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ABSTRACT

This study aims to develop small grid-connected power generation units for
farming systems to support Thailand's Bio-Circular-Green Economic Model (BCG).
The focus is on utilizing agricultural waste resources within the circular economy
framework of the BCG model. Biogas is used as the primary fuel for the internal
combustion engine (IC engine), with gasoline and LPG as backup fuels for
emergencies. The system includes an engine that drives a self-excited induction
generator (SEIG). A grid-connected inverter control strategy based on PQ control has
been designed for power conversion, using digital signal processing (D SP).
Additionally, interface-based Internet of Things (IoT) devices enable wireless
connectivity for monitoring and controlling the system via a dashboard application.
The proposed system is validated with biogas produced from pig manure at a farm in
central Thailand, achieving a maximum output of 1.2 kW with a thermal system
efficiency of 10.7%. Scheduled operation at 1.2 kW for 8 hours daily yields a
levelized cost of 0.07 US$/kWh, representing a 42% cost reduction compared to retail
electricity prices, with a payback period of 2.76 years. The system is deemed suitable
for farms with a minimum of 34 pigs, offering a sustainable and economically viable

energy solution for rural communities.
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CHAPTER I

INTRODUCTION

1.1 Background and Significance of the Study

In Thailand, which is regarded as a genuine agricultural society, the majority
of people work in agriculture, raising small livestock like pigs, poultry, fish, and cows
as well as annual crops like rice, sugar cane, corn, and cassava. However, the farming
production process remains unchanged and operates at a low level. The Thai
government encourages innovation to raise the standard and volume of agricultural
output because there are not many innovations drives specifically focused on
agriculture. As a plan to establish equality and sustainability for the economy, society,
and environment, the Thai government has introduced the BCG model [1, 2]. The
concept focuses on using innovation, science, and technology to turn cultural and
biodiversity comparative advantages into competitive ones. Four key industries are
where its benefits are primarily concentrated: 1) Food and Agriculture; 2) Medical and
Health; 3) Materials, Energy, and Biochemistry; and 4) Travel and Creative Economy.
Three leading economies make up the BCG model: System of Bio-Economy (B)
Emphasize the economical utilization of biological resources, integrating it with the
Circular Economy (C), which takes into account reusing different materials as much
as possible. Both of these economies fall under the Green Economy (G) framework,
which seeks to address pollution issues in order to lessen the planet's impact in a
sustainable manner [3-6], as illustrated in figure 2. In contrast, In the near future,
Thailand's agriculture will become more sustainable thanks to the BCG model's smart

practices for agriculture 4.0 [3-6].

The 2021-2027 BCG Action Plan [1] outlines two primary concerns for
development in the agriculture and energy sectors: the promotion of renewable
energy. Based on the BCG model, biogas is an alternative energy that is used in the
circular economy to recycle waste from industry and agriculture [1, 7]. According to

our analysis of Thailand's livestock and agricultural industries, biogas fuel generation



from animal dung or agricultural waste has the potential to be used for cooking fuel
combustion [8—10]. Although it is not widely used, biogas is an appealing fuel for
electricity production. If it is able to produce electricity for farming, it will boost
independence by controlling the amount of electricity used for both domestic and
agricultural purposes. There are three main ways that biogas-fueled power generation
might address the BCG model. To be clear, this can be categorized as follows: 1)
Bioeconomy: use biodiversity and biotechnology as catalysts. 2) The circular
economy, which produces alternative energy by using waste materials. 3) Green

economy: sustainable and ecologically friendly growth.

Producing biogas is an environmentally friendly way to manage waste for the
residential, commercial, and agricultural sectors. It directly affects and helps to
achieve 12 of the 17 Sustainable Development Goals (SDGs) [11]. Anaerobic
microbial fermentation produces biogas from organic waste from agriculture, industry,
and municipalities as well as sewage sludge [12, 13]. The production of biogas from
livestock farms in underdeveloped nations has the potential to reduce greenhouse gas
emissions and promote environmentally responsible waste management [ 14].
Transportation, electricity generation, and heat production are the typical uses for

biogas fuel [11].

Solid oxide fuel cells (SOFCs) can be used to electrochemically convert
biogas directly into energy while emitting almost little greenhouse gas. However, in
order to make SOFCs appropriate for industrial sizes, complex biogas cleaning and
compression systems are needed [15]. Moreover, underdeveloped nations find it
difficult to adapt due to the high cost of investments [16]. However, the use of biogas-
fed micro gas turbines to generate electricity from sewage treatment systems shows
promise [17, 18]. Biogas-fueled micro gas turbines rotate at speeds between 43,000
and 240,000 revolutions per minute (rpm) and have efficiencies ranging from 20 to
30% [18]. A generator that produces electricity at 50/60 Hz is paired with a
mechanical transmission system to form a well-equipped micro gas turbine.
Comparing the GHG emissions to traditional internal combustion engines, the
emissions are far lower. From 30 kW to more than 200 kW, commercial micro gas

turbines are available [18]. Technologies for internal combustion engines are



completely developed. With an electrical efficiency of up to 40%, commercial biogas
engines for power generation range in size from 25 kW [19] to 2 MW [20]. There has
been much research done on the modification of conventional internal combustion
engines running on biogas. Diesel and biogas can be used as simultaneous fuels for
compression-ignition engines with some modifications [21]. It is also possible to
convert a compression-ignition engine to a spark-ignition engine that runs exclusively
on biogas or producer gas [22, 23]. To use biogas as the only fuel, standard spark-

ignition engines need to be slightly modified [24-26].

The mechanical effort of the biogas-fed engines is typically converted to AC
energy using electrically excited synchronous generators [21-23, 26]. For a stand-
alone application, the output voltage is regulated by the generator excitation current,
and the output frequency is regulated by the engine speed governor. Prior to
synchronization, the generator voltage and frequency must be precisely matched to
the grid for a grid connection. Compared to electrically excited synchronous
generators (ESSGs), which were used in biogas-fed power generating systems [ 19,
24], permanent magnet synchronous generators (PMSGs) provide greater
compactness [27]. Grid integration and output voltage and frequency regulation

require the use of a power electronic converter [19, 20, 24]

Another option for producing electricity from biogas is the use of self-
excited induction generators (SEIGs) [28—30]. Commercial 3-phase induction
machines can be used as generators using SEIGs, which have a durable design and
require very little maintenance [31]. Additionally, a SEIG is far less expensive than a
PSMG [32]. For wind [33, 34] and small hydro [35-38] energy systems, SEIGs are
frequently used. Reactive power is necessary for SEIG excitation and terminal voltage
regulation, albeit [39]. The variable-speed prime movers, such as wind and hydro
turbines, which are supplied from capacitor banks [30, 38, 40, 41], and hybrid
excitation systems made up of static variable generators (SVGs) and capacitor banks
[29, 33-37], are what drive the SEIGs in the variable-frequency stand-alone system.
By adding a current balancing circuit and a dummy load, a 3-phase SEIG can be used
as a standalone single-phase AC power source [42]. The SEIG can be run with

variable-speed prime movers and a set speed for grid-connected operation. A



regulated speed prime mover with a restricted mechanical speed range of 1% 5%
above the synchronous speed can be used with the SEIG's direct grid connection for
fixed speed operation [28]. The SEIG connects to the grid in order to operate as a

variable-speed grid-connected device.

A 45-kW SEIG-fed three-phase stand-alone system via a diode bridge
rectifier and voltage source converter (VSC) is taken into consideration when
discussing the biogas-powered SEIG-based generator systems [30]. A three-phase grid
was immediately connected to a 100-kW commercial gas engine-SEIG system [28]. A
three-phase standalone system with a VSC-based SVG for generator voltage
regulation was directly supplied by a 7-kW gas engine-SEIG system [29]. A speed
regulating mechanism was fitted to the gas engines of the three SEIG-based biogas

power production systems.

Single-phase grid-connected biogas power generating systems for a small
community with a maximum power of less than 5 kW are not reported for, as was
previously noted. Thus, the creation of a grid-connected biogas power generation
system for a small pig farm in central Thailand is reported in this work. The prime
mover was a 196-cc single-cylinder spark-ignition engine powered by biogas
produced by the anaerobic digestion of pig dung and wastewater. As a SEIG, a 3-
phase, 2.2-kW squirrel-cage induction motor was used. Furthermore, we created a
power electronic converter to integrate a 220-V, 50-Hz single-phase grid and control
generator excitation. Technical and financial viability was confirmed through field

and laboratory testing.



1.2 Purposes of the Study

1. To develop a prototype of a 1.5 kW single-phase grid-connected inverter
for self-excited induction generator from biogas, intended for use on small to

medium-sized ranch farms.

2. To test the grid-connected inverter according to the PEA/MEA grid-code

standards.

3. To develop interface-based Internet of Things (IoT) devices can be

wirelessly connected for controlled and logged data via a dashboard application.

1.3 Scope of the Study
1. To modify a three-phase squirrel-cage induction motor to operate as a
generator.

2. To develop a prototype of a 1.5 kW grid-connected inverter for a self-

excited induction generator.

3. To modify a gasoline internal combustion engine to utilize biogas fuel.

1.4 Benefits of the Study

1. Prototype development of a 1.5 kW grid-connected inverter for power

generation using a biogas engine, compliant with grid code transmission.

2. Patenting opportunities for the 1.5 kW grid-connected inverter for power

generation with a biogas engine.

3. Our experience with grid-connected inverters and biogas improvement has
been invaluable. Looking ahead, we expect biogas power generation to be widely

used in smart grids, enhancing sustainability and efficiency.



1.5 Research Methodologies

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

Testing parameters of a squirrel-cage induction motor.

Creating and simulating a model of the inverter and controller in

MATLAB/Simulink.

Designing and constructing the power electronics components of the

inverter.
Designing the controller for the inverter.

Designing Interface-based Internet of Things (IoT) devices can be
wirelessly connected, allowing for controlled and logged data via a

dashboard application.

Testing the grid-connected inverter based on the PEA/MEA grid code

standards.

Conducting laboratory tests on the power generation system using an

induction generator as the prime mover.

Conducting laboratory tests on the power generation system using an

internal combustion engine as the prime mover.

Testing the overall power generation system with a biogas combustion

engine.



CHAPTERII

THEORY AND LITERATURE REVIEW

2.1 Biogas production

2.1.1 The basics of biogas production

Biogas production is an environmentally friendly and sustainable energy
generation technology that uses anaerobic digestion to turn organic waste into biogas.
Methane (CH4) and carbon dioxide (CO2) make up the majority of biogas, with trace
amounts of other gases such as hydrogen sulfide (H2S) and water vapor. It can be
utilized as an energy source for a number of purposes, such as heating, producing

electricity, and even as fuel for automobiles [8§—10].
Here are the key steps involved in biogas production:

1) Feedstock Selection: Biogas is produced using organic resources,
sometimes referred to as feedstock. Animal manure, agricultural residues, food waste,
sewage sludge, and energy crops (such maize or grass) are common sources of

feedstock.

2) Preparation: Gathered and ready for the anaerobic digestion process is
the feedstock. To do this and expand the surface area available for microbial activity,

mechanical techniques such as chopping, shredding, or other methods may be used.

3) Anaerobic Digestion: The primary method by which bacteria decompose
organic materials when oxygen is not present is called anaerobic digestion. This
procedure takes place in an oxygen-free, enclosed digester tank. Anaerobic digestion

occurs in four stages:

- Hydrolysis: Hydrolysis is the process by which complex organic

molecules are reduced to simpler forms.

- Acidogenesis: Volatile fatty acids are produced from the simpler

molecules by bacteria that produce acid.



- Acetogenesis: From the volatile fatty acids, acetic acid is produced.

- Methanogenesis: Methane and carbon dioxide are produced by

methanogenic bacteria from acetic acid and other intermediates.

4) Gas Collection: At the top of the digester tank is where the biogas

generated during the anaerobic digestion process is gathered.

5) Gas Storage and Upgrading: Additional processing of biogas might be
necessary to eliminate contaminants like moisture and hydrogen sulfide (H2S). It can
also be utilized immediately for different applications or kept in tanks. Biomethane, a
refined form of biogas with a greater methane concentration that may be injected into
natural gas pipelines or used as a fuel for transportation, can also occasionally be

improved from biogas.

6) Biogas Utilization: Biogas has several uses, some of which are as

follows:

- Electricity Generation: Gas engines and turbines can produce

electricity by using biogas.

- Heat Production: It can be used for district heating, as well as for

heating houses and businesses.

- Vehicle Fuel: It can be converted to biomethane and utilized as a

clean-burning automotive fuel.

- Cooking and Lighting: In certain areas, homes use biogas for

lighting and cooking.

The production of biogas has various advantages for the environment and the
economy. It offers a sustainable energy source, aids in the management of organic
waste, and lowers greenhouse gas emissions. It can also be included into waste
management and sustainable agriculture methods, supporting the circular economy.
However, elements including feedstock quality, digester design, and operational

management are crucial to the success of biogas production.



2.1.2 The composition of biogas

The composition of biogas can vary depending on the feedstock used, the
anaerobic digestion process conditions, and the specific microbial activity in the
digester. However, the typical composition of biogas consists primarily of methane
(CH4) and carbon dioxide (CO.), with trace amounts of other gases. Here is a general

overview of the typical composition of biogas:

1. Methane (CH4): Methane is the primary component of biogas and is
responsible for its combustible nature. The methane content in biogas usually ranges
from 50% to 75% or higher, depending on the efficiency of the anaerobic digestion

Process.

2. Carbon Dioxide (CO2): Carbon dioxide is the second most abundant gas in
biogas. It typically makes up 25% to 50% of the total biogas volume. While carbon
dioxide is not combustible, its presence in biogas is essential for safety reasons, as it

dilutes the combustible methane and reduces the risk of explosion.

3. Nitrogen (N2): Nitrogen may be present in biogas in small amounts,
typically less than 1%. It enters the system with the incoming air or feedstock and can

remain in the gas mixture after the anaerobic digestion process.

4. Hydrogen Sulfide (H2S): Hydrogen sulfide is a common impurity in
biogas and is produced during the decomposition of sulfur-containing compounds in
the feedstock. It is usually present in trace amounts but can be problematic due to its
corrosive nature and foul odor. Efforts are often made to remove or reduce hydrogen

sulfide through gas purification processes.

5. Trace Gases: Biogas may contain trace amounts of other gases, such as
ammonia (NH3), water vapor, oxygen (Oz), and various volatile organic compounds
(VOCs). The presence of these gases depends on the composition of the feedstock and

the efficiency of the anaerobic digestion process.

The composition of biogas is depicted in Table 1.
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Table 1 Typical composition of biogas [8]

Compound Formula Percentage by volume
Methane CHs 50-80
Carbon dioxide CO2 15-50
Nitrogen N2 0-10
Hydrogen H2 0-1
Hydrogen sulfide H2S 0-15
Oxygen 02 0-25

It is important to note that the specific composition of biogas can be
influenced by factors such as temperature, pH, retention time, and the microbial
community in the digester. Biogas composition can also be tailored for specific
applications by adjusting the digestion process and incorporating gas purification
technologies to meet quality standards for different end uses, such as electricity

generation or vehicle fuel.

2.1.3 The potential for biogas production in Thailand.

Saran K. et al.'s study [8] examined Thailand's potential for producing
biogas. In 2019, data from surveys of three sectors—industrial plants, agricultural
plants, and livestock—showed that Thailand has the capacity to produce 22,826.79
million cubic meters annually, of which 7,521.48 million m? come from industrial
plants, 14,479.01 million m® come from agricultural plants, and 826.30 million m?

come from livestock. Table 2 also provides further information.

Table 2 The potential of biogas production in Thailand 2019 [8]

Production .. ..
Biogas Source potential ( F;Ir_oduct;)/lty ) _IRI_emalr;/mg )
F million m3/years million m3/years
(million m3/years)
Industrial plants 7,521.48 747.45 6774.03
Livestock 826.30 68.61 757.66
Agricultural 1,4479.01 14,479.01

Total 22,826.79 816.06 22010.70
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This study focused exclusively on the livestock and agriculture industries.
For these two sectors, we thus display the rates of waste-to-biogas generation. as
indicated by Tables 3 and 4 [8], [10], which list the many kinds of animal farms and

agricultural plants that may be found in Thailand.

Table 3 Livestock biogas production rate [8]

Manure rate Manure Evaporation PrE(Ij?chi?on
Types per day collected Rate of Solids Rate
(kg/animal) (%) (%) (m3/kg(solids))
1. Beef cattle 5.00 50 13.37 0.307
2. Dairy Cattle 15.00 80 13.37 0.307
3. Breeder 2.00 80 24.84 0.217
Pigs
4. Piglets 0.50 80 24.84 0.217
g'igFSa“e”'”g 1.20 80 24.84 0.217
6. Chickens 0.03 80 23.34 0.242

Table 4 Agricultural waste biogas production rate [8]

Ratio of Waste Biogas Mat[glri)gl to
Waste to Unused production
Types Waste Raw
product  Percentage rate Material
mass (%) (%) (L/kg(dry)) (%)
1. Rice Straw 29.37 39.40 162 (Fresh) -
Trunk 43.52 73.71 250 70
2. Corn Leaves 30.97 100 225 90
Stubble 21.26 73.64 344 90
3 Leavesandn._3551 93.24 262 70
Sugarcane Shoots
Stemsand 55 g3 14.87 274 65
4. Cassava Leaves
Rhizome 17.12 90.25 141 65

2.1.4 Systems of closed-loop circular economies in the agriculture sector

A closed-loop system that minimizes waste, maximizes resource efficiency,
and supports sustainable practices is the goal of the circular economy for agriculture.
Creating and executing systems that reduce waste, encourage resource efficiency, and
uphold the sustainability of agricultural operations are all part of the circular economy

approach to agriculture. [4-7]
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A closed-loop system that optimizes resource use and minimizes
environmental effect is created when waste from one operation becomes a valuable
input for another, a concept inspired by natural ecosystems. In agriculture, it can be

used as follows:
1) Waste Reduction and Valorization:

- Using anaerobic digestion and composting will create nutrient-rich

compost and biogas from organic waste (food scraps, crop residues).

- Utilize agricultural leftovers and byproducts as a feedstock to produce

bioenergy or other goods with added value.
2) Closed-loop Systems:

- Combine crop production with livestock farming so that crop wastes
may be used as animal feed and animal waste can be used as a source of nutrients for

Crops.

- Creating integrated agricultural systems that employ animal manure
as a resource as opposed to a pollution source. Using manure as fertilizer or turning it

into biogas to produce electricity are two examples.

Figure 1 illustrates the agricultural sector's closed-loop circular economy
systems. This study aims to illustrate with the closed-loop red arrow. The following is
a succinct explanation: Anaerobic digestion occurs in tanks for the fermentation of
animal and agricultural waste. Methane (CH4) gas and other necessary gas
components were the result. Plant food will be made from the organic fertilizer that
remains after this procedure is finished. Heat and electrical energy are produced from

the decomposed methane gas.

Thailand has always produced biogas from livestock and agricultural waste
and occasionally used it as fuel as part of a closed-loop waste reduction scheme.
However, the utilization of biogas for energy generation is still relatively new. In
addition to completing this system, producing power from biogas can help Thailand
achieve more resilient, efficient, and sustainable energy systems that strike a balance

between social and environmental well-being and economic growth.
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Figure 1 The closed-loop circular economy systems for the agricultural sector [4—7]

2.2. Introduction to Self-Excited Induction Generators:

Electric power can be converted into mechanical work in many applications
using induction machines. The induction machine's main benefits are its durable
brushless design and the absence of a separate DC field power requirement. These
devices, which range in capacity from fractional horsepower (FHP) to multi-
megawatt, are incredibly dependable and cost-effective. Furthermore, induction
machines have variable speed operation, which sets them apart from synchronous
machines. Many micropower generation systems use induction machines as an
electrical generator because of their affordability and dependability. For example, A
wind turbine powers these machines via a gearbox. Because lower rotational speeds
on the wind turbine side must be transferred to high rotor speeds on the other,

gearboxes arce necessary.

Based on the rotor architecture, there are two types of induction machines:
the wound rotor type and the squirrel cage type. Due to its affordability, ease of use,

and durability, squirrel cage rotor architecture is a common choice for standalone
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power generation projects. In grid-connected power generation systems, a wound
rotor machine is the favored option due to its high beginning torque. The capacity to
extract rotor power at the additional expense of power electronics in the rotor circuit

1s another benefit of a wound rotor.

The stator, which receives three-phase current and is composed of several
coils with three groups (phases), is a component of the induction machine's
electromagnetic structure. The three coils carry currents that are out of time-phase and
are physically dispersed across the stator perimeter (space-phase). An essential
component of the induction machine's operation is the rotating magnetic field that is
produced by this combination. When motoring, induction machines operate at a speed
below synchronous speed, and when generating, they operate at a speed above
synchronous speed. When there is negative resistance, or when slip is negative, the

induction machine.

Structure of self-excited induction generator like a squirrel cage induction
motor, they are normally called an induction machine. When the induction machine

work is a motoring mode, the mechanical speed (n,,) less than the synchronous speed
(ng), 1s giving by

120f,
ng = Ts (1)

where 7y 1s the synchronous speed, f; 1s the frequency in the stator winding,

and P is a number of magnetic poles.

On the other hand, if the mechanical speed (n,,) less than the synchronous
speed (ng), the induction machine will be worked as a generating mode. The
difference in speed is defined by the slip (§), is given by

S — (nS - nm) (2)

ng

The relation between torque and rotational speed as shown in Figure 2 when
the actual speed of the induction motor (4.5 kW 4 poles) is controlled to be equal to
1,500 rpm, the torque is a negative value at 47.60 Hz causes the mechanical power is

feed in a shaft of the machine.
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Figure 2 The relation between torque and rotational speed.

The induction machine requires a reactive power supply (Q) to excite the
rotor, the voltage at the stator winding to gradually increase. The reactive power can
be generated by a capacitor bank and stator winding in parallel as shown in Figure
3(a). When the mechanical load or shaft speed is altered, the capacitor bank is
adjusted to compensate for the voltage in the operating regional’s rotor and stator are

the sources of power during the generating mode.

|
e IG
-, =k B T Y \ivg
Internal combustion i \Z ! Internal combustion QT 3C==2C==i ~-
engine o\ engine A ) 1-phase load
Ca\ﬁa?:fth bank Capacitor bank
(a) Three-phase system. (b) Single-phase system.

Figure 3 The connected induction generator with the capacitor bank for excitation

Figure 3(b). shows the suitable three-phase induction generator is connected
to supply power to the single-phase loads by using a capacitor bank C-2C type, which
is commonly used in the small hydropower plant in a rural area without electricity
utility. However, the C-2C is necessary to connect with a dummy load for a balanced
three-phase current when the generator is operated in low- load, cause the maximum

output power is 80 percent of the rated power of the generator.
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2.1.1 Equivalent electrical circuit of induction machine

The per-phase equivalent circuit seen in Figure 4 represents the theory of

operation of an induction machine [33, 34].

N rv>\(r]\r\ Rs N)\%ﬁ
NV AAA%
T «—> J I, «—>
I, L
R, X, Ry(1-S)/S &

Figure 4 shows the induction machine's equivalent circuit for each phase with
respect to the stator.

The resistance and inductive reactance are denoted by R and X, respectively,
in the above diagram. The stator is denoted by subscripts 1, 2, and m, whereas the

stator side and magnetizing components are denoted by rotor values, respectively.

To operate, induction machines require an AC excitation current. Either
external or self-excitation is present in the machine. Shunt capacitors allow a stand-
alone system to self-excite as the excitation current is primarily reactive. When
operating in a grid-connected manner, it obtains its excitation power from the
network, and the grid sets the output voltage and frequency. Local capacitors can be
utilized to partially supply the required reactive power in situations where the grid's

ability to deliver it is constrained [33, 34].

2.1.2 Self-Excited Induction Generator (SEIG)

An excitation capacitor is linked across the stator terminals of a self-excited
induction generator (SEIG), which operates in the saturation region similarly to an
induction machine. These devices are the best option for producing electricity in
standalone variable-speed wind energy systems in situations where grid-reactive
power is unavailable. If there is sufficient residual magnetic field in the rotor, the
induction generator will use the external capacitor for self-excitation. The speed, the

load, and the capacitance value in farads all have an impact on the generator's output



17

frequency and voltage in the self-excited mode. Figure 5 depicts the steady-state per-

phase equivalent circuit of a self-excited induction generator [33 — 35].
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Figure 5 shows an externally capacitor-powered self-excited induction generator.

For many years, the self-excitation mechanism of induction machines has

been understood [33 —35]. An induction machine powered by an external prime

mover will induce voltage at its terminals when capacitors are connected across the

stator terminals. The machine's magnetic saturation will cause the induced

electromotive force (EMF) and current in the stator windings to increase until the

steady-state condition is reached. The voltage and current will stabilize at this

operating point at a specific peak value and frequency. For a given capacitance value,

there is a matching minimum speed required for the self-excitation to occur [33 — 35].

Consequently, the induction generator must run in the saturation area when operating

in stand-alone mode. This ensures output voltage stability under load and, as shown in

Figure 6, one and only one intersection between the magnetization curve and the

capacitor reactance line.

V,and [ X,

S tan’!(1/wC)

I,X.

f

Operating
point

Magnetizing current I,

Figure 6 Determining the self-excited induction generator's steady operation.
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.. V. . £
The magnetizing current [,, = X—l and the capacitor current [, = X—l must be
m c

equal when there is no load. The voltage V; increases linearly as a function of [,,, until

the magnetic core's saturation point is achieved. The self-excited generator has an

output frequency of f = and w = 2nf, where C is the self-exciting

2nCXm

capacitance.

2.1.3 Steady-state analysis of induction generators

Induction generator steady-state analysis is interesting from both an
operational and design perspective. It is feasible to ascertain the machine's
performance at a specific speed, capacitance, and load conditions by understanding its
parameters. The per-phase steady-state equivalent circuit of the induction machine
(Figure 7), adjusted for the self-excitation scenario, serves as the foundation for both
the loop impedance and nodal admittance techniques employed in SEIG analysis. By
creating nodal equations or loop equations for the equivalent circuit, they apply the
concept of conservation of active and reactive powers. These techniques work
incredibly well for figuring out the lowest capacitance value required to ensure the
induction generator will self-excite. Excitation capacitance needs to be marginally
larger than the minimal value in order to operate steadily. Additionally, there exists a
speed barrier known as the machine's cutoff speed below which no excitation is
possible. For ease of comprehension, the loop impedance approach is provided in the

paragraph that follows [33 — 35].

As illustrated in Figure 7, the per-unit per-phase steady-state circuit of a self-

excited induction generator under RL load [33 — 35].

R/ Xis R, Xy
—AAMA—Y Y ANAN
I T b, T
R/f I
v /f E ) v/ %Xm R/(F) S
l X

Figure 7 Self-excited induction generator equivalent circuit with R-L load.
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Where:
R, R,., and R stand for power-user per-phase stator, rotor (sometimes called

stator), and load resistance, in that order. X, X;,., X, X;,,: these represent the per-
phase stator leakage, load, magnetizing reactances (at base frequency), and rotor

leakage (referred to as stator), respectively.
The maximum saturated magnetizing reactance, or Xy qx, 1 the p.u.
C is the terminal-excitation capacitance per phase.

X.: the terminal excitation capacitor's p.u. per-phase capacitive reactance (at

base frequency).
f, v stand for pulse-width and velocity, respectively.
N': initial velocity in rev/min
Zy: base impedance per phase

V;, VO are the per-phase air gap and output voltages, respectively, while fb is

the base frequency.

The following presumptions were made in the SEIG study:

1. It is considered that magnetic saturation only affects the magnetizing
reactance X,,. and it is expected that every other parameter of the analogous circuit
remains constant. The main flux becomes saturated as a result of self-excitation, and
its magnitude is indicated by the value of X,,,. Since leakage flux primarily moves

through the air, the saturation of the primary flux has little impact on these fluxes.

2. It is assumed that the leakage reactance in units per unit of the stator and

rotor are equivalent. In induction machine analysis, this assumption is typically true.

3. The machine's core loss is disregarded. Regarding the circuit depicted in

Figure 7.

1z

I
o

3)
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Where Z is the net loop impedance given by

R ) ) R ) —jXe¢
Z= ((ff) +JXlr||JXm) 24X+ <;—

Gon)

Equation 1 indicates that Z = 0 for steady-state excitation I # 0, implying
that Z's real and imaginary components are both zeros. It is possible to solve these
two equations concurrently for any two unknowns, most often voltage and frequency.
The load-capacitance combination and rotor speed must provide a value such that
Xm = Xsmax> Which gives the lowest excitation capacitance value below which the

SEIG fails to self-excite, in order for voltage accumulation to be successful.

2.4 Induction Motor Model

The dynamic model of an induction motor can be divided into electrical and
mechanical components, considering the interaction between the stator and rotor.

2.4.1. Electrical Equations:

The electrical equations describe the behavior of the stator and rotor
windings in the induction motor. These equations are often expressed in a dq —axis

reference frame after applying Clarke and Park transformations.

a) Stator Voltage Equations:

Vas = Rgigs + (Z_);S — SWgAs (5)
Vgs = Rglgs + swgig (6)

Where:
Vg5 and vy are the stator voltage components in the dq reference frame.
igs and [ are the stator current components in the dq reference frame.
Rg is the stator resistance.

Ag is the stator flux.
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b) Rotor Voltage Equations

. dA,
Var = Rylgr + ar Swyrdy (7
Vgr = Rplgr + swpd, (8)

Where:
Vqr and Vg, are the rotor voltage components in the dq reference frame.

igr and ig,  are the rotor current components in the dq reference frame.
R, is the rotor resistance.

Ay is the rotor flux.

2.4.2 Magnetic Field Equations

The magnetic field equations describe the interaction between the stator and

rotor magnetic fields.

a) Stator Flux Equations:

dis _ 1

dt =5 L_s (vds — Rslgs — SwsAy) )

Where L is the stator inductance.

b) Rotor Flux Equations
dAr 1 .
dat = Z (vdr 7 erdr =7 Swrlr) (10)

Where L, is the rotor inductance.

4.2.3 Mechanical Equations:

The mechanical equations describe the rotor's motion and the interaction

between the mechanical and electrical parts of the motor.

a) Rotor Motion Equation:

dwy

] P Tem — Tioaa — Tfriction (11)
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Where:
Ji is the moment of inertia of the rotor.
Wy is the rotor angular velocity.
Tom is the electromagnetic torque.

Tioaa 1S the external load torque.

Ttriction 1s the friction torque.

b) Electromagnetic Torque
2 . .
Tem = gp(/lslqr = Arlqs) (12)

Where p is the number of pole pairs.

2.5 Reference Frame Transformation:

In dynamic modeling of induction motors, reference frame transformation
plays a vital role in simplifying the analysis by decoupling the equations and aligning
them with the rotating fields in the machine. The transformation typically involves
converting the three-phase quantities from the stationary reference frame (abc) to a

rotating reference frame (dq0), commonly known as the Park transformation.

2.3.1 Park Transformation

The Park transformation is utilized to convert the three-phase quantities from
the stationary abc reference frame to the rotating dq0 reference frame. This
transformation is particularly useful for analyzing the steady-state and dynamic
behavior of the induction motor under varying operating conditions. The Park

transformation equations are defined as follows:

d = acos(0) + bsin(6)
q = —asin(@) + bcos(6) (13)
0=c
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And

d=a cos(0)+f sin(6) } (14)

q=—asin(8)+p cos(6)

Where:
a,b,andc represent the three-phase quantities in the stationary abc

reference frame.

d and q represent the transformed quantities in the rotating dq0

reference frame.

a and 8 represent the two-phase quantities in the stationary af

reference frame.

0 represents the electrical angle, which is typically the angle of the rotor

flux with respect to the stator.

Park Iy

C

Figure 8 Visualization of Park Transformation. The three-phase stator variables (a,
b, ¢) are transformed into the two-phase rotating reference frame (d and q).

In Figure 8, the blue vector represents the original three-phase stator
quantities in the stationary abc reference frame. After the Park transformation, the red
vector represents the transformed quantities in the rotating dq reference frame. The

angle 6 is the electrical angle, illustrating the rotation of the reference frame.
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2.3.2 Inverse Park Transformation

The inverse Park transformation converts the quantities back from the

rotating dq reference frame to the stationary abc reference frame.

¢ = dcos(0) — gsin(0)

b = d sin(6) + qcos(6) (16)
0=—(a+b)
And
a=d cos(0)—qsin(0)
B=d sin(9)+qcos(9)} 17
Where:

a, b, and c are the three-phase stator variables in the stationary abc reference

frame.
dand g are the two-phase rotating quantities.

aand f  represent the two-phase quantities in the stationary af reference

frame.

L» I
Iy Inverse i
0 Park —ﬁ>
120° —

C

Figure 9 Visualization of Inverse Park Transformation. The red vector represents the
transformed quantities in the rotating dq reference frame. After the inverse Park
transformation, the blue vector represents the quantities in the stationary abc
reference frame.

In Figure 9, the red vector represents the transformed quantities in the
rotating dq reference frame. After the inverse Park transformation, the blue vector
represents the quantities in the stationary abc reference frame. The angle 8 is the

electrical angle, and the rotation is reversed.
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Reference frame transformations, as illustrated in Figures 8 and 9, are crucial
in simplifying the analysis of induction motor dynamics, providing a clearer

understanding of the motor's behavior in different reference frames.

2.3.3 Clarke Transformation

The Clarke Transformation is used to convert three-phase variables
(a, b, and c) in the stationary abc reference frame into two-phase variables (a and f3)
in a stationary af reference frame. This transformation is particularly useful when
analyzing unbalanced conditions or when only two-phase quantities are available. The

Clarke Transformation equations are as follows:

a=a
B=1/V3 (a+2b+c)} (18)

Where:
aand f  represent the two-phase quantities in the stationary o/ reference

frame.

a,b,and c represent the three-phase quantities in the stationary

abc reference frame.

—> 1,

1 —P
———»| Clarke g

(c) —

Figure 10 Visualization of Clarke Transformation. The three-phase variables (a, b,
¢) are transformed into the two-phase stationary off reference frame (o. and p).
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In Figure 10, the blue vector represents the original three-phase variables in
the stationary abc reference frame. After the Clarke transformation, the green vector

represents the transformed variables in the stationary afS reference frame.

2.3.4 Inverse Clarke Transformation

The inverse Clarke transformation converts the quantities back from the two-
phase stationary af reference frame to the three-phase stationary abc reference

frame. The inverse Clarke transformation equations are given by:

a=a

b= —;(a—\/gﬂ)

(19)
c= —%(d +/3B)

Where:
a,b,and c represent the three-phase quantities in the stationary

abc reference frame.

aand f represent the two-phase quantities in the stationary af reference

frame.

Vll
> Inverse Vb
Vs lark ’
- »| Clarke v

Figure 11 Visualization of Inverse Clarke Transformation. The red vector represents
the transformed variables in the stationary of reference frame. After the Inverse
Clarke transformation, the blue vector represents the variables in the stationary abc
reference frame.
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In Figure 11, the red vector represents the transformed variables in the
stationary af reference frame. After the Inverse Clarke transformation, the blue

vector represents the variables in the stationary abc reference frame.

Clarke Transformation, when combined with Park Transformation, provides
a comprehensive framework for analyzing induction motor dynamics in different

reference frames, facilitating the implementation of advanced control strategies.

The reference frame transformation simplifies the analysis of induction
motor dynamics, allowing for a clearer understanding of the motor's behavior in
different reference frames. It facilitates the implementation of control strategies such
as field-oriented control and simplifies the computation of motor equations in

dynamic simulations.

2.6 Related Works and Studies

Ahmed et al., [39] present the thyristor to combine the capacitor (Thyristor
switched capacitor, TSC) to control the reactive power for self-excited induction
motor and control the voltage of the generator as shown in Figure 12. The three-phase
rectifier can be converted to an AC generated output voltage to a DC constant voltage
by using the PI controller, which controls the amount of reactive power to motivate
the rotor of the induction generator. The advantage of this method is the generator can
operate in an extensive range of speed, but there was the harmonics distortion in the

TSC and the rectifier cause the power losses in the system.

Fixed Capacitor (FC) with *D
'I'hyri!ml SwitchedCapaceitor (TSC) !
i
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| Induction H
Machine / I 11 ‘
f il \
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DC Motor with Ficld
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+vvrf

Current Control
LJ
2]

TSC ON/OFF o Phase Angle  |€ | PI Controller
Control Circuit Control Circuit [ G- Kp -k
'*‘“T Synchronous Sigggl,J_T ‘F
L he . -
<] .

D(, Applications

l I
Three- Pha.-ae‘&_\/‘l .
Transformer \  /
n=400/6 T
n; Turns Ratio

Figure 12 The schematic system configuration of a three-phase induction generator
voltage control by the TSC control circuit [39].
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Nanba et al., [40] present a basic control system for the induction generator
by using a constant capacitor bank and adjustable rectifier as shown in Figure 13.,
which is suitable for low power systems because of the DC link voltage must be lower
than the generator output voltage. The range of speed is appropriate with only one

capacitor value and also have a harmonics distortion as well as [39].

T 1

Induction Machine | |

Excitation Capacitors AC/DC Converter

Figure 13 Schematic diagram of the proposed DC power generator [40)].

Kimura et al.,[41] present the reduction of a harmonics distortion in the
power rectifier by using the power factor correction (PFC) as the main three-phase
converter circuit, and use the voltage source inverter (VSI) combine with a constant
capacitor bank for self-excited induction generator, that can adjust the voltage to be

suitable to load and speed as shown in Figure 14.

onmee 35 ] ] |
a1

O IOTH=
== b <

Figure 14 The system of inverter excited induction generator and the PFC converter
to transfer the real power [41].
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The operation of a self-excited induction generator under the broad range of
load and speed as a wind generator is necessary to a more efficient control system.
The control system such as field-oriented control as shown in Figure 15. [39], [42] -
[48], which a current generator control is controlled in torque and magnetic field by
using the stationary frame (abc) to rotating (dq) axis transformation of the measured
voltages currents and shaft speed of the generator. However, the speed can be
estimated from the voltages and currents by using the observer [49] but that reduced
performance. In addition to the field-oriented control system, direct torque control

(DTC) is another way to be similar.

'f'a‘f "R Induction Turbine
sl ACIDC DC/IAC ~ generator .
i — A m
H {) {}L MI
Ea =
Uy . Uy : ig ity
Estimalor
P Estimator
PL M* ‘I,r'
uj "
Ug ~e.
Reg|-0et [Reg.
PLE

Figure 15 the field-oriented control system [46].

Yuttana Khamsuwan, presents the developed self-excited induction generator
control system with direct torque control. This controls the ratio of voltage to
frequency of the stator winding to be constant which is suitable for application as a

stand-alone three-phase power generation system [47].
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LiYingjian et al., presents the analysis of the energy balance of power
generation systems from biogas using internal combustion engines as shown in Figure
16. The results this the power generation system has efficiency equal to 28.45% and

the total efficiency is 87.05% at 70 kW maximum power [48].
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Figure 16 The power generation in internal combustion engine sets using biogas

[48].

Kultida Sawangpol et al., [49] present the electric power generation using
biogas from cellulosic materials produced from lignocellulosic agricultural residues,
consists of rice straw and sugarcane tops and leaves. they using an Up-flow anaerobic
sludge-fixed film fermentation process, and a continuous stirred-tank reactor. was
selected for feedstock pretreatment. Levelized unit costs from the calculation for the
cases of 187 kW to 1,966 kW biogas engines were 9.29 Baht/kWh to 4.77 Baht/kWh
for rice straw and 11.29 Baht/kWh to 6.21 Baht/kWh for sugarcane top and leaves,

respectively.
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CHAPTER III

RESEARCH PROCEDURES OF THE STUDY

3.1 Proposed Biogas Power Generation System

3.1.1 Selection and Modification of a Spark-ignition Engine

A 4-stroke, air-cooled, spark-ignition Honda GX200T2 QHT engine with a
horizontal shaft was selected as the prime mover [50]. The engine specs are listed in
Table I. The engine's power-speed and torque-speed parameters were mimicked from
the specification sheet, as depicted in Figure 17. According to the SAE J1349
standard, the maximum output power is 4.1 kW at 3,600 revolutions per minute (rpm)
and the maximum torque is 12.4 N/m at 2,500 rpm. Moreover, the GX200T2 QHT
engine can run on gasohol, a blended fuel with a maximum ethanol percentage of
10% that combines gasoline and ethanol. As a result, this engine can be directly
coupled to a two-pole machine that runs at a nominal speed of about 3,000 rpm. The
gasoline/liquefied petroleum gas (LPG) carburetor conversion kit shown in Figure 18
was used in place of the original carburetor. Biogas can also be fed into the engine

thanks to its dual-fuel carburetor [25].

384 Operating range

1800 2000 2200 2400 2600 2800 2000 3200 3400 3600 3800
ENGINE SPEED [RPM]

Figure 17 Mechanical characteristics of the Honda GX200T2 QHT engine.
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Figure 18 Biogas supply system for the spark-ignition engine.

3.1.2. Power Conversion Topologies

The Hitachi TFO-K series 220/380 V 2.2-kW 2-pole squirrel-cage induction
motor, the SEIG, is the model used for this study. This system's output is connected to
a single-phase AC grid that operates at 220-volts and 50 Hz, requiring a minimum DC
input voltage of V. Because of the unregulated engine speed, there is variation in the
generator's output voltage and frequency. To increase the generator terminal voltages
from a residual flux density in the rotor core, the SEIG needs a bank of capacitors. In
order to maintain the SEIG's excitement while delivering the load, an additional

reactive power source is also required [39].

Proposed circuit topologies for this investigation are shown in Figure 19. The
passively excited SEIG with the star connection in Figure 19(a). When there is no
load, the capacitor bank CB1 provides a reactive power source for the initial
excitation, resulting in a nominal line-to-line voltage of about 380 V [30, 50]. An
LCL-filtered single-phase insulated-gate bipolar transistor (IGBT) inverter receives
the DC bus voltage of roughly 550 V, which is converted from the three-phase AC
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voltage by a passive rectifier. When delivering active power to the grid, the capacitor
bank CB2 provides additional reactive power for voltage management. The DC bus
voltage in this circuit is significantly higher than the peak grid voltage value, despite
its straightforward functioning. Due to the high bus voltage, the LCL filter has a large
inverter-side inductor to limit current ripple, a high inverter switching loss, and high

ratings for semiconductor components.

Furthermore, the rectifier's distorted current demand contributes to the
generator's low efficiency. Smooth voltage regulation is achieved by hybrid excitation
techniques in Figure 19(b) that use a static voltage generator (SVG) to supply reactive
power [35, 36, 52]. As the boosting inductors, a voltage source converter (VSC) is
used as the SVG [35]. In order for the VSC to inject reactive power into the generator
for voltage regulation, the bus voltage of the VSC is adjusted to be higher than the
peak value of the SEIG line-to-line voltage. Furthermore, in order to make the SEIG
currents sinusoidal, the SVG can correct for the rectifier's current harmonics. The
control system and circuit topology are too complex for low-power applications. The
VSC-based SVG may be replaced with a thyristor-based SVG [33, 53]. Low system
efficiency is still caused by the SEIG current harmonics and high DC bus voltage,
though.

The suggested back-to-back converter topology is displayed in Fig. 3(c).
With a suitable capacitor bank CB1, the SEIG winding is linked in a delta
configuration so that the line-to-line voltage at no load is roughly 220 V. The SEIG 3-
phase AC voltage is converted to a DC voltage greater than the peak value of the line-
to-line input voltage using a VSC-based PWM rectifier, a boost-type power converter.
It is sufficient for the single-phase inverter with a lower IGBT rating and switching
loss because the DC bus voltage reference value is 400 V. In addition to pulling active
power, the VSC-based PWM rectifier provides the SEIG with reactive power.
Because of the SEIG sinusoidal currents and reduced switching losses, the suggested
topology is anticipated to outperform the passive rectifier configurations depicted in
Figures 19(a) and 19(b) because of the sinusoidal currents generated by the SEIG and

reduced losses from switching.
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Figure 19 Possible power conversion topologies for the biogas power generation
system: (a) Passive rectifier with multi capacitor banks, (b) Passive rectifier with a

capacitor bank and an SVG, (c) Proposed back-to-back converter with a capacitor
bank.
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3.2 Proposed Power Conversion System

Figure 20 illustrates the power converter control system. The control
schemes for the SEIG-side and grid-side are executed using a TMS320F28069 32-bit
microcontroller manufactured by Texas Instruments. Voltage and current signals from
both the SEIG and grid are sampled using the embedded analog-to-digital converters
(ADCs). These signals are then used by the control schemes to generate switching
signals for the IGBTs through the gate driver circuits. The SEIG and capacitor bank
are treated as a 3-phase AC voltage source with a star connection. Consequently, the

virtual phase voltages of the SEIG are defined as follows:

Vga(t) = I7g’ oS wyt \
! Y7/ 2
Vg (t) =V cos (wgt X ?n) l (20)
41

v5c(6) = V] cos (a)gt — ?)J

The amplitude of the virtual grid voltage I7g’ is given by V2 (%), where V;

represents the voltage amplitude and wy denotes the electrical frequency of the
generator. The actual shaft rotational speed is not directly necessary; instead, the shaft
speed can be approximated using the generator frequency wg. This estimation will be

utilized for supervisory control in conjunction with other mechanical parameters such

as temperatures, biogas pressure, and gas flow rate.
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Figure 20 Control structure of the biogas power generation system.
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3.2.1 SEIG-Side Power Conversion Topologies

The control system of the PWM rectifier in the synchronous reference frame,
depicted in Figure 21, utilizes reference signals denoted by "*'. The measured line-to-

line voltages vyqp(t) and vy, (t) are transformed into a space vector, which
jm

undergoes a shift by % to derive the space vector vy, (t) + jv, 5 (t) representing the

virtual phase voltages vy, (t), vg, (), and vy.(t). A synchronous reference frame
phase-locked loop (PLL) estimates the angle ég, frequency &g, and amplitude l7g’ of
the space vector vy, (t) + jvéﬁ(t). The PWM rectifier currents iz, (t) and iy, (t) are
solely measured owing to the symmetry of the 3-phase 3-wire system, enabling the
transformation of the synchronous reference frame currents izq(t) and izq(¢).
Consequently, the instantaneous active and reactive powers ps(t) and gg(t) of the

PWM rectifier are determined as:

ps(t) ==V isa(®) 21)
45(t) = 20y isq (1) (22)

Under the assumption of no loss in the capacitor bank, the active power
pg(t) and reactive power q,(t) of the Synchronous Electric Induction Generator

(SEIG) are altered as follows.

N | W

Dy (t) = ps(t) = V:q,isd(t) (23)

q2(t) = qs(t) = 2V isg(£) (24)

To address the ripple in the DC bus voltage v, (t) caused by the oscillating
power of the grid-side inverter at a frequency of 2w, (where w, = 2mf, represents
the grid frequency), a second-order notch filter Gyz(s) is utilized at 2w, to diminish
the bus ripple before entering the bus voltage control loop. This control loop
integrates a proportional-integral (PI) controller Gp;;(s). Subsequently, the bus

voltage controller generates the d-axis reference current iz, (t) to regulate the active
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power pg(t) drawn from the Synchronous Electric Induction Generator (SEIG) in

response to the bus power consumed by the single-phase inverter.

To address the voltage regulation challenges of a variable-speed Synchronous
Electric Induction Generator (SEIG), which exhibits nonlinear characteristics, we
propose a straightforward open-loop excitation scheme, leveraging the proximity of
the mechanical speed typically ranging between 2,800-3,200 rpm to the nominal
synchronous speed of 3,000 rpm. In this scheme, the g-axis reference current iz (t) is
directly related to i3, (t) by a constant gain K, aiming to generate the reactive power
q,(t) for SEIG voltage regulation. The direction of g, (t) is determined by the sign of
the estimated SEIG frequency @y, especially in scenarios where the phase sequence
deviates from the conventional one. PI controllers Gp;,(s) are employed to regulate
the dg-axes currents, while a space vector modulation (SVM) technique is utilized to

generate switching signals for the Insulated Gate Bipolar Transistors (IGBTs).

Bus Voltage and Power Control
Vl; Ku i:d

Notch Filter

‘
\
\
\
\
\
\
\
\
N —
} s? + 4éw,s + 4w}
\
|
\
\
\
\
\
\
|
\

TMS320F 28069 32-Bit Microcontroller

Figure 21 SEIG-side power converter control system.

The 2w, ripple component in the bus voltage influences the waveforms of
the PWM rectifier and Synchronous Electric Induction Generator (SEIG) currents.
Figure 21 illustrates the natural reference frame equivalence of the control system on
the SEIG side. The Proportional-Integral (PI) controllers within the current control
loops depicted in Figure 6 can be likened to proportional-resonant controllers

operating at the resonant frequency of w,. The bus voltage filter G, (s) is designed to

attenuate the 2w, component ¥p,,, . Let the reference current ig,(t) be denoted as:

ig(t) = I3 + L, cos(wyt + ) (24)
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where fg* represents the active power-producing component, and
wao cos(2w,t + ) represents the resultant of the 2w, component. The reference

currents ig,, iy, and ig. in the natural reference frame are derived from

. COoS (l)gt —sin (l)g
I’SG. 21T
i * —lcos|w,t —_) —sin (,U t—_
i “’
N —_— —_ —_—
lCOS ((l)gt 3 ) sin (,Ugt 3

Let ig,(t) = kqisq(t) and consider only the 2w, component of ij4(t), which
causes inter harmonic components ig, ¢, Lsp,200,> @04 L 24, in the natural frame

reference currents iy,, i5,, and ig. as

Let ig,(t) = kqigq(t) and focus solely on the 2w, component of ig,(t),
which gives rise to interharmonic components igq 54, isp20,, 30d 524, in the

natural frame reference currents i3,, ig, and is. as follows:

i [ cos ((Zwo + wg)t + 1/)) + kg sin ((Zwo + wg)t o 1/))
sa,2wo \
ish20, | = 12% cos ((Zwo Fwy)t— 2?71' + 1;;) + kg sin ((Zwo F wy)t— 2?” + 1,0) (26)

i*
€200 cos ((Zwo F wy)t — 4?” + 111) + kg sin ((Zwo F wy)t — 4?” + 1,0)

Hence, the bus voltage filter Gy, (s) assumes a critical function in attenuating
the (Za)o + a)g) components in the PWM rectifier currents. Employing a low-pass
filter with a cutoff frequency significantly below 2w, would result in sluggish
performance. In this investigation, we utilize a standard second-order notch filter
Gyr(s) to eliminate the 2w, component while maintaining rapid dynamic

performance.
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Figure 22 Equivalent SEIG-side power converter control system in the natural
reference frame.

3.2.2 Grid-Side Power Conversion Topologies

The proposed topology's output stage, as depicted in Figure 23, consists of
the single-phase LCL-filtered grid-connected inverter. The inclusion of the damping
resistor Ry within the LCL filter ensures control stability, especially in the presence of
significant grid impedance. This study employs feedback control of the grid current

i,(t). The grid voltage v, (t) can be expressed as:
v, (t) = V,cosw,t 27)

where V), is the voltage amplitude, w, = 2rf, is the grid frequency. The

desired grid current i, (t) is
i,(t) = I, cos(w,t + ¢,) (28)
The single-phase inverter is controlled in the virtual synchronous reference

frame control by setting i,4(t) =i,(t) and the orthogonal current i,g(t) =

in “
i,(t)e 2z = I sin(w,t + ¢,). The grid current is decoupled into the dq axes using

the Park transformation given by

[iod(t)] [cos wot sinw,t lo(t)] [1 cos (Pol (29)

ioq (t) Sin (1)0 CoSs (1)0 lOﬁ (t) I sin P,
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The synchronous reference frame control leads to the decomposition of the

instantaneous power and reactive power as follows [54]:

Vo(t)

205 c0s 05 = 2ina(t) (30)

Po ) =

Vo (t)
2

A 7 .
QO(t) = - I, sing, = _7loq(t) (31)

The grid-side control system is implemented in the unbalanced synchronous
reference frame, a subclass of the synchronous reference frame control. Figure 23
illustrates the stationary reference frame representation of the synchronous reference

frame control. The error signals e, (t) and eg(t) in the aff —axes are transformed into
the error signals e, (t) and e, (t) in the dq —axes with the angle hw,t. The controllers
Hpc(s) in the dq —axes generate the control signals y,(t) and y,(t), which are then
transformed back to the aff —axes control signals y,(t) and yz(t). Utilizing the

convolution and modulation properties of the Laplace transformation [38], the

stationary reference frame outputs can be expressed as:

( Hpc(s + jhw,) > <_jHDC(5 +jha)o))
ya(s) 1 +HDC(S _jhwo) +jHDC(5 _jhwo)

yp(s)l 2 (jHDC(S + jhw,) ) ( Hpc(s + jhw,) )
—jHpc(s — jhw,) +Hpc(s — jhw,)

[ea (s)

e5(s) (32)

If the B-axis input xz(t) = 0 and only the output in the a-axis is considered

for the single-phase system, the stationary reference frame equivalence of Hp(s)

becomes

Hac(s) =252 = 2 (Hpc(s + jhwo) + Hoc (s — jhew,) (33)

If Hpc(s) = Kp + % is the standard PI controller, Hy-(s) is

K
s2+(hwy)?

Hyc(s) = Kp + (34)
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The equivalent controller transfer function in the stationary reference frame
in Equation (34) is identical to the ideal proportional-resonant controller, which offers
an infinite gain at the target frequency hw,, ensuring zero steady-state error. This
control technique is known as the unbalanced synchronous reference frame control,
which has demonstrated successful applications for single-phase converters [39, 40].
The unbalanced synchronous reference frame control can be implemented in various

structures with equivalent performance [57].

NOX ey KIC e LA Ly BAO

t Vg (t)
eﬂ@> dq eq( )=HDC(S) yq (t)> aﬁ —[i
A A
hw,t

Figure 23 Stationary reference frame representation of the synchronous reference
frame control.

Figure 24(a) illustrates the grid-side control system of the single-phase
inverter, which is realized in the multiple unbalanced synchronous reference frame on
the same microcontroller as the SEIG-side control. The proposed control scheme
comprises a fundamental component controller at the grid frequency w,, along with
multiple harmonic controllers at frequencies hw,. These harmonic controllers
mitigate low-frequency harmonics in the grid and inverter output voltages arising
from switching dead times [54]. An inverse Park transformation Phase-Locked Loop

A~

(PLL) estimates the angle 8, = w,t and the grid voltage amplitude V, [58].
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A low-pass filter with a time constant of Tf, is employed to attenuate the
rapid changes in the power reference P,, ensuring smooth extraction of power from
the SEIG and engine. The d —axis reference current i;(t) is computed from the
filtered reference output power P, using Equation (12), while the q —axis reference
current iy, = 0 is set for unity power factor operation. The fundamental current
controller utilizes the grid current as the @ —axis component current i,,(t) = i,(t)
and the reference current i,z as the § —axis component current i,g = i,z for the

reference frame transformation [47].

The fundamental grid current components i,4(t) and i,,(t) in the dg —axes

Kio1
s b

are regulated by the PI controllers Gp;o(s) = Kp, + whose outputs mg; and mg,

are transformed back to the stationary reference frame. The a —axis output my; is
only used. This control structure has inherent power decoupling and frequency

adaption capabilities [54].

Figure 24(b) illustrates the details of the harmonic current controllers
implemented in the modulation/demodulation structure at frequencies hw,. These
controllers possess a simpler structure compared to the fundamental component
controller while maintaining identical performance. The @ —axis reference current i,

is compared with the grid current i, (t). The resulting error signals in the dq —axes

are regulated by the integral controllers %, the outputs of which are transformed
back to the a —axis signals m;. The output signals of the fundamental current
controller my; and the harmonic controller m;, constitute the input signal m* for the
Pulse Width Modulation (PWM) unit embedded in the microcontroller. The transfer
function of the grid current controller is equivalent to a Proportional-Multi-Resonant

(PMR) controller as described in [54].

Gio(s) = ) — K, 4 ¥ o _ (35)

i (s)=io(s) h=1 524 (hw,)?
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3.3 Prototype Construction

3.3.1. Back-to-back converter design

The proposed power converter depicted in Figure 5 was assembled using
parameters listed in Table 1. The excitation capacitors C,, were utilized to raise the
SEIG voltage to the nominal value of V;; =220 V (line to line) at the no-load
rotational speed of approximately 3,000 rpm. Assuming an efficiency of 70% for both
the converter and SEIG, the nominal output power was set at 1.5 kW, resulting in a
mechanical input power of P, = 2.14 kW, which closely aligns with the rated power.
Both the SEIG-side and grid-side converters employed the asymmetrical regular
sampled Pulse Width Modulation (PW M) technique with a triangular carrier
frequency of f, =10 kHz and a sampling frequency of f; =20 kHz. The resonant

frequency f; ;. is determined by:

1
f LGL T e (36)
A (Ll;_lffz)cf

According to Table I, f;-;, = 5.06 kHz satisfies the stability criterion given
by [59]

fs fs
T8 frer < Py 37)

The grid current control loop with harmonic controller orders 3rd, 5th, 7th,
and 9th was designed to operate at a bandwidth of 1,100 Hz [54]. The current control
loop of the PWM rectifier was tuned to an approximate bandwidth of 1,000 Hz using
the method outlined in [60]. Figure 25 illustrates the simplified control block diagram
of the bus voltage control loop, where the notch filter is approximated as a low-pass

filter. The controller parameters Kj; and K;;, along with the notch filter's damping

factor &, were determined using the extended symmetrical optimum method [61] at a

loop bandwidth of 15 Hz.
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Figure 25 Simplified bus voltage control block diagram.

3.3.2. Experimental setup

Figure 26 displays the prototype of the biogas power generation system
installed at Tha Manoa Subdistrict, Chaibadal District, Lopburi, Thailand (15.1998°N,
101.1652°E). Figure 11 illustrates the performance evaluation diagram of the
prototype system. Gasohol, consisting of 90% 95-octane gasoline and 10% ethanol by
volume, was utilized for laboratory tests. The average thermal input power was
determined from the consumption rate monitored in 10-minute intervals using a
digital weighing scale. During field tests at Tha Manoa Subdistrict, the engine was
fueled by biogas. In this community, there are 8 pig farms, each containing 100-700
pigs. Each farm has installed an anaerobic covered lagoon for biogas production from
pig slurry. The produced biogas from each lagoon is purified by passing through
Fe(OH)3 absorbent granules, which were made from grey cement mixed with fine
sand soaked in FeCl3 and NaOH [62]. Fan blowers pressurize the upgraded biogas for
distribution to 230 households for cooking purposes between 5.00 —9.00 am and 4.00
—9.00 pm daily. Excess biogas is planned for power generation. The thermal input
power was determined from the volumetric flow rate using a thermal mass flowmeter
and CH4 content monitored by a gas analyzer. The shaft torque, speed, and
mechanical power were obtained from a torque-speed sensor mounted between the
engine and the SEIG. Electrical parameters at the SEIG and converter outputs were
measured by a 4—channel power analyzer, while current and voltage waveforms were

recorded by a 4—channel digital oscilloscope.
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Table 5 This is a table. Tables should be placed in the main text near to the first time
they are cited.

Symbol Quantity Value
P, Nominal output power 1.5 kW
Vi Nominal SEIG line-to-line voltage 220V
foB Nominal SEIG frequency 50 Hz
Cex Excitation capacitors 40 uF (A connection)
Vp Nominal DC voltage 400 V
|7A Nominal grid voltage 220V
fo Grid frequency 50 Hz
fc Triangular carrier frequency 10 kHz
fs Sampling frequency 20 kHz
Ly SEIG-side inductor 2mH
Cp DC bus capacitor 1,000 pF
L, LCL filter inductor 1mH
L, Grid-side inductor 0.5 mH
Cr LCL filter capacitor 3 uF
R¢ LCL filter damping resistor 1Q
Angerohic Bl -- e T o aaR g e s o S S = = = = =
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Figure 26 Prototype of the biogas power generation system.

The thermal input power was determined from the volumetric flow rate using
an Omega FMA-A2100 thermal mass flowmeter (Stamford, CT, USA), while the
CH4 content was monitored by an IRCD4 gas analyzer from Beijing Shi'An
Technology (Beijing, China). The shaft torque, speed, and mechanical power were
obtained from a CALT DYN-200 torque-speed sensor (Shanghai, China) mounted
between the engine and the SEIG. Electrical parameters at the SEIG and converter
outputs were measured by a Yokogawa WT300 4-channel power analyzer (Tokyo,
Japan). Current and voltage waveforms were recorded by an ISO-TECH IDS-1074B
4-channel digital oscilloscope (Corby, UK).
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CHAPTER 1V

THE POWER MONITORING SYSTEM BASED ON INTERNET

OF THINGS

4.1 Internet of Things

Currently, the Internet of Things (IoT) is being utilized in various activities,
particularly in the application of energy management systems using smart grid
technology. These smart grids are designed to monitor and measure electricity
consumption and collect data to forecast electricity demand at different times. The
collected data is invaluable for several aspects of energy management, including
controlling the distribution of electricity, planning the construction of power plants,
managing energy supply sources, and setting electricity prices in alignment with

demand and supply principles [65-66].

The integration of IoT in smart grids facilitates real-time monitoring and data
acquisition, which enhances the efficiency and reliability of the electrical grid. By
accurately forecasting demand, utility companies can optimize their operations,
reduce wastage, and ensure a stable supply of electricity. This predictive capability is
crucial for balancing load and preventing blackouts, thereby improving the overall

resilience of the energy infrastructure [65-66].

The concept of loT-based smart management is not limited to electricity.
Similar methodologies can be applied to other utility management systems, such as
smart water systems and smart irrigation systems. In smart water systems, [oT devices
can monitor water usage, detect leaks, and ensure efficient water distribution. Smart
irrigation systems can optimize water use in agriculture by monitoring soil moisture
levels and weather conditions, thereby promoting sustainable water use and enhancing

crop yield [65-66].
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These IoT applications in utility management exemplify how technology can
drive efficiency and sustainability across various sectors. By leveraging IoT for real -
time data collection and analysis, we can achieve more informed decision-making,
resource optimization, and ultimately, a more sustainable interaction with our

environment [65-66].

4.2 MIT App Inventor Application

The MIT App Inventor is a smartphone application that operates on the
Android operating system. It can be accessed through a web browser and tested on a
connected smartphone or a phone emulator on a computer. The application
development process is divided into two main parts. The first part is the design phase,
using the App Inventor Designer, which allows users to select the components needed
to create the application. The second part is the coding phase, utilizing the App
Inventor Blocks Editor. This phase involves programming the application, after which
the application package can be deployed on Android smartphones. This division
facilitates a streamlined and user-friendly approach to app development, making it
accessible to a broad range of users, from beginners to more experienced developers

[65, 66, 67].
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Figure 28 Example of Creating a Dashboard Interface with App Inventor Designer
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4.3 Design of an Energy Monitoring System on a Smartphone Application

The design of an electrical power display system based on a smartphone
application can be schematically shown in Figure 29(a). This research uses the
EasyLogic PM2230 power meter manufactured by Schneider Electric, which is used
for industrial applications. Modbus protocol connection is supported by specifying the
register location of the required parameters from the manufacturer's instruction
manual. The data from the power meter is sent to the NodeMCU ESP32 via RS485
Modbus Protocol and converted to TTL (Transistor-Transistor Logic). It is forwarded
via Wi-Fi to Google Firebase [68, 69] as a real-time database for displaying windows
on applications by application design with MIT app inventor software was developed
on the MIT platform using Component Oriented Software (Component-based
Software Development) principles without writing commands (Source code)
developed applications [67]. The real-time data collection system that is designed can
be seen in Figure 29(b). We choose to use data collection on Google Sheets in real-
time every 10 minutes. Create JavaScript code to retrieve values sent from the
NodeMCU ESP32 and store them in Google Sheets with the Google Apps Script

function.

Power meter Client Component -based Monitoring

Real-time database

Software D

RS485-

Modbus —_

Protocol I ‘

—_ —_— s —_—
L=
Firebase MIT App Inventor IoT dashboard App.
Schneider
EasyLogic ™ PM2200 series
(a)
Power meter Client Rapid application

1 t platfi
development platform Data logging

Bl

Google Apps Script Google Sheets

RS485 -

Modbus
Protocol
R —

Schneider Node -MCU
EasyLogic ™ PM2200 series ESP32-S

(b)

Figure 29 Power Monitoring System based IoT: a) Power monitoring system on an
application, and b) Realtime data logging.
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The application is developed using component-based software development
principles, eliminating the need to write source code manually [67]. This approach
allows for the application to be installed on Android smartphones via a QR code. An

example of the developed application is shown in Figure 30.

Biogas -PG-unit

Monitoring

@ Energy: 0.3 kWh
Vgen : 225.54
% Igen: 7.93

Pgen: 1609.67

£ >» <

> Vout : 221.49
¢g¢ lout : 5.92

Pout : 12052 W

» <

DATA LOGGING
EMERGENCY STOP

Figure 30 Power monitoring on smartphone applications
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CHAPTER V

RESULT AND DISCUSSION

4.1 Control performance of the SEIG and back-to-back converter

This segment aims to confirm the laboratory functionality of the SEIG and
back-to-back converter setup. The SEIG was powered by the GX200T2 QHT engine
using gasohol. Through experimental analysis, the reactive power gain K, was
established at 0.5 to maintain a consistent ratio between the SEIG voltage and

frequency across its operational spectrum.

Figure 31(a) illustrates the SEIG voltage buildup process. Initially, a small
SEIG voltage vy, (t) emerges, attributed to the residual flux density within the rotor
core. Upon connection with the back-to-back converter, v,,,(t) gradually escalates
due to the reactive power q,(t) provided by capacitors C,,. Concurrently, as the
terminal voltage is established, the SEIG also delivers active power to the DC bus
capacitor Cp, while the Voltage Source Converter (VSC) functions as a passive
rectifier. Consequently, the DC bus voltage approximates the peak value of the SEIG

line-to-line voltage.

During the build-up period, the VSC current iz, (t) progressively rises and
eventually decreases to zero at steady state. Under the steady-state no-load condition,

the SEIG current iy, (t) flows between the SEIG and C,,, indicated by is,(t) =~ 0. At
this point, the voltage vy, (t) stabilizes at the RMS value of V;, = 220 V. It is
important to note that this voltage V;; is contingent on the value of C,, and the engine
speed w,,.

Figure 31(b) illustrates the PWM rectifier startup when vy (t) increases to
the reference V; =400 V. During this transient condition, vy, (t) drops because the
SEIG supplies active power p,4(t) to the bus capacitance. Nonetheless, the SEIG

remains excited due to the reactive power q,(t) fed back from the PWM rectifier to

the SEIG.
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Figure 31 Transient voltage and current waveforms of the SEIG-side converter: (a)
Voltage build-up period, (b) DC bus voltage start-up period.

After initializing the PWM rectifier, the grid-side inverter was activated. In
Figure 32, the transient response of the grid current i, (t) is depicted when injecting a
power output of 1,200 W. The dq — axes current signals is4(t) and izq(t) of the PWM
rectifier in the microcontroller-based control system were transmitted to 14-bit digital-
to-analog converters (DACs) for observation on an oscilloscope. In the SEIG-side
control system, the d —axis current i ;(t) is generated to extract an active power

pg(t) from the SEIG. Correspondingly, the g —axis current iy, (t) increases in tandem

with ig4(t).

Figure 33 depicts the steady-state waveforms of the grid voltage v, (t) and
current i, (t), alongside the SEIG voltage v,,,(t) and current iy, (t) at a rated output
power of 1.5 kW, with the engine speed approximately at 2,900 rpm. The SEIG
frequency is measured at 46 Hz. Notably, the SEIG current waveform closely
resembles a sinusoid without interharmonic components, as elucidated in (8), owing
to the presence of a notch filter that blocks the 2w, component of the bus voltage.
Simultaneously, the grid current waveform exhibits sinusoidal characteristics,
courtesy of the additional harmonic controller. The impact of bus voltage ripple on the
SEIG current is delineated in Figure 34, where the notch filter is substituted with a
low-pass filter. The bus voltage loop bandwidth was adjusted to 15 Hz, akin to the
notch filter-based control. The alterations in each SEIG current cycle indicate the

presence of inter-harmonic components, as expounded in (8).
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Figure 32 Transient response when injecting a power of 1,200 W to the grid.
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Figure 33 Steady state waveforms of the grid voltage and current and SEIG voltage
and current at the rated output power of 1.5 kW with the notch filter-based bus
voltage control.
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Figure 34 Steady state waveforms of the grid voltage and current and SEIG voltage
and current at the rated output power of 1.5 kW with the low pass filter-based bus
voltage control.
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Moreover, the SEIG current waveform exhibits sinusoidal characteristics
with a total harmonic distortion (THD) of 2.67% at the rated power. Figure 35
illustrates the grid current harmonics at output powers of 500 W (33%), 1,000 W
(66%), and 1,500 W (100%), normalized by the rated current of 6.75 A. These
harmonics adhere to the requirements stipulated in the IEEE 1547 standard [64].

6 Fundamental (50Hz) = 6.7469 A
Power = 1.5 kW

Il 33% of Power
I 66% of Power
[ 100% of Power
—— |EEE 1547 Std. limit

0 3 6 9 12 15 18 21 24 27 30 33 36 39
Harmonic orders

Figure 35 Output current harmonics of the grid-side inverter normalized by the
rated current according to the IEEE 1574 standard.

Figure 36 displays the reactive power g, (t) injected by the PWM rectifier
into the SEIG across the output power range from 10% to 100%. The reactive power

from the capacitor bank Q is calculated from:
0,=3*(Vi10,Cel) (38)

The reactive power @4 diminishes with the output power owing to the
reduction in generator frequency. Meanwhile, the reactive power q,(t) from the
PWM rectifier assumes a crucial role in regulating the SEIG voltage. Figure 37
illustrates the SEIG voltage/frequency ratio normalized by the nominal value of

ViLs/ f45, which closely approaches unity across the output power range.
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Figure 36 Reactive power and active power of the SEIG with the output power.
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Figure 37 Normalized SEIG voltage/frequency ratio.

The mechanical frequency w,, of the induction machine is lower than the
electrical frequency w, when operating in the motor mode, and higher than w, for the

generator mode. The slip S resulting from the speed difference is expressed as:
S=(,~ o)/0, (39)

Figure 38 presents a comparison between w,, and wg,, normalized by the
nominal frequency wyp = 27 f,p plotted against the shaft torque T,,. As the torque T;,

increases, the mechanical frequency w,,decreases, consistent with the engine

characteristic. The SEIG-side converter draws active power p,(t) from the SEIG,
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causing the SEIG frequency w, to lag behind the mechanical frequency wp,.

Consequently, in the generator mode, the slip S diminishes with increasing torque in

the negative region.
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Figure 38 Mechanical, SEIG frequency and slip versus the shaft torque.

4.2 System Efficiency

The prototype's efficiency was validated using biogas at the designated area,
Ta Manoa Subdistrict, in December 2021. A Beijing Shi'An Technology IRCD4 gas
analyzer monitored the composition of biogas during the experiment, with details
listed in Table II. Engine exhaust gas was monitored using an SA500 gas analyzer
from the same manufacturer. During the field experiments, the no-load speed was set
at approximately 3,250 rpm. This adjustment was necessary because the shaft speed
with biogas decreased more significantly with higher output power compared to
gasohol in laboratory tests. Consequently, excitation capacitors of C,, = 35 pF were

utilized in the field experiment to accommodate the higher no-load speed.

In the field tests with biogas, the prototype system delivered a maximum
output power of 1,200 W, which was 80% of the rated value. This reduction in output
power was attributed to low biogas production. Unfortunately, the pigs were young

during the test period, resulting in insufficient manure to produce biogas at full scale.
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Table 6 Biogas composition in the field experiments

Composition Content
CH4 68.5 - 70.0%
CO2 30%

HaS 0.14 - 0.24%

Figure 39 illustrates the comparison of the engine shaft speed fueled by
gasohol and biogas. It is evident that the engine speed with biogas drops rapidly when
the output power exceeds 70% of the rated power. Moreover, during the field
experiments, it was observed that the engine experienced knocking when the output
power exceeded 80% of the rated value. In contrast, the engine fueled by gasohol

delivers power smoothly.

However, the prototype's output power was derated due to the unstable
biogas supply during the experiment and the lower energy density of biogas itself.
Figure 40 presents the biogas consumption at 21°C and 101.325 kPa, obtained from
the thermal mass flowmeter, against the output power. This biogas flowrate, along
with the methane content detailed in Table II, was utilized to calculate the engine

input power.

3500

S S T
3000 I . e B, ——
2500
2
E2000
?
@ 1500
o
7]
1000
500 +
—m—G95
@ Biogas
0 T T T T T
0.0 0.3 0.6 0.9 1.2 15
Power [kW]

Figure 39 Engine shaft speed with the output power.
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Figure 40 Biogas consumption with the output power.

Figure 41 provides a comparison of the engine's efficiency, SEIG, back-to-
back converter, and the overall system performance using biogas and gasohol. The
engine's efficiency significantly influences the overall system efficiency. Notably, the
engine efficiency with biogas is lower than that with gasohol. For instance, at an
output power of 80%, the engine efficiency is approximately 14% with biogas,
compared to 18% with gasohol. However, it is important to note that the engine
efficiency could potentially be enhanced if the biogas supply could support higher

power operations.

On the other hand, the SEIG and back-to-back converter exhibit efficiencies
greater than 70% and 90%, respectively, for output powers exceeding 50%. Despite
this, the system efficiency with biogas is approximately 10.7% at an output power of
80%. However, it is anticipated that the system efficiency with biogas could reach

about 13% at the rated power, based on the system efficiency achieved with gasohol.

Figure 42 presents a comparison of NOx and CO emissions from the exhaust
gas. Remarkably, the NOx emission from the biogas-fueled system is significantly
lower than that from the gasohol-fueled system. Specifically, the NOx emission from
the biogas-fed system remains below 50 ppm at 80% output power, owing to the

purification process employing Fe(OH)3 absorbent granules.
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Furthermore, the CO emission from the biogas-fed engine decreases with
increasing output power, with levels below 400 ppm at 80% output power. This
reduction is attributed to a more complete combustion process. In contrast, the CO
emission from the gasohol-fueled system remains consistently high, at 2,000 ppm, for
all output power levels. Notably, this value represents the maximum measurable limit

of the exhaust gas analyzer, indicating that the actual CO emission was higher than
2,000 ppm.
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Figure 41 Efficiency of the prototype generation system: (a) engine, (b) SEIG, (c)
back-to-back converter, and (d) system.
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4.4 Power Monitoring System Testing

In this test uses two power meters, one measuring 3-phase, 3-wire delta

ungrounded on the generator side and the second measuring 1-phase, 2-wire delta on

the grid side. (Single-phase 2-wire L-N) can be shown in Figure 43 and compare the

efficiency of the data recorded from this research data recording system with the data

recorded from the standard measuring equipment. Here, a power meter, model

Chroma digital power meter 66204, is installed on the grid side to measure and record

data every 5 minute for comparison by setting the following parameters: Vs, Is, and

Fs. The comparison uses the square root of the mean square error (Root Mean Square.

Error: RMSE) to show the evaluation of the error from the proposed data collection

system. The comparison results are shown in Figure 44.
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Figure 43 Testing Setup of a Power Monitoring System-Based loT
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From Figure 44, it was found that the parameter data measured by the
measuring instrument compared to the display system and the data collected in real -
time were similar. When estimating the error values from the proposed data
acquisition system using RMSE, it was found that the recorded grid voltage Vs, grid
current Is and grid frequency Fs tested had tolerances of 0.05888, 0.12547, and
0.00244 respectively, which are in the range is acceptable and very close to standard

measuring tools.

4.3 Suitability and Economic Analysis

The technically proven biogas generation system presents various potential
applications and economic feasibility considerations, which are essential for its
successful implementation and commercialization. Below are some key points to

consider in the analysis:
4.31. Suitability of the proposed biogas power generation system

Based on the given operational scenario and biogas consumption rate, the
prototype system requires approximately 8.85 m? of biogas daily to sustain a power
production level of 1.2 kW for 8 hours each day. Furthermore, considering the biogas
production rate from pig manure reported in [8], where a mature pig excretes manure
of 2 kg/day, yielding biogas production of 0.26 m?, we can calculate the number of

pigs required to meet the biogas demand.

Given that each pig produces 0.26 m? of biogas per day, and the system

requires 8.85 m? daily, the minimum number of pigs required can be calculated as:

Biogas demand

Numb Llgs =
umber of pigs Biogas production per pig per day

8.85 m3 34 i
=3 ¥ o%PpLgs
0.26 21—

big
day
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Therefore, a farm should have at least 34 pigs to maintain a stable biogas
supply for the operation of the prototype system under the specified conditions. The
feasibility of installing the proposed prototype system on pig farms in Ta Manoa
subdistrict appears promising, given the substantial number of pigs typically present
on these farms (ranging from 100 to 700 pigs). With such a large population of pigs,
there is ample potential for sufficient biogas production to support the operation of the

system.

Furthermore, considering the scalability of the system, it is estimated that the
output power can be increased to 5 kW by utilizing the largest 390-cc engine available
in the GX series and a 7.5-kW induction machine. This scalability allows for meeting

higher energy demands or supporting additional applications on the farm.

The selection of a spark-ignition engine commonly used in agricultural
equipment, such as water pumps and sprayers, offers several advantages. Firstly, the
familiarity of the engine among the local community facilitates maintenance, as
people are accustomed to its operation and upkeep. Additionally, the availability of
spare parts and expertise for engine maintenance locally enhances the system's

reliability and reduces maintenance costs.

Overall, installing the proposed prototype system on pig farms in Ta Manoa
subdistrict appears feasible, offering a sustainable energy solution while leveraging

existing resources and community expertise.

4.3.2 Economic viability

Table 7. presents a summary of the capital costs, operating costs, and salvage
values of the components of the biogas power generation system, excluding the
anaerobic digester and purification components. The main operating cost considered
is the maintenance of the engine. In this analysis, the assumed system lifetime is five
years, with the engine operating for 8 hours daily, totaling 14,600 hours. It's worth
noting that a biogas-fueled spark-ignition engine can typically operate for up to

60,000 hours [8].
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The life-cycle cost (LCC) for the five-year period is calculated to be $1,046
with an interest rate of 7%. Importantly, both the power converter and SEIG can
undergo overhauls after the project's lifespan and be reused in new projects, thus

providing potential cost savings for future endeavors.

This analysis provides a comprehensive understanding of the financial
aspects of the biogas power generation system, facilitating informed decision-making

regarding investment and operation.

Table 7. Break-down costs of the proposed SEIG-based biogas power generation
system.

Parts Capital cost Operating cost Salvage value
Generator (SEIG) 150 US$ - 75 US$
Power converter 450 US$ - 200 US$
Housing and piping 140 US$ 7 US$ -
Total 1,000 US$ 42 US$ 270 US$

***A4s of May 1, 2024, the current currency value is 1 USD equal to 36.14 THB.

Assume there is a 10% system unavailability due to maintenance and low

biogas production. An energy yield per year at 1.2 kW is
1.2 kW x 8 hours x 365 days % 0.9 = 3,153 kWh.

Each year’s revenue is estimated to be 378.36 US$ with a retail electricity
price of 0.12 USS$. Thus, the payback period will be 2.76 years. Therefore, the
levelized cost of electricity (LCOE) for the whole project lifetime is 0.07 US$/kWh.
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4.4 Analyzing biogas-fueled consumption in the proposed power generation

In the previous test, we used one of the pig farm waste biogas sources
mentioned in the section above. It was found to have a maximum power capacity of
1.2 kW. We analyzed the amount of pig manure required per hour for this farm. Based
on the data from Table 2, the results are as follows: The system requires 0.217 m? of
biogas per hour, equivalent to a minimum of 8.47 kilograms of raw materials per hour.
Assume we want to produce electricity 8 hours per day at 1.2 kW. That means this pig

farm needs to have at least 34 pigs.

In addition, we also analyzed and classified the required raw material
quantities for power generation at 1.2 kW per hour for other types of waste. From the

agricultural and livestock sectors, as shown in Tables 8 and 9.

Table 8 Raw material for power generation at 1.2 kW per hour (Agricultural sector).

Bloga§ Require Dry Raw Product
Production b . |
Type Waste m material  material material mass
(mikgary) 9 (ko) (ko) (ko)
1. Rice Straw 0.162 6.83 6.83 6.83 58.99
Trunk 0.250 4.423 6.32 9.03 28.14
2. Corn Leaves 0.225 4.92 5.46 6.07 19.59
Stubble 0.344 3.21. 3.57 3.97 25.35
Leaves
3 and 0.262 4.22. 6.03 8.617 23.38
' Shoots
Sugarcane Stems and
0.274 4.04 6.21 9.557 222.06
Leaves
4. Cassava  Rhizome 0.141 7.84 12.07 18.567 120.15
Table 9 Raw material for power generation at 1.2 kW per hour (Livestock sector).
Blogas Reqw_re Solid material Raw material
Type Production rate material K K
(m?/kg(solids)) (kg) (ko) (ko)
1. Beef cattle 0.307 3.60 4.16 8.32
2. Dairy Cattle 0.307 3.60 4.16 5.20
3. Breeder Pigs 0.217 5.09 6.78 8.48
4. Piglets 0.217 5.09 6.78 8.48
. Fattening 0.217 5.09 6.78 8.48
Pigs

6. Chickens 0.242 4.57 5.96 7.45




67

CHAPTER VI

CONCLUSION

It appears you have provided a detailed description of a biogas-powered

electrical generation system. Here is a summarized breakdown:

1. Engine: A 196-cc four-stroke single-cylinder ignition engine, modified to

run on biogas derived from pig manure using a gas conversion kit.

2. Generator: The engine drives a 2-pole 2.2-kW squirrel-cage inductor

motor, configured as a self-excited induction generator.

3. Back-to-Back Converter: Developed for generator control and integration

with a 220-V 50-Hz single-phase network. This converter system consists of:

- Generator-Side Converter: Utilizes a three-phase PWM rectifier to
transfer active power to the grid-side converter and supply reactive power back to the

generator for voltage regulation.

- Grid-Side Converter: Employs an LCL-filtered voltage source inverter
with multi-frequency unbalanced synchronous reference frame control. This ensures
that the injected output current complies with the IEEE 1547 standard, which is

crucial for grid integration.
4. Control Systems:

- Generator-Side Control: Implements notch filter-based bus voltage
control to effectively mitigate inter-harmonic components in the generator current

induced by oscillating power from the grid-side converter.

- Grid-Side Control: Utilizes multi-frequency unbalanced synchronous
reference frame control to manage the injected output current and ensure compliance

with grid standards, particularly IEEE 1547.
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Overall, this system enables efficient and compliant biogas-based power
generation, leveraging advanced control strategies and converter technologies to
facilitate seamless integration with the grid. The advantages of the proposed biogas

power generation system, as summarized, are as follows:

1. Low Investment Cost: The system offers a cost-effective solution for
power generation, making it accessible to a wide range of users, including small-scale

agricultural operations like swine farms.

2. Local Availability of Components: Spark-ignition engines and induction
machines, key components of the system, are manufactured in Thailand and are
readily available in the local market. This enhances accessibility and reduces

procurement lead times.

3. Ease of Operation: The system is designed for simplicity and ease of
operation, making it suitable for deployment in rural or remote areas where technical
expertise may be limited. Additionally, the familiarity of the community with engine

operation facilitates maintenance and troubleshooting tasks.

4. Sustainable Energy Source: By utilizing biogas derived from swine
manure, the system contributes to sustainable waste management practices and
reduces reliance on fossil fuels. It provides an environmentally friendly alternative for

power generation, aligning with sustainability goals.

5. Financial Viability: The levelized cost of electricity is estimated to be 0.07
US$/kWh, indicating favorable economics compared to conventional energy sources.
Additionally, the relatively short payback period of 2.76 years enhances the financial

attractiveness of the system.

6. The system is a dispatchable renewable source that can be used for grid

support.

7. Near-sinusoidal generator and output currents impose a low loss on the

generator.
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Overall, the proposed biogas power generation system offers a range of
benefits, including affordability, local availability of components, ease of operation,
environmental sustainability, and favorable financial returns. These advantages
position it as a viable and attractive solution for decentralized power generation,

particularly in rural agricultural settings like swine farms.

Future work will focus on optimizing biogas production through advanced
feedstock management and pre-treatment techniques, enhancing the anaerobic
digestion process with specialized microbial consortia, and improving reactor design
for scalability. Additionally, efforts will be directed towards upgrading biogas quality
by removing contaminants and producing biomethane, ensuring sustainable feedstock
sourcing, and mitigating environmental impacts. Technological innovations, such as
smart control systems and collaborative R&D, along with supportive economic and
policy frameworks, will be essential to maximize the efficiency and sustainability of

biogas systems, aligning with Thailand's Bio-Circular-Green (BCG) economy model.
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Abstract This study developed a grid-connected biogas power generation system for a rural commu-
nity wsing a 3-phase 22 KW squirneb-cage induction machine as the self-excited induction generator.
The generator was driven by a 196 oo single-cylinder spark-ignition engine fueled by biogas. We
dev eloped a back-to-back converter that consists of a 3-phase PWM rectifier as the generator-side
converker and a single-phase LCL-filemd grid-connecied inverter. The generator-side converier
transferred the active power to the grid-side converter and supplied the mactive power control
back to the generator. The notch filber-based bus voltage control on the generator side mitigated
the inferharmenics in the generator current. The ingected grid curment complied with the IEEE
1547 standard because of the mult-frequency wibalanced synchronous seference frame control. The
proposed system was validated with biogas produced from pig manuee at a pig farm in entral
Thailand, which found a maxiomum output of 1.2 kW with a thermal system efficiency of 107%.
The proposed system was scheduled to operate at 1.2 KW for 8 h per day with a levelized cost of
0.7 USS/KWh, 42% cheaper than the retail electricity price, and a payback period of 276 years. The
proposed gystem is suitable for a farm with a minimum of 34 pigs.

Keywords: back-to-back converter; biogas; induction generator; spark-ignibion engine; sustainable enengy

L Introduction

Biogas production is a form of sustainable waste management for agricultural, in-
dustrial, and residential sectors, which has direct impacts and contributions to 12 out of
the 17 sustainable development goals (SDGs) [1). Agricultural, industrial, and municipal
organic waste and sewage sludge ae converted to biogas through fermentation of mi-
croorganisms under anaerobic conditions [2,3]. Biogas production from livestock farms in
developing countries has potential benefits in the reduction of greenhouse gas (GHG) emis-
sions and env ironment-friendly waste management [4]. Biogas fuel is normally utilized for
heat production, transportation, and electricity production [1].

Biogas can be converted directly toelectricity through an electrochemical process using
solid meide fuel cells (SOFCs) with rear-zero GHG emissions. How ever, complicated biogas
cleaning and compression systems are required to make the SOFCs suitable for industrial
scales [5]. Momeover, the high investment cost is a barrier to adaptation in developing
countries [6]. Nevertheless, biogas-fed micro gas turbines are promising for power gen-
eration from sewage treatment systems [7,8]. Micro gas turbines fueled from biogas have
efficiencies between 20-30% [8], with a rotational speed between 14337 to 8000w rad/ s
A micro gas turbine is well equipped with a mechanical transmission system coupled
with a generator providing the 50,60 Hz electrical output. The GHG emission is far less
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than the conwentional internal combustion engines. Commercial micro gas turbines range
from 30 kW to over 200 kW [8]. Internal combustion engine technologies are fully mature.
Commercial biogas engines for power generation range from 25 kW [9] to 2 MW [10] with
an electrical efficiency of up to 40%. Modification of standard intemal combustion engines
fueled by bingas has been widely explored. Compression—ignition engines can be modified
to be fueled simultaneously by diesel and bicgas [11]. A compression—ignition engine can
be alternatively comverted into a spark—ignition engine which can be solely fed by producer
gas or biogas [12,13]. Standard spark-ignition engines require a slight modification for
using biogas as the sole fuel [14-16].

Electrically excited synchronous generators are normally used to convert the mechan-
ical work of the biogas-fed engines to AC electricity [11-1315] The output frequency
is regulated through the engine speed governor for a stand-alone application, while the
output voltage is regulated via the generator excitation current. For a grid connection, it
must be ensured that the generator voltage and frequency exactly match those of the grid
before synchronization. Permanent magnet synchronous generators (FMSGs) offer mome
compaciness than electrically excited synchronous generators [17], which weme adopied for
biogas-fed power generation systems [9,14]. A power electronic converter is mandatory for
regulating the output voltage and frequency and for grid integration [9,10,14].

Selfexdited induction generators (SEIGs) can be another candidate for biogas power
generation [18-20]. SEIGs have a rugged construction which requires almost no mainte-
nance, which can use commercial 3-phase induction machines as generators [21]. Moreover,
an SEIG has a cost much lower than a PSMG [22]. SEIGs are widely adopted for wind [23,24]
and small hydro [25-28] energy systems. However, SEIGs mequire reactive power for exci-
tation and regulation of the terminal voltage [29]. For the variable frequency stand-alone
system, SEIGs amre driven by variable speed prime movers, e.g., wind and hydro turbines,
which are supplied from capacitor banks [20,25,30,31], hybrid excitation systems consisting
of static var generators (SVGs) and capacitor banks [19,23,24,26-28]. A 3phase SEIG can be
operated as a stand-alone single-phase AC using a current-balancing circuit and a dummy
load [32]. For grid-connected operation, the SEIG can be operated with a fived speed and
wvariable speed prime movers. For the fixed speed operation, the SEIG connects directly to
the grid [18], which is suitable for a governed speed prime mover with a limited mechanical
speed range of 1-5% above the synchronous speed. For the variable-speed grid-connected
operation, the SEIG connects to the grid through an AC-DC-AC link power converter [27].

In one application of biogas-powered SEIG-based generator systems, a 45 kW SEIG
fed a three-phase stand-alone system through a diode bridge rectifier and voltage source
corwerter (W3C) [20]. A 100 kW commercial gas engine—SEIG set was directly connected
to a thmee-phase grid [18]. A7 kW gas engine-SEIG system directly supplied a 3phase
stand-alone system with a V5C-based SVG for regulation of the generator voltage [19]. The
gas engines of these thiee SEIG-based biogas power generation systems were equipped
with a speed regulation system.

As mentioned above, there is no report on single-phase grid-connected biogas power
generation systems for a small community with a maximum power less than 5 kW, There-
fore, this work reports the development of a grid-connected biogas power generation
system for a small pig farm in central Thailand. A 196 cc single-cy linder spark-ignition
engine fueled by biogas from anaerobic digestion of pig manure and wastewater was used
as the prime mover A 2.2 kW 3-phase squirrel-cage induction motor was operated as an
SEIG. In addition, we developed a power electronic converter for the generator excitation
control and integration of a 220V 50 Hz single-phase grid. Laboratory and field tests
validated technical and economic viability wene validated.

L Materials and Methodology
21. Selection md Modification of @ Spark-lgnition Engine

A Honda GX200T2 QHT air-cooled [33], 4-stoke spark-igmiton engine {Tokyo, Japan)
with a horizontal shaft was chosen as the prime mover. Table 1 summarizes the engine
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specifications. The power-speed and torque-speed characteristics of the engine werne
reproduced from the specification sheet, as shown in Figure 1. The maximum output power
was 41 kW at 120m rad /s, with a macimum torque of 12.4 N-m at 83n rad /s according to
the SAE J1349 standard. In addition, gasohol mixed fuel between gasoline and ethanol,
with a maximum e thanol content of 10%, can be used with the GX200T2 QHT engine. Thus,
this engine is suitable for direct coupling to a two-pole machine with a nominal speed of
approximately 100 rad /5. The original carburetor was replaced by a gasoline / liquefied
petroleum gas (LPG) carburetor conversion kit, as depicted in Figure 2. This dual fuel
carburetor also facilitates the engine to be fed by biogas [16].

Table 1. Parameters of the inverter.

S}rmbnl Qnﬂnﬁl)- Yalue
y Nominal cutput power L5 kW
Virn Nominal SEIG line-to-line voltage MV
fqn Neminal SEIG frequency S50 Hz
Cer Excitation capacitors A0 wF (A connection)
Vi Nominal DC veltage 40V
Vo Nominal grid voltage 20V
fa Grid frequency S0 Hz
fe Triangular carrier frequency 10kHz
fs Sarnpling frequency 2 kHz
Ls SENG-side inductor 2mH
Cp DC bass capaciter 1000 pF
Ly LCL filter imductor 1mH
La Grid-side induchor 05 mH
'E'! LCL{:iltercapaa:imr 3pF
By LCL flter damping mesistor 10
4.2
4,04
3.6+
344
-
@ 3.2 :
= i 1
E- 30 :
i !
1
264 :
1
244 |
|
- T —

190 2 2300 250 270 290 10 330 330 370 390

Speed (rad/ s)
Figuee 1. Mechanical characteristics of the Honda GXa00T2 QHT engine.
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Figure 2. Biogas supply syssem for the spark-ignition engine.
22. Assesment of Possble Power Canversion Topalogies

This study selected a Hitachi TFO-K series 220/380 V 2.2 kW 2-pole squirel-cage
induction motor (Tokyo, Japan) for the SEIG. The output of this system was connected
to a 220 V 50 Hz single-phase AC grid, which required a minimum DC input voltage of
/2 % 220 = 311 V. The engine speed was unregulated, so the generator output voltage and
frequency were variable. The SEIG required a capacitor bank to build up the generator
terminal voltages from a residual flux density in the rotor core. An additional reactive
power source was also mandatory, to keep the SEIG excited when supplying the load [21].

Figure 3 depicts possible circuit topologies for this study. In the SEIG with the star
connection in Figure Ja with passive excitation, the capacitor bank CB1 supplies a reactive
power (y for an initial excitation, which builds a nominal line-to-line voltage of approx-
imately 380 V at no-load [20,34]. A passive rectifier converts the 3-phase AC voltage to
the DC bus voltage vp of approximately 550 V, which feeds an LCL-filtered single-phase
insulated-gate bipolar transistor (IGBT) inverter. The capacitor bank CB2 supplies addi-
tional reactive power (J; for voltage regulation when feeding active power to the grid.
Although this circuit has a simple operation, the DC bus voltage is far higher than the
grid voltage peak value. This high bus voltage results in a bulky inverter-side inductor [
of the LCL filter to limit the current ripple, high switching loss in the inverter, and high
semiconductor component ratings.

'
':y ’mit
7 1% I . .
T
= 3
LIALI
CB1 (i CB2 Con:
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Figure 3. Cont.
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Figure 3. Possible power conversion topologies for the biogas power generation systenx: (a) Pas-
sive rectifier with multi capacitor banks, (b) Passive rectifier with a capacitor bank and an SVG,
(c) Proposed back-to-back converter with a capacitor bank.

Moreover, the generator has low effidency due to the distorted currents drawn by the
rectifier. Hybrid excitation schemes in Figure 3b with the reactive power supplied by a
static var generator (SVG) provide smooth voltage regulation [26,28,35]. A voltage source
converter (VSC) is adopted as the SVG, with L; as the boosting inductors [25]. The VSC bus
voltage vps is controlled to be greater than the peak value of the SEIG line-to-line voltage so
that the VSC can inject the reactive power (; into the generator for voltage regulation. In
addition, the SVG can compensate for the current harmonics of the rectifier so that the SEIG
currents become sinusoidal. This circuit topology and its control scheme are complicated
and unsuitable for low-power applications. A thyristor-based SVG can be adopted instead
of the VSC-based SVG [23,36]. However, the SEIG current harmonics and large DC bus
voltage vp still cause a low system effidency.

Figure 3¢ shows the proposed back-to-back converter topology. The SEIG winding is
connected as the delta configuration so that the no-load line-to-line voltage is approximately
Vi =220V, with a proper capacitor bank CB1. A VSC-based PWM rectifier is a boost-type
power converter that converts the SEIG 3-phase AC voltage to a DC voltage vp higher than
the peak value of the line-to-line input voltage. The DC bus voltage reference value Vi
is 400 V, which is high enough for the single-phase inverter with lower IGBT rating and
switching loss. The VSC-based PWM rectifier also supplies the reactive power (J; to the
SEIG while drawing the active power Fg. The proposed topology was expected to be more
efficient than the passive rectifier topologies in Figure 3a,b, due to the SEIG sinuscidal
currents and lower switching losses.

2.3. Proposad SEIG-Based Power Conversion System
Figure 4 depicts the power converter control system. The SEIG-side and grid-side
control schemes were implemented on a TMS320F28069 32-bit microcontroller from Texas
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Instruments. The voltage and current signals of the SEIG and grid were sampled via the
embedded analog-to-digital corwerters (ADCs), from which the control schemes gereraged
the switching signals from the PWM units for the IGBTs via the gate driver circuits. The
SEIG and capacitor bank were considered as a 3-phase AC voltage source with the star
cornection. Therefore, the virtual phase voltages of the SEIG are defined as follows:

vha(f) = Fieos gt
Tp(f) = Pyeos(ugt — 5F) m
(1) = Vgeos (wyt — &)

wheme f-:; = 1,5{:1-'}_[.." u"i}l is the voltage amplitude and wy is the generator electrical
frequency. The shaft rotational speed is not required. Instead, the shaft speed can be
estimated from the generator frequency wy, which was used for supervisory eontrol, along

with other mechanical parameters such as emperatumes, biogas pressure, and gas flow rate.

Gate drivers
PAM

SHG-side
control system

ol L

Figure 4. Control structure of the biogas power generation sy stem.

Figure 5 shows the control system of the PW M rectifier in the synchronous reference
frame. The superscripts ' denote the reference signals. The measured physical line to line
voltages vggp(f) and vgy (1) are transformed into a space vector, which is then shifted by
e 16 ¢ /3 ko calenlate the space vector vh, (f) + p;ﬁ[f) of the virtual phase voltages oi, (t),
v’g,b{f} and UJ’F{J‘ ). The synchronous reference frame phase-locked loop (PLL) estimates the
angle ﬂg, frequency d, and amplitude T?E of the space vector 'Dhl::f} + J’Fé_ﬁ_{f} The PWM
rectifier currents fza(f) and f;3(t) are only measured due to the symmetry of the 3phase
3wire system for transforming the synchronous reference frame curments i;(f) and ().
Thus, the instantaneous active and reactive powers pg(f) and g2 (f) of the PWM rectifier are

given as shown

mm=§ﬁum @

3...
s(t) = SVyieg(1) (3
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Figure 5. SEIrside power converter control sysbem,

Assuming there is no loss in the capacitor bank, the SEIG active power p,(f) and
reactive power ga(f] become the following

E
Pelt) = pult) = 3Vyia(1) @

R(6) = 4r) = 3 Vaiealt) ()

The DC bus voltage op(f) contains a ripple caused by the cscillating power of the
grid-side inverier at the frequency of 2, where wo = 25 fs is the grid frequency: Thus, a
second-order notch filter Gy p(s) at 2ur, blocks the bus ripple component before feeding to
the bus voltage control loop with a proportionak-integral (PI) controller Gpry(s). The bus
voltage controller generates the d-axis reference current i}, (1) to draw the active power
ps(t) from the SEIG in response to the bus power drawn by the single-phase inverter,

Voltage regulation of a variable-speed SEIG is challenging due to its nonlinear charac-
teristics [23,28,34]. The nominal synchronous speed of this SEIG was 100 rad/' s, which
can tolerake a speed range of £10%. Thus, the mechanical speed range of the engine suited
the SEIG well We proposed a simple opern-loop excitation scheme. The g-axis eference
current i (t) was proportional to i7;(f] with a constant gain Ky, to produce the reactive
power gz(f) for regulating the SEIG voltage. The sign of the estimated SGIG frequency drg
defined the reactive power gz(f)'s direction, in the case of the phase sequence opposite to
(1}). The PI controllers Gppa(=) regulated the dg-axes currents. A space vector modulation
(5VM) technique generated the switching signals for the IGBTs.

The 2oy ripple component of the bus voltage affects the PWM mectifier and SEIG
current waveforms. Figure & displays the natural reference frame equivalence of the SEIG-
side controd systemn. The Pl controllers of the curment control loops in Figure 6 are equivalent
to the proportional-resonant controllers at the resonant frequency of wy. The bus voltage
filter Gyy(s) attenuates the Jur, component gmuﬂ. Let the reference current i, (1) given
as below:

if{t) =13 + Dy, co8 (2t + ) (6)
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where 17 is the active power-producing component and b, cos (2wot -+ ) is the resultant
of the 2w, component. The reference currents 12, i, and i in the natural reference frame
are obtained from the following:

it cosw,f —sinwg f

oo I

':b = | cos{wgf — —sin ng ‘ [d] 7)
is cos| wet — T —sin w,: ”

Bus Voltaga Filter oz

Vo = Vo + gy,

2K,
Ko + L w}

Current Contreller

Figure 6. Equivalent SEIG=side power in the I rek frame.

ter control sy

Let i (f) = kgiz,(f), and consnchronly the 2w, component of i%,(f), which causes
inter- harmomc components 7y, , 15, , and i 5, in the natural frame reference currents
12g, 1%y, and 13 as follows:

-y cos( (2w, Fwge)t + ) + kgsin( (2w, F wg)t +
[:;:;1 b e O R B T ]
m,qu cos( (2ws Fug)t— 4+ 9 +k,sin((2w,q:w,)f_£§'.+,,, J

Thus, the bus voltage filter Gy4(s) plays a vital role in mitigating the (2w, Fwy)
oompomnts in the PWM rectifier currents. A low-pass filter with a cut-off frequency
far below 2w, results in a sluggish performance. In this work, we applied a standard
second order notch filter Gyr(s) to block the 2w, component while maintaining fast
dynamic performance.

The output stage of the proposed topology in Figure 4 is the single-phase LCI-filtered
grid-connected inverter. The damping resistor Ry of the LCL filter ensures control stability
with a large grid impedance. Grid current i,(f) feedback control is used in this study. The
grid voltage v(t) is given here

vo(t) = Vocoswot 9
where T; is the voltage amplitude, w, = 27f, is the grid frequency. The desired grid
currentio(f) is as shown:

ip(t) = Lycos (w,t + @,) (10)

The single-phase inverter is controlled in the virtual synchronous reference frame control
by setting iog(f} =1, () and the orthogonal current iyg(f) = ip(t)e 7™ 2 = Iysin (w,t + ¢,).
The grid current is decoupled into the dg axes using the Park transformation:

[ - [oont snt] ()]  [enes a
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The synchronous reference frame control results in the decomposition of the instanta-
neous power and reactive power as follows [37):

Pu[r] = @LC{EQ, = %J.M[f] ﬂE]
fa(t) = —I};’z{r—lfusin‘p, = —%J'w{f} 13)

The grid-side control system is implemented in the unbalanced synchronous reference
frame, a sub-class of the synchronous reference frame control. Figure 7 depicts the stationary
reference frame representation of the synchronous reference frame control. The ernor
sigmals eq(t) and eg(t) in the xf—axes are transformed into the error signals e;(f ) and
£y(f] in the dg—axes with the angle o, . The controllers Hpe(s) in the dy—axes produce
the manipulating signals y(f) and y,(t), which are transformed back to the xfi—axes
manipulating signals ye(t) and yg(t). Applying the convolution and modulation properties
of the Laplace transformation [38] yields the stationary reference frame outputs

] _ 1 (ol B O v i)
als) 2 (J’HDC[5+J'I!LL'¢:I ) (an{SﬂIgm:] )

_IHDC(s _J:""-'-'n] +HE|L'{5 — Jhewg)

€as)
L‘.BISII a2

Ea@"‘ af % (r‘]: Hpc(s) Yo (t}‘: dg _}*:(c]
Eﬂ m.. dq Eﬂ (rl_ Hﬂf (5} yﬂ' (t).___ aﬁ _y_E‘(tII
has,t t t

Figuee 7. Stationary reference frame representation of the syachronous reference frame control.

If the f-axis input xg(f) = 0 and only the cutput in the a-axis are considered for
the single-phase system, the stationary reference frame equivalence of Hpeo(s) becomes
the following:

H_lin:lzs:l = !ll:[_{!j' = 12—.{HE||:I:S+.['.FWJI,}+HE|L-{S— |[‘.‘I&cﬁ.t:'ﬂ} Iﬂ5]

If Hpr(s) = Kp + Ky /s is the standard PI controller, Hyo(s) is as below:

Ki

_— &
24 [.F:t...rn:l2 &)

Hac(s)=Kp+

The equivalent controller transfer function in the stationary reference frame in (16) is
identical to the ideal proportionalresonant controller, which provides an infinite gain at
the target frequency fuy, ensuring zero steady-state error. This control technique is called
the unbalanced synchronous reference frame control, which has been successfully applied
for single-phase conwverters [39,40]. The unbalanced synchronous reference frame control
can be implemented in different structures with identical performance [40].

Figum 8a depicts the grid-side control system of the single-phase inverter, which
is implemented in the multiple unbalanced synchronous reference frame on the same
microcontroller with the SEIG-side control. The proposed control scheme consisted of
a fundamental component controller at the grid frequency w,, and multiple harmonic
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controllers at frequencies icwo. The harmonic controllers attenuate low-frequency harmonics
in the grid and inverter output voltages due to switching deadtimes [37]. An inverse Park
transformation PLL estimates the angle 8, = w,t and the grid voltage amplitude ¥, [41).
A low-pass filter with a time constant of Ty, reduces the fast-changing rate of the power
reference Fy to draw power from the SEIG and engine smoothly. The d—axis reference
current ig,(t ) is calculated from the filtered reference output power Fj; using (12), whereas
the g—axis reference current i3; = 0 is used for a unity power factor. The fundamental
current controller uses the grid current as the x—axis component current i (t) = fo(f)
and the reference current i} ; as the f—axis component current i,g = i3, for the reference
frame transformation [40]. The fundamental grid current components i,g(t) and fog(f) in
the dg—axes are regulated by the PI controllers Gpio(s) = Kp, + Kjpn/s, whose outputs
mYy and my are transformed back to the stationary reference frame. Only the x—axis
output m}, is used. This control structure has inherent power decoupling and frequency
adaption capabilities [37). Figure 8b shows the details of the harmonic current controllers
implemented in the modulation/demodulation structure at the frequencies hiw,. The
harmonic controllers have a simpler structure than the fundamental component controller
with identical performance. The x—axis reference current i3, is compared with the grid
current i,(t). The decomposed error signals in the dg—axes are regulated by the integral
controllers Kg, /s, from which outputs are transformed back to the a—axis signals m.
The output signals of the fundamental current controller m}; and the harmonic controller
my form the input signal m* for the pulse width modulation (PWM) unit embedded in
the microcontroller. The transfer function of the grid current controller is equivalent to a
proportional-multi-resonant (PMR) controller, as in [37]:

K
Gul®) = ey = Kpo+ Dhcs Trhra a7

Lie)

(1)

TMSEX06 20063 33- M Mcrocortroler

@

1" hmmcric

Figume 8. Grid-side control system: (a) Overall control system, (b) Structure of the h i |
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24 Baoe-to-Badk Comverter Design

The proposed power converter in Figure 5 was constructed with parameters listed
in Table 1. The excitation capacitors Cp built up the SEIG voltage to the nominal valoe
of 17 =220V (line to line) at the no-load rotational speed of approximatety 100m rad/s.
Assuming the effidency of the converter and SEIG as 70%, the nominal output power was
setat 1.5 kW, at which the mechanical input power P = 214 kW, close to the rated power.
The SEIG-side and grid-side converters employed the asymmetrical regular sampled FWM
technique, with the triangular carrier frequency of f; = 10 kHz and the sampling frequency
of f; =20 kHz. The resonant frequency fi o is given by the following:

froo = S S— (18)

Lyl
L g (1—5—1—1 = - }C,f
According to Table 1, f o = 5.06 kHe satisfies the stability criterion [42]

% < fron = "F—; 19

The grid current control loop with the harmonic controller orders 3rd, 5th, Fith, and
Oth was designed at a bandwidth of 1100 Hz [37]. The current control loop of the PWM
rectifier was tuned at an approximated bandwidth of 1000 He, using the method in [43].
Figure 9 show s the simplified control block diagram of the bus voltage control loop, where
the notch filter is approximated as the low-pass filler. The controller parameters Ky and
K;1 and the notch filter's damping factor £ were obtained from the extended symmetrical
optimum method [44] at a loop bandwidth of 15 He.

Current Py
Corrod Loop DC Bus
i;d {" 3 P, 28 1
20 ViCps
‘Voltage Controller
1
(§/ey)s + 1

Simpifiad Motch Fitker
Figuee 9. Simplified bus voltage contrel Block diagram.

15, Experimental Sefup

Figure 10 shows the biogas power generation system protobype, which was installed
at Tha Manoa Subdistrict, Chaibadal District, Lopburi, Thailand {15.1998° N, 101.1652° E).
Figure 11 depicts the performance evaluation diagram of the prototype sy stem. Gaschaol
comtaining #1% 95-octane gasoline and 10% ethano] by volume was used for the laboratony
tests. The average thermal input power was determined from the consumption rate using
a digital weighing scale monitored in 10 min periods

The engine was fueled by biogas for the field tests at Tha Manoa Subdistrict. In this
community, there are 8 pig farms, each containing 100700 pigs. The air intake was adjusted
experimentally until the engine delivered a stable shaft power for the desired output power.
Each farm installed an anserobic covered lagoon to produce biogas from pig slurry, a
primary measure for waste management The byproduct biogas has been primarily utilized
for cooking  Sediment from anaerobic digestion was used for soil fertilization within
the community. This biogas production project joined the Thailand Voluntary Emission
Reduction (T-Ver) Program, which was verified to reduce the emissions by 1634 tC0qe/ year
between 2015-2022 [45]. The produced biogas from each lagoon was purified by passing
through Fe(OH)y absorbent granules, which wene made from grey cement mixed with fine
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sand soaking in FeCl; and NaOH [46]. Fan blowers pressurized the upgraded biogas for
distribution to 230 households for cooking between 5.00 am-9.00 am and 4.00 pm-9.00 pm
daily. The excess biogas had been planned to be used for power generation.

Biogas Power Generation System in This Study

Figure 10 Prototy pe of the biogas power generation sy stem.
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Figure 1L Performance evaluation diagram of the biogas power generation system.

The thermal input power was determined from the volumetric flow rate using an
Omega FMA-A2100 thermal mass flowmeter (Stamford, CT, USA) and CHy content was
monitored by an IRCIM gas analyzer from Beijing Shi’An Technology (Beijing, China).
The shaft torque and speed and mechanical power were obtained from a CALT DYN-
200 torque-speed sensor (Shanghai, China) mounted between the engine and the SEIG.
Electrical parameters at the SEIG and converter outputs were measured by a Yokogawa
WT300 4-channel power analyzer (Tokyo, Japan). Current and voltage waveforms were
recorded by an ISO-TECH IDS-1074B 4-channel digital oscilloscope {Corby, UK).

3. Results
3.1. Confrol Performance of the SEIG and Back-to-Back Converter

This section validates the laboratory performance of the SEIG and back-to-back con-
verter system. The SEIG was driven by the GX200T2 QHT engine and fueled by gasohol.
The reactive power gain K, = 0.5 was determined experimentally to keep the ratio between
the SEIG voltage and frequency constant throughout the operating range.
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Figure 12a shows the SEIG voltage build-up period. In the beginning, a small SEIG
voltage vegp () was induced by the residual flux density in the rotor core. A fter conne cting
the with the back-to-back converter, D (f) gradually increased due to the mactive
power gy (f] from the capacitors Co. While building the terminal voltage, the SEIG also
supplied active power to the I bus capacitor Cp, with the V5C operated as a passive
rectifier. Thus, the DC bus voltage was approximately equal to the peak value of the SEIG
line-to-line voltage. The VSC current i,(t ) rose during the build-up period and decneased
to zero at the steady state. At the steady-state no-load condition, the SEIG curment ig,(t)
flowed between the SEIG and Co, as observed from g (f) = 0. The voltage v (t) settled
at the EMS value of Vip == 220V at the steady state. Note that this voltage V| depends on
the Cex value and the engine speed ww. Figure 12b shows the startup of the FWM mectifier
when op(f) increased to the mference 1V, = 400V, The voltage ﬂgd,[f:l dropped during the
transient condition because the SEIG supplied the active power pg(f) to the bus capacitance.
However, the SEIG was kept excited by the reactive power ga(f) feeding back from the
PWM mectifier to the SEIC.

M pts masn | B | e T e |

vy (200V/Div) T, 200V Div)

I I|'a'l, A

Tyal (200V/Div)

iy (10A/Div} lmllm

i,, (2A/Div)

AR

v (200V/Div)

Time {SO0ms/Ti)

-{a'}”

Figure 12 Transient voltage and currentwaveforms of the SEIG-side converier: (a) Voltage build-up
period, (b) DC bus voltage start-up perod.

Once the PWM mectifier had been operated, the grid-side inverter was enabled.
Figure 13 shows the transient response of the grid current f;(t] when injecting a power
output of 1200W. The dg-axes current signals izg(f) and i4(t) of the PWM rectifier in the
microcontroller-based control system were sent to 14-bit digital t0 analog corverters (DACs)
for monitoring on an osdlloscope. The SEIG-side control system produced the d —axis
current () to draw an active power pg(f) from the SEIG. The g—axis current izg(f) also
increased in proportion to1,,(f). Figume 14 displays the steady-state waveforms of the grid
voltage ,(t) and current i, (), and the SEIG voltage vp(f ) and current ig,(f) at the rated
output power of 1.5 kW, where the engine speed was approcimately 97n rad /s The SEIG
frequency measured 46 Hz. The SEIG current w aveform was close to sinusoidal without
inter- harmonic components, as analyzed in (8), due to the notch filler blocking the 2w,
component of the bus voltage. Meanwhile, the grid current waveform was near-sinuscidal
becanse of the added harmonic controller. The effect of the bus voltage ripple on the SEIG
current is illustrated in Figure 15, where the notch filter was replaced by a low-pass filter.
The bus voltage loop bandwidth was tuned at 15 He, similar to the notch filler-based
control. The changes in each SEIG current cycle indicate the presence of the inter-harmonic
components, as explained in (8).
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Figure 13 Transient response when injecting a power of 1200 W to the grid.
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Figure 14 Seady-state waveforms of the grd voltage and current and SEIG voltage and current at
the rated output power of L5 kW, with the notch fileer-based bus voltage control.
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Figure 15 Swady-state waveforms of the grid voltage and current and SEIG voltage and current at
the rated cutput power of L5 kW, with the low-pass filter-based bus voltage control.

The SEIG current waveform was also near-sinusoidal, with a total harmonic distortion
(THD) of 2.67% at the rated power. Figure 16 depicts the grid current harmonics at the
output powers of 500 W (33%), 1000 W (66%), and 1500 W (100%), normalized by the rated
current of 675 A, which comply with the IEEE 1547 standard [47).
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Figure 16 Cutput current harmomnics of the grid-side imverter, normalized by the rabed curment,
according to the IEEE 1574 standand.

Figure 17 shows the reactive power g2 (f) the PWM rectifier injected to the SEIG with
the output power range from 10% to 100%. The reactive power from the capacitor bank (y
is determined from the following:

0y =3 (Viw,Cx) (20)
-
1500 - gl
N
m
1000 4 "
- '-. -
.
500 4 . .- P W
- —.-0,, [va]
= » O, [Var]
D T T . T ] T T
0.3 0.6 0% 12 1.5

—1000 4 ) —

—1500

Power [k\W]

Fisul! 17. Reactive power and active power af the SEIG with the ourbpat ponwer.

The reactive power (Jy decreased with the output power due to the generator frequency
reduction. The reactive power gz(t) from the PWM mectifier plays an essential role in

the regulation of the SEIG voltage. Figume 18 depicts the SEIG voltage / frequency ratio,

normalized by the nominal value of Vi g/ fgp, which is close to unity over the output
POWeET range.
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Figure 18 Normalized SEIG voltage/ fre

quency ratio.

This mechanical frequency wm of the induction machine is less than the electrical
frequency wy for operating in the motor mode and higher than w; for the generator mode.
The slip S due to the speed difference is given as below:

= We — W
we

s @n

Figure 19 compares wy, and w, normalized by the nominal frequency wep = 27fgg,
and slip S versus the shaft torque T,;. The mechanical frequency wy, decreased with the
increasing torque Ty, according to the engine characteristics. The SEIG-side converter drew
the active power pg(t) from the SEIG, which caused the SEIG frequency wy to be less than
the mechanical frequency ww. Thus, the slip S decreased with the torque in the negative
region while the machine operated in the generator mode.

8
320 +
. 17
B SRione. ¥
310 4 - T ——
- ——e 48
’l-__.__ e
300 T p—
"\___. 45 §
44
B 5
=~ 280 4 43 i3
_--"44-‘ a
270 St {2
__A'A"_
260 A —a-sipr-n) 1;
A —8~ rominal frequency
250 A ~@-— mecharical frequency 0
1 2 3 4 ] L g 8

Torque * (—1) [Nm]
Figure 19. Mechanical, SEIG frequency and slip versus the shaft torque.

3.2. System Performance

The prototype’s performance was validated with biogas at the selected area, Ta Manoa
Subdistrict, in December 2021. The IRCD4 gas analyzer monitored biogas compaosition
during the experiment, with values listed in Table 2. Note that this IRCG4 gas analyzer
could not measure the moisture content of the biogas. However, it has been reported
that biogas typically contains less than 1% water by volume. The engine exhaust gas was
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monitored using an SAS00 gas analyzer from Beijing Shi’An Technology (Beijing, China).
The probe of the exhaust gas analyzer was cleaned before each measurement. The exhaust
gas analyzer was ensured to indicate nearzero before starting the engine. The no-load
speed during the field experiments was approximately 108m rad /s because the shaft speed
with biogas drops, with the output power greater than with gaschol in the laboratory
test. Thus, the excitation capacitors of Cee = 35 uF were used in the field experiment in
response to the higher no-load speed. For the field tests with biogas, the prototype system
delivered the maximum output power of 1200 W, 80% of the rated value, due to low biogas
production. Unfortunately, the pigs were young during the test period, so their manumne
was insufficient to produce enough biogas for the rated output power.

Table 2. Biogas composition in the fald experiments

Composition Content
CHg 64.5-70.0%
COz At
H;5 0.14-0.24%

Figure 20 compares the engine shaft speed fueled by gasohol and biogas. The engine
speed with biogas dropped rapidly, with the output power greater than 70% of the rated
power. It was found during the field experiments that the SEIG lost excitation when the
output power was greater than 80% of the rated value. Meanwhile, the engine with gasohol
delivered the output power smoothly. However, the unstable biogas supply during the
experiment and the smaller energy density of biogas itself derated the prototype output
power. Figure 21 shows the biogas consumption with the output power at 21 “C and
101.325 kPa, which was obtained from the thermal mass flowmeter This biogas flowrate
and the methene content in Table 2 was used to calculate the engine input power.

360+

340 ——

2204 — (585
»— Biogas

200 T T T T T T T T
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Figure 20 Engine shaft speed with the output power.

Figure 22 compares the engine’s effidency, SEIG, back-to-back conwerter, and sysem
with biogas and gasohol. The engine plays a vital role in system efficiency. The engine
efficiency with biogas was smaller than with gasohol At the output power of 80%, the
engine efficency was approximately 14%, while that with gasohol was 18%. The engine
efficiency can be improved if the biogas supply weme to be sufficient for higher power
operation. The SEIG and back-to-back converter had an efficiency greater than 70% and
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0% for the output power above 50%. The system efficiency with biogas was approdimately

10.7%: at the output power of 80%. The system efficiency with biogas is expected to be
about 13% at the rated power, estimated from the system efficiency with gasohol.
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Figure 23 compares NCy and CO emissions of the exhaust gas. The N, emission with
biogas is far less than that with gaschol. The N, emission of the biogas-fed system was
less than 50 ppm at 0%, of the rated output power, thanks to the purification process using
the Fe(OH)y absorbent granules. Mearw hile, the CO emission of the biogas-fed engine
decteased with the output power, with the CO emission being lower than 400 ppm at 805
of the rated output power. This is believed to be due to a complete combustion process. On
the other hand, the CO emission with gasohol was 2000 ppm for every output power level,
whichwas the maximum measurable value of the exhaust gas analyzer Thus, the achaal
CO emission was greater than 2000 ppm.
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Figuee 23 NO, and COe missions with the output powes.

The higher amount of N0y and CO emissions for the gasohol fuel resulted from
incomplete combustion, which agrees with the report in [16] performed on the same GX200
engine. Meanwhile, the brake thermal efficiency of the engine with biogas (CHy of 80%)
in [16] was slightly greater than unleaded gasoline, which contrasts with the results in this
study: This is believed to be because the biogas in this study contained CHy concentration
of approximately 70%

4. Suitability and Economic Analysis

The proposed biogas generation system was technically proven This section analyzes
the possible applications and economic feasibility of the system.

4.1. Surtatlity of the Proposed Biogas Power Generation System

Let us assume that the prototy pe system is operated at 1.2 kW for 8 h from 5.30-8.30 am
and 5.00-8.00 pm to support the peak load of the local grid. According to the biogas
consumption rate of 1.106 mi/hat 1.2 KW in Figure 22, this power production requires
biogas input of 8.85 m* daily. [twas reported in [48] that a mature pig excretes manume at
a tate of 2 kg/day, which produces 0.26 m” of biogas. Therefore, a farm should have at
least 34 pigs to create a stable biogas supply. In practice, there are 100-700 pigs on the pig
farms in Ta Manoa subdistrict. Thus, installing the proposed prototype system oneach farm
is feasible. It is estimated that the output power can be scaled up to 5 kW with the largest
390 co engine in this GX series and a 7.5 kW induction machine. The spark-ignition engine
selected in this study is widely used in agricultural equipment such as water pumps and
sprayers. People in the community are familiar with the engine. Thete fore, maintenance of
the engine can be carried out locally.

Hewever, this biogas power generation system requires more operation and mainte-
nance compared with photovoltaic power generation. This issue can be a barrier to the
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wide adaptation of this biogas power generation. Themefomr, energy and environmental
policies are the key drivers of this biogas power generation scheme for small communities.
4.2 Ecomomic Viability

This amalysis covers the biogas power generation system, excluding the anaerobic
digester and purification. Biogas is considered a by-product of the waste management
system. Table 3 summarizes the capital and anmual operating costs and the s.al\'sge wvalues
of the system comporents. The operating cost and salvage value were estimated during the
installation. Maintenance of the engine is the primary operating cost. In this assumption,
the system lifetime is five years. The engine is set to operate for § h daily, so the total
operating time is 14,600 h. Meanwhile, a biogas-fueled spark-ignition engine can be
operated for up to 60,000 h [49]. The life-cycke cost (LOC) for the five years is USD 1044
with an interest rate of 7%. MNote that the power converter and SEIG can be overhauled
after the project life and reused in the new project

Table 3. Break-down of costs of the proposed SER-based biogas power generation sysbem

Parts Capital Cast DFEA::.:B.::MI Salv age Value
Engine with biogas modification LISy 260 UsD 35 -
Generator (SENG) LIS 150 - usn s
Pomsrarr oy erter LISy 450 - LIS 200
Housing and piping LIS 140 usp 7 -
Total LISD 1000 US04z UsD 7o

Let us assume there is a 10% sysiem unavailability due to maintenance and low biogas
production. An energy yield per year at 1.2 kW is then given as showr

L2 EW x 8 hours = 365 days x 0.9= 3153 kWh (22)

Each year's revenue is estimated to be USD 378 36 with a retail electricity price of
USD 0,12 Thus, the payback period will be 2.8 years. Themefore, the levelized cost of
electricity (LOOE) for the whole project lifetime is 0.0F US$/kWh. Note that the LOOE of
0.07 US$/ kWh does not include the bingas cost, a byproduct of the waste managerent sys-
tem. The system efficiency must be improved to keep the LCOE viable if purchasing biogas.

A3 KW photowvoltaic power (PV) generation system was selected to compare with the
biogas power generation system in this study. In Thailand, a specific annual energy yield
of 1400 KW h/ kWp/ year was estimated using the PVsyst softwane. The installation cost for
a 3 KW PV system is approximately S} 3600, with an annual maintenance cost of 0.5%.
The sabvage value is estimated to be zero. The project’s life is 25 years. Table 4 compares
the economic viability analysis of the biogas power generation with a 3 kKW PV system
Although the LCOE of the biogas system is slightly higher than that of the FYV system, the
main benetit of the biogas in this study is a stable and dispatchable source.

Table 4. Economic viability of biogas power generation and a 3 kW photovoltaic system

Indicators Biogas in This Study IKW Y
Energy yiehd 3153 EWh/year 4200 kKWh/ year
Progect perimi 5 years 15 years

LCC LIS 1046 USD 4738
Payback period 28 years 4.4 years
LCDE USD 007/ EWh USD (.05/KWh

5. Conclusions
A 196 oo 4-stroke single-cylinder ignition engine was fueled by biogas from pig manure
using a gas conversion kit The engine drove a 2-pole 2.2 KW squirrel-cage inductor motor,
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operated as a self-excited induction generator. We developed a back-to-back comverter for
gererator control and inegration with a 220V 50 He single-phase network. The generator-
side converter employed a three-phase PWM rectifier to transfer active power to the grid-
side corwerter and supply reactive power back to the generator for voltage regulation. The
grid-side corverter adopted an LCL-filtered voltage source inverter with multi-frequency
unbalanced synchronous reference frame control, resulting in an injected output current
which complied with the [EEE 1547 standard. Meanwhile, the notch filier-based bus voltage
control on the generator side effectively mitigated the inter-harmonic components in the
generator curment caused by the oscillating power from the grid-side converter.

The prototype power generation system was validated with biogas from a swine farm
in Ta Manoa subdistrict, Lopburi, Thailand. The system delivered a maximum power of
1.2 kW with a thermal efficiency of 10.7%. If the system is operated at the output power
of 1.2 kW for 8 h per day, the prototype is suitable for a farm with at least 34 pigs. The
proposed system has a life-cycle cost of USD 1046 for Syears. The levelized cost of electricity
was estimated to be USD 0,07/ kKWh, with a payback period of 276 years. The advantages
of the proposed biogas power generation systemn can be summarized as follows:

(1) Low investment cost;

(2) Spark-ignition engines and induction machines are manufactured in Thailand and
are widely available;

(3) The system is easy to operate, and maintenance of the engines can be carried out in
the community;

(4)  The system is a dispatchable rerewable source that can be used for grid support;

(5] Near-sinusoidal generator and output currents impose a low loss on the generator.
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Abstract

This study presents the desimm of a small grid-connected power genaration unit for farming systems fo suppart the Bio-Circular-Green
Economic Model (BCE) in Thailand We focus on using the remaining agriculmre waste resources to be reused according to the
circular econonty in the BOG model. Biogas was used as the primary fisel for an infernal combustion engine, with gasoline and LPG
a5 the nmediate emergency reserves. We have integrated an engine to ransmst power to a salf-excied induction generator and
designed a grid-connected inverter control sTatezy based on PO control for the powsr conversion of the system by using digital signal
processing. [zing interface-based Intermat of Things, devices can be wirelessly connected for control and logging data via a dashboard

Eeywords: Biogas, Salf-Excited Induction Generator, Infermal combustion engine, BOG mode], Ciroular economy

1. Intreduction

Thailand has the majerity of its people engaged m agriculare: anmmal crops such as rice, suzar cane, COMm, cassava, etc., and small
livestock farming such as pigs, chickens, fish, cows, efc., and so is considered an azricultural saciety. But the farm production process
iz still at a bow level. Chue to the small number of innovations relased te agriooinre, the Thai povemment supperts innovation to Mprove
the quality and quantity of azriculroral production and has presented a Bio-Circular-Green Econamic Model (BCG) model as a strategy
to create sustinability and equality for the economy, society, and eovironment [1-3] This model focuses oo applying science,
technalogy, and innovation to transform a comparative advantage m biodiversity and coltare into a competidve ooe. Its benefits are
concentrated in four strategic sectars: 1) Agricaltare and Food, ) Health and Medicine, 3) Energy, Matedals, and Biochemistry, and
4) Tourism and Creative Econenty. The BOG mode] consists of three leading economies: the Bio-Econonyy (B) system focuses on the
cost-effsctive use of bislogical resources, linking with the Circolar Economy (C) that implements the reuse of varieus materials as
mnch a3 pessible, and both these economies are within the Green Economy (G) system which aims to solve pollution problems to
sustainably reduce the impact on the planat [4-8), as shewn in Figurs 1. Furthermors, the BOG modal will drive smant practices for
Apricultare 4.0 to make azriculture in Thailand more sustainable [3-6].

According to the chapters i the 2021-2027 BOG Action Plan [1], two main issues for development in the azriculture and energy
sectars are pushing for renewablz enargy. Biogas is an engaging altermative ensrgy for recycling waste from agnoultoral and industry
in accordance with the circular econensy based on the BOG model [1. 7). When we surveyed Thailand's azmiculfural and lvestock
sectars, there was a petential for biogas fiie] production from azricubfural waste or animal mamare [2-10], which have been used in
terms of buming fuel for cooking. Bisgas is an atmactive fael for power generation but is pot widespread. Supposing it can generate
electmicity for agriculrare, it will increase self-sufficiency by managing agriculmural and honsehald elecriciny use. Biogas-fusled power
generafion can respond to three key points of the BCG model. This can be classified, for the sake of clarity, as follows: 1) Bio-econony:
take biotechnology and biodiversity as a dover. 2) Cincular economy: using waste marerials to gensrate alternative enargy. 3) Green
economy: envirommentally fiendly and sustinable development.

This research aims to design a small-size prid-connected power genertion integrated with a Self-Excited Induction Generator
(SIEG) and an internal combustion engine (IC engime) using biogas as fiuel The system was dewveloped focusing on using locally
produced equipment that is generally available. resulting in simple mamtenance We selacted an IC engins to be the prims meover for
the zenerator. Since fimmers use it daily for farm use, such as water puniping and flling, it can be applied in another application withous
complicated modifications to be used with a biogas fizel. We desizned a back-to-back comverter with a capaciter bank to conmel power
conversion from an meernal combustion (I7) engine to an SEIG. We connected it to the grid with a DC-link size of 400 'V, with the
maximum owipat pewer fTom the converter beimz 1.5 kKW, The system to measure, process, and commmmicate was added through an
IoT system displayed on a mobile application dashboard to manazs the electricity used The experimental desizn was split into o
tests: 1) Laboratary testing of the efectiveness of the SEIG, the inverter, and the control system. The test system was connectad to the

*Comesponding amthor.
Epail address: panupomifil@=mac.th
dod: 10.144 36 202357
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grid at a power rdng of 1.5 kW, and the system was nin on gasoline 95 fuel 1) The engine's performance when using thres different
rypes of fiel (95-octane zasoline, LR, and bingas) was tested, inchiding greenhouss gas emizsions.

1. Closed-loop circular economy systems for the agricultural sector

The circular econony for agriculnure refers to an approach that aims to create a closed-loop system within the agricultural sector,
mmmmngwmmxmmgrﬁumaﬂium and promoeting sustainable practices. [4-7]

This concept draws its inspiration fom natural ecosystems, where waste fom one process becomes a vahiable input for another,
creating a clozed-loop system that madmizes resource utilization and reduces environmental impact. Hare is how it can be applied to

1} Waste Reduction and Valomzation-

- Implement composting and anasrobic digestion to comvert organic waste (crop residues, food sraps) into nutrient-rich
compast and biogas.
- Recycle agricaiharal byproducts and residuoes as fepdstock for bioenergy production or ather vale-added products.
2) Closed-loop Systems:
: -I.nmg;m;l’:plim‘:kﬁ:ﬁngmdmppmﬁﬂmiﬁﬂemnﬂmhmmﬁamﬁemmeﬁrmpsmdmpnm
become feed for animals.
- Creating integrated farming systems where Hvestock waste & used as a resource rather than a pellvtant For exampls, using
marmre as fertilizer or converting it into biogas for the sake of producing energy.

Flgmelﬂn‘ustzﬂusedlwpumﬂuecnmmymfurmngncﬂnmlm The red arrow closed-loop demomstates the
purpase of this study. It can be briefly explained as follows: Agriculfural and livestock waste is frmented in tanks by an anasrobic
digestion process. The resulting product is the required methane (CH4) gas and other gas components. The remainder from the
completion of this process will be organic fertilizer, which will be used as plant food. The resulting mathane gas is converted mto heat
and electrical energy.

Thailand has always used a closed-loop system to reduce waste by producing biegas from agriculhural and livestock waste and
occasionally using it as fiel for buming. However, electmicity power generation Som biogas was still not widely used. Producing
electricity fom biogas will contribate to this system's completion and can lead to a more resilient, efficient, and sustainable ensrzy
system that balances economic prosperity with envirenmental and social well-being in Thailand

‘lq..l~|~ ﬁ / Farmiag

AW KT

Figmre 1 Closed-loop circular econcmy system for the agriculumal sectar [4-7]
1. Biogas production and potential in Thailand

Biogas production is a sustainable and renswable enerpy pensration process that imvalves the comversion of orgamic materials into
biogas through the process of anaerobic digestion. Biogas primarily consists of methans (CH4) and carbon dieedde (C02), along with
trace amounts of other gases like bydrogen sulfide (H235) and water vaper. It can be used as a source of energy for various applications,
inchiding ensrating electricity, heating, and ewen as a vehicle fisl [8-10].

Here are the key steps involved in biogas production:

1} Feedstock Selection: Organic materials, known as fesdstock, are used as the raw materials for biogas production. Common

feedstock sources inchude animal marure, apmicultoral residues, food waste, sewage sludee, and enerpy cTops (such as maize
o grass).

2} Preparation: The feedsiock is collected and prepared for the anaerobic digestion process. This may invelve shredding,

chopping, or other mechanical processes to reduce particle size and increase the aurface arsa for microbial activity.

3) Amaerobic Digestion: Anasrobic digestion is the care process, in which micreorganizms break down the organic matter in the

abzence of oxygen. This ocours ina sealed, owygen-free digester tank. It has four main stages:
» Hydrolysis: Complex organic materials are broken dowm into simpler compounds.
»  Addopenesiz Acid-forming bacteria convert the simpler compounds into velatile facty acids.
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»  Acetogemesiz: Acetic acid is formed fom the volatle Sty acids.
» Methanopenesis: Methanogenic bacteria convert the acetic acid and other infermediates into methane and carbon
digmade.

4} Gas Collection- The biogas produced during the anasrobic digeston process is collected at the top of the digester tank.

5) Gas Storage and Upgrading: Biogas may require firther reatment to remove impurities sach as hydrogen sulfide (H25) and
madshore Additionally, it can be stored m tanks or used directly for various applications. In some cases, it can also be uperaded
w0 biomethana, which is a purified form of biogas with a higher methane content suitabla for injection into naniral gas pipelines
or use a3 3 manspartation fusl

4§) Biogas Ulilization: Biogas can be used for a wids mnge of applications, inchiding-

# Electricity Generation: Biogas can be used in zas engines or rurbines to generate alectriciny.

# Heat Prodocton: It can be used for heating purpeses in bomes, industries, or for distoct heatmz.
» Vehicle Foel: When upgraded to biomethane, it can be used as a clean-buming fiuel for vehickes.
# Coolring and Lighting: In some regions. biogas s used for cooking and Hghiing in bouseholds.

Biogas production offers several environmental and economic benefits. It helps to manage arganic waste, raduce gresnhouse gas
emizsions, and provides a remewable sowrce of enerpy. Additionally, it can be miegrated into sustainable agricultural and waste
MANAFSmEnt practices, mntnbuﬂngw a Li:cnlaremmu:w However, the success of biogas production depends on factors like fesdstock
quality, digester design, and manaZeman

Khotmanes and Pinsopon [8] stadied mep-mmmal for biogas producton in Thailand. By surveying data for thres sectors, industrial
plants, agricultural plants, and bvestock in 2019, it was found that Thailand has the potential to prodoce a total of 22826.79 million
cubic meters per year, divided into industrial plants at 7521 48 million o’ per year, agricultaral plasts at 14470.01 million m' per year,
and livestock at 32530 million m' per year. More details are shown in Table 1.

Table 1 Potential biogas production in Thailand 2018 [8]

Biogas Source Produoction potential Productvity Remaining
(million m*Fears) {million m"years) {million m*years)
Industrial plants 752148 74745 §774.03
Livestock 52630 68.61 1.66
Azriculnral 1447001 - 14, 4'9 01
Total 21,826.79 B16.04 22,010.70

For thiz research. only the agriculture and livestock sectors were studied We therefors show the rates of waste-to-hiogas production
in these two sectors according to the type of apricultural plants and livestock farms found in Thailand, as shown in Tables 2 and 3 [8],
[10].

Table 2 Livestock biogas production rate [B]

Types Manure rate per day Manure collected Evaporation Bate of Biozas
(kz/animaly (%) Salids Production Rate
(%) (m3kz(solids))
1. Beef cattle 5.00 50 1337 0.307
2. Dairy Cartle 15.00 1] 1337 0.307
3. Breeder Pigs 100 B0 454 0.217
4. Paglets 0.50 1] 1454 0.217
5. Fartening Pigs 1.20 1] 1484 0.217
6. Chickens 0.03 B0 334 0.242

Table 3 Agricalnural wasts biogas production rate [B]

Type Waste Fatio of Waste to Waste Unused Biogas Diry Material fo
prodoct mass Percentage prodoction rate Eaw Aaterial
(%) (%) (Lzz(dry)) (%)
1. Bice Stmw 1037 3940 142 ﬂ-'resh] -
1. Cam Trunk 4352 FEN) | T0
Leaves 3097 104 121 ]
Stubble 1124 T34 344 ]
3. Sugarcams Leaves and Shoots 39.51 o3 252 0
4. Cassava Stems and Leaves 1893 1487 174 635
Rhirome 17.12 0025 141 65

4. Maierials and methods

In this study, an SIEG) and an IT engine using biogas as fiel are inteprated to create a small grid-connected power generation

The system's development was centered on utilizing widely accessible, locally produced equipment, which makes maintenance

easy. We chose the generator's IC engine as the prime mover. %ince it is often used by frmers for farming purpeses, swch as water

pumping and filling, it can be wiilized in another application with simple adjnstments to be used with biogas fusl To manage power

conversion from an IC engine to a SEIG, we devized a back-to-back comverter with a capacitor bank. A grid-connected inverter with a

controller embedded insids was developed to power conversion and synchronize power fo the =mid, and it can be manitorsd and
contrallad via a smartphone application, as shewn in Figure 2.
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Figure I Proposed biogas power Sensration unit system
4.1 Internal combustion engine melection and modification
Gaseline-powered IC engines are suitabls for the direct use of biogas [11-13). The gas hose is installed in the carburetor arsa in a

position above the accelerator by connecting the biogas pipe. A walve is installed outside to contrel the amount of biogas sent to the
combustien chamber, as shown in Figure 3. This medification of the engine from the original carburetor (which mixes gasoline with

air) incorporates air with biogas instead. The machinge can ran en 1002 biogas throughout its operation [14].

.ilrllllrr

Cartureior

H%l:

G’m:

Figure 3 Biogas and L PG supply system for IC engine.

This work chooses a Honda GI200T2 QHT [15], 2 small four-steke IC sasoline engine with a horizontal shaft. Air-coolad, it
delivers a maximum power of 4.1 KW at 3,600 rpm and a maximum torque of 12.4 Nm at 2,500 rpm according to SAE 11349 sandards.
The dual fisel carburetor also allows the engine to accept biogas [15] LPG biogas when the engine iz started. Negative pressurs is
supplied to the pressure regulating walve through the mixer. The seal arm swings to open the valve, and combustible gas enters the
engine after decompression. The pressure regulating valve closes at the same time. and the combustible gas will stop when the engine
shufs dowm.

4.2 Sejfevcited induction genarator selection with DIC-to-DC power comversion

A squimel cage indoction metar s suitable for direct coupling with the IC engine [14-18), where the operation speed i= aroumd
3000 FPM._ Thiz stady selected a HITACHI TFO-K series [19], 220 W/ 380V 2.2 KW two-pole three-phase induction motor as an
SEIG. The desipned system commects to an output waltages of 220V and a frequency of 50 Hz, a low-voltage grid system The invertsr
requires 3 minimmum DC veltage of 311 W, so the output voltage and frequency of the generator must be properly regulated.

The penerator requires reactive power fo excite the strength of the magpetic field at the rotor core to generate a voltage at the
termiinals. The capacitor bank penerates reactive power dunng the bold-up, and when the load is connected, it contimeally wses the
VSC-bazed PAWM rectifier controlled by the PWM stage to impersonate this function [16, 18).
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Figure 4 Proposed back-to-back converter with a capacitor bank

Figurz 4 shows the topelegy of the proposed back-to-back converter. The SEIG with delta-connected windings generates a lins-
to-line AC voliage of 220 'V, taking (h fom the capacitor bank. The V5C-based PWM rectifier boost-type converts the line-to-line
viltage o v 400 VDC bus voltage. Then the v is converted to the required output voltage with an LCL active filter circmit fo make it
a pure sine before being fad to the prid [20, 21].

4.3 Power comverter control struciure

Fizurz 5 depicts the power convertar control system. The SEIG-side and prid-side confrol schemes are implamented on a
TMEI20F28062 312-bit micrecontroller from Tewas Instnaments [22]. The woltage and current signals of the SEIG and grid are sampled
via the embedded analop-to-digial converers (ADCs), from which the control schemes penerate the switching signals from the PWM
units for the IGBTs via the gate driwer circuits. The SEIG and capacitor bank are three-phaze AC voltage sources with a star coonection.
The shaft rotational speed is not required. The shaft speed can be estimated from the generator frequency wy for a supervizory control
system, along with other mechanical parameters such as temperanares, biogas pressure, and fow rate [20, 21].
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Figure 5 Power conversion topologies for the biogas power generation system design

The SEIG control scheme is implemented in the synchropeus reference frame [20-23], so the active and reactive powers can be
conrolled separately. The contral system of the PWM rectifier in the synchronous reference fame 4 phase-locked loop (PLL) is med
in this study [20, 21]. which & implemented in the synchronous reference frame to estimate the angle and the frequency from the
measurad line-to-line voltages.

The output stage of the propesed topology in Figure 5 is the single-phase LOL-filtered grid-comnected inverter. The damping resistor
Ryof the LOL filter ensures control stability with the presence of a large grid impedance grid owrent (&) feedback contral used i this
stady. The zrid-zide control system of the singla-phase inverter is implemented in the multipls unbalanced synchronous reference
frame on the same microcontroller with the SEIG-side contrel The proposed control schems consists of the fondamental component
conroller at the grid frequency and pmiltiple harmonsc controllers at fequencies. The harmenic comtrallers ars used for the rejection
of low-frequency woltage harmmonics in the prid woltage and imverter output voltage due to switching dead times.

The propesed power converter in Fizure 5 was constructed with the parameters listed in Table 4. The excitation capacitors C=build
up the SEIG voltage fo the nomdnal valoe of Yy = 220 WV (line to ling) at the no-load rotational speed approximately of 3,000 rpm.
Azsuming that the efficiency of the converter and SEIG 15 70%, the nommal owtpt power was s=t at 1.5 EW at which the mechanical
input power P =214 KW is close to the rated power.
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Table 4 Parameters of the inverter
_Symbal Cuantity Valoe
B, Wanminal cutput pomwer 15kW
L Mominal SEIG line-fo-line voltage 10V
Fau HNominal SEIG frequency 50 Hz
Cox Exritation capacitons 40 pF {4 connection)
¥o Hominal DC voltage 400V
[ Nominal grid veltage v
Iy Grid frequency 50Hz
f Triangular camier fraguency 10 kHz
fa Samplmg frequency 20 KHz
L SEIG-side iducter 2 mH
Cp DC bus capaciter 1000 pF
L LCL filter inductar 1 mH
iz Grid-side inductor 0.5 mH
Cy LCL filter capacitar 3uF
R, LCL filter damping resister 12

4.4 Designing the power monitoring system with JoT devices

The desizn of an elecirical power display system based on a smartphone applicaden is schematically shown in Figare 6{a). This
WMMMLWMBU[H]MMMWhySrJ:nm{bHElmc,whr_hlsusaiform:smalapplmm
Modbus protecol connection i3 supported by specifying the register location of the required parameters from the manufacturer's
mstroction manual. The data from the pewer meter is senf to the NodeMCTTESP32 via B5485 Modbus Protocal and cooverted to TTL
(Transistor-Transistor Logic). It is forwarded via Wi-Fi to Google Firebaze [25] a: a real-time database for displaying windows on
applications, by an application designed with MIT app inventor software developed on the MIT platform using Component Oriented
Software (Component-based Sofiware Development) principles without writing commands (Source code) [24, 27]. The real-time data
collection system that is desizned can be seen in Figure &(b). We chose to collect the data en Google Sheets in real fime every ten
minates. W created TavaScript code to remrieve the vahies sent from the NogdeMCTT ESP32 and store them in Google Sheets with the

Google Apps Script function.
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Figure 6 Power Monitoring System based on the IoT: a) Power monitaring system on an application, and b) Realtime data logging.

5. Experimental setup
3.1 Experimental procedures

The experimental desirn was divided into two pants with different implications, namely, ljhbmmy:mg for testing the
efficiencies of the SEIG, the invertsr, and the confrol system. The system was operated on gasobol 95 fuel, with the test system
connected to the grid at a power rating of 1.5 KW 2) Field Test: to test and compars the engine performance using three types of fisl:
gasohol 93, LPG, and Biogas, shown in Figure 7.
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Figure 7 Expenimental Setup of biogas zeneration unit

The performance of the prototype biogas power generation system was validated with biogas m the selected area, Ta Manoa
Subdistrict, in December 2021. mcompomofmebngaswasmmdbymm?samlmmsajmgmn
Technology Instrument during the experiment. as listed in Table 2. The engine's exhaust zas was also monitorad using an SAS00 zas
analyzer from Beijing Shi'An Technology Instrument.

Figure 8 depicts the performance evahation diagram of the prototype system. The tests used gasohol containing 0% of 95-octane
gasoline and 10% ethanol by volume. The average thermal input power was determined from the consumption rate using a digital
weighing scale monitored in ten-minute persods. LPG and biogas fiaeled the engine. Then the thermal imput power was determined
from the volumetric flow rate using a thermal mass flowmster and tthK.coummmﬁbyagasmbmAuque—qxedm
was mounted on the shait between the engine and the SEIG to measure the torque, speed, and mechanical power. A four-channel power
analyzer measured the electrical parameters at the SEIG and converter outputs. A four-channel digital oscilloscope recorded the
waveforms of the current and voltage.
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Figure 8 Schematic of experimental setup and measurement diagram of the proposad model: 1) Dizital weighing scale, 2) Gas analyzer,
3) Flow meter, 4) Gas exhaust detection. 5) Torque/ speed sensor, 6) Digital power meter, 7) Four-channel digital oscilloscope
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3.2 Caiculation af overail sysrem gfficiency

The efficiency for the enzines, zensrators, myerters, and systems can be caloulated as follows [28, 29].

1) Engine performance (Efficiency of engme, ey )

— Mechanivalpoweroul put
Neng = paseaf fusenergytnpur m

2) Generator pecformance (Efficiency of generatar, 7,,.,)

_ Fleetricalpoueraul it
Ngen = Mechanicepoweringar 2

3) Inverter performance (Efficiency of inverter, i)

_ Flevtricalpowerostpur
Niwer = Mlechricalpower inpul G)

4) System performance (Efficiency of system. 7,,.)

_ Metflecrricaipoweroutput
syt = ~Fateof fuslenrayinput )

6. Resnlis and discussion
&.1 Engine performance

The test conditions with biozas were identcal to the laboratory tests with gasobol The no-load speed during the feld experimants
was st at approximately 3,250 rpm. The shaft speed with biogas drops at an oufput power sreater than that with zasohol i the
labamatory test. Thus, the exciation capacitors Ce= 40 pF were used i the fald sxperiment i response to the higher no-load speed.
For the field tests with biogas, the prototype system delivered a maginmm outpat power of 1,200 W, 202 of the rmted vake due to low
biogas production. The compesition of the biogas in the fiald test is shown in Tabls 5.

Table 5 Biozas composttion i the fSeld experiments

Compasition Content
CH, 58 5%-T0.0%
COz 30
HS 0.14%-024%

Figurz 9 compares the eficiency of the engme with biogas, LPG. and gasohol 85 (G25). The enpine sfficiency with biogas is
approximately 14.43% at an output power of 2074 The engine efficiency with biogas is expected to be about 1534 at the ra=d power,
estimated from the engine efficiency with gasobol and LPG curves.
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Figure ? The engme efficiency with biogas gasobol and LPG curves
6.2 (Fenerator perfbrmace
Fizurz 11} compares the generater of the engime with biogas, LPG, and zasohol 95 (G95). The zenerator affiriency with biogas is

approximately 72 37% at an output power of $0%. The generator eficisncy with biogas is expected to ba about 73% at the rated power,
estimated from the generator efficiency with gasohol and LPG cumves.
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4.3 Tnverter perfarmance
Figurz 11 compares the inverter of the enpine with biogas, LPG. and zasobol 85 (G235). The inverter efficiency with biogas is

approximataly 95 33% at an output power of 207, The inverter efficiency with biogas is expacted to be abour 246% at the rated power,
estimated from the inverter efficiency with gasehol and LPG curves.
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Figmre 11 The inverter efficiency with biogas, zasobel and LPG curves
a.4 System perfhrmance
Fizurz 12 compares the system of the engine with biogas, LPG, and gaschal 85 (G25). The system efficiency with biogas is

approximataly 10.53% at an ourpur power of 30%2. The system eficiency with biogas is expacted to be about 13%: at the rated power,
estimated from the system efficiency with gasebel and LP(G cunves.
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Figure 11 The system efficiency with biogas gasohol and LPG curves
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6.5 CO and NOx emissions
Figure 13 shows NO, and CO emissions

NO: emission of the biogas-fed system is less than 50 ppm at 80% output power thanks to the

absorbent
smabler than 400 ppm at 80% output power.

113

357

of the exhaust gas. The NO, emission with biogas is far less than that with gasohol. The
process using the Fe(OH)

purification
granules. Meanwhile, the CO emission of the biogas-fed engine decreases with the output power, where the CO emission is

This 15 believed to be due to there being a complete combustion process. On the other

hand, the CO emission with gasohol 15 2,000 ppm for every output power level This mdicates that the indicated values were limited
by the measurable range of the exhaust gas analyzer, and the actual CO emission was above 2.000 ppm.
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Figure 13 NO, and CO emissions of the exhaust gas

6.6 Electrical power

The SEIG-side control system, Figure 14 displays the steady-state waveforms of the gnd voltage ve(t) and cumrent 7(t) and the
SEK}whger,.(ﬂmdl,(t)utgmdmmmefISKW The grid current’s waveform is nearly sinusoidal due to the added
harmonic controller. The SEIG current’s waveform is also nearly sinusoidal, which does not impose an additional loss due to current

harmonics. The grid current harmonics

with the IEEE 1547 Standard [20].
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Fizgure 13(7) shows the SEIG voltage build-up period. In the beginning, there is a small SEIG voltage vps(f) induced by the residual
fhix density in the rotor core, which is gradually increased due to the reactive power qit) Som the capacitors Ce. While building the
terminal voltage, the SENG also suppliss active power to the DC bus capacitor Cp with the VSC operating as a passive rectifier. Figure
15{h) shows the startup of the PTWM rectifier when va(f) i= increased to the reference Fier = 400 V. The voltage vpeft) drops during
the transient condition because the SEIG supplies the active power pyt) to the bus capacitance. Howewer, the SEIG is kept excited due
to the reactive power gz(f) feeding back from the PWM rectifier to the SEIG.

8.7 Power monitoring system

This test used two power meters, a thres-phase, three-wire delta ungrounded oo the penerator side and the second a one-phass,
mwo-wire delta on the gnid side as shown in Fipure 16, The efficiency as determined from the data recorded in this experimental setap
can be compared with that derived from the data recorded with the standard measuring equipment. Hare, a power meter, moda]l Chroma
digital power meter §6204, is installed on the grid side to measure and record data every five mimates for comparizon by sefting the
paramaters Vs, Is, and Fs. The comparison uses the square root of the mean squared amor (FMSE) to evaluate of the emror from the
proposad data collection system. The comparizon is shown in Figure 17.
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Figure 17 The emors from the proposed data acquisition system using BMSE

Figure 17, shows that the parameter data measured by the measuring instroment compared to the display system and the darta
collectzd in real-time were similar. When estimating the emror values from the proposed data acquisition system using BMSE. it was
found that the recorded grid veltage F&, grid cument I and grid fequency Fr tested had tolerances of 0.03888, 0.12547, and 0.00244
respectively, which are in the acceptable range and very close to those obfained by the standard measuning tooks.

6.8 dnaiyzing biopas-fueled consumption M the propozed micro-power sendration

In the previows test, we used one of the pig farm waste biogas sources mentioned i the section abowe. It was found to have a
maximum power capacity of 1.2 KW. We analyzed the amount of piz mamre required per hour for this farm Based on the data from
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Table 2, the results are as follows: The system requires 0.217 m3 of biogas per bour, equivalent to 2 minimum of 8 47 kg of mw
materials per hour. Assume we want to produce electricity 8 hours per day ar 1.2 KW, That means thiz pig farm needs to hawe at least
34 pizs.

In addition. we alse analyzed and classified the required quamtities of mw material for power generation at 1.2 KW per hour for
other types of wastz, from the agricultaral and Gvesteck sectors, as shown in Tables 6 and 7.

Table § Faw material for power generation at 1.2 KW per hour (Asricuiral sectar).

Type Waste Biogas Eequired Diry Eaw Product
Production rate material material material mAss
(o keg(drv)) (k=) (k=) {lcg) (k)
T Tice Smaw 0187 [§:] [3:1] [RE] SEET
1. Com Trunk 0.250 4423 6.32 9.03 2514
Leaves 0.225 4491 5446 6.07 1959
Stabble 034 31 157 197 2535
3. Sugarcape Leaves and Shoots 0.262 411 6.03 8617 2338
Stems and Leaves 0.27 404 6.21 8557 12206
4. Caszawa EBhizoms 0.141 T84 12.07 18.567 12015

Table T Faw material for power gensration at 1.2 KW per hour (Livestock sectar).

Type Biogas Production rate Eequired material Solid material Fuaw material
(e solids}) (g} ] (g}

1. Beef catle 0.307 360 418 2312

2. Dairy Cartle 0.307 360 4.1 5.0

3. Breeder Pigs 0217 500 6.78 48

4. Paglets 0217 500 6.78 48

5. Fattening Pigs 0217 500 6.78 48

6. Chickens 0.242 437 3.06 145

6.9 Ecomomic

The engine iz programmed to man for eight hours each day, thus overall, there will be 14,600 hours of operation. A spark-ignition
engine powered by biogas can man for up to S0,000 hours [30]. With a 734 mterest rte, the Sve-vear life-cycle cost (LCC) is TED
1044, Aszume that poor biogas output and system maintenance result in a 10% system downtime. The following is then provided, with
2 1. 2kW anmal ensrpy yield, and with a retail elecmicity price of TS0 0012, the estimated annual revems is USD 37834, The payback
period will therefors be 1.8 years compared with purchasing electricity.

7. Conclusions

This work presanted a small grid-connected power zeneration unit for farming systems to suppar the Bio-Ciroular-Green Economic
('EDGJmudﬂmThmlanﬂ The main conclosions ares the following:
A maxirmum power transmission system of 1.3 kW with a thenmal efficiency of 10.7%; ifthe system operates at 1.1 kW

- Assume that we aim fo generate 1.2 KW of elecimicity for 8 hours each day. Accordingly, this pig farm muost have at least 34
pigs.

- The payback period will therefore be 2.8 vears.

- The C0 emissions of biogas-fed engines decrease with the power output, whare OO emizsions of less than 1300 ppm at 20%
power oufput are belisved to be due to complete combustion. O the other hand, C0 emizsions with gaschel 95, and LPG are
2000 ppm for all power levels.

- The advantagzss of the proposed biogas power generation system can be summarnized as follows:

1} The system supports a circular sconomy for agriculnure and livestock sector, moving to sustainabilicy.

1) The proposed power gensration system is a dispatchable renewable source, which can be used for grid support, and
which will be part of the smart prid in the near future.

3) The system Is sasy to operanz, and mamrtenance of the engines can be done in the communicy.
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