u.) in the red color and speed variation (p.u.) in the blue
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color. When carrying out these variations, the measurements on the y-axis are made in p.u.
and the x-axis is the time variation. Each variation in the load requirements corresponds to
a variation of 0.2 p.u., corresponding 1 p.u. to the load requirement of 5 kW and so on for
the other transitions until 0.2 is obtained, which corresponds to a load requirement of 1 kW.
The integration and interaction of the generation plant based on a gas turbine and electric
generator is tested for the nominal values of 1 kW, 2 kW, 3 kW, 4 kW, and 5 kW.

Table 16 presents information for all nominal test values, where the operation of the
whole system is characterized, taking the values of: load variation (power, W), transition
time between ascending states (seconds, s), transition time between descending states
(seconds, s), fuel flow variation (wf, kg/s), air flow variation (wa, kg/s), and steam mass
flow variation (w;s, kg/s), with these flow variables being the ones that provide the dynamic
behavior of the whole system.

Table 16. System characterization with load variation, response times, and flows.

Load (W) Upward Tra(l;sition Time Downward "l;rse;nsition Time (kz; ]/‘s) (12:;73) (12?/2)
Fuel Flow Airflow Steam Mass Flow
1000 3.5 14 5.77938 x 107> 0.115351848 5.80188 x 107°
2000 52 3.7 0.000115588 0.230703695 1.16038 x 10~°
3000 3 25 0.000173381 0.346055543 1.74056 x 10~°
4000 4 3.5 0.000231175 0.46140739 2.32075 x 107
5000 3.1 3.5 0.000288969 0.576759238 2.90094 x 107>

Source: Own.

From the graphs in Figure 8 and the data obtained in the simulations presented in
Table 16, it can be determined that:

e  The average settling times for state transitions resulting from variations in the load
requirement of a 1 kW are: 3.76 s for up states and 2.92 s for the down states, with the
times being slightly lower for down states;

e  Although the dynamic behavior of the flows referenced in Table 16 shows a certain
regularity and proportionality oriented towards a linear behavior, these behaviors
are not reflected in the establishment times; because a more stable system is not
available for these variations, work continues on the regularization of the control
strategies used;

e There is a logical behavior in the fuel flow consumption, which is reflected in the
variation in the air flow and mass flow, as more fuel flow is required when there is a
higher load requirement, and with the opposite behavior being observed when there
is a lower load requirement, requiring less fuel flow, air flow, and mass flow of steam;

e  The rotor speed variation in the simple synchronous machine presents more irregu-
larities due to the behavior of the non-linear parameters of the mathematical model,
which are translated in the simulation into more abrupt changes due to the transitions
in the load requirement states. The control strategies must be able to linearize the
damping factor and the deviation from the nominal operating speed.

3. Contrast variation in consumption profile and plant model

For the presentation of this scenario, indicators of official demand forecasts are taken
as a reference on the website of the company xm [53], and they can be consulted and
downloaded to find the information regarding the monthly balance of the indicators of
the official forecast of the demand of the NES (National Electric System) according to
regulations of the National Council of Operations through Agreement NCO 1303 [54]. The
NES and NCO are governmental organizations of Colombia, and in the consulted files,
information can be found on the consumption provided by the company Codensa S.A.
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ESP (Company of distribution and commercialization of electric energy, provider of public
services especially in the regions of Bogota and Cundinamarca in Colombia) [55].

To meet the load requirement of the GTP in this scenario, the consumption variation
from the reference file was adjusted to match the plant’s load variation, allowing for a
realistic simulation of the load profile behavior. Simulations were carried out for all seven
days of each week in February 2023. As an example, Figure 9 shows an Excel graph
representing the consumption variation in kW for Wednesdays, while Figure 10 presents
the simulation results using Matlab /Simulink for the same day. The consumption variation

is presented in p.u. and the simulation duration was 240 s.
0
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Figure 9. Variation in consumption reference file—Codensa for Wednesdays of the month of
February 2023.
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Figure 10. Simulation of consumption variation based on reference file—Codensa. Source: own.

Table 17 presents information on the variation in the consumption profile of the file
taken as a reference. The values of load variation in W are presented, as well as the values
of load variation in the simulation. These values are shown in their equivalent in p.u.
and, according to the load variation, the variations of fuel flow (wy, kg/s) are presented
alongside variation in air flow (w,, kg/s) and variation in steam mass flow (wjs, kg/s).
These flow variables are those that provide the dynamic behavior of the entire system.
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After reviewing and monitoring the variation in consumption in the behavior gener-
ated in Figures 9 and 10 and Table 17, the following changes in consumption are observed
from the actual load profile of the simulation taken from the reference file:

e  Thereis a drop in load from hours 1 to 4, which is observed in the simulation between
0and 40 s;

e  From hour 5 to hour 12 in the Excel graph and from 50 to 150 s in the simulation, there
is a higher demand for load;

e From 13 to 18 h, there is a decrease in the demand for load, which is also observed in
the simulation between 130 and 180 s;

e  There is an increase in consumption again between 18 and 20 h, which is observed in
the simulation between 180 and 190 s;

e  Finally, from hour 21 to 24 and from 190 to 240 s in the simulation, there is a drop in
the demand for load.

Table 17. Example consumption profile variation applied to simulation.

Load Variation in W

Load Variation in p.u. w Wq Wis

Hour Day Reference File of the Simulation in (kg/s) (kg/s) (kg/s)
Figure 9 (W) Figure 10 (p.u.) Fuel Flow Airflow Steam Mass Flow
14 1486 0.3 0.0000858815868 0.1714128455336 0.00000862159368
1360 0.26 0.000078599568 0.156878512736 0.0000078905568
512 1499 0.3 0.000078599568 0.1729124195524 0.00000869701812
2201 0.55 0.0001272041538 0.2538894165676 0.2538894165676
13-18 2194 0.57 0.0001272041538 0.2530819536344 0.2530819536344
2034 0.48 0.0001175525892 0.2346256580184 0.2346256580184
18-20 2034 0.48 0.0001175525892 0.2346256580184 0.2346256580184
2202 0.56 0.0001272619476 0.2540047684152 0.2540047684152
2104 2127 0.45 0.0001272619476 0.2453533798452 0.2453533798452
1587 0.38 0.0000917187606 0.1830633821412 0.00000920758356

Source: own.

It should be noted that the consumption variations presented in the reference file are
taken and followed by the plant simulation.

Comparing the graphs in Figures 9 and 10, although there are some peak values that
deviate slightly in the simulation, it can be determined that the plant model generally
produces variations in the simulation that correspond with those presented in the reference
Excel file values.

The behavior of the variables is verified according to the plant models in tracking the
variation in consumption per hour on Wednesdays, which are taken as reference values.

Of the results obtained in terms of the verification of the models in the scenarios in the
simulations, the applied methodology is highlighted, of which the following stand out:

1. A classification of the studies consulted is proposed and generated, whether they are
thermodynamic, techno-economic, based on simulation with specialized software,
and mathematical, which is the main object of this work. The proposal is made in this
way because, in all of the reference consultations, no differentiation is made, which
generates confusion and mixture between models, which does not indicate that the
models discard each other;

2. Mathematical verification of each equation implemented in each subsystem of the
plant, initially in Excel and later in Matlab/Simulink in the simulations which were
carried out.

3. Detailed presentation of all mathematical models, with equations, parameters, and
values obtained if they are calculations, constants, and units. In most references which
were consulted, especially articles, no further details of the models can be found;
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4. Results were obtained for a proposal for small-scale generation, facilitating sizing,
where the gas turbine model is the most suitable plant option for these applications,
as it provides fewer complex calculations, dynamics, and control. The mathematical
model was mostly linear with the application of algebraic equations, and the most
dynamic sequences are found in the fuel and control systems;

5. The load requirements determine the fuel flow requirements, which affects the air
and steam mass flows; consequently, it also affects the mechanical power, electrical
power, rotor speed, and transition times both up and down, affecting the stability
and reliability of the system. To improve this behavior, the responses of the control
strategies must be further adjusted and sensitized;

6.  For an integration application in a hybrid microgrid where more energy resources are
involved, control strategies more akin to a management system must be considered

and developed.

4. Conclusions

In the GTP modeled and simulated under several test scenarios, the electric power
generation system was able to prioritize the balance relationship between generator and
load, controlling the flow of fuel in all of the situations which were experienced.

It was found that the variation in the fuel flow is determined by the variation of the
load, influencing the variation in rotor speed and variation in electrical power, which are
both variables that were controlled, generating stability, repeatability, and reliability in the
tests and experimental results.

From the results of the simulation, it is obtained that, in the plant, the variation in
rotor speed is constantly corrected; when presenting an increase or decrease in this speed,
the control system that relates the power and demand are balanced, correcting the situation
when the power is above the demand, or otherwise when the power production is not
sufficient for the demand. Consequently, in the results of the simulations, it was possible to
stabilize the speed, with that being one of the main tasks of the plant control system.

As a control strategy, classical P, PI, and PD controllers were implemented. For the
application of this article, they were adopted and adapted through adjustments to the
small-scale requirements that were carried out. In the results which were obtained, these
controllers provided safe and fast operation. However, it is appreciated that, for the
requirements of plants with greater complexity, the performance of other more robust
control techniques can be explored.

The objective of verifying the mathematical models of the plant in their implementation
and testing through the scenarios proposed in the simulations has been achieved, but we
are aware that adjustments must be made in the dynamic response, especially in the
control system.

In order to continue with this work, the focus should be on integrating the plant into
hybrid microgrid applications. This evolution is aimed at generating synergy with other
energy resources such as photovoltaic solar panels and backup batteries. The objective in
the continuation of this work is to carry out the integration in an energy management model.
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