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Abstract

This study presents the design of a small grid-connected power generation unit for farming systems to support the Bio-Circular-Green
Economic Model (BCG) in Thailand. We focus on using the remaining agriculture waste resources to be reused according to the
circular economy in the BCG model. Biogas was used as the primary fuel for an internal combustion engine, with gasoline and LPG
as the immediate emergency reserves. We have integrated an engine to transmit power to a self-excited induction generator and
designed a grid-connected inverter control strategy based on PQ control for the power conversion of the system by using digital signal
processing. Using interface-based Internet of Things, devices can be wirelessly connected for control and logging data via a dashboard
application.
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1. Introduction

Thailand has the majority of its people engaged in agriculture: annual crops such as rice, sugar cane, corn, cassava, etc., and small
livestock farming such as pigs, chickens, fish, cows, etc., and so is considered an agricultural society. But the farm production process
is still at a low level. Due to the small number of innovations related to agriculture, the Thai government supports innovation to improve
the quality and quantity of agricultural production and has presented a Bio-Circular-Green Economic Model (BCG) model as a strategy
to create sustainability and equality for the economy, society, and environment [1-3]. This model focuses on applying science,
technology, and innovation to transform a comparative advantage in biodiversity and culture into a competitive one. Its benefits are
concentrated in four strategic sectors: 1) Agriculture and Food, 2) Health and Medicine, 3) Energy, Materials, and Biochemistry, and
4) Tourism and Creative Economy. The BCG model consists of three leading economies: the Bio-Economy (B) system focuses on the
cost-effective use of biological resources, linking with the Circular Economy (C) that implements the reuse of various materials as
much as possible, and both these economies are within the Green Economy (G) system which aims to solve pollution problems to
sustainably reduce the impact on the planet [4-6], as shown in Figure 1. Furthermore, the BCG model will drive smart practices for
Agriculture 4.0 to make agriculture in Thailand more sustainable [3-6].

According to the chapters in the 2021-2027 BCG Action Plan [1], two main issues for development in the agriculture and energy
sectors are pushing for renewable energy. Biogas is an engaging alternative energy for recycling waste from agricultural and industry
in accordance with the circular economy based on the BCG model [1, 7]. When we surveyed Thailand's agricultural and livestock
sectors, there was a potential for biogas fuel production from agricultural waste or animal manure [8-10], which have been used in
terms of burning fuel for cooking. Biogas is an attractive fuel for power generation but is not widespread. Supposing it can generate
electricity for agriculture, it will increase self-sufficiency by managing agricultural and household electricity use. Biogas-fueled power
generation can respond to three key points of the BCG model. This can be classified, for the sake of clarity, as follows: 1) Bio-economy:
take biotechnology and biodiversity as a driver. 2) Circular economy: using waste materials to generate alternative energy. 3) Green
economy: environmentally friendly and sustainable development.

This research aims to design a small-size grid-connected power generation integrated with a Self-Excited Induction Generator
(SIEG) and an internal combustion engine (IC engine) using biogas as fuel. The system was developed focusing on using locally
produced equipment that is generally available, resulting in simple maintenance. We selected an IC engine to be the prime mover for
the generator. Since farmers use it daily for farm use, such as water pumping and filling, it can be applied in another application without
complicated modifications to be used with a biogas fuel. We designed a back-to-back converter with a capacitor bank to control power
conversion from an internal combustion (IC) engine to an SEIG. We connected it to the grid with a DC-link size of 400 V, with the
maximum output power from the converter being 1.5 kW. The system to measure, process, and communicate was added through an
loT system displayed on a mobile application dashboard to manage the electricity used. The experimental design was split into two
tests: 1) Laboratory testing of the effectiveness of the SEIG, the inverter, and the control system. The test system was connected to the
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grid at a power rating of 1.5 kW, and the system was run on gasoline 95 fuel. 2) The engine's performance when using three different
types of fuel (95-octane gasoline, LPG, and biogas) was tested, including greenhouse gas emissions.

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

The circular economy for agriculture refers to an approach that aims to create a closed-loop system within the agricultural sector,
minimizing waste, maximizing resource efficiency, and promoting sustainable practices. [4-7]

This concept draws its inspiration from natural ecosystems, where waste from one process becomes a valuable input for another,
creating a closed-loop system that maximizes resource utilization and reduces environmental impact. Here is how it can be applied to
agriculture:

1) Waste Reduction and Valorization:

- Implement composting and anaerobic digestion to convert organic waste (crop residues, food scraps) into nutrient-rich
compost and biogas.
- Recycle agricultural byproducts and residues as feedstock for bioenergy production or other value-added products.

2) Closed-loop Systems:

- Integrate livestock farming and crop production, where animal waste becomes a nutrient source for crops and crop residues
become feed for animals.

- Creating integrated farming systems where livestock waste is used as a resource rather than a pollutant. For example, using
manure as fertilizer or converting it into biogas for the sake of producing energy.

Figure 1 shows the closed-loop circular economy systems for the agricultural sector. The red arrow closed-loop demonstrates the
purpose of this study. It can be briefly explained as follows: Agricultural and livestock waste is fermented in tanks by an anaerobic
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 methane gas is converted into heat
and electrical energy.

Thailand has always used a closed-loop system to reduce waste by producing biogas from agricultural and livestock waste and
occasionally using it as fuel for burning. However, electricity power generation from biogas was still not widely used. Producing
electricity from biogas will contribute to this system's completion and can lead to a more resilient, efficient, and sustainable energy
system that balances economic prosperity with environmental and social well-being in Thailand.
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Figure 1 Closed-loop circular economy system for the agricultural sector [4-7]
3. Biogas production and potential in Thailand

Biogas production is a sustainable and renewable energy generation process that involves the conversion of organic materials into
biogas through the process of anaerobic digestion. Biogas primarily consists of methane (CH4) and carbon dioxide (CO2), along with
trace amounts of other gases like hydrogen sulfide (H2S) and water vapor. It can be used as a source of energy for various applications,
including generating electricity, heating, and even as a vehicle fuel [8-10].

Here are the key steps involved in biogas production:

1) Feedstock Selection: Organic materials, known as feedstock, are used as the raw materials for biogas production. Common
feedstock sources include animal manure, agricultural residues, food waste, sewage sludge, and energy crops (such as maize
or grass).

2) Preparation: The feedstock is collected and prepared for the anaerobic digestion process. This may involve shredding,
chopping, or other mechanical processes to reduce particle size and increase the surface area for microbial activity.

3) Anaerobic Digestion: Anaerobic digestion is the core process, in which microorganisms break down the organic matter in the
absence of oxygen. This occurs in a sealed, oxygen-free digester tank. It has four main stages:

e Hydrolysis: Complex organic materials are broken down into simpler compounds.

e Acidogenesis: Acid-forming bacteria convert the simpler compounds into volatile fatty acids.
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e Acetogenesis: Acetic acid is formed from the volatile fatty acids.
e Methanogenesis: Methanogenic bacteria convert the acetic acid and other intermediates into methane and carbon
dioxide.

4) Gas Collection: The biogas produced during the anaerobic digestion process is collected at the top of the digester tank.

5) Gas Storage and Upgrading: Biogas may require further treatment to remove impurities such as hydrogen sulfide (H2S) and
moisture. Additionally, it can be stored in tanks or used directly for various applications. In some cases, it can also be upgraded
to biomethane, which is a purified form of biogas with a higher methane content suitable for injection into natural gas pipelines
or use as a transportation fuel.

6) Biogas Utilization: Biogas can be used for a wide range of applications, including:

e Electricity Generation: Biogas can be used in gas engines or turbines to generate electricity.

e Heat Production: It can be used for heating purposes in homes, industries, or for district heating.
e Vehicle Fuel: When upgraded to biomethane, it can be used as a clean-burning fuel for vehicles.
e Cooking and Lighting: In some regions, biogas is used for cooking and lighting in households.

Biogas production offers several environmental and economic benefits. It helps to manage organic waste, reduce greenhouse gas
emissions, and provides a renewable source of energy. Additionally, it can be integrated into sustainable agricultural and waste
management practices, contributing to a circular economy. However, the success of biogas production depends on factors like feedstock
quality, digester design, and operational management.

Khotmanee and Pinsopon [8] studied the potential for biogas production in Thailand. By surveying data for three sectors, industrial
plants, agricultural plants, and livestock in 2019, it was found that Thailand has the potential to produce a total of 22826.79 million
cubic meters per year, divided into industrial plants at 7521.48 million m® per year, agricultural plants at 14479.01 million m® per year,
and livestock at 826.30 million m® per year. More details are shown in Table 1.

Table 1 Potential biogas production in Thailand 2019 [8]

Biogas Source Production potential Productivity Remaining
(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 22,010.70

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

Table 2 Livestock biogas production rate [8]

Types Manure rate per day Manure collected Evaporation Rate of Biogas
(kg/animal) (%) Solids Production Rate
(%) (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 Pigs 2.00 80 24.84 0.217
4. Piglets 0.50 80 24.84 0.217
5. Fattening Pigs 1.20 80 24.84 0.217
6. Chickens 0.03 80 23.34 0.242

Table 3 Agricultural waste biogas production rate [8]

Type Waste Ratio of Waste to Waste Unused Biogas Dry Material to
product mass Percentage production rate Raw Material
(%) (%) (L/kg(dry)) (%)
1. Rice Straw 29.37 39.40 162 (Fresh) -
2. Corn Trunk 43.52 73.71 250 70
Leaves 30.97 100 225 90
Stubble 21.26 73.64 344 90
3. Sugarcane Leaves and Shoots 39.51 93.24 262 70
4. Cassava Stems and Leaves 28.93 14.87 274 65
Rhizome 17.12 90.25 141 65

4. Materials and methods

In this study, an SIEG) and an IC engine using biogas as fuel are integrated to create a small grid-connected power generation
system. 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. Since it is often used by farmers for farming purposes, such as water
pumping and filling, it can be utilized in another application with simple adjustments to be used with biogas fuel. To manage power
conversion from an IC engine to a SEIG, we devised a back-to-back converter with a capacitor bank. A grid-connected inverter with a
controller embedded inside was developed to power conversion and synchronize power to the grid, and it can be monitored and
controlled via a smartphone application, as shown in Figure 2.
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Figure 2 Proposed biogas power generation unit system
4.1 Internal combustion engine selection and modification

Gasoline-powered IC engines are suitable for the direct use of biogas [11-13]. The gas hose is installed in the carburetor area in a
position above the accelerator by connecting the biogas pipe. A valve is installed outside to control the amount of biogas sent to the

combustion chamber, as shown in Figure 3. This modification of the engine from the original carburetor (which mixes gasoline with
air) incorporates air with biogas instead. The machine can run on 100% biogas throughout its operation [14].
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Figure 3 Biogas and LPG supply system for IC engine.

This work chooses a Honda GX200T2 QHT [15], a small four-stroke IC gasoline engine with a horizontal shaft. Air-cooled, 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 J1349 standards.
The dual fuel carburetor also allows the engine to accept biogas [15] LPG/ biogas when the engine is started. Negative pressure is
supplied to the pressure regulating valve 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
shuts down.

4.2 Self-excited induction generator selection with DC-to-DC power conversion

A squirrel cage induction motor is suitable for direct coupling with the IC engine [16-18], where the operation speed is around
3000 RPM. This study selected a HITACHI TFO-K series [19], 220 V/ 380 V 2.2 kW two-pole three-phase induction motor as an
SEIG. The designed system connects to an output voltage of 220 V and a frequency of 50 Hz, a low-voltage grid system. The inverter
requires a minimum DC voltage of 311 V, so the output voltage and frequency of the generator must be properly regulated.

The generator requires reactive power to excite the strength of the magnetic field at the rotor core to generate a voltage at the
terminals. The capacitor bank generates reactive power during the build-up, and when the load is connected, it continually uses the
VSC-based PWM 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

Figure 4 shows the topology of the proposed back-to-back converter. The SEIG with delta-connected windings generates a line-
to-line AC voltage of 220 V, taking Q1 from the capacitor bank. The VSC-based PWM rectifier boost-type converts the line-to-line
voltage to vp 400 VDC bus voltage. Then the vp is converted to the required output voltage with an LCL active filter circuit to make it
a pure sine before being fed to the grid [20, 21].

4.3 Power converter control structure

Figure 5 depicts the power converter control system. The SEIG-side and grid-side control schemes are implemented on a
TMS320F28069 32-bit microcontroller from Texas Instruments [22]. The voltage and current signals of the SEIG and grid are sampled
via the embedded analog-to-digital converters (ADCs), from which the control schemes generate the switching signals from the PWM
units for the IGBTS via the gate driver circuits. The SEIG and capacitor bank are three-phase AC voltage sources with a star connection.
The shaft rotational speed is not required. The shaft speed can be estimated from the generator frequency w, for a supervisory control
system, along with other mechanical parameters such as temperatures, biogas pressure, and flow 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 synchronous reference frame [20-23], so the active and reactive powers can be
controlled separately. The control system of the PWM rectifier in the synchronous reference frame. A phase-locked loop (PLL) is used
in this study [20, 21], which is implemented in the synchronous reference frame to estimate the angle and the frequency from the
measured line-to-line voltages.

The output stage of the proposed topology in Figure 5 is the single-phase LCL-filtered grid-connected inverter. The damping resistor
Ry of the LCL filter ensures control stability with the presence of a large grid impedance grid current (t) feedback control used in this
study. The grid-side control system of the single-phase inverter is implemented in the multiple unbalanced synchronous reference
frame on the same microcontroller with the SEIG-side control. The proposed control scheme consists of the fundamental component
controller at the grid frequency and multiple harmonic controllers at frequencies. The harmonic controllers are used for the rejection
of low-frequency voltage harmonics in the grid voltage and inverter output voltage due to switching dead times.

The proposed power converter in Figure 5 was constructed with the parameters listed in Table 4. The excitation capacitors Cx build
up the SEIG voltage to the nominal value of VL = 220 V (line to line) at the no-load rotational speed approximately of 3,000 rpm.
Assuming that the efficiency of the converter and SEIG is 70%, the nominal output power was set at 1.5 kW at which the mechanical
input power Pm = 2.14 KW is close to the rated power.
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Table 4 Parameters of the inverter
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Symbol Quantity Value
P, Nominal output power 1.5 kW
Vi Nominal SEIG line-to-line voltage 220V
fop Nominal SEIG frequency 50 Hz
Cox Excitation capacitors 40 pF (A connection)
Vb Nominal DC voltage 400 V
1A Nominal grid voltage 220V
fo Grid frequency 50 Hz
fz Triangular carrier frequency 10 kHz
fs Sampling frequency 20 kHz
Ly SEIG-side inductor 2mH
Cp DC bus capacitor 1000 uF
Ly LCL filter inductor 1 mH
L, Grid-side inductor 0.5mH
Cr LCL filter capacitor 3 uF

R¢ LCL filter damping resistor 1Q

4.4 Designing the power monitoring system with 10T devices

The design of an electrical power display system based on a smartphone application is schematically shown in Figure 6(a). This

research uses the EasyLogic PM2230 [24] 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 [25] as 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 Software Development) principles without writing commands (Source code) [26, 27]. The real-time data
collection system that is designed can be seen in Figure 6(b). We chose to collect the data on Google Sheets in real time every ten
minutes. We created JavaScript code to retrieve the values sent from the NodeMCU ESP32 and store them in Google Sheets with the
Google Apps Script function.

Power meter X Component -based Monitoring
Real-time database Software Development T
RS485 -
Modbus
Protocol
e —_—
[=]
Firebase MIT App Inventor 10T das hboard App.
Schneider Node -MCU
EasyLogic ™ PM2200 series ESP32-S
(@)
Power meter Client Rapid application
development platform .
v ol Data logging
RS485 -
Modbus
Protocol
e >

Google Apps Script Google Sheets

Schneider
EasyLogic ™ PM2200 series

Node -MCU
ESP32-S

(b)
Figure 6 Power Monitoring System based on the 10T: a) Power monitoring system on an application, and b) Realtime data logging.
5. Experimental setup
5.1 Experimental procedures
The experimental design was divided into two parts with different implications, namely, 1) laboratory testing, for testing the
efficiencies of the SEIG, the inverter, and the control system. The system was operated on gasohol 95 fuel, with the test system

connected to the grid at a power rating of 1.5 kW. 2) Field Test: to test and compare the engine performance using three types of fuel:
gasohol 95, LPG, and Biogas, shown in Figure 7.
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Figure 7 Experimental Setup of biogas generation unit

The performance of the prototype biogas power generation system was validated with biogas in the selected area, Ta Manoa
Subdistrict, in December 2021. The composition of the biogas was monitored by an IRCD4 gas analyzer from Beijing Shi'An
Technology Instrument during the experiment, as listed in Table 2. The engine’s exhaust gas was also monitored using an SA500 gas
analyzer from Beijing Shi'An Technology Instrument.

Figure 8 depicts the performance evaluation diagram of the prototype system. The tests used gasohol containing 90% 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 periods. LPG and biogas fueled the engine. Then the thermal input power was determined
from the volumetric flow rate using a thermal mass flowmeter and the CH4 content monitored by a gas analyzer. A torque-speed sensor
was mounted on the shaft 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 proposed model: 1) Digital 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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5.2 Calculation of overall system efficiency

The efficiency for the engines, generators, inverters, and systems can be calculated as follows [28, 29];

1) Engine performance (Efficiency of engine, 17¢n4)

__ Mechanicalpoweroutput
neng -

Rateof fuelenergyinput

2) Generator performance (Efficiency of generator, n4c,)

__ Electricalpoweroutput
ngen -

Mechanicalpowerinput

3) Inverter performance (Efficiency of inverter, 9;,,)

__ Electricalpoweroutput
Niny =

Electricalpowerinput

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

__ NetElectricalpoweroutput
7753/5 -

Rateof fuelenergyinput
6. Results and discussion

6.1 Engine performance
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The test conditions with biogas were identical to the laboratory tests with gasohol. The no-load speed during the field experiments
was set at approximately 3,250 rpm. The shaft speed with biogas drops at an output power greater than that with gasohol in the
laboratory test. Thus, the excitation capacitors Cex = 40 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 a maximum output power of 1,200 W, 80% of the rated value due to low
biogas production. The composition of the biogas in the field test is shown in Table 5.

Table 5 Biogas composition in the field experiments

Composition

CHa
CO2
H2S

68.5%-70.0%

0.14%-0.24%

Figure 9 compares the efficiency of the engine with biogas, LPG, and gasohol 95 (G95). The engine efficiency with biogas is
approximately 14.43% at an output power of 80%. The engine efficiency with biogas is expected to be about 15% at the rated power,
estimated from the engine efficiency with gasohol and LPG curves.

24

22

- - N
=} @ o
1 I 1

Engine Efficiency [%]
o =
L 1

> n

. u

—m— G95
—o— LPG
—a— Biogas

4 T T T

T T
0.0 02 04 06 08 1.0

Power [kW]

Figure 9 The engine efficiency with biogas gasohol and LPG curves

6.2 Generator performance

12 14 16

Figure 10 compares the generator of the engine with biogas, LPG, and gasohol 95 (G95). The generator efficiency with biogas is
approximately 72.27% at an output power of 80%. The generator efficiency with biogas is expected to be about 73% at the rated power,

estimated from the generator efficiency with gasohol and LPG

curves.
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Figure 10 The generator efficiency with biogas gasohol and LPG curves

6.3 Inverter performance

Figure 11 compares the inverter of the engine with biogas, LPG, and gasohol 95 (G95). The inverter efficiency with biogas is
approximately 95.33% at an output power of 80%. The inverter efficiency with biogas is expected to be about 96% at the rated power,

estimated from the inverter efficiency with gasohol and LPG curves.
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Figure 11 The inverter efficiency with biogas, gasohol, and LPG curves

6.4 System performance

Figure 12 compares the system of the engine with biogas, LPG, and gasohol 95 (G95). The system efficiency with biogas is
approximately 10.65% at an 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 and LPG curves.
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Figure 12 The system efficiency with biogas gasohol and LPG curves
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6.5 CO and NOx emissions

Figure 13 shows NOx and CO emissions of the exhaust gas. The NOx emission with biogas is far less than that with gasohol. The
NOx emission of the biogas-fed system is less than 50 ppm at 80% output power thanks to the purification process using the Fe(OH)3
absorbent granules. Meanwhile, the CO emission of the biogas-fed engine decreases with the output power, where the CO emission is
smaller than 400 ppm at 80% output power. This is believed to be due to there being a complete combustion process. On the other
hand, the CO emission with gasohol is 2,000 ppm for every output power level. This indicates 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.

250

200+

2200

G95
—o—LPG

2000

—&— Biogas

1800

/ = 1600 4
150 /

A —A—a
100

NOx emmission [PPM]
2 2 B 2
o (=] o o
1 L 1 1

CO emmission [PP

33
o
1

u— G95
—e— LPG
—&— Biogas

600

,r,—_-f;__f:;;';jé"_.",;.;;*:;c;f*

400 +

200 T T T
0.0 02 0.4 06

T T T T T T T T
0.2 0.4 06 0.8 1.0 12

Power [kW]

T T
08 1.0 12 1.4 16

Power kW]

0.0

Figure 13 NOx 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 grid voltage vo(t) and current io(t) and the
SEIG voltage vgan(t) and iga(t) at the rated output power of 1.5 kW. 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 comply with the IEEE 1547 Standard [20].
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Tek L. @ Acq Complete M Pos: 250,0ms Tek  Ju. @ Acq Complete M Posi 17460
v
ib (100v/0iv) h (200V/D|v) «
gp_(200V/Div) 13

347

Oy (200V/Div) 2
I (10A/Div)
qpe I

I i NW\
‘v\b (10A/Div)

15 (10A/Div)

L)

il
CH3 200%

Figure 15 Transient voltage and current waveforms of the SEIG-side converter: (a) VVoltage build-up period, (b) DC bus voltage startup

period.

CH2 2.004
CHA 10.04

@)

M 250ms
14-Jun-22 17:05

CH3 7

[ CH2 1004 M50.0ms
CH2 vertical position =3.00 divs (-30.04)
(b)



558 Engineering and Applied Science Research 2023;50(6)

Figure 15(a) shows the SEIG voltage build-up period. In the beginning, there is a small SEIG voltage vgan(t) induced by the residual
flux density in the rotor core, which is gradually increased due to the reactive power qu(t) from the capacitors Cex. While building the
terminal voltage, the SEIG also supplies active power to the DC bus capacitor Cp with the VSC operating as a passive rectifier. Figure
15(b) shows the startup of the PWM rectifier when vo(t) is increased to the reference Vorer = 400 V. The voltage vgan(t) drops during
the transient condition because the SEIG supplies the active power py(t) to the bus capacitance. However, the SEIG is kept excited due
to the reactive power gz(t) feeding back from the PWM rectifier to the SEIG.

6.7 Power monitoring system

This test used two power meters, a three-phase, three-wire delta ungrounded on the generator side and the second a one-phase,
two-wire delta on the grid side as shown in Figure 16. The efficiency as determined from the data recorded in this experimental setup
can be compared with that derived from the data recorded with 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 five minutes for comparison by setting the
parameters Vs, Is, and Fs. The comparison uses the square root of the mean squared error (RMSE) to evaluate of the error from the
proposed data collection system. The comparison is shown in Figure 17.

SIEngine

Grid-connected
Inverter Utility grid

3-phase 3 -wire
phase ¢ Single-phase 2 -wire

delta ungrounded €
line-to-neutral

HT {1

V1

V3 N

0000 ¢

0000 ¢

= 4 a

Client Biogas -PG-unit
= Monitoring @i ]
E {::} ﬂ = @ Energy: 0.3 kWh
!
- m
Pgen: 1609.67 W

=
o
""""" Vout: 22149 V

$g$ Tout : 592

Pout : 12052 W

>

—
Datalogger 10T dashboard App.

Figure 16 Power Monitoring System based on loT

221.0 6.6 50.10

= |s_ref = Fs_ref
220.8 N 50.08 | e Fs
| C o T T ey
g . W l."%.' = 50.06 -

22067 e flegy s S g Feoas = 6.4 |

220.4] d 'y 50.04 -
< 22024 z | T 50.02 4
2 <62 <
£ 2200+ 2 ‘ & 50.00 { sl Bogin oo sl ™ymggem eolovfnger®

219.84 | 49.98

2196 6.0 | 49.96

219.4 P 49.94 1

b i
219.2-| —=—Vs_ref 5.8 49.92 1
® Vs
219.0 +—F———F—T—T———T—T—T—T—T—T T —— T B e e e o B L e B
0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65 0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time (Min) Time (Min) Time (Min)

Figure 17 The errors from the proposed data acquisition system using RMSE

Figure 17, shows 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 acceptable range and very close to those obtained by the standard measuring tools.

6.8 Analyzing biogas-fueled consumption in the proposed micro-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
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Table 2, the results are as follows: The system requires 0.217 m3 of biogas per hour, equivalent to a minimum of 8.47 kg 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 quantities of raw material for power generation at 1.2 kW per hour for
other types of waste, from the agricultural and livestock sectors, as shown in Tables 6 and 7.

Table 6 Raw material for power generation at 1.2 kW per hour (Agricultural sector).

Type Waste Biogas Required Dry Raw Product
Production rate material material material mass
(m3kg(dry)) (kg) (kg) (kg) (kg)
1. Rice Straw 0.162 6.83 6.83 6.83 58.99
2. Corn Trunk 0.250 4.423 6.32 9.03 28.14
Leaves 0.225 4.92 5.46 6.07 19.59
Stubble 0.344 3.21. 3.57 3.97 25.35
3. Sugarcane Leaves and Shoots 0.262 4.22. 6.03 8.617 23.38
Stems and Leaves 0.274 4.04 6.21 9.557 222.06
4, Cassava Rhizome 0.141 7.84 12.07 18.567 120.15

Table 7 Raw material for power generation at 1.2 kW per hour (Livestock sector).

Type Biogas Production rate Required material Solid material Raw material
(m*/kg(solids)) (kg) (kg) (kg)

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

5. Fattening Pigs 0.217 5.09 6.78 8.48

6. Chickens 0.242 4.57 5.96 7.45

6.9 Economic

The engine is programmed to run for eight hours each day, thus overall, there will be 14,600 hours of operation. A spark-ignition
engine powered by biogas can run for up to 60,000 hours [30]. With a 7% interest rate, the five-year life-cycle cost (LCC) is USD
1046. Assume that poor biogas output and system maintenance result in a 10% system downtime. The following is then provided, with
a 1.2 kW annual energy yield, and with a retail electricity price of USD 0.12, the estimated annual revenue is USD 378.36. The payback
period will therefore be 2.8 years compared with purchasing electricity.

7. Conclusions

This work presented a small grid-connected power generation unit for farming systems to support the Bio-Circular-Green Economic
(BCG) model in Thailand. The main conclusions are the following:

- A maximum power transmission system of 1.2 kW with a thermal efficiency of 10.7% if the system operates at 1.2 kW.

- Assume that we aim to generate 1.2 kW of electricity for 8 hours each day. Accordingly, this pig farm must have at least 34
pigs.

- The payback period will therefore be 2.8 years.

- The CO emissions of biogas-fed engines decrease with the power output, where CO emissions of less than 1300 ppm at 80%
power output are believed to be due to complete combustion. On the other hand, CO emissions with gasohol 95, and LPG are
2000 ppm for all power levels.

- The advantages of the proposed biogas power generation system can be summarized as follows:

1) The system supports a circular economy for agriculture and livestock sector, moving to sustainability.

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

3) The system is easy to operate, and maintenance of the engines can be done in the community.
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