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ABSTRACT

DESIGN AND CONTROL OF AN AGRICULTURAL MICROGRID FOR
GRID-CONNECTED AND OFF-GRID APPLICATIONS

Mokhtare, Mohammad Hossein
Ph.D., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Ozan Keysan

January 2026, 159 pages

Microgrids offer a viable solution for integrating distributed energy resources to elec-

trify agricultural farms. However, designing and controlling such systems is complex

and requires consideration of various technical and economic parameters. This the-

sis analyzes an agricultural microgrid topology that incorporates solar PV and hybrid

storage, comprising water and battery energy storage systems. In the design phase,

an optimal sizing method is developed that is applicable to grid-connected and off-

grid applications. The rated power of the solar PV array and the capacities of storage

systems are optimized using techno-economic evaluation metrics. The methodology

includes a water-energy management system to model microgrid operation and uti-

lizes a straightforward approach to represent irrigation requirements. The battery

cycle life and nonlinearities of electric water pump operation are also incorporated.

The simulation results of a case study validate the proposed sizing method. In the

control phase, a supervisory control system is proposed that coordinates the hybrid

solar inverter and the variable frequency drive within the agricultural microgrid. The

developed control system enables simultaneous pumping of water and charging of

batteries, ensures efficient and fast maximum power point tracking, and provides pre-

v



cise control over power distribution between the pump and the battery energy storage

system. The proposed control strategy is validated through extensive experiments on

an agricultural microgrid test bench installed within the scope of this research. In

summary, this research provides a framework for the design and control of agricul-

tural microgrids and identifies key points for practical implementation.

Keywords: Agricultural Microgrid, Solar Photovoltaic, Hybrid Energy Storage Sys-

tem, Optimal Sizing, Supervisory Control System
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ÖZ

ŞEBEKEYE BAĞLI VE ŞEBEKEDEN BAĞIMSIZ UYGULAMALAR İÇİN
TARIMSAL MİKRO ŞEBEKENİN TASARIMI VE KONTROLÜ

Mokhtare, Mohammad Hossein
Doktora, Elektrik ve Elektronik Mühendisliği Bölümü

Tez Yöneticisi: Doç. Dr. Ozan Keysan

Ocak 2026 , 159 sayfa

Mikroşebekeler, tarımsal işletmelerin elektrifikasyonu için dağıtık enerji kaynakları-

nın entegre edilmesinde uygulanabilir bir çözüm sunmaktadır. Ancak, bu tür sistemle-

rin tasarımı ve kontrolü, çeşitli teknik ve ekonomik parametrelerin eş zamanlı olarak

değerlendirilmesini gerektiren karmaşık bir süreçtir. Bu tez, güneş enerjisi (PV) ve

su depolama ile batarya enerji depolama sistemlerinden oluşan hibrit bir depolama

çözümünü içeren bir tarımsal mikroşebeke topolojisini analiz etmektedir. Tasarım

aşamasında, hem şebeke bağlantılı hem de şebekeden bağımsız uygulamalara uyar-

lanabilen bir optimal boyutlandırma yöntemi geliştirilmiştir. Güneş paneli dizisinin

anma gücü ve depolama sistemlerinin kapasiteleri, tekno-ekonomik değerlendirme

metrikleri kullanılarak optimize edilmiştir. Sunulan yöntem, mikroşebeke operasyo-

nunu modellemek için bir su-enerji yönetim sistemi içermekte ve çiftliğin sulama

suyu gereksinimlerini temsil etmek için doğrudan bir yaklaşım kullanmaktadır. Ay-

rıca, bataryaların çevrim ömrü ve elektrikli su pompasının çalışmasındaki doğrusal

olmayan durumlar da dikkate alınmıştır. Önerilen optimal boyutlandırma yöntemi,

bir vaka çalışmasının simülasyon sonuçları ile doğrulanmıştır. Kontrol aşamasında,
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tarımsal mikroşebeke bünyesindeki hibrit solar evirici ve değişken frekanslı sürücü-

nün koordinasyonunu sağlayan bir denetleyici kontrol sistemi önerilmiştir. Geliştiri-

len kontrol sistemi; su pompalama ve batarya şarj işlemlerinin eş zamanlı yapılabil-

mesine olanak tanımakta, verimli ve hızlı maksimum güç noktası takibi sağlamakta

ve pompa ile batarya enerji depolama sistemi arasındaki güç dağıtımı üzerinde hassas

kontrol sunmaktadır. Önerilen kontrol stratejisi, bu araştırma kapsamında kurulan bir

tarımsal mikroşebeke deney düzeneği üzerinde gerçekleştirilen kapsamlı deneylerle

doğrulanmıştır. Özetle bu çalışma, tarımsal mikroşebekelerin tasarımı ve kontrolü için

bir çerçeve sunmakta ve pratik uygulama için temel noktaları belirlemektedir.

Anahtar Kelimeler: Tarımsal Mikroşebeke, Güneş Fotovoltaik, Hibrit Enerji Depo-

lama Sistemi, Optimal Boyutlandırma, Denetleyici Kontrol Sistemi
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CHAPTER 1

INTRODUCTION

The global food and energy systems are deeply connected, such that a change in

one directly affects the other. However, both must be transformed to become more

inclusive, secure and sustainable in order to cope with the growing global demand for

food, energy, and even water due to population growth [1]. The projections of the

United Nations show that the world population will reach 9.8 billion in 2050, a 1.6

billion increase from 2024 [2]. This population growth could increase global demand

for food by more than 50%, water by up to 30%, and energy by around 20% [3].

Agriculture being the main source for food systems has led to the establishment of

a broader term that covers both agriculture and food systems called the "agri-food

systems" which is de�ned by the Food and Agricultural Organization of the United

Nations as follows [4]:

"Agri-food systems comprise the entire range of actors and interlinked activities that

add value in agricultural production and related off-farm activities such as food stor-

age, aggregation, post-harvest handling, transportation, processing, distribution, mar-

keting, disposal, and consumption. Agricultural production refers to primary crops,

livestock, �sheries, and forestry production."

Other components and links add to the complexity of relations among population,

energy and agri-food systems. Freshwater, vital for drinking and hygiene of the pop-

ulation, required for irrigation in agriculture and also used by the energy and food

industries, creates connections with all these elements. Energy is also needed for

agricultural operations and in the food industry. The labor necessary to develop and

maintain the energy and agri-food systems is provided by the workforce of the popula-
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Figure 1.1: The interconnection of population, agriculture, energy and food systems

tion, which receives income in return. The interconnection of population, agriculture,

energy and food systems is illustrated in Fig. 1.1.

The following facts highlight the signi�cance of the connections in Fig. 1.1:

� Around 30% of global energy consumption is within agri-food systems [1].

� Energy use accounts for one-third of greenhouse gas emissions from agri-food

systems, with 39% of that share attributed to agricultural production [1].

� Agriculture accounts for nearly 70% of global freshwater withdrawals and ap-
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proximately 80% to 90% of global freshwater consumption [5, 6, 7].

� The energy sector represents around 10%-14% of freshwater withdrawals, with

only 14% of this withdrawal consumed [8].

� Around 673 million people worldwide face hunger, with nearly 319 million

experiencing acute hunger. Furthermore, food insecurity affects approximately

2.3 billion people around the world. [9, 10].

� Around 3.83 billion people, close to half the world's population, live in house-

holds linked to agri-food systems [11]. Moreover, the livelihoods of more than

2.5 billion people around the world depend on agriculture [1].

� Approximately 1.3 billion people, which is 39.2% of the global workforce, are

employed in agri-food systems. This makes agri-food systems the largest labor

sector in the world [12].

Therefore, a collaborative approach for transition in energy and agri-food systems is

pivotal for achieving the Sustainable Development Goals (SDGs) on food and energy

in support of the United Nations' 2030 Agenda. A constructive transformation in the

energy and agri-food systems directly contributes to two of the SDGs [1, 13]:

� SDG2. Zero Hunger: End hunger, achieve food security and improved nutrition

and promote sustainable agriculture.

� SDG7. Affordable and Clean Energy: Ensure access to affordable, reliable,

sustainable and modern energy for all.

Furthermore, a transformation in the energy and agri-food systems can have positive

impacts on other SDGs by promoting sustainable management of freshwater and by

advancing poverty alleviation through increased income or reduced costs.

Among various measures taken for a global transition in energy and agri-food sys-

tems, the application of renewable energy in agri-food systems presents promising

opportunities and valuable developments.

A summary of the global electricity mix is presented in section 1.1. The electri�cation

of agricultural farms and the resulting advantages are explained in section 1.2. The
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microgrid solution for the electri�cation of agricultural farms is described in section

1.3. The motivation and contributions of the thesis are presented in section 1.4. The

thesis outline is provided in section 1.5.

1.1 Global Electricity Mix

Global electricity generation is still dominated by fossil fuels with coal at the top, as

shown in Fig. 1.2a. However, the growth in electricity generation in response to rising

demand is showing a different trend. Renewable energy sources are predicted to sur-

pass coal at the end of 2025 (or by mid-2026 at the latest, depending on hydropower

availability) to become the largest source of electricity generation [14, 15].

In 2024, the growth in electricity generation was dominated by renewables and nu-

clear, together representing more than 80% of the growth. Solar PV led the growth

with 38.6% of the total. Fig. 1.2b shows the share of various sources in the growth of

electricity generation. Solar PV also prevailed in capacity additions in the renewable

sector, contributing 78% of the total, as illustrated in Figure 1.2c [14].

The increase in electricity generation from renewables has been going on for more

than a decade, as shown in Fig. 1.3. Solar PV has seen signi�cant growth over

the years due to support policies, technological advances, reduced solar panel costs,

increased social awareness, and acceptance. The growth of solar PV is projected to

continue in the upcoming years, even surpassing hydropower in 2029 [15].

The installation of solar PV-based energy systems in agricultural farms facilitates the

concept of distributed generation. As these farms are often located in rural areas,

this approach also signi�cantly aids rural electri�cation efforts. Furthermore, unlike

rooftop solar PV in residential settings, agricultural properties typically have fewer

restrictions on the space required for panel installation.

The widespread adoption of solar PV in agricultural farms can collectively contribute

signi�cantly to increasing the share of renewables in the global electricity mix.
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(a) Global electricity generation in 2024

(b) Global electricity generation growth in 2024

(c) Global renewables capacity additions in 2024

Figure 1.2: Global electricity mix in 2024 (Data from: International Energy Agency,

Global Energy Review 2025 [14])
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Figure 1.3: Global electricity generation from renewables and shares of renewables

in generation by source between 2010-2030 [15]

1.2 Electri�cation of Agricultural Farms

In this study, the utilization of electrical energy in agricultural farms is divided into

two categories, namely irrigation and agricultural electrical load.

1.2.1 Irrigation

Irrigation is necessary for a land that does not receive enough water through rainfall

or other natural sources. A dry season or keeping the land fertile are other motivations

for irrigation. In addition, irrigation can enable multiple cropping patterns, extending

the farming season, and cultivating higher value crops. Irrigation is one of the most

impactful measures taken by farmers to increase yield and reduce dependence on

unpredictable rainfall worsened by climate change [1, 7, 16].

Irrigated agriculture generates 40% of global food while covering approximately 22%

of cultivated areas on the planet [5, 6, 17]. The share of irrigated agriculture has

been steadily increasing and is expected to continue to grow due to its bene�ts in

productivity, combating climate change, and the growing need for food supplies due

to population growth [16, 17].
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Irrigation accounts for 15% of the total global energy used in agricultural operations,

and around 40% of irrigation water is sourced from groundwater. Pumping ground-

water is the most determining factor in this process, consuming approximately 90%,

of the total energy used for irrigation. Therefore, converting groundwater pumping

to renewable energy-based technology, such as solar water pumping, could have a

massive positive effect on the energy pro�le of the agricultural sector [5].

Submersible pumps are more ef�cient for pumping groundwater. Electric pumps are

available in AC and DC variations. In general, DC water pumps are more suitable

for small-scale applications with a limited initial budget where ef�ciency and low

power consumption are desired. AC water pumps present a more powerful action

with higher �ow rates and head pressures, making them ideal for medium-scale or

commercial agriculture [18, 19, 20].

1.2.2 Agricultural Electrical Load

This category includes a wide range of operations in which electrical energy is used to

satisfy the electricity demands of the farm. Farmhouse, agro-processing, cold storage,

and agricultural machinery are the main branches of this category.

Electri�cation of agricultural farms to power the branches of agricultural operations

mentioned above brings several improvements, including increased productivity and

ef�ciency, reduced manual labor, higher quality of life, better opportunities for value

addition, greater resilience to problems and uncertainties associated with climate

change and economic instabilities, reduced dependence on fossil fuels, a smaller en-

vironmental footprint, promotion of decentralized agro-processing and cold storage

infrastructure, and less food waste [1].

Ultimately, electri�cation of agricultural farms transforms the operational landscape,

moving agriculture toward a more technologically advanced, cost-effective, and en-

vironmentally responsible sector.
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1.3 Microgrids for Agricultural Farms

1.3.1 Microgrids: De�nition, Characteristics and Classi�cations

According to a widely accepted de�nition for microgrid, developed by the Microgrid

Exchange Group, a microgrid is [21]:

"A group of interconnected loads and distributed energy resources within clearly de-

�ned electrical boundaries that acts as a single controllable entity with respect to the

grid. A microgrid can connect and disconnect from the grid to enable it to operate in

both grid-connected or island-mode."

The key takeaways from the above de�nition for microgrids are as follows:

� A microgrid is de�ned as a locally controlled power system that contains loads

and distributed energy resources, distinguished by clearly identi�able bound-

aries from the rest of the utility grid.

� A microgrid can connect to and disconnect from the main grid to operate in

both grid-connected and off-grid modes.

� A microgrid, despite any level of complicated internal connections, presents

itself as a conformative single entity to the main grid. Equivalently, the main

grid receives and treats the microgrid as a single entity.

� There is no mention of a particular size for a microgrid. This shows that the

true essence of microgrids is not about size.

� There is no speci�c mention of the form of energy or the technology. This

expands the concept of microgrids with the opportunity to include other forms

of energy in addition to electrical energy.

Distributed energy resources, used in the de�nition of microgrids, refer to energy gen-

eration units and energy storage systems located close to consumption. Distributed

energy resources are typically smaller in size compared to utility scale power plants

and energy storage facilities. Distributed energy resources can increase the reliabil-

ity and resiliency of the grid. In addition, proximity of electrical power generation
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and consumption leads to reduced transmission losses, reduced feeder capacities, and

increased power supply reliability. The nature of distributed generation in a power

system, together with the intermittency and variability of renewable energy sources,

create challenges for the grid in terms of service and power quality. One of the mo-

tivations behind the evolution of microgrids is to address these challenges and clear

the way for a faster and easier transition to renewables [22, 23].

The advantages of microgrids are summarized below [21, 24, 25]:

� Increase resiliency by continuing energy supply after autonomous islanding

during major disturbances within the main grid.

� Improve reliability.

� Distribute control around the main grid. Decreasing the burden of the main

grid's control structure by local management of sensitive loads and variable

renewable energy.

� Facilitate demand side management programs and provide opportunities to ap-

ply prioritization schemes in favor of critical and/or sensitive loads.

� Local monitoring and improvement of power quality.

� Enable power delivery with different qualities to various loads in order to better

match their distinct requirements.

� Enhance the deployment and integration of distributed energy resources, in-

creasing the bene�ts resulting from distributed generation.

� Providing ancillary service to the main grid.

However, the disadvantages are as follows.

� Higher initial costs depending on complexity.

� Require specialized skills for operation and maintenance.

� Cybersecurity risks due to integrated communication and control systems.
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There are two main classi�cations for microgrids, namely classi�cation based on the

type of distribution network and classi�cation based on the application area.

The interconnection of loads and distributed energy resources in a microgrid is phys-

ically realized by a distribution network. Depending on the type of electrical bus

that exists within this distribution network, microgrids are divided into three classes,

namely AC microgrids, DC microgrids, and hybrid AC/DC microgrids that contain

both an AC and a DC bus in their distribution networks [23, 26, 27].

The second classi�cation of microgrids is based on the application area or the mar-

ket segment that includes utility, commercial, industrial, institutional, campus, trans-

portation, military, residential, remote, rural and community [26, 27].

More classes are being added to the above list as microgrids continue to evolve and

expand to new �elds. Agricultural microgrids is a new class that has only begun to

gain attention in recent years despite the important global role of agriculture.

1.3.2 Agricultural Microgrid Topology Design

The topology of the agricultural microgrid developed for in-depth analysis and study

in this thesis is presented in Fig. 1.4. The solar PV array and the AC electric power

source are the sources of electrical power. The main grid and a diesel generator are the

common AC electric power sources in grid-connected and off-grid areas, respectively.

In the design of the topology, a hybrid energy storage is implemented comprising a

battery energy storage system and an elevated water storage tank. A solar water

pumping system is also integrated into the developed topology.

The solar PV array, the AC electric power source, and the battery energy storage

system are connected to the hybrid solar inverter (HSI). HSI is a class of commercially

available inverters manufactured for solar PV applications accompanied by a battery

energy storage system. An HSI is capable of operating with or without an AC electric

power source (e.g., main grid, diesel generator, wind turbine, etc.). Therefore, this

topology is suitable for both grid-connected and off-grid applications, with or without

an AC electric power source.
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