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Abstract 

Decreasing cost of green energy producing solar panels has significantly boosted their 

popularity. Despite this, the power electronics associated with PV systems remain closed-

source, expensive, and not easily compatible or expandable. This limits accessibility, 

especially for low-power applications. This research addresses these issues by adopting and 

analyzing DC nanogrid technology, converting it into a modular, open-source hardware system 

that users can easily assemble and expand. Detailed small signal analysis of the DC nanogrid 

was conducted, followed by the design of controllers and an effective energy management 

system. The system's stability was also thoroughly analyzed. Subsequently, hardware was 

developed and tested to ensure adaptability and modularity. The resulting system offers higher 

efficiency by serving most loads in DC, eliminating the need for AC conversion and 

concomitant conversion losses. This technology is particularly suitable for applications in 

ambulances, mini clinics, tents, expedition vehicles, houses, and camps where grid power is 

unreliable or unavailable. 
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Summary for Lay Audience 

The cost of solar photovoltaic (PV) panels has been decreasing steadily, but the associated 

power electronics, such as converters, maximum power point trackers, and inverters, have not 

seen similar reductions. This discrepancy limits the accessibility and potential of solar power. 

The goal of this research was to develop an alternative PV system solution that is more 

accessible for the general users. The aim was to create a system that people can easily replicate, 

assemble, and use to power small-scale setups with solar energy. To achieve this, various 

microgrid technologies and topologies were explored.  DC nanogrids were identified as the 

most promising alternative to conventional PV systems. This research focused on making the 

nanogrid modular by examining converter topologies and control methodologies. It was 

determined that three different converters—dedicated for PV, battery, and load—were 

necessary. The system's operation was first simulated, and then the system was mathematically 

modeled to check the stability of the bus under various conditions, ensuring it could handle 

additional PV units, batteries, or loads without issues. The results confirmed the system's 

stability under different disturbances. 

Next hardware was designed.  Initially, a prototype was created on a protoboard, later a final 

hardware of modular nanogrid was developed incorporating a hybrid control technique. In this 

setup, local converters manage their operations while a master controller oversees the entire 

nanogrid, making critical decisions such as managing excess loads and controlling power 

generation. The master controller also handles data logging and monitoring, sending 

information to a Raspberry Pi display equipped with a graphical user interface to show the 

system's performance. 

The research identified ambulances and mini clinics as ideal candidates for adopting this 

hardware, given that most of their equipment can operate on battery power or directly from 6V 

or 12V supplies. By using two buck converters, along with PV and battery converters, these 

vehicles can be powered throughout the year. The PV and battery sizes were optimized through 

simulations. While there is room for further development, this system introduces a novel 

approach to PV systems and DC grids, making it accessible for general users to adopt and 

implement. 
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Chapter 1  

1 Introduction 

The inherent limitations in the accessibility and scalability of traditional photovoltaic (PV) 

systems restrict their widespread adoption, particularly in small-scale applications. To 

overcome these challenges, an alternative approach involving modular DC nanogrids 

presents a promising solution. DC nanogrids, characterized by their decentralized structure 

and compatibility with renewable energy sources, offer enhanced flexibility and ease of 

deployment compared to conventional PV systems. By leveraging modular converter 

topologies and advanced control strategies, this approach aims to deliver a more user-

friendly and scalable solution for solar energy utilization, enabling efficient assembly, 

replication, and customization of small-scale solar installations, thus making solar power 

more accessible and adaptable across diverse applications including emergency healthcare 

system and ambulance. 

The nanogrid is defined as a distribution network combining renewable and conventional 

power resources, capable of supplying a group of clustered loads with a maximum capacity 

in the range of 2-20 kW [1]. Typically, it is referred to as a building block of microgrids, 

which usually consist of a mesh of small nanogrids serving power demands over a larger 

area. The distinction between microgrids and nanogrids is often ambiguous, primarily 

differing in their maximum power supply capacity and range. The capacity of the nanogrid 

is typically confined to supplying electrical power within a single household to cluster of 

households [2]. The integration of renewable energy resources makes it more economically 

friendly and helps reduce the carbon footprint. Thus it is also defined as a grid that 

generates power using renewable energy sources and that supplies power up to few watts 

to 5 kW for residential loads [3]. Since the nanogrid is capable of supplying power to a 

limited range over a specific distance, it is well-suited for applications where grid 

electricity is unavailable or costly. Because of the restrictions on maximum power capacity 

and area coverage, it is suitable to supply power to application-specific types of loads, 

typically single household loads, small residential loads, hospitals, libraries, ambulances, 

etc.  
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1.1 DC Nanogrid 

Nanogrid functions as a network connection to integrate renewable energy resources as a 

potential source of energy generation. Renewable resources, especially photovoltaics 

naturally generate DC power, and supplying this DC power directly to loads eliminates 

conversion losses and increases system efficiency. Given that nanogrid supplies local loads 

over a limited range, it is more feasible to deliver power directly without converting it to 

AC. Therefore, DC nanogrid is more economical than AC nanogrid. Studies comparing the 

structure, components, feasibility, pros, and cons of AC and DC nanogrid conclude that 

DC grids outperform AC grids [4]. Converter-based distribution network shows incredible 

potential especially when integrated with renewable energy sources [5]. That’s why all the 

distributed energy resources are typically connected to power converters to smooth out the 

voltage fluctuations and supply power reliably to loads. DC power is directly compatible 

with these power converters. And combination of distributed energy resources that 

generate DC power, for instance, solar photovoltaic systems with power DC-DC converters 

makes an ideal match for generating and distributing power in a new fashion. Solar DC 

nanogrid is a potential future, especially to tropical places across the globe where solar 

energy is abundant in nature. The development idea of very small sized solar DC nanogrid 

grid is proposed for places where grid electricity is still unavailable [6].  

Implementing a DC nanogrid is cost-effective compared to an AC grid because it 

eliminates the need for an inverter. This reduction in equipment can result in around 25% 

cost savings when supplying power via a DC nanogrid compared to an AC in a specific 

area [7]. Several examples are found where DC nanogrid is implemented to serve places 

where grid electricity is either costly or unavailable across the globe. In [8], the feasibility 

of solar DC nanogrid is discussed where grid electricity is inadequate in a state of India. In 

[9], the design, hardware implementation, and economics of the nanogrid system were 

discussed. The economics of a solar DC nanogrid, particularly situated in a region in Africa 

is analyzed [10]. The net present cost (NPC) and cost of energy (COE) was significantly 

lower than the diesel generating unit. A case study comprising of 5 household was selected 

at a location in Nigeria [11] and demonstrated that various configurations of renewable 

energy sources yielded promising results in terms of levelized cost of energy (LCOE) and 
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net present cost (NPC) compared to the local diesel fuel-operated grid system. Considering 

all the aspects of nanogrid, solar PV DC nanogrid emerges as the ultimate solution for 

providing a clean, affordable, and reliable power supply tailored to specific requirements. 

1.2 Converter topology and controllers 

A nanogrid has the potential to operate as a stand-alone system without integrating with 

the AC grid, but the intermittent nature of renewable energy resources may necessitate 

connecting the AC grid to the DC distribution network to ensure a continuous power 

supply. This connection necessitates an AC/DC converter to link the AC supply to the bus 

network. The smooth operation of the DC nanogrid largely depends on the stability of the 

bus voltage. Given the possibility of multiple distributed energy resources being connected 

to the DC nanogrid, along with battery storage or an external utility grid (or both) for 

continuous power supply, controlling the bus voltage becomes crucial. This is where 

electronic power converters come into play. Power converters act as interfaces for each 

element connected to the DC bus, each with different roles but ultimately ensuring the 

stability of the entire nanogrid system. As such, extensive studies are conducted to identify 

the best architecture for these converters. Various topologies are examined in terms of 

design, modes of operation, and control mechanisms and included in Table 1.1 to optimize 

the performance and stability of the nanogrid.  

Table 1.1 Comparative analysis of various converter topologies proposed in the literature 

Converter Interface Performance 
Hardware 

Validation 
Ref. 

Two-stage 

PWM 

bidirectional 

converter 

Grid to 

bus 

• It featured a full bridge rectifier to 

interact with the grid side and a 

bidirectional SR dc-dc converter 

to stabilize dc bus voltage with 

minimum ripple voltage and 

faster dynamic responses. 

• Significant reduction in dc-link 

capacitor without compromising 

Yes [12] 
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dynamics decoupling and 

bidirectional current protection. 

Switched 

Boost Inverter 

(SBI) 

Grid to 

bus 

• Inverter is capable of supplying 

both ac and dc power 

simultaneously. 

• Modified conventional PWM 

control technique and 

implemented in digital domain to 

control SBI 

Yes [13] 

Cascaded two-

stage 

bidirectional 

converter 

Grid to 

bus 

• Featured a Dual Active Bridge 

(DAB) converter followed by a 

bidirectional dc-ac converter. 

• Operates in three different modes 

(power surplus mode, power 

deficit mode and idle mode). 

Yes [14] 

Two-stage 

bidirectional 

grid interface 

converter 

(BGIC) 

Grid to 

bus 

• Two bridge topologies: Neutral 

Point Clamped (NPC) and Full 

bridge (FB) are examined in terms 

of their efficiency. 

• Efficiency was found greater 

when first stage converter was 

controlled by NPC topology and 

second stage by a full bridge NPC 

structure. 

No [15] 

High-gain 

bidirectional 

dc-dc 

converter  

Bus to 

battery 

storage 

• Converter topology was 

developed based on high voltage 

gain with a three-state switching 

cell while operating in both buck 

mode and boost mode. 

• Converter ensured stability in 

both grid-connected and islanded 

mode of the nanogrid, reducing 

voltage ripple, eliminating the 

chance of improper switching 

between modes of operation and 

No [16] 
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establishing smooth bidirectional 

power flow. 

Boost derived 

hybrid 

converter 

(BDHC) 

Bus to 

loads  

• A single stage BDHC design was 

proposed for simultaneously 

supplying ac and dc loads in a 

solar PV integrated DC nanogrid 

system. 

• Featured a voltage source inverter 

H-bridge structure for the 

substitution of boost converter 

switch. 

• Efficiency is higher than 

conventional DC nanogrid 

converter where dedicated 

converters are required for each 

component. 

Yes [17] 

Fourth-order 

bidirectional 

dc-dc 

converter 

(FoBiDC) 

Bus to 

battery 

storage 

• Exhibited continuous bus side and 

battery side operation with 

minimum ripple while 

minimizing the effect of non-

linearity for multiple converter-

based system. 

Yes [18] 

Bidirectional 

modular PV 

battery system 

(BMPBS) 

PV to 

bus 

• A small battery was connected to 

each individual PV module which 

was further integrated with a 

single stage dc-dc converter. 

• Problems associated with PV 

modules like module mismatch, 

module open circuit due to partial 

shading or any other reasons were 

eliminated by using this converter 

topology. 

Yes [19] 

For connecting the battery to the DC bus, various bidirectional converters are employed, 

including high-gain bidirectional converters and fourth-order bidirectional converters 

(FoBiDC), which minimize ripples and enhance grid stability. To mitigate the intermittent 

nature of PV, two-stage PWM bidirectional converters, two-stage bidirectional grid 
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interface converters (BGIC), and cascaded bidirectional converters are utilized. These 

configurations typically incorporate a DC-DC converter followed by a rectifier circuit, 

facilitating grid integration with the nanogrid and improving system stability. While 

researchers are exploring more efficient converter topologies, the absence of a modular 

multiconverter-based nanogrid system that supports easy integration and expansion 

remains a gap. This research is motivated to prioritize the hardware development of 

nanogrid systems, setting aside advanced converter topologies and AC grid integration for 

future exploration, despite their potential benefits. 

1.3 DC bus voltage selection 

The concept of null net energy (NNE) building can be practically implemented by DC 

nanogrid [20]. Due to the feasibility of DC nanogrid, it is possible to go completely off-

grid and use dc distribution network to supply household loads. In the case of household 

loads, plenty of tabletop appliances are found that operate efficiently in DC power supplies, 

such as LED lights, laptops, mobile chargers, television, computer, etc. Taking advantage 

of appliances operating directly on DC, the implementation of  DC house was completed 

in three different locations (US, Indonesia, and Philippines) to supply basic household 

loads at a voltage level of 48V DC [21]. Even, apart from the household loads, agricultural 

loads were also proposed to be supplied from a 48V dc bus [22]. So, the compatibility of 

DC voltages encourages more research and projects to make a shift toward DC. In a small 

DC network with a bus voltage of 48V and integration of smart sockets along with a 

communication network was done to control and measure all the devices that are connected 

to the system. And from this setup, a substantial power savings (around 30%) is obtained 

compared to as AC [23]. Therefore, 48V DC is considered a standard voltage level for 

supplying DC loads compatible with low-voltage DC levels. If a lower voltage is required, 

buck converters can be used to step down the voltage before interfacing with the load.  

Common household appliances, such as washing machines, dryers, coolers, heating 

systems, stoves, refrigerators, and other kitchen devices, are typically powered by AC. 

However, some of these appliances can potentially operate on DC power at this voltage 

level with minor modifications [24]. The advancement of electronic converter technology 
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made these appliances compatible to work in both AC and DC power supply. A washing 

machine can be considered an example of a modern appliance where a conventional pole-

changing induction motor is replaced by a variable-speed drive. Continuous research and 

development have been done to make modern appliances compatible with DC distribution 

networks. In [25], the design idea of a particular home appliance, induction heating was 

proposed to make it compatible with the DC distribution network. With the advancement 

of modern appliances, since it is possible to completely go DC, standardization of the 

voltage level is necessary to connect the loads directly like in conventional AC-powered 

houses. Two voltage levels were proposed in [26] -one is a high DC voltage of 380 V that 

is compatible with loads that require high voltage that is mentioned above, and the other is 

a low voltage level of 48 V. The 380 V DC is selected as a commercial DC distribution 

standard to connect loads that usually require high voltage to operate. For example, in [27], 

a high voltage DC distribution network of 380V DC is implemented for a demo house. 

Even eight different loads are selected randomly and tested to see their response in DC 

voltage [28]. The response showed a promising future for the shift toward DC. Some 

standby losses are reported in a study of home appliances particularly by induction stove 

and laptop when connected to AC, while the significant standby losses become zero if 

connected to DC [29]. So, to grab the advantages of a DC distribution network, 

standardization of the voltage level was necessary to make it as standardized as the 

conventional AC network. In [30], it reviews different DC voltage levels for residential DC 

nanogrid. In choosing the appropriate DC bus voltage for DC nanogrid, some consideration 

has been made to ensure user safety, efficiency, and cost savings. Among different low 

voltage levels ranging from 12V to 100V, 48V voltage level is found to be the best choice 

for the nanogrid in terms of cost and performance. 

1.4 Application-specific PV systems 

Application-specific PV systems refer to the design of off-grid PV systems tailored to 

applications, without considering other types of loads into the system. As a foundation for 

this research, various application-specific PV designs were initially explored, such as an 

off-grid ball mill for laboratory use, where the goal was to power an open source ball mill 
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with a 100W panel, a 12V, 8Ah battery, and a PWM battery charge controller, supplying 

24V power to the system.[31]. 

Next, to power an AEM electrolyzer, an off-grid solution was developed [32]. Instead of 

powering the AEM using a combination of an inverter and an AC-DC converter, an open-

source adjustable DC-DC converter was developed to work with a 12V off-grid PV system, 

directly connected to the DC bus bar. The PV system includes a 12V, 100Ah battery, and 

a 400W PV panel. 

Finally, an off-grid inverter was developed to supply 230V at 60Hz, operating with 24V 

DC for plasma generation in the hydrogen production process [33]. The inverter was 

customizable, and with minor modifications, the same circuit could be used with a 48V DC 

input to supply 120V at the output. These systems utilized conventional solutions, as 

illustrated in Figure 1.1, where DC-DC converters supply DC loads and inverters supply 

AC loads, all connected to a common bus bar.  

 

Figure 1.1 Conventional off-grid PV system diagram 

However, such designs have several limitations. They occupy more space, require 

specialized knowledge for system design, and lack modularity and adaptability. For 



 

9 

 

example, a 24V inverter cannot be used in a 12V system, and the same applies to MPPTs 

and converters. Since these components are often sourced from different vendors, they lack 

direct communication, making system monitoring challenging. Effective monitoring 

typically necessitates the use of proprietary solutions, which are more expensive and 

compatible only with products from the same vendor. Thus, a modular PV system is 

essential to cover multiple applications simultaneously, making the need for a modular DC 

nanogrid evident. 

1.5 Reliable Power Supply for Ambulance and Mini Clinics 

Ambulances serve as the primary vehicles in pre-hospital emergency medical services 

(EMS), providing crucial support during medical emergencies [34]. They are equipped 

with medical equipment, used to transport sick or injured individuals to a hospital. Ensuring 

an uninterrupted power supply for all medical equipment in ambulances is crucial due to 

their immeasurable importance in saving human lives [35].  For example, the Free 108 

Emergency Ambulance service in Tamil Nadu, India has contributed to reducing the infant 

mortality rate from 35 to 22 per 1,000 live births, lowering maternal mortality, and saving 

120,271 road traffic accident victims through timely interventions [36]. Survival rates for 

sudden cardiac arrests (SCAs) are significantly higher in public places, exceeding 50%, 

when defibrillation and CPR are administered promptly, compared to a much lower 3-5% 

survival rate for SCAs at home, where response times are longer [37]. Observations of over 

7,000 adult cardiac patients in King County, Washington, from 1983 to 2000 suggest that 

early CPR, particularly with dispatcher assistance, can boost survival rates by about 50%, 

highlighting the life-saving potential of widespread CPR training and use of automated 

external defibrillators (AEDs) in ambulance and emergency healthcare services could 

collectively save thousands of lives annually [38]. 

Most medical equipment on an ambulance has individual batteries that are charged at the 

hospital; however, many ambulances also provide power [39]. Additionally, solar-

photovoltaic (PV) powered ambulances address humanitarian needs in remote, rural, and 

off-grid areas [40]. Especially in rural areas of Africa and South Asia where grid 

connectivity is often unavailable or unreliable. In Ethiopia, for example, where the general 
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energy access rate is 44% and only about 10% in healthcare facilities, and the intensive 

care treatment is challenging due to the lack of electricity [41]. Altogether around 55,000 

healthcare facilities in sub-Saharan Africa lack electricity and are yet to be equipped with 

solar photovoltaic and battery storage systems [42]. In response, the WHO is advocating 

for the allocation of essential human and financial resources to develop and implement 

clean energy plans and sustainable delivery models specifically designed for the needs of 

the health sectors [43]. Apart from rural areas, a stable backup power supply to these 

services is crucial [44], particularly during catastrophic disasters or wars when the reliable 

grid may be disrupted or damaged [45]. It is estimated that 54 percent of the 45 million 

annual deaths in low- and middle-income countries, or 24.3 million, are due to conditions 

potentially addressable by prehospital and emergency care, resulting in 932 million years 

of life lost (YLL) to premature mortality [46]. Solar-powered ambulances and mini clinics 

can significantly improve healthcare in rural and off-grid areas, potentially saving 

thousands of lives. 

1.6 Motivation and objectives of the thesis 

To make off-grid solutions more accessible, customizable, and easily adaptable, the 

concept of a DC nanogrid in a box is both visionary and essential. Open-source designs are 

increasingly being appreciated and adopted rapidly. Intending to replace conventional off-

grid systems with more efficient solutions, the motivation behind this project is to design 

a DC nanogrid with the following features: 

• Modular Design: The DC nanogrid features a modular architecture for scalable and 

easy expansion by connecting additional PV modules and batteries. 

• Open Source: Licensed under GNU GPLv3 and CERN OHL-S v2, the nanogrid 

system is open source, promoting collaborative development and innovation. 

• Parametric Energy Management System (EMS): The EMS uses parametric controls 

to optimize grid operation based on DC bus voltage and battery state of charge 

(SoC), ensuring efficient power delivery. 
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• Flexible Voltage Compatibility: With bidirectional buck-boost converters, the 

nanogrid accommodates various bus voltage levels, enhancing device and 

application compatibility. 

• Stable Bus Voltage: Incorporates stability analysis with impedance scanning and 

Fast Fourier Transform (FFT) analysis.  

• Application in ambulance: Capable of supplying uninterrupted power for 

emergency medical equipment inside an ambulance. 

1.7 Outline of thesis 

A chapter-wise summary of this thesis is outlined below: 

Chapter 2: This chapter details the system architecture of the proposed DC nanogrid, 

including system and operational specifications. It discusses the design process for PV 

converters optimized for solar power integration, buck converters tailored for specific 

loads, and bidirectional converters designed for seamless battery integration. It also 

introduces the proposed energy management system and using MATLAB Simulink, this 

chapter simulates the designed system and presents simulation results under varying 

irradiance conditions and fluctuating loads. 

Chapter 3: This chapter explores the stability analysis of DC nanogrids using impedance 

scanning method and FFT analysis. 

Chapter 4: This chapter focuses on the hardware design of nanogrid and provides 

experimental results validating their performance. Additionally, it discusses the 

development of user interfaces and GUIs for system monitoring, presents integration and 

commissioning procedures, and reports experimental results demonstrating system 

functionality. 

Chapter 5: This chapter identifies typical emergency lifesaving instruments found in an 

ambulance or a mini clinic and plans load integration and wiring strategies. It estimates 

and schedules loads for optimized operation, sizes PV arrays and batteries based on 
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ambulance-specific requirements, documents PV system and battery installation processes 

in ambulances, and simulates PV and battery operations under varying load conditions 

relevant to ambulance usage. 

Chapter 6: Summarizing key findings and conclusions drawn from the research, this 

chapter highlights contributions made and proposes future research directions and 

enhancements for DC nanogrid applications. It concludes with insights into the broader 

impact and potential applications of the research. 
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Chapter 2  

2 Methodology 

Techno-economic advances in photovoltaic (PV) technology have enabled solar PV stand-

alone nanogrid to power individual devices using device-specific architectures. To reduce 

costs and increase accessibility for a wider range of people, a modular open-source system 

is needed to cover all applications at once. This chapter introduces a modular PV-powered 

nanogrid system, consisting of a do-it-yourself (DIY) PV system with batteries to allow for 

off-grid power. The resultant open-source modular DC nanogrid can deliver DC power to 

loads of different voltage levels, which is possible because of the efficient and parametric 

energy management system (EMS) that selects modes of operation for the grid based on 

DC bus voltage and state of charge of batteries. Simulation results are found using 

MATLAB/Simulink, verify the coordination between the EMS and the PV-battery system 

under varying PV power generation and load conditions. This EMS has the potential to 

enable easy personalization of a vast area of applications and expand appropriate 

technology for isolated communities.  

2.1 Introduction 

The United Nations has stressed the critical importance of modern energy services access 

through its Sustainable Development Goal (SDG) 7, which seeks to provide access to 

affordable, reliable, and sustainable modern energy for all people on earth [47]. The world 

has made some progress on this front, as the number of people without access to electricity 

declined from 1.2 billion in 2010 to 759 million in 2019 [48]. These numbers, however, 

can be misleading as Ayaburi et al., estimate that 3.5 billion people lack “reasonably 

reliable” access to electricity services [49]. Extending the electric grid is costly [50], [51] 

and even providing full power with PV and backup to a building can be cost prohibitive 

despite the clear benefits that it brings [52]. Recent decreases in PV costs  [53], [54]  offer 

economically viable power for a range of contexts [55], [56], but high initial investment 

requirements (particularly for electrical storage that still must decrease for widespread 

adoption [57]) and technical complexity created barriers to adoption for most consumers. 
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The potential for providing device specific power is a way that can expand reasonably 

reliable electricity services to billions of people.  

Although the initial idea of the nanogrid was for supplying power to individual homes [23], 

advancements in solar photovoltaic (PV) technology have expanded its applications. 

Stand-alone nanogrids are now also used to power individual devices, such as in on-site 

solar-powered LED street light projects, where PV modules are mounted on poles , with 

batteries and controllers equipped in a box [58], [59]. Solar-powered electric vehicle (EV) 

chargers with distinguished architectures have been developed [60], [61]. Solar PV and 

solar thermal collector-based complete water desalination systems [62], and solar-powered 

air conditioning, refrigeration, and water cooling [63], [64] have been proposed. Similarly, 

solar irrigation systems have been designed to supply PV-generated power to single-phase 

motor/pump [65], [66]. Some similar developments are solar-powered cellular base 

stations [67], and solar-powered extruders [68] and 3-D printers [69], [70]. These single-

device solutions introduced new architectures for each device, rather than a single modular 

parametric solution that could work for all devices. Consequently, they were unable to 

leverage the scale of PV production, resulting in higher costs. Furthermore, these examples 

suggest that most of these loads or devices operate on DC, but their PV solutions involve 

unnecessary conversion from DC to AC and then back from AC to DC. To reduce costs 

and increase accessibility for a wider range of people, a modular open-source system is 

needed to cover all applications at once.  
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Figure 2.1 Architecture of DC nanogrid 

To do this, this research introduces a modular PV-powered nanogrid system [71] with 

batteries to efficiently deliver DC power to loads operating at various voltage levels. It is 

licensed open source under GNU GPLv3 and CERN OHL-S v2. The novelty of this work 

is the energy management system (EMS), which employs parametric controls and selects 

optimal operating modes for the grid based on the DC bus voltage and battery state of 

charge (SOC). This setup enables the PV converter, bidirectional battery charging 

converter, and load converter to operate independently, following commands issued by the 

central EMS. These units will be interconnected in a modular fashion to a common DC 

bus, enhancing the overall robustness and flexibility of the solution. Additionally, this 

arrangement can facilitate the implementation of various charging and MPPT (maximum 
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power point tracking) algorithms easily. This open-source EMS design can serve as a 

versatile and customizable solution for both current and future solar-powered individual 

devices. The chapter is structured as follows: Section 2.2 presents a concise elucidation of 

the configuration and EMS of the DC nanogrid. Section 2.3 outlines the design procedure 

of the controllers and their specifications. Section 2.4 encompasses the time domain 

simulation for three distinct scenarios.  

2.2 Methods 

2.2.1 System Architecture: 

In the nanogrid architecture (Figure 2.1), a 2kW boost converter is used to interface the PV 

system with the DC bus. On the other side, a bidirectional buck-boost converter of 5kW 

and three buck converters (total 1.6kW) connect respectively a lithium-ion (li-ion) battery 

and loads of different voltage levels to the grid [72], [73].  

In choosing the appropriate DC bus voltage for DC nanogrid, some consideration has been 

made to ensure user safety, efficiency, and cost savings. Among different bus voltage 

levels, 48V voltage level is found to be the best choice for the nanogrid in terms of cost 

and performance [74]. The nanogrid is also modelled in such a way that the generation can 

easily be scaled up by connecting additional PV modules and their interface converters 

with the bus. Similarly, additional batteries can be introduced with a bidirectional converter 

to support any expansion of loads or storage requirements. The centralized control by the 

energy management system (EMS) can accommodate any variation in DC load and 

weather conditions. Thus, this research introduces the modular and adaptive architecture 

of a PV system with free and open source control system [75]. However, it is crucial to 

ensure that the cumulative ratings of the solar panels, batteries, and loads do not surpass 

the originally specified power limits of the nano-grid. The source code for this project is 

released under GNU GPL v3[76]. Where all cases slated for investigation in this literature 

are included in Simulink file format. Open source development allows for rapid innovation 

[77], [78] and has been called for in the PV sector [79]. Additionally, the nanogrid variants 

can be used to power specific devices and solar powering of open source appropriate 

technology (OSAT) [80]. 
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2.2.2 Energy Management System (EMS): 

Previously, the power management systems used in nanogrid operate based on the battery 

voltage [81], while the DC bus voltage is used as an information carrier for mode selection 

[82], [83]. Other PV and battery parameters such as PV output power, SOC and power 

limit of the battery, DC loads, and the load demands are also used by the power 

management systems to decide the operation modes of the system [84]. In this EMS, 

decisions are made based on DC bus voltage and SOC of battery. 

 

Figure 2.2 Block diagram of control system 

Usually, a DC nanogrid has three different operation modes: 1) power surplus, 2) deficit 

and 3) battery isolation, based on the instructions given by the EMS [85]. In addition, the 

EMS coordinately controls [86] all the interface controllers in a centralized manner by 

providing three different output signals: 1) battery charging/discharging signal, 2) battery 

isolation signal, and 3) PV converter control signal as shown in Figure 2.2. The upper limit 

of bus voltage for the surplus mode is selected to be 48+10% (52.8V) and the lower limit 

for deficit mode is 48-10% (43.2V). Finally, the decision on idle mode (isolation of battery) 

is made on the upper and lower limit of SOC of battery [87]. The depth of discharge for 

battery has been chosen to be 60% [88], [89] and based on that the lower limit of SoC is 

35% and upper limit of 95% is selected. The EMS generates all control signals based on 

the algorithm depicted in Figure 2.3.The entire system is simulated using SIMULINK, and 

the EMS algorithm is implemented as a MATLAB function.  
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Figure 2.3 EMS algorithm 

2.3 Controller design 

2.3.1 PV Array Converter & Controller: 

PV arrays are connected to a boost converter which operates on two modes: MPPT mode 

and bus control mode. In bus control mode where PV is radially connected to the DC load 

without battery (isolated), the bus voltage is regulated by the boost converter. The 

controller in Figure 2.4 (a) is designed for this mode and has a closed PI loop. The PI loop 

regulates the DC bus voltage and minimizes the transients during load change. 

Table 2.1 Controller parameters of boost converter  

Parameter Boost Converter  

Max load power 2,000 W 

Input voltage (VS) 30 V 

Output voltage (Vbus) 48 V 

Inductance (L) L1=30 μH 

Output capacitor (Cout) C1= 680 μF 

Proportional gain (Kp) 0.05 

Integral gain (Ki) 7.5 
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In MPPT mode, the controller in Figure 2.4 (b) uses MPPT alongside PI controller to 

maintain the PV arrays at VMPP to extract the maximum power from the PV array. Various 

MPPT methods have been introduced in the literature, including particle swarm 

optimization (PSO) technique [90] and incremental conductance algorithm [91]. These 

MPPT methods can be categorized into four groups: conventional, intelligent, 

optimization, and hybrid techniques [92]. Among the conventional MPPT methods, the 

variable step size incremental conductance MPPT algorithm automatically adjusts the step 

size to improve MPPT speed and accuracy. The step size is determined based on the 

derivative of power to voltage of the PV array [93]. Conventional methods are less effective 

under partial shading and have slower response, whereas intelligent, optimization, and 

hybrid techniques can handle partial shading more effectively [94], [95]. The optimization 

methods like PSO [96], Firefly Algorithm (FA), and Ant Colony Optimization (ACO) are 

best for extracting power from PV under partial shading conditions as they are more 

accurate, but require expensive hardware [97], [98]. Among all these methods, the perturb 

and observe (P&O) method is the most popular, and widely used, while artificial 

intelligence-based methods are fast and stable but require digital applications and multiple 

sensors [99]. A perturb and observe MPPT algorithm [100] has been used to allow the PV 

to supply maximum power under varying load condition and varying environmental 

conditions. The algorithm adjusts the reference PV voltage with a smaller step size of 

0.01V to track maximum power, while the PI controller ensures that the PV voltage 

remains at the reference set by the P&O algorithm. For the PV boost converter, the 

proportional gain (Kp) and integral gain (Ki) are selected respectively (Kp= 0.05 and 

Ki=7.5) based on the step response closed-loop transfer function of boost converter with 

phase margin 900 and the gain margin 16.5dB.  
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Figure 2.4 (a) Controller for isolated PV directly connected with DC load. (b) Controller 

for battery connected PV array. (c) Battery charge controller. (d) Load voltage controller. 

2.3.2 Customer Load Converter Controller: 

Various loads with different voltage levels, such as 48V, 24V, 12V, and 6V, can be 

connected to the bus bar. Since the bus voltage remains relatively stable at 48V, loads 

operating at this voltage can be directly connected. However, for loads with other voltage 

levels, three buck converters equipped with PI controllers (as shown in Figure 2.4 (d)) are 
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employed. The EMS is responsible for managing load variations and ensuring the stability 

of both the bus voltage and the load voltages. 

To determine the appropriate settings for the load-side buck converters, the proportional 

gain (Kp) and integral gain (Ki) are carefully selected based on step response of closed loop 

transfer function of the converters. And the phase margin and the gain margin for the buck 

converters 1,2 and 3 are respectively (PM= 890, GM=26.7 dB; PM=850, GM= 20.5dB and 

PM=840, GM=21dB). Detailed parameters for the buck converters can be found in Table 

2.2. 

Table 2.2 Critical parameters of Buck converters 

Parameter 
Buck Converter 1 

(24 V) 

Buck Converter 2 

(12 V) 

Buck Converter 3 

(6 V) 

Max load power 800 W 600 W 200 W 

Input voltage (VS) 48 48 48 

Output voltage (V0) 24 12 6 

Nominal duty cycle (d) 50 % 25 % 12.5 % 

Inductance (L) L3=60 μH L4=30 μH L5=30 μH 

Output capacitor (Cout) C4=220 μF C5=560 μF C6=820 μF 

Proportional gain (Kp)   0.0003 0.001 0.0003 

Integral gain (Ki) 7.962 23.47 15.2 

2.3.3 Energy Storage System (ESS) Controller: 

The battery is tied to the DC nanogrid by a bi-directional buck-boost converter, which can 

regulate the power flow in either direction. In the power surplus mode, it acts as a buck 

converter and the battery gets charged and as a boost converter in power deficit mode [101], 

[102], [103]. In synchronous buck-boost converters, both switches S1 and S2 operate 

alternatively, necessitating complementary gate pulses. The battery charging controller has 

two independent PI loops for charging and discharging. When the battery control signal is 

set to logic 1, it facilitates battery charging and current flows from the DC link to the battery 

direction. In the event of logic 0, it enables battery discharging and current flow from 

battery to the DC link. The battery discharged only during power deficit mode which is 

defined by the bus voltage being below 48V, and the discharge current is limited by the 

maximum discharge current rating of battery which in this case considered 87A. So, during 
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this power deficit mode, as depicted in Figure 2.4 (c), the controller conducts a comparison 

between the bus voltage and the reference voltage, initiating battery discharge and the bus 

voltage raised to 48V. In power surplus mode, the controller initiates battery charging by 

comparing the battery voltage with the maximum charged voltage (VBH), while ensuring 

that the maximum charging current is limited to 40A through a limiter in the control loop. 

Considering the battery SOC is below the 95%, the battery voltage will be lower than the 

maximum charged voltage and the PI controller will compare them would try to charge the 

battery up to the maximum battery voltage and as soon as the battery SOC becomes beyond 

95%, the battery will be isolated from the system. For the bidirectional converter, the 

proportional gain (Kp) and integral gain (Ki) along with other parameters are given in Table 

2.3 according to the phase margin (PM) and the gain margin (GM) for the charging mode 

found respectively (PM= 840, GM=21dB) and for discharging mode found (PM=900 and 

GM=25dB) respectively. 

Table 2.3 Critical parameters of bidirectional buck boost converter 

Max load power 5,000 W 5,000 W 

Input voltage Vbus = 48 Vbat = 24 

Reference voltage VBH = 27.93 Vbus = 48 

Inductance (𝐿2) L2= 120 μH L2= 120 μH 

Capacitor C2= 1000 μF C3= 1400 μF 

Proportional gain (Kp) 0.0005 0.005 

Integral gain (Ki) 2.5 3 
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2.4 Simulation results 

To validate the effectiveness of the EMS and nanogrid, three distinct scenarios have been 

examined: (1) fluctuation in PV generation, (2) variation in load, and (3) battery isolation 

triggered by overcharge protection or low state of charge (SOC). This section presents time 

domain simulations of dc bus voltage and power flow for each case. The specifications of 

PV array and the battery bank under standard test conditions (STC) are given in Table 2.4.  

Table 2.4 Basic Parameters of PV Battery System Under STC 

Parameter Value 

PV maximum power (𝑃𝑃𝑉
𝑀𝑃𝑃𝑇) 1532 W 

PV maximum power voltage (𝑉𝑀𝑃𝑃𝑇) 29.3 V 

Battery capacity 200 Ah 

Battery fully charged voltage (VBH) 27.94 V 

Battery nominal voltage 24 V 

Battery maximum charging current 40 A 

Nominal discharge current 86.96 A 

PV maximum power (𝑃𝑃𝑉
𝑀𝑃𝑃𝑇) 1532 W 

2.4.1 Case 1: Variation in PV power generation 

In this case, the nanogrid operates under varying irradiance conditions, leading to 

fluctuations in PV generation. Based on the simulation results depicted in Figure 2.5, 

initially the solar irradiation is set at 1,000W/m2, with an ambient temperature of 300K and 

a maximum PV output of 1,532W. Consequently, all DC loads listed in Table 2.5 are 

supplied by the PV source, while any excess power is directed towards charging the battery.  

Table 2.5 Constant DC load for case 1 

Voltage level Load 

24 V load 576 W 

12 V load 344 W 

6 V load 80 W 

Total 1000 W 
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Figure 2.5 Case 1: PV power variation (a) power flows (PV, ESS and DC load) and (b) 

DC bus voltage. 

At the 1.5 sec, there was a transition in irradiance to 700 W/m2, the PV output decreased 

to 1083 W, yet the system continued to operate with a surplus of power. During this period, 

the battery was charged with an excess power of 83W. Subsequently, at the 3.5s, the 

irradiance was further reduced to 300 W/m2. The PV power output decreased to 462 W, 

causing the system to enter a power deficit mode. But the dc bus voltage remained steady 

at 48V throughout the simulation period. 

2.4.2 Case 2: Variation of load 

Based on the simulation results at Figure 2.6, the DC bus voltage exhibits stability even as 

the DC loads fluctuate in accordance with Table 2.6. Throughout the entire simulation, the 

power generated by the PV source remains constant at 775W, corresponding to an 

irradiance level of 500 W/m2. Initially, the system operates in a power deficit mode since 
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the load exceeds the PV power. Subsequently, a slight reduction in the loads to 800W at 

1.5sec leads to a decrease in the power supplied by the battery. The system, however, 

continues to remain in a power deficit mode. Finally, at the 4 sec, a significant decrease in 

the load to 400W shifts the system into power surplus mode, allowing the system to charge 

the battery with 375W. 

Table 2.6 Variable DC load for case 2 

Voltage level (0-1.5) sec (1.5-4) sec (4-6) sec 

24 V load 576 W 288 W 192 W 

12 V load 144 W 232 W 72 W 

6 V load 280 W 280 W 136 W 

Total 1000 W 800 W 400 W 

 

Figure 2.6 Case 2: PV power variation (a) power flows (PV, ESS and DC load) and (b) 

DC bus voltage. 
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2.4.3 Case 3: Isolation of Battery 

During typical operational conditions, when the battery's state of charge (SOC) remains 

within the prescribed lower (35%) and upper (95%) limits, the PV array diligently tracks 

the maximum power point voltage (VMPP) as provided by the MPPT algorithm. In power 

deficit mode, when the SOC drops below 35%, or in power surplus mode, when the SOC 

exceeds 95%, the EMS isolates the battery from the system until normal power conditions 

are restored, power surplus (charging mode) for critically discharged batteries and power 

deficit (discharge mode) for fully charged batteries. In these instances, the PV module 

operates as an independent power source, ensuring continuous power supply to the loads 

while maintaining the bus voltage at 48V, provided sufficient solar irradiance is available. 

If the solar power is insufficient, the bus voltage may drop below 48V, leading to a gradual 

shutdown of the loads as the voltage reaches critically low levels. 

To confirm the isolation condition, the SOC of the battery is set at 94.995% and the system 

is operating in a power surplus mode (Ppv>Pload). The study considers the parameters 

outlined in Table 2.7. Figure 2.7 illustrates that the battery becomes isolated from the 

system as soon as its SOC reaches 95% (at 2.4 seconds). The battery remains in isolation 

until the system transitions back into power deficit mode (Ppv < Pload) at 4 seconds, triggered 

by a change in irradiance to 300W/m2. Subsequently, the battery initiates discharge.  

Table 2.7 Parameters for case 3 

Power mode Surplus Isolated Deficit 

Irradiance 700 W/m2 700 W/m2 300 W/m2 

PPV 1083 W 600 W 462 W 

DC load 600 W 600 W 600 W 

PBAT -483 W - 138 W 

The time domain simulation effectively demonstrates that the system and EMS consistently 

maintain the optimal power flow among the PV source, battery, and load across various 

scenarios. Furthermore, the bus voltage is maintained at 48V. During load and irradiance 

variations, however, notable fluctuations are observed in the bus voltage, primarily due to 

the interactions between converters and their resonant frequencies. Hence, in the next 
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chapter, a comprehensive stability analysis will be conducted to discern the underlying 

causes and develop alternative controllers to mitigate these transients effectively. 

 

 

Figure 2.7 Case 3: Isolation of battery (a) power flows (PV, ESS and DC load), (b) DC 

bus voltage and (c) SoC of battery. 
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Chapter 3  

3 Stability analysis 

To analyze system stability, small signal modeling is necessary. This chapter details the 

small signal modeling of the DC nanogrid system, enabling comprehensive stability 

analysis of the bus voltage under disturbances using impedance scanning and Fast Fourier 

Transform (FFT), leading to the development of an LQR (Linear Quadratic Regulator) 

controller as a replacement for the conventional PI (Proportional Integral) controllers for 

better transient stability of the system. 

3.1 Small signal modelling of converters 

For designing the controllers for the converters and understanding the transients and 

stability of the overall system, it is essential to grasp the dynamic behavior of the 

converters. This requires small signal modeling or mathematical modeling of each 

converter. Different modeling techniques exist for converters, as traditional modeling 

methods are unsuitable due to the presence of switches.  

Small signal modeling of power converters involves various methods to analyze and design 

control systems, ensuring stability and dynamic performance. Common techniques include 

State-Space Averaging (SSA) for linearizing state-space equations, Averaged Switch 

Model (ASM) for focusing on average behavior, PWM Switch Model for duty cycle-output 

relationships, and Discrete-Time Modeling for digital control systems. Circuit Averaging 

simplifies analysis by averaging inductor currents and capacitor voltages, while Phasor 

Transformations analyze sinusoidal perturbations in the frequency domain.[104] 

Appropriate method is chosen based on specific analysis needs and converter types. For 

understanding the different converter topologies used in this research and figuring out the 

relationships between them, circuit averaging techniques have been utilized for small 

signal modeling of the converters. This approach will be discussed in detail for each 

converter separately. 
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3.1.1 Boost converter’s transfer function and input/output impedance 
derivation 

The small signal ac equivalent circuit model of the boost converter as shown in Figure 3.1 

(b), which is equivalent model of boost converter shown in Figure 3.1(a). The duty cycle 

(d(s)) to output voltage (Vo(s)) transfer function is derive by setting the source voltage to 

zero and pushing all the elements to the output side creates an equivalent circuit shown in 

Figure 3.1(c). And D is the nominal duty cycle of the boost converter and ′ = 1 − 𝐷. 

Now the average equivalent circuit has two dependent voltage and current sources, and to 

determine the transfer function, first the transfer function for circuit with voltage only is 

determined,  

𝑉𝑜(𝑠)

𝑑(𝑠)
= (

𝑉0

𝐷′
)

(𝑅 ∥
1
𝑠𝐶)

(𝑅 ∥
1
𝑠𝐶) +

𝑠𝐿
𝐷′2

 

= (
𝑉0

𝐷′
)(

𝑅
1 + 𝑠𝑅𝐶
𝑅

1 + 𝑠𝑅𝐶 +
𝑠𝐿
𝐷′2

) 

= (
𝑉0

𝐷′
) (

𝑅𝐷′2

𝑅𝐷′2 + 𝑠2𝑅𝐿𝐶 + 𝑠𝐿
) 

(3.1) 
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Figure 3.1 (a) boost converter circuit (b) Small AC signal equivalent circuit model of 

boost converter, (c) AC signal equivalent circuit model of boost converter from output 

side 

Next the transfer function with current source only is determined, 

𝑉0(𝑠)

𝑑(𝑠)
= −𝐼 (

𝑠𝐿

𝐷′2
∥

1

𝑠𝐶
∥ 𝑅)       𝑤ℎ𝑒𝑟𝑒, 𝐼 =

𝑉0

𝐷′𝑅
 

𝑉0(𝑠)

𝑑(𝑠)
= −

𝑉0

𝐷′𝑅
(

𝑠𝐿

𝐷′2
∥

1

𝑠𝐶
∥ 𝑅) 

= −
𝑉0

𝐷′𝑅
(

1

𝐷′2

𝑠𝐿 + 𝑠𝐶 +
1
𝑅

) 
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= −
𝑉0

𝐷′𝑅
(

1

𝑅𝐷′2 + 𝑠2𝑅𝐿𝐶 + 𝑠𝐿
𝑠𝑅𝐿

) 

= −
𝑉0

𝐷′𝑅
(

𝑠𝑅𝐿

𝑅𝐷′2 + 𝑠2𝑅𝐿𝐶 + 𝑠𝐿
) 

(3.2) 

Finally, the overall transfer function of the boost converter is the summation of the two 

transfer functions found in Equation (3.1) and (3.2) and the final transfer function becomes, 

𝑉0(𝑠)

𝑑(𝑠)
=

𝑉0

𝐷′
(

𝑅𝐷′2

𝑅𝐷′2 + 𝑠2𝑅𝐿𝐶 + 𝑠𝐿
) −

𝑉0

𝐷′
(

𝑆𝐿

𝑅𝐷′2 + 𝑠2𝑅𝐿𝐶 + 𝑠𝐿
) 

=
𝑉0

𝐷′
(

𝑅𝐷′2 − 𝑠𝐿

𝑅𝐷′2 + 𝑠2𝑅𝐿𝐶 + 𝑠𝐿
) 

=
𝑉𝑆

𝐷′2
(

𝑅𝐷′2 − 𝑠𝐿

𝑅𝐷′2 + 𝑠2𝑅𝐿𝐶 + 𝑠𝐿
) 

(3.3) 

After normalizing the transfer function (Gc), 

𝐺𝑐(𝑠) =
𝑉𝑆

𝐷′2
(

1 −
𝑠𝐿

𝑅𝐷′2

1 + 𝑠2 𝐿𝐶
𝐷′2 + 𝑠

𝐿
𝑅𝐷′2

) 

(3.4) 

From where the zero frequency (𝜔𝑍), natural frequency (𝜔0) and quality factor (Q) can 

be obtained for boost converter, 

𝜔𝑍 =
𝑅𝐷′2

𝐿
 , 𝜔𝑂 =

𝐷′

√𝐿𝐶
  , and 𝑄 = 𝑅𝐷′√

𝐶

𝐿
 

(3.5) 

Now the equivalent input and output impedance circuit is shown in  Figure 3.2 (a)(b): 
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Figure 3.2 (a) Equivalent input impedance measurement(b) Equivalent output impedance 

measurement of boost converter 

From the equivalent circuit for input impedance (Zin) measurement, 

𝑍𝑖𝑛 = 𝑠𝐿 + 𝐷′2 (𝑅 ∥
1

𝑠𝐶
) 

= 𝑠𝐿 + 𝐷′2 (
𝑅

1 + 𝑠𝑅𝐶
) 

     =
𝑠2𝐿𝑅𝐶 + 𝑠𝐿 + 𝑅𝐷′2

1 + 𝑠𝑅𝐶
 

(3.6) 

Output impedance (Zo), 

𝑍𝑜 = (
𝑠𝐿

𝐷′2
∥ 𝑅 ∥

1

𝑠𝐶
) 

    =
𝑠𝐿𝑅

𝑠2𝐿𝑅𝐶 + 𝑠𝐿 + 𝑅𝐷′2
 

(3.7) 

3.1.2 Buck converter’s transfer function and input/output impedance 
derivation 

The small signal ac equivalent circuit model of the buck converter is shown in Figure 3.3 

(b) according to the buck converter circuit. And the transfer function of the converter is 

determined from the output side of the converter, so all the components are pushed toward 

the output side and then the transfer function is determined. 



 

33 

 

 

Figure 3.3  (a) buck converter circuit (b) Small AC signal equivalent circuit model of 

buck converter, (c) Small AC signal equivalent circuit transferred to output side 
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Setting the source voltage to zero and pushing all the elements to the output side of the 

transformer provides the equivalent circuit at Figure 3.3(c). As the equivalent circuit has 

only one dependent source, so the transfer function is given by, 

𝑉0(𝑠)

𝑑(𝑠)
=

𝑉𝑆 (𝑅 ∥
1
𝑠𝐶)

(𝑅 ∥
1
𝑠𝐶) + 𝑆𝐿

 

= 𝑉𝑆 (

𝑅
1 + 𝑠𝑅𝐶
𝑅

1 + 𝑠𝑅𝐶
+ 𝑠𝐿

) 

 

= 𝑉𝑆 (
𝑅

𝑅 + 𝑠2𝑅𝐿𝐶 + 𝑠𝐿
) 

(3.8) 

This can be expressed in the normalized form 

𝐺𝑐(𝑠) = 𝑉𝑆 (
1

1 + 𝑠2𝐿𝐶 + 𝑠
𝐿
𝑅

) 

(3.9) 

From where the natural frequency (𝜔0) and quality factor (Q) can be obtained for buck 

converter, 

𝜔𝑂 =
1

√𝐿𝐶
 ,  𝑄 = 𝑅√

𝐶

𝐿
 

(3.10) 

Now to calculate the input and output impedance of the converter, the equivalent input and 

output impedance circuit is shown in Figure 3.4 (a)(b). 
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Figure 3.4 (a) Equivalent input impedance measurement (b) Equivalent output 

impedance measurement of buck converter 

The input impedance is calculated of the buck converter is,  

𝑍𝑖𝑛 =
1

𝐷2
(𝑠𝐿 + (𝑅 ∥

1

𝑠𝐶
)) 

=
1

𝐷2
(𝑠𝐿 + (

𝑅

1 + 𝑠𝑅𝐶
)) 

    =
1

𝐷2
(
𝑠2𝐿𝑅𝐶 + 𝑠𝐿 + 𝑅

1 + 𝑠𝑅𝐶
) 

(3.11) 

And the output impedance is,   

𝑍𝑜 = (𝑠𝐿 ∥ 𝑅 ∥
1

𝑠𝐶
) 

   =
𝑠𝐿𝑅

𝑠2𝐿𝑅𝐶 + 𝑠𝐿 + 𝑅
 

(3.12) 

3.1.3 Bidirectional converter’s transfer function and input/output 
impedance derivation 

A bidirectional converter combines the operation of both buck and boost converters. When 

the battery is charging, the converter operates in buck mode; when the battery discharges, 

it acts in boost mode. The transfer function and the input-output impedance for the 

bidirectional converter will be like those of the buck converter and boost converter, 
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depending on the mode of operation. These parameters, already determined in the previous 

sections, can thus be calculated as follows. 

 

Figure 3.5 Bidirectional converter circuit 

i) In buck mode: 

𝐺𝑐(𝑠) = 𝑉𝑆 (
1

1 + 𝑠2𝐿2𝐶2 + 𝑠
𝐿2

𝑅𝑏𝑎𝑡

) 

(3.13) 

𝐺𝑐(𝑠) = 𝑉𝑆 (
1

1 + 𝑠2𝐿2𝐶2 + 𝑠
𝐿2

𝑅𝑏𝑎𝑡

) 

(3.14) 

𝑍𝑜 =
𝑠𝐿2𝑅𝑏𝑎𝑡

𝑠2𝐿2𝑅𝑏𝑎𝑡𝐶2 + 𝑠𝐿2 + 𝑅𝑏𝑎𝑡
 

(3.15) 

ii) In boost mode: 

𝐺𝑐(𝑠) =
𝑉𝑆

𝐷′2
(

1 −
𝑠𝐿2

𝑅𝐷′2

1 + 𝑠2 𝐿2𝐶3

𝐷′2 + 𝑠
𝐿2

𝑅𝐷′2

) 

(3.16) 

𝑍𝑖𝑛 =
𝑠2𝐿2𝑅𝐶3 + 𝑠𝐿2 + 𝑅𝐷′2

1 + 𝑠𝑅𝐶3
 

(3.17) 
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𝑍𝑜 =
𝑠𝐿2𝑅

𝑠2𝐿2𝑅𝐶3 + 𝑠𝐿2 + 𝑅𝐷′2
 

(3.18) 

3.2 Bus voltage stability analysis 

In the time domain simulation, fluctuations in the bus voltage were noted when alterations 

occurred in the load and irradiance. In this section both impedance scanning and FFT 

analysis will be utilized to evaluate the stability of the DC nanogrid system and ascertain 

the reasons behind these voltage fluctuations. 

3.2.1 Impedance scanning 

The impedance scanning has been used extensively with the Nyquist Plot to analyze the 

small signal stability of interconnected systems [105]. This method serves as a valuable 

tool for assessing the stability of converter-based interconnected systems, enabling the 

identification of harmonics originating from both sources and load converters. Moreover, 

it conducts a comprehensive analysis of the entire system by considering the input-output 

characteristics (impedance) of each subsystem [106]. One drawback of impedance 

scanning is that it requires investigating stability at different subsystem interfaces. To 

address this, the overall nanogrid system is first split into two portions: source side 

impedance  𝑍𝑠 and load side impedance 𝑍𝐿  . In accordance with Nyquist theory, Small 

Signal Stability (SSS) can be determined by the ratio of  
𝑍𝑆

𝑍𝐿
 . The system is stable if the 

Nyquist plot of 
𝑍𝑆

𝑍𝐿
  curve doesn’t encircles ( -1,0) point in the negative plane [107], [108]. 

To obstruct the circle and insure the small signal stability, it is suggested that the source 

impedance should be much smaller than the load impedance of the converter within all 

frequency ranges, i.e., |𝑍𝑆| <<|𝑍𝐿| [109].  

In the nanogrid, when the PV and battery are connected to the system and contribute to 

serving the load, the input side impedance should be the sum of the PV boost converter and 

the boost mode of the battery converter. The closed-loop output impedance of the boost 

converter can be expressed as follows: 
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𝑍𝑜𝑐𝑙(𝑠) =
𝑍𝑜(𝑠)

1 + 𝑇(𝑠)
 

(3.19) 

Where the open loop output impedance of PV boost converter and boost mode of 

bidirectional converter (battery discharging mode) is, 

𝑍𝑜 =
𝑠𝐿𝑅

𝑠2𝐿𝑅𝐶 + 𝑠𝐿 + 𝑅𝐷′2
 

(3.20) 

And the loop gains T(s) of the boost converter with PI controller is, 

𝑇(𝑠) = (𝐾𝑝 +
𝐾𝑖

𝑠
) ×

𝑉𝑆

𝐷′2
(

1 −
𝑠𝐿2

𝑅𝐷′2

1 + 𝑠2 𝐿2𝐶3

𝐷′2 + 𝑠
𝐿2

𝑅𝐷′2

) 

(3.21) 

And since the source converters are connected in parallel so the total impedance (𝑍𝑡𝑠𝑜𝑢𝑟𝑐𝑒) 

can be written as the following: 

𝑍𝑡𝑠𝑜𝑢𝑟𝑐𝑒 =
𝑍𝑜𝑐𝑙1 × 𝑍𝑜𝑐𝑙2

𝑍𝑜𝑐𝑙1 + 𝑍𝑜𝑐𝑙2
 

(3.22) 

On the other hand, the load side consists of three different buck converters serving different 

voltage level loads. Thus, the output side impedance is the sum of the impedances of all 

the buck converters. The closed-loop input impedance (𝑍𝑖𝑐𝑙(𝑠)) of the buck converter can 

be expressed as follows [110], 

𝑍𝑖𝑐𝑙(𝑠) =
𝑍𝑖(𝑠) × 𝑅2 × (1 + 𝑇(𝑠))

𝑅2 − 𝐷2 × 𝑇(𝑠) × 𝑍𝑖(𝑠)
 

(3.23) 

Where the open loop input impedance of buck converter and buck mode of the bidirectional 

converter (battery charging mode) is, 

𝑍𝑖 =
1

𝐷2
(
𝑠2𝐿𝑅𝐶 + 𝑠𝐿 + 𝑅

1 + 𝑠𝑅𝐶
) 

(3.24) 
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The loop gains T(s) of the buck converter with PI controller is, 

𝑇(𝑠) = (𝐾𝑝 +
𝐾𝑖

𝑠
) × 𝑉𝑆 (

1

1 + 𝑠2𝐿𝐶 + 𝑠
𝐿
𝑅

) 

(3.25) 

And since the source converters are connected in parallel so the total impedance (𝑍𝑡𝑙𝑜𝑎𝑑) 

can be written as the following, 

𝑍𝑡𝑙𝑜𝑎𝑑 =
𝑍𝑖𝑐𝑙1 × 𝑍𝑖𝑐𝑙2 × 𝑍𝑖𝑐𝑙3

𝑍𝑖𝑐𝑙1 × 𝑍𝑖𝑐𝑙2 + 𝑍𝑖𝑐𝑙2 × 𝑍𝑖𝑐𝑙3 + 𝑍𝑖𝑐𝑙3 × 𝑍𝑖𝑐𝑙1
 

(3.26) 

Eventually the total DC bus impedance (𝑍𝑏𝑢𝑠) can be expressed as follows, 

𝑍𝑏𝑢𝑠 =
𝑍𝑡𝑠𝑜𝑢𝑟𝑐𝑒 × 𝑍𝑡𝑙𝑜𝑎𝑑

𝑍𝑡𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑍𝑡𝑙𝑜𝑎𝑑
 

(3.27) 

The frequency response of the source impedance, load impedance, and total DC bus 

impedance is analyzed by partitioning the total impedance of the system into output and 

input impedance elements. The Nyquist plot of the source-to-load impedance ratio is then 

employed to evaluate the system's stability. Figure 3.6 presents the Nyquist plot as a 

function of frequency, demonstrating a significant separation from the (-1,0) point. 

Consequently, it is evident that the system can be deemed stable. 

 
Figure 3.6 Nyquist plot of total output impedance and input impedance 
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Moreover, upon examining the Bode plot of both the input and output impedance, it is 

evident that the magnitude of the source side output impedance consistently remains lower 

than that of the load side input impedance. This characteristic ensures the stability of the 

DC nanogrid across a wide frequency range. Analyzing the frequency response of the 

overall bus voltage in Figure 3.7 (b) reveals that the frequency mode responsible for the 

observed oscillation is 580Hz and 1300 Hz, closely aligning with the resonance frequency 

of the boost and bidirectional converter. Excluding these resonance peaks, however, results 

in the overall magnitude of the impedance response remaining within acceptable limits. 

 

(a) 

 

(b) 

Figure 3.7 (a) Bode plot of total output impedance and total input load impedance (b) 

Bode plot of the total DC bus impedance. 
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3.2.2 Fast Fourier Transform (FFT) Analysis 

From impedance analysis it is evident that oscillations are likely attributed to the interaction 

among the DC converters on the source side, as their resonance frequency is closer to the 

disturbance frequency range. It is, however, not possible to identify the exact source of 

disturbance from the impedance scanning. Thus, to identify the exact source of the 

oscillation, a Fast Fourier Transform (FFT) analysis is conducted [111]. Initially, an AC 

source with a frequency of 580 Hz and amplitude of 500mV is introduced to the source 

side of the boost converter. Subsequently, the DC bus voltage undergoes FFT analysis. The 

results of the FFT analysis indicate that the peak of the oscillation aligns closely with the 

frequency of the applied AC disturbance, confirming that the source converter is 

responsible for the oscillation in the DC bus voltage, specifically contributing to the 580 

Hz oscillation on the bus. 

 

Figure 3.8 FFT analysis of the bus voltage under the disturbance on the boost converter’s 

input side. 

3.3 LQR controller design and performance 

As mentioned in the preceding section, both the boost converter and bidirectional converter 

have been identified as the underlying causes of the transients observed in the bus voltage. 

To address these oscillations and improve the stability of the DC nanogrid, the application 

of optimal control techniques is recommended [112]. Various optimal control methods are 

available, including the Linear Quadratic Regulator (LQR), Linear Quadratic Gaussian 
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(LQG), and Model Predictive Control (MPC). For this particular study, the LQR control 

scheme will be employed, allowing for the control of the boost converter [113]. This 

control technique is different from conventional PI controller and requires small signal 

state space modelling of the converter to design the controller. 

3.3.1 LQR controller design: 

The boost converter can be represented by the following two equations in state space 

modelling. 

�̇� = 𝐴𝑥 + 𝐵𝑢    (3.28) 

𝑦 = 𝐶𝑥 + 𝐷𝑢         (3.29) 

where input and output matrix are considered as, 

𝑥 = [
𝑖𝐿
𝑣𝑜

] and 𝑢 = [𝑑] 

Using small signal modelling technique and after averaging and linearizing the state 

equations of the boost converter can be found,  

�̇� = [
0 −

(1 − 𝐷1)

𝐿
(1 − 𝐷1)

𝐶
−

1

𝑅 × 𝐶

]  𝑥 +

[
 
 
 

𝑉𝑖𝑛

𝐿 × (1 − 𝐷1)

−
𝑉𝑖𝑛

𝑅 × 𝐶 × (1 − 𝐷1)2]
 
 
 

 𝑢 

(3.30) 

𝑦 = [0 1] 𝑥 + [0] 𝑢        (3.31) 

A controller is designed that produces optimal responses of the closed loop system, in the 

sense of minimizing a performance index or cost function J which can be defined as, 

𝐽 =  ∫ (𝑥𝑇𝑄𝑥 + 𝑢𝑇𝑅𝑢) 𝑑𝑡
∞

0
    (3.32) 

where Q is the state weighting matrix and R is the control weighting matrix. The control 

signal is defined as 
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𝑢 = −𝐾𝑥     (3.33) 

The LQR controller gain matrix K must be determined in such a way that it enhances the 

performance of the system while minimizing a cost function J. The block diagram of the 

LQR controller is shown in Figure 3.9. 

 

Figure 3.9 Block diagram of the LQR controller 

With K being the LQR gain matrix, which is given by, 

 𝐾 =  𝑅−1𝐵𝑇𝑃 (3.34) 

where P is the unique positive definite solution of the algebraic Riccati equation (ARE). 

 𝐴𝑇𝑃 + 𝑃𝐴 − 𝑃𝐵𝑅−1𝐵𝑇𝑃 + 𝑄 =  0     (3.35) 

By selecting a proper Q and R the LQR gain matrix can be obtained. However, the 

conventional LQR controller lacks an integral component, and since the boost converter 

itself does not possess an integrator, it is not possible to achieve a steady-state error of zero 

solely through state feedback control. To address this limitation, an extended version of 

the LQR controller is employed, incorporating an integrator. The error between the desired 

output and the actual output is fed into an integrator, resulting in the creation of a new state 

variable denoted as �̇�. This new state variable is then multiplied by the integrator gain, 

represented as 𝐾𝑖, and subsequently added to the control input as shown in Figure 3.10 

[114]. 
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Figure 3.10 Block diagram of LQR controller with integral action 

With the inclusion of integral, the control signal (u) becomes, 

𝑢 = 𝐾𝑖𝑧 −  𝐾𝑥  and �̇� = 𝑉𝑟𝑒𝑓 − 𝑉𝑜   

So now the state equation with the integrator becomes, 

[
�̇�
�̇�
] = 𝐴𝑓 [

𝑥
𝑧
] + 𝐵𝑓𝑢 (3.36) 

𝑦 = 𝐶𝑓 [
𝑥
𝑧
]       (3.37) 

Where, 

𝐴𝑓 = [
𝐴 − 𝐵𝐾 𝐵𝐾𝑖

−𝐶 0
]  

𝐵𝑓 = [
0
0
1
]  

𝐶𝑓 = [𝐶 0]  

The gain matrix is determined using MATLAB’s (R2023a) LQR function from the Control 

System Toolbox, which computes the optimal gain matrix (K) and the solution (S) to the 

associated algebraic Riccati equation. The resulting gain matrix can be expressed as 

follows, 

𝐾𝑑 = [𝐾 −𝐾𝑖]     (3.38) 
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Q and R are selected arbitrarily based on the controller response and using the MATLAB 

command the value of K matrix gain, and integral gain is determined. 

𝑄 = [
1 0 0
0 0.1 0
0 0 100000

]  

𝑅 = [10] 

𝐾 = [0.3190 0.0301] and 𝐾𝑖 = 100.0000 

3.3.2 LQR controller performance: 

The new state �̇� is found by subtracting the measured output voltage of the boost converter 

from the reference. And the duty cycle of the boost converter, represented as d, can be 

determined based on the control input u generated by the LQR controller. The duty cycle 

is fed into a pulse width modulation (PWM) generator to generate the necessary pulses for 

the switch. Figure 3.11 compares the response of the boost converter under LQR and PI 

control. To evaluate the transient stability of each controller, a slight change in the input 

side voltage (from 26V to 30V) was introduced at 0.3 seconds. This comparison highlights 

their performance and recovery time in maintaining the output voltage at 48V. The results 

clearly demonstrate that the LQR controller with integral control exhibits superior 

performance in attaining steady-state conditions at a faster time compared to the PI 

controller. 
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Figure 3.11 Output voltage response boost converter of the LQR controller and PI 

controller. 

3.3.3 FFT analysis: 

FFT response of the LQR controlled nanogrid bus voltage still shows harmonics which has 

profound peak at 580Hz. In a DC circuit, total harmonic distortion (THD) should ideally 

be close to zero. However, in this case, THD is observed due to an intentionally introduced 

sinusoidal disturbance at the source-side converter. Although both THD values are small, 

with the PI controller yielding 0.41% and the LQR controller reducing it to 0.24%, the 

latter demonstrates superior performance in mitigating the effects of this disturbance, 

further validating the effectiveness of the LQR controller. 
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Figure 3.12 FFT analysis of the bus voltage under with LQR controller. 

3.4 Conclusions 

The modular DC nanogrid can serve as a flexible solution for current and future solar-

powered devices. The key innovation lies in the energy management system (EMS), 

utilizing parametric controls and selecting optimal operating modes based on the DC bus 

voltage and battery SOC. The model facilitates easy integration of new PV panels and loads 

while maintaining the bus voltage at a stable 48V. Additionally, the comprehensive 

stability analysis ensures reliable system performance. Moreover, an LQR controller 

enhances stability and minimizes harmonics, successfully reducing total harmonic 

distortion (THD) to 0.24%. The nanogrid enables a personalized, generic model for various 

applications, such as off-grid isolated houses, businesses, camps, expedition vehicles, radar 

stations, and cellular towers. The potential of this open-source solar-powered nanogrid 

extends to re-evaluating electrical technologies for isolated communities where traditional 

electrical service is unreliable or missing. The DC nanogrid holds promise for widespread 

adoption, enhancing access to sustainable and efficient energy solutions. 

 



 

48 

 

Chapter 4  

4 Hardware experimental setup and results 

For designing the nanogrid hardware, all the converter circuits were first finalized. 

Subsequently, all the converters and the controllers were implemented on a protoboard to 

assess the system's feasibility and facilitate the controller design process. After successful 

implementation, a functional modular hardware setup for the DC nanogrid was developed 

and PCBs for all the converters were designed. Additionally, the EMS and central 

processing unit were implemented. All units, including the PV, battery, and load 

converters, were connected to the bus bar system, and the communication connections were 

established. The first functional version of the DC nanogrid was thus created. The detailed 

design process is elaborated in the following sections.  

4.1 Introduction 

The feasibility of solar DC nanogrid has already been established, with most of the 

components of nanogrid being well-defined. The converter technologies, maximum power 

point tracker (MPPT), and battery charge controller technologies are well-established 

products that are used in conventional solar PV nanogrid systems. But these systems are 

designed for use in AC off grid/microgrid systems, and as a result, DC converter-based 

designs at the system level require personnel with high technical knowledge for proper 

design, connection, and integration of all components [32]. They are not readily available 

in the market for nanogrid use. The hardware implementation of DC nanogrid is 

challenging for the average user because it requires extensive technical expertise to ensure 

the safe and proper operation of all components, including converters, controllers, energy 

storage systems, and monitoring devices [115]. This raises costs and limits wide acceptance 

of a proven technology. 

To address this issue, a novel modular version of the DC nanogrid has been designed here 

to be installed at consumer premises in device form, operating as a plug-and-play device 

that can be customized according to consumer requirements. The design follows open 

hardware best practices to ensure maximum accessibility [116], [117].  Earlier, the 
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architecture, controller design, stability analysis, and a novel energy management system 

(EMS) of modular DC nano grid were proposed [118] and here this research introduces the 

first hardware setup of a modular, plug-and-play open source nanogrid device, operable 

with minimal technical expertise, akin to other consumer electronics available in the 

market. This modular DC nanogrid can be easily customized according to consumers' 

power requirements, enabling the supply of various voltage levels to accommodate 

different device voltage needs. All designs utilize open-source hardware and software, 

ensuring accessibility for users worldwide. The step-by-step design process of the 

converter, controller, data logger, and assembly of the complete system is provided. A 

time-domain simulation and stability analysis of the designed system were conducted in 

MATLAB/Simulink. Subsequently, the connection and disconnection of a 30W load were 

observed to assess the stability of the designed hardware. The results are presented and 

discussed in the context of transforming the nanogrid from a distribution network or system 

to a device makes it suitable for various user-specific applications, such as remotely 

supplying power to camp vehicles, campsites, emergency vehicles like ambulances, and 

small houses lacking grid electricity. 

4.2 Materials and Methods 

4.2.1 System architecture 

In the nanogrid architecture shown in Figure 4.1, a PV converter connects the PV system 

to the DC bus. Additionally, bidirectional battery converters and load converters link 

lithium-ion (Li-ion) batteries and various loads to the grid. Among the low voltage levels 

(12V to 100V), 48V is identified as the optimal choice for cost and performance. The 

nanogrid design is scalable; additional PV modules and interface converters can be added 

to the bus to increase generation capacity. Similarly, extra batteries can be integrated using 

additional battery converters to support increased loads or storage needs. The EMS can 

manage variations in DC load and weather conditions, enhancing the system's modularity 

and adaptability. 
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Figure 4.1. Architecture of DC Nano grid. 

In the nanogrid, the battery discharges only in power deficit mode, defined by a bus voltage 

below 48V. The controller compares the bus voltage to a reference value, initiating battery 

discharge to raise the bus voltage to 48V. In power surplus mode when bus voltage is above 

48V, the controller lowers the bus voltage to reference 48V and initiate battery charging. 

Three different levels of load can be served using a step-down load converter, and loads 

rated at 48V can be directly connected to the bus, as the bus voltage remains stable. 

4.2.2 Control strategy 

The nanogrid controller coordinates various power sources to achieve optimal power flow. 

The Energy Management System (EMS) proposed in [118] maintains this coordination and 

dispatches the required power levels demanded by the load. Various control strategies can 

be implemented, broadly classified into centralized, decentralized, and hybrid control 

topologies [119].  
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In the centralized control method, a central controller manages the power, voltage, and load 

of the nanogrid using data from various sources and loads, communicated through a 

network, with all units in the nanogrid directly interfacing with the central controller. This 

central controller makes decisions based on information collected from sensors attached to 

all sources and loads via communication channels. While this strategy is fast and precise, 

it has a significant drawback: a single communication link failure can lead to total grid 

failure [120]. In contrast, the decentralized control scheme has each unit in the nanogrid 

collect local information from sources or loads through individual sensors. This approach 

is more robust and reliable as it avoids costly communication links [121]. Coordination 

between units, fault management, and overall system data monitoring, however, become 

more challenging [122]. Hybrid distributed control combines elements of both distributed 

and decentralized control. In the hybrid topology, converters in the nanogrid communicate 

with each other to create a cohesive control strategy and share information with the central 

master controller. Local control decisions are made by local controllers, while the central 

master controller oversees the entire system and makes broader decisions. This approach 

enhances system reliability by eliminating dependence on a dedicated communication link 

all the time and makes the system more resistant to failures. 
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Figure 4.2. Control strategy (a) Hybrid control model of modular DC nano grid and (b) 

Detail connection diagram 

In this modular open-source DC nanogrid system, a hybrid control technique is used to 

implement the EMS. Converters manage source and load level control, while a dedicated 

central controller coordinates each unit shown in Figure 4.2. Communication between the 

units and the central controller occurs through two methods. Critical information is shared 

via the digital pins of the Arduino microcontroller, with specific pins dedicated to the PV 

controller and the battery converter to indicate their modes, and another for the master 

controller to manage all units. Additionally, the master controller connects to all converters 

using an I2C path, allowing the central controller to collect local information cyclically and 
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to interrupt, control, or send commands to each converter as needed [123]. This hybrid 

approach delivers a powerful and fast control system with enhanced resilience to failure. 

4.2.3 Controllers design 

4.2.3.1 PV controller design 

Based on the battery charging status and state of charge (SOC), the PV controller operates 

in two different modes. When the battery is in a constant current charging state and 

connected to the system, the PV controller operates in MPPT mode. In this mode, the 

controller maximizes the input power from the PV using an MPPT algorithm implemented 

through PWM control, while the battery regulates the bus voltage. When the battery is 

nearly charged and in a constant voltage charging state, where the charging current depends 

only on the battery SOC, or when the battery is fully discharged and the PV is connected 

to the system, the PV switches to bus control mode. In this mode, the converter maintains 

the bus voltage at a defined 48V using a PI controller. The schematic diagram of this PV 

controller is given in Figure 4.3.  

 

Figure 4.3. PV controller for boost converter. 

Generally, the cost of commercial MPPT devices is significantly higher than solar charge 

controllers, making them less accessible and affordable for users [124]. Previous work has 

shown a successful strategy for accelerating innovation  and lowering hardware costs is to 

use an open source design [125], [126]. Previous studies have argued open source design 

should be applied to PV systems and components to reduce costs [127]. Following that 

theory, to help make small solar PV systems more economically accessible and easier 



 

54 

 

inclusion in the DC bus an efficient MPPT PV converter is designed. There has been some 

open-source hardware development in the electronics of PV systems [128], [129], which 

began with the design of smart monitoring system for different PV applications and 

majority of these system used Arduino microcontrollers for conditioning and processing 

the output signals of the sensors and it was flexible, modular, and scalable, and of low cost 

[130]. A prototype of an MPPT using the microcontroller PIC16F877A was designed for 

10W power, which is very low power and not suitable for most applications or commercial 

use [131]. In this design the P&O method is used due to less complexity and comparatively 

faster tracking capability. Many modified versions of P&O have been developed, which 

use converter duty cycle as the perturbed signal or adaptive perturbation values [132]. The 

fundamental concept of the P&O algorithm is to adjust the perturbation amplitude 

according to the present operational conditions. In the case of the PV controller in DC nano 

grid it takes the PV voltage and current as an input and generates the optimal duty cycle 

for the converter. 

4.2.3.2 Battery controller design for bidirectional converter 

The battery controller determines the charging and discharging modes based on the bus 

voltage and the SOC of the battery. Any surplus energy in the grid increases the bus 

voltage, indicating a charging state, and vice versa. The SOC or battery voltage indicates 

the charging state. Depending on this, the battery can be charged in constant current mode 

or constant voltage mode. 

4.2.3.3 Load controller design 

The load controller regulates the output voltage to a specific level using a PI controller. 

The controller compares the reference voltage with the actual output voltage and adjusts 

the duty cycle accordingly. Additionally, the load controller can disconnect any load upon 

receiving instructions from the master controller, based on the priority of the specific load. 

4.2.4 Converter design 

Three different converter topologies are used in this research to design the modular DC 

nano grid system with a bus voltage of 48V. The boost converter topology is utilized as the 



 

55 

 

PV converter, with the maximum PV input voltage kept below 48V, preferably between 

15-40V. The maximum charging current capacity is chosen to be 16.66A, allowing for the 

connection of up to 800W of PV panels to the system using a single boost converter 

module. Multiple such modules can be used in a single system to scale up the PV power. 

For charging and discharging the battery, a bidirectional buck-boost converter topology is 

employed, with the battery voltage considered to be 24V. Given that the lower voltage side 

is the battery side and allowing a maximum current of 16.67A, up to 400W of power can 

be charged or discharged using a single battery module in the system. 

Lastly, a buck converter topology is used for loads of 24V, 12V, and 6V, with each rated 

for a maximum of 400W, 200W, and 100W, respectively, within the system. Ensuring that 

the bus voltage is stable at 48V allows for loads rated at 48V to be connected directly to 

the bus without any intermediary converters. The specifications of these modules, along 

with the PV, battery, and load ratings, are included in Table 4.1. 

Table 4.1. System specifications. 

Parameters PV module Battery module Load module 

Converter type 
Boost 

converter 

Bidirectional 

converter 
Buck converter 

Converter power rating 

(W) 
800W 400W 

400W (24V), 200W 

(12V), and 100W 

(6V) 

Input voltage range (V) 15-40V 
20-29.4 V (24V 

battery) 
48V 

Maximum input current 

(A) 
20A 16.67A 

(8.33 A, 4.17 A, 2.08 

A) 

Output current (A) 16.67A 8.33A 16.67A 

Switching frequency (kHz) 50 kHz 50 kHz 50 kHz 

The components of the converter and the controller parameters are calculated and listed in 

Table 4.2. Components are chosen to exceed their critical ratings and are matched to the 

nearest common inductor and capacitor values. Based on these parameters, an open-source 

hardware nanogrid is designed and licensed under GNU GPL v3, CERN OHL v2, and OSF. 

All code, GUI, 3D-printed parts, and converter PCBs are uploaded to an open-source 

repository [133]. 
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Table 4.2. Converter components and controller parameters calculation 

Parameter 
Boost 

Converter 

Bidirectional 

converter 

Buck converter 

(24V) 

Buck converter 

(12V) 

Buck converter 

(6V) 

Critical 

Inductance 
L1=45 μH L2= 115.2 μH L3=57.58 μH L4=43.18 μH L5=25.2 μH 

Critical 

Capacitance 
C1= 260 μF 

C2= 217.01 μF, C3= 

173.6 μF 
C4= 43.41 μF C5= 86.83 μF C6= 173.61 μF 

Selected 

Inductance 

L1=47 μH 

(20A) 
L2= 120 μH (16.67A) 

L3=68 μH 

(16.67A) 

L4=47 μH 

(16.67A) 

L5=33 μH 

(16.67A) 

Selected 

Capacitance 

C1= 470 μF 

(100V) 

C2= 470 μF (50V) 

C3= 470 μF (100V) 

C4= 470 μF 

(50V) 

C5= 470 μF 

(50V) 

C6= 470 μF 

(50V) 

Proportional 

gain (Kp) 
0.00021 

Charging mode: 

0.0004 

Discharging mode: 

0.0005 

0.000451 0.000722 0.00021 

Integral gain 

(Ki) 
2.734 

Charging mode: 4.78 

Discharging mode: 

6.01 

9.52 11.01 9.35 

Gain Margin 

(GM) 
15.57dB 17.32dB, 15.3dB 14.18 dB 20.8 dB 13.85 dB 

Phase Margin 

(PM) 
900 900 ,900 900 900 900 

4.2.5 Bidirectional Battery converter design 

The bidirectional buck-boost converter is designed using two alternately switched 

MOSFETs and one reverse parallel diode to reduce stress on the lower-side MOSFET when 

it is switched off. The duty ratio of the switching pulse is controlled to regulate both the 

current and the direction of current flow. With the battery connected to the source terminal 

of the high-side MOSFET, an IR 2104 MOSFET driver with a bootstrap capacitor keeps 

the gate voltage above the battery voltage during switching. The Arduino Nano manages 

the switching pulse and controls the charging and discharging current by monitoring four 

parameters: battery voltage, battery charging current, bus voltage, and discharge current, 

all through a 16-bit ADS1115 analog-to-digital converter. The ADC can have four unique 

addresses, which allows multiple battery converters to be connected and share data using 

the same I2C bus. 

The Arduino code limits the discharge current to the maximum allowable battery discharge 

rate. During charging, two modes are utilized for the lithium battery until the state of charge 

(SOC) reaches 95%. Initially, the controller charges the battery at the current supplied by 

the MPPT, provided it is below the maximum charging current of the battery. Once the 
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SOC is 95%, the charging mode switches to constant voltage mode, charging the battery at 

a constant voltage with lower current. At this point, the digital pin dedicated to the battery 

controller (BS) is set high, signaling the MPPT to switch from MPPT mode to bus control 

mode. The schematic and PCB of the bidirectional converter is shown in Figure 4.4. The 

assembled battery converter with components on the board are shown in Figure 4.5. 
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Figure 4.4. (a) Schematic of bidirectional converter for battery, (b) 3D assembled PCB of 

bidirectional converter. 

 

Figure 4.5. Assembled bidirectional battery converter 

4.2.6 PV Boost converter design 

The boost converter for the PV system is rated at 800W, with an input voltage range of 15-

40V, and it boosts the voltage to 48V. The converter is designed with one low-side 

MOSFET and a diode to allow current flow from the PV to the bus. The pulse generated 

by the Arduino Nano is sufficient to drive the MOSFET. The system measures PV voltage, 

PV current, bus voltage, and current supplied to the bus using an ADS1115 16-bit ADC. 

To avoid frequent interruptions by the master controller for data acquisition, an OLED 

display is connected to the PV converter to show local information, while overall critical 

system status is shared through the digital pin. 

The PV converter operates in two different modes based on the BS signal provided by the 

battery. When the battery is in constant current (CC) mode, the PV operates in MPPT mode. 

The rest of the time, it operates in bus control mode. The components and the assembled 

boost converter are shown in Figure 4.7. 
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Figure 4.6. (a) Schematic of boost converter for PV, (b) 3D assembled PCB of Boost 

converter. 
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Figure 4.7. Assembled Boost converter for PV. 

4.2.7 Buck converter design 

To serve loads of different voltage levels, a DC-DC converter was designed using an open-

source Arduino Nano and a PI controller to regulate the output voltage according to a 

predefined reference. A synchronous buck converter, utilizing two CSD19533KCS 

MOSFETs (100V, 100A) [134], is used instead of a conventional buck converter to reduces 

power loss and improve efficiency, which is achieved due to the replacement of the power 

diode in conventional buck converter with a low-side MOSFET [135]. The IR2104 

MOSFET driver IC provides complementary pulse width modulation (PWM) pulses to 

both the low-side and high-side MOSFETs, with a 10μF bootstrap capacitor included in 

the driver circuit. 

Three different voltage level load converters can be implemented using the same PCB, 

requiring only the specific inductor for each converter level as previously calculated. 

Additionally, the master controller can stop the buck converter from supplying the load 

either by sending a signal through I2C or by raising the INT pin high. The Buck converter 
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schematic and 3D rendering are shown in Figure 4.8 and the PCBs are shown in Figure 

4.9. 
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Figure 4.8. (a) Schematic of buck converter for 24V load, (b) 3D assembled PCB of 

Buck converter 

 

Figure 4.9. Buck converter PCB with components (a) front side (b) back side. 

4.2.8 Master Controller design 

In the nanogrid system, all converters and the master controller share the same I2C bus for 

inter-converter communication. Both the PV and battery converters use ADS1115 ADCs 

for local measurements on this I2C bus also. To prevent interruptions and conflicts, the PV 

converter, which continuously monitors current and voltage and adjusts switch pulses in 

MPPT mode, is isolated from the I2C bus prioritizing local measurement. Consequently, 

the battery converter, load converter, and master controller use the I2C bus, while the PV 

converter displays its status on its own OLED. 

The shared digital pins are always connected to each converter to change their mode of 

operation. The master controller simultaneously requests voltage, current, and battery SOC 

data from the battery and load converters. The corresponding converters send back the data, 
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which the master controller then combines sequentially and serially prints to the Raspberry 

Pi-based GUI and data logger. 

 

Figure 4.10. (a) Schematic of Master controller, (b) 3D assembled PCB of master 

controller. 
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Figure 4.11. Master controller PCB layout and assembly. 

4.2.9 Communication bus 

The communication bus comprises 8 lines used for I2C communication, shared digital pins, 

and power supply (+12V, GND). It features an 8-pin socket to interface with the pin 

headers of the converter and master controller, facilitating information exchange among 

the converters and the master controller. The bus is 25mm in height and is placed inside 

the DIN rail where the converter pin header slots in. Pin sockets are spaced 35mm apart, 

and two communication buses can be interconnected to cover the full length of the DIN 

rail shown in Figure 4.13. 

Table 4.3. Function of each traced in the communication bus 

Serial Trace name Function 

1 PVS (D3) 
PV signal from PV converter to indicate operating mode 

(0=MPPT, 1=Bus control) 

2 BS (D4) 
Battery status signal from Battery converter (0=Current 

control, 1=Voltage control/isolated) 

3 INT (D5) Interrupt signal by master (Normally 0) 
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4 SDA Serial data line 

5 SCL Serial clock line 

6 +12V +12V supply for the control circuit 

7 +12V +12V supply for the control circuit 

8 GND Common ground 

 

Figure 4.12. Schematic of Communication bus. 

 

Figure 4.13. Assembled and extended communication bus. 

4.2.10 Inductor design 

For designing the inductors of various converters, each handling a peak current of 

approximately 20-24A, the toroidal inductor core 0077443A7 from Magnetics (Pittsburgh, 
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PA, USA) is used. This core has an outer diameter of 46.74 mm and a width of 18.03 mm, 

with a relative magnetic permeability of 75 and an inductance factor of 169 nH per turn. 

The design parameters for the 47 μH, 120 μH, and 68 μH inductors are summarized in 

Table 4.4. 

Table 4.4. Design parameters of inductors. 

Parameters Boost converter Bidirectional converter Buck Converter 1 (24 V) 

Inductor L1=47 μH L2= 120 μH L3=68 μH 

Current 20A 16.67A 16.67A 

Peak current 24 20 20 

Wire AWG 16AWG 16AWG 16AWG 

Number of strands 2 2 2 

Turns 23 37 28 

Length 3,223 mm 5,266 mm 3,924 mm 

4.2.11 Bill of materials 

The bill of materials for all subcomponents is listed in Appendix B. The summary of the 

total cost for each subsystem is shown in Table 4.5 and the total cost of the system is 

CAD$380. 

Table 4.5. Summary of total cost of the system. 

Type Cost (CAD) 

Buck Converter $55.81 

Boost converter $66.07 

Bidirectional converter $76.28 

Master Controller $28.78 

Communication Bus $5.03 

Monitoring system $147.52 

Total $379.49 
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4.2.12 Arduino codes and GUI  

Each converter and the master Arduino have separate code, as detailed in Table 4.6. In 

addition to the pre-installed libraries in the Arduino IDE, the SSD1306 library for the 

OLED display and the ADS1115 library for the 16-bit ADC must also be installed. At the 

start of the code, the PWM switching frequency is selected, and the OLED and ADC are 

initialized. Except for the master controller, all Arduino code follows a similar structure: 

measuring circuit parameters using the ADC, averaging three consecutive measurements 

for accuracy, and then adjusting the PWM duty cycle based on current and voltage 

measurements to control the converter. When the master requests data from a converter, it 

interrupts the ongoing operation to transmit the local parameters in string format. 

Consequently, the master controller cyclically requests each converter every three seconds. 

Upon receiving the complete set of data from all converters in string format, the master 

concatenates these strings and transmits them as a single unified string, with the length 

corresponding to the aggregate length of the data from each individual converter. 

To avoid interruption from the ADC and OLED display, the firmware must be uploaded to 

the Arduino before it is placed on the board for the first time. Each converter is assigned a 

different slave address, defined in the wire setup before initiating transmission, to 

communicate with the master. If more than one converter of the same type is present in the 

system, each must be assigned a different wire address. 

Table 4.6. Arduino codes and GUI of the DC nano grid system are all licensed with GNU 

GPL v3. 

Code File type Location of file 

Boost converter code .ino https://osf.io/73yf5/ 

Buck converter code .ino https://osf.io/73yf5/ 

Bidirectional converter code .ino https://osf.io/73yf5/ 

Master controller code .ino https://osf.io/73yf5/ 

GUI for Raspberry pi .py https://osf.io/73yf5/ 
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4.2.13 Interface and GUI 

All converter controllers utilize Arduino Nano processors, and the EMS also implemented 

on an Arduino Nano serving as the master processor. This master processor communicates 

with the other Arduino Nanos within the DC nano grid using an I2C communication 

protocol while the master controller only communicates with Raspberry Pi using serial 

communication protocol. To display the status and voltage/current levels of each converter, 

a Raspberry Pi (Cambridge, England) with a 7-inch display has been integrated into the 

system as a separate module. This display module, along with the master Arduino, 

functions as the central control unit of the entire DC nano grid. 

 

Figure 4.14. DC nano grid GUI for data monitoring. 

The graphical user interface (GUI) for the nanogrid system operates by receiving real-time 

data from a master Arduino via serial communication. This data, transmitted through a 

USB connection at a baud rate of 9600, is processed by a Raspberry Pi running a Python 

script using the Tkinter library. Currently, with only the battery converter and one load 

converter connected, the GUI is designed to display their statuses exclusively, including 

battery voltage, state of charge (SoC), battery discharging current, output voltage of load 

converter, and output current. 
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The Python script continuously reads the incoming serial data in a separate thread, ensuring 

that the GUI remains responsive. The data is processed, and specific values are extracted 

and updated on the display in real-time. For instance, the battery status and load status are 

dynamically updated based on the current and voltage readings. The GUI, developed using 

Tkinter Designer, provides a user-friendly interface with clear visual indicators, making it 

easier to monitor the nanogrid’s performance immediately. This setup enhances the 

reliability and efficiency of DC nanogrid system by offering real-time monitoring and 

control. This GUI is open source and can be modified as needed. As this is the initial 

version of the GUI, it can be easily modified in the future to send commands to the master 

Arduino for controlling the DC nanogrid. 

4.2.14 Step by step integration and commissioning process 

The installation process and guidelines are as follows: 

• The design and assembly process of frame and the converters encloser is given in 

Appendix A. 

• After all the converter and the frame is designed, attach the master controller to the 

frame. This is the only unit that does not require connections to the bus bar, and there 

should only be one master controller present in a DC nano grid. 

• Attach the PV and battery modules to the system one by one. For systems with 

multiple PV and battery modules, alternate the installation sequence between PV and 

battery to maintain consistent DC resistance across all modules. 

• Attach the buck converter module and inverters module (if any) to the system 

according to the load requirements. 

• Sequentially turn on all the battery switches. This action will power on the master 

controller and all connected modules along with the Raspberry Pi display. Next, 

connect the PV panels to the PV converter, and finally, connect the loads to the 

system. 

• For shutdown, follow the reverse order of the installation process. 
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4.3 Final Hardware and Result 

4.3.1 Final nanogrid hardware 

The assembled nanogrid hardware is shown in Figure 4.15. The PV converter, 24V load 

converter, and battery controller are placed in order from the left, all housed in blue 

enclosures. The master controller in green encloser is positioned on the far right, close to 

the Raspberry Pi display. 

 

Figure 4.15. Nanogrid final hardware (a) front view (b) back view 
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4.3.2 Stability of 24V  bus voltage under load disconnection 

Although the simulation results and converter design parameters were based on a 48V bus 

voltage, testing was conducted at 24V due to limitations in testing and the frame. Since 

48V is considered a hazardous DC voltage, all electrical contacts must be enclosed. 

However, simply changing the reference bus voltage in the code to 48V would enable the 

system to operate at 48V. A 30W load is connected to the system and subsequently 

disconnected to evaluate the stability of the supply voltage, as shown in Figure 4.16. The 

bus voltage remains stable during the load variation and quickly returns to the reference 

24V after the disconnection. 

 

Figure 4.16. The bus voltage after sudden disconnection of 30W load (0-70sec) 

4.4 Discussion 

This research differentiates itself by not extensively discussing new control mechanisms 

or converter designs for DC nanogrids. Instead, it focuses on the comprehensive setup of a 

DC nanogrid. This includes maximizing power extraction from solar PV, maintaining a 

stable DC bus voltage, and ensuring the proper operation of the battery system to supply 

power to appliances at their required voltage levels. A key aspect of its uniqueness is its 

modularity and the device version of the DC distribution network system. This represents 

the first-ever nanogrid that incorporates all the features of a complete DC nanogrid in a 
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modular, user-friendly, plug-and-play hardware design. It is designed to be easily 

assembled and operated by users, making it accessible for DIY applications [136] and 

enhancing its practicality and flexibility. The hardware implementation is completed using 

open-source design. Being opensource will allow modifications by the user such as 

disconnecting low-priority loads when the generation capability is inadequate [137]. 

Later the bus voltage stability, and the supply voltage quality of the hardware are also 

verified. The benefit of the open-source hardware is the adaptation of this nanogrid using 

material from local vendors and it gives the opportunity to modify the device quite easily 

according to users’ requirements. Its modular design allows for easy integration into a 

frame or electrical box. Single households, vehicles such as ambulances, mini-clinics, and 

camps can be powered using the nanogrid setup, with the design facilitating easy 

modifications to integrate new loads and batteries. While this setup introduces a novel 

strategy for making PV systems modular and more accessible, further improvements in the 

GUI and communication system are necessary for the seamless integration of converter 

modules. Additionally, a better communication strategy is needed to enable the PV 

converter to share data with the master controller without interruption. Implementing a 

more advanced MPPT algorithm could also help reduce the impact of partial shading. 

Currently, the converters are connected to the bus bar using wires, which disrupts seamless 

integration, but incorporating bus bar clips will make the process easier.  

4.5 Conclusions 

The open-source modular DC nanogrid presented in this research represents the first 

hardware implementation of a plug-and-play device that is, easily adaptable, expandable, 

and customizable at different voltage and power levels. Transforming the nanogrid from a 

distribution network to a device makes it suitable for various user-specific applications, 

such as remotely supplying power to camp vehicles, campsites, emergency vehicles like 

ambulances, and small houses lacking grid electricity. The modular DC nanogrid includes 

all the features available in a DC distribution network, including intercommunication of 

each converter using a master-slave protocol. It also exhibits additional features such as 

data logging, which enhances user experience and promotes the use of DC grid systems. 



 

73 

 

This approach not only makes the system more user-friendly but also differentiates it from 

traditional PV systems, promoting the adoption of DC grid systems as a modular device. 

The converter technologies, maximum power point tracking (MPPT), and battery charge 

controller technologies are well-established products which are used on conventional PV 

systems. The novelty and user-friendly features of the modular nanogrid system are: 

Open-Source Hardware Implementation: Implementing these technologies using open-

source hardware and then forming a nanogrid in a modular and adaptable manner is 

completely novel. 

Modular Device Design: Creating the nanogrid as a device with interconnection and 

control techniques makes it distinct from conventional PV systems. 

User-Friendly Features: Additional features such as data logging enhance user 

experience and promote the use of DC grid systems. This approach not only makes the 

system more user-friendly but also differentiates it from traditional PV systems, promoting 

the adoption of DC grid systems. 
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Chapter 5  

5 Application of OS Nanogrid in Ambulance 

Medical equipment for isolated communities can be powered by modular photovoltaic 

(PV)-powered DC nanogrid systems by ensuring an uninterrupted power supply for mini-

mobile clinics and ambulances. Given their primarily low power requirements, DC loads, 

and low voltage applications this is a particularly promising means to directly integrates 

renewable PV-electricity, which inherently generate DC power, and supplies local loads 

without AC conversion, thereby eliminating conversion losses and boosting efficiency 

[138]. There is a challenge of the various voltage requirements for different medical 

equipment, but a modular open source DC nanogrid has been developed that is flexible 

enough to adapt to various needs [139]. This study aims to i) integrate this modular DC 

nanogrid into ambulances, ii) analyze the estimated loads and iii) optimize the sizes of PV 

modules and batteries using the physical constrains of the ambulance and simulations with 

the Solar Alone Multi-Objective Advisor (SAMA) [140]. Based on the compatibility 

analysis of the ambulance with DC grid, the voltage and power levels required by the 

instruments inside the ambulance will be determined, and the nanogrid will be modified 

accordingly. In addition, the type of PV modules suitable for use on the ambulance roof 

will be evaluated specifically assessing the feasibility of using flexible PV modules, along 

with cost and installation methods. The results will be presented and discussed in the 

context of isolated communities.  

5.1 Typical load of ambulance 

A reliable power supply is essential to keep critical devices operational in medical facilities 

and during emergencies [141]. Regardless of different types, all ambulances are equipped 

with some basic emergency and lifesaving instruments [142], many of which rely on a 

stable power supply. These include vital life-saving devices such as defibrillators, suction 

machines, ventilators, portable oxygen systems, nebulizers, and infusion pumps [143]. The 

operation and compatibility of these devices with a DC nanogrid will be summarized here. 

In addition, the availability of open source hardware designs [144], [117], [145] for these 

medical devices that could aid in optimizing designs in the future will also be summarized.  
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5.1.1 Defibrillator 

Defibrillators are devices that apply an electric charge or current to the heart to restore a 

normal heartbeat [146]. In cases of cardiac arrest, defibrillators can help restart the heart's 

rhythm. Depending on the use case, a defibrillator can be classified as either a manual 

defibrillator or an automated external defibrillator (AED) [147]. Manual defibrillators 

necessitate operation by trained medical professionals within a hospital setting, whereas 

AEDs are commonly located in public spaces, especially in ambulances, where they can 

be used by individuals with limited training or experience in emergencies [148]. Modern 

AEDs come with internal lithium-ion batteries  [149]. Manufacturers are developing cost-

effective defibrillator battery management systems with clear runtime indicators to reduce 

unnecessary battery replacements [150].  Also, modern defibrillators are equipped with a 

range of advanced features, including temperature and blood pressure monitoring, pulse 

oximetry, and multi-lead ECG capabilities, thereby eliminating the need for a separate 

ECG monitor [151]. These advanced features and battery management systems make the 

defibrillator ideal for operation on DC voltage provided by a solar-powered nanogrid. In 

addition, there has been progress made in developing low-cost open source defibrillators 

[152], [153]. 

5.1.2 Suction unit 

A suction machine, also known as an aspirator, is a medical device primarily used for 

removing obstructions, like mucus, saliva, blood, or secretions from a person’s airway 

[154]. When an individual is unable to clear secretions due to a lack of consciousness or 

an ongoing medical procedure, suction machines help them breathe by maintaining a clear 

airway. Suction units generally operate on 100-240V AC, 50/60 Hz, but also have the 

capability to run on 12V DC batteries [155]. Most suction units work efficiently on both 

AC and DC power supply, with 3 hours of continuous run time at maximum vacuum on a 

fully-charged battery [156]. Additionally, it can be equipped with a 12V DC power cord to 

connect directly to the vehicle’s DC power outlet [157]. Thus, suction machines are also 

compatible with DC nanogrids. Although there are open source aspirators developed [158], 

more work is needed to adapt and apply them to medical systems. 
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5.1.3 Ventilators  

A ventilator is an advanced life support machine used in ambulances when a patient's 

condition requires mechanical assistance to breathe  [159]. Normally, ambulance 

ventilators typically operate on 100-240V AC, 50/60 Hz, and have an inbuilt lithium 

battery backup [160]. 10-30V DC batteries are usually used to power ventilators that are 

used in ambulances [161]. Also, they often have built-in inverters that convert this DC 

power to the necessary AC voltage, making them compatible with the DC nanogrid. It 

should be noted that during [162] and directly after the COVID-19 pandemic a wide range 

of open source ventilators [163], [164], [165] were developed that could be easily 

reconfigured to work with the DC nanogrid. 

5.1.4 Portable Oxygen Concentrators (POCs) 

Portable oxygen concentrators (POC) are designed to provide a continuous supply of 

oxygen to patients with respiratory conditions [166]. Most models offer adjustable flow 

settings, allowing paramedics to adjust the flow rate based on the patient’s needs. POCs 

are particularly useful in mobile environments, such as ambulances, due to their in-built 

battery storage [167]. Batteries were designed and tested for longevity with some models 

offering up to 4.5 hours of continuous operation on a single charge [168] and are thus also 

compatible with a DC nanogrid. Additional work is needed in the area of open source POCs 

[169]. 

5.1.5 Nebulizer 

Nebulizer turns liquid medicine into a mist which is then inhaled through a mouthpiece or 

a mask [170]. This is particularly useful for treating respiratory conditions such as asthma, 

chronic obstructive pulmonary disease (COPD), and other airway disorders [171]. While 

standard nebulizers are generally designed for home use and require AC power, portable 

or battery-operated nebulizers are preferred in ambulances due to their flexibility and 

independence from vehicle power sources. The portable nebulizer comes with an inbuilt 

battery and the battery is rechargeable which gives the option to provide up to 30 treatments 

(120 minutes of use) between each charge [172]. The portable ones generally also come 
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with DC adapter to directly plug with DC voltage sources or batteries [173], thus making 

them compatible with DC nanogrids, but open source options are needed.  

5.1.6 Infusion Pump 

Infusion pumps are found in ambulances, particularly those equipped for advanced life 

support (ALS). They are medical devices that delivers fluids, such as nutrients and 

medications, into a patient's body in controlled amounts [174]. Similar to other equipment 

in the ambulance, infusion pumps are equipped with built-in batteries that ensure 

continuous power supply [175].  Additionally, manufacturers are actively developing low-

voltage DC-DC converters to directly power these devices from the ambulance's DC power 

outlet, minimizing the risk of power failure [176]. It should be noted that there are many 

open source designs for precision pumps [177], [178] and some have been adapted to 

medical applications [179], [180], [181]. 

5.1.7 Summary of emergency equipment’s power requirements 

The DC power compatibility analysis confirms that all emergency equipment can be made 

to function with DC power sources. While hospital emergency equipment is usually 

connected to AC outlets, ambulances, being mobile and not stationary, DC power is more 

suitable for their operation. Additionally, emergency equipment includes built-in batteries 

that are charged using DC power, ensuring reliable operation. Consequently, a solar DC 

nanogrid emerges as an ideal solution for powering ambulances, offering a sustainable and 

efficient energy option.  

Based on the typical energy demands of an ambulance, excluding locomotion, lighting and 

air conditioning, the total energy consumption for the equipment operating with full backup 

for 4-10 hours is determined and summarized in Table 5.1. This operation time can be 

extended with the use of a larger battery and additional PV modules.   

Table 5.1 Typical loads of equipment inside an ambulance 

Instrument Model 
Compatible 

with DC 

Battery 

Specification 

Energy 

required 

Backup Instrument 

power rating 
Ref. 

Defibrillator Lifepak 15 Yes 11.1V, 5.7Ah 63 Whr 6hr 10W [182] 



 

78 

 

Suction unit 
Laerdal Suction 

Unit (LSU) 
Yes 12V, 2 Ah, 24 Whr 4hr 6W [157] 

Ventilators Newport HT70 Yes 14.4V 50-150 Whr 10 hr. 5-15W [183] 

Portable Oxygen 

Concentrator 

(POC) 

Inogen G5 Yes 14.4V 100 Whr 6.5 hr. 15W [167] 

Nebulizer 
DeVilbiss 6910 

P-DR 
Yes 12V, 1.5Ah 18 Whr 45 mins 25W [184] 

Infusion Pump CADD-Solis Yes 7.2V, 2.75Ah, 20 Whr 10 hr 2W [185] 

Total    375 Whr  60-75W  
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5.2 PV installation capacity and Load estimation 

5.2.1 Maximum PV installation capacity 

For any vehicle, the maximum capacity of PV installation depends on the surface area of 

the vehicle. Thus, even if a given amount energy is required the area available on an 

ambulance in a given location may not be able to provide it. To determine the area 

constraint a typical ambulance by Mercedes Benz ABL [186] is used as shown in Figure 

5.1.  The maximum surface area is 20.5m², allowing for up to 4 kW of PV installation 

assuming PV modules of 19.5  % efficiency [187] .  

 

Figure 5.1 External dimensions of Mercedes Benz ABL-XLT-SL Ambulance  [186]. 

Fortunately, the energy load inside the ambulance is relatively low compared to the 

maximum available surface area for installing PV panels, only the roof of the ambulance, 

which has an area of approximately 8m², needs to be considered. This permits a theoretical 

maximum of a maximum of 1.53 kW of PV modules shown in Table 5.2. 

Table 5.2 Area of surface of an Ambulance available for PV installation 

 Area m2 
PV installing capacity 

(195 W/m2)[187] 

Roof surface area: 
3300mm × 2380mm= 7854000 mm2 

(7.854m2) 
1,530W 

One side surface area 
3300mm × 1924 mm =6349200 mm2 

(6.35m2) 
- 
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Two sides surface 

area 
2 × 6.35m2 =12.7 m2 2,476W 

Total  4,006 W 

5.2.2 Selection of PV panels 

In the world of commercial PV panels, two primary categories emerge based on their 

structural properties: rigid and flexible panels. Each type has unique advantages, making 

them suitable for different applications and environments. 

5.2.2.1 Rigid PV Panels 

Rigid PV modules can be categorized as monocrystalline silicon (c-Si) , polycrystalline 

silicon (p-Si), thin film such as cadmium telluride (CdTe),  copper indium gallium selenide 

(CIGS), and amorphous silicon (a-Si:H)   [188]. Such PV are distinguished by their rigid 

and durable construction, which necessitates robust mounting systems for installation. 

While their resilience is advantageous, it increases installation complexity, weight and cost, 

particularly when integrating them onto the roof of an ambulance. The structural integrity 

of the ambulance roof must be considered to accommodate this integration effectively. In 

addition, they are heavier than flexible panels, which would slightly reduce fuel efficiency 

[189]. 

5.2.2.2 Flexible PV Panels 

Flexible PV modules, such as thin-film panels, marine PV, very thin silicon wafer PV and 

certain building-integrated photovoltaics (BIPV), offer versatility and adaptability for a 

variety of surfaces and unconventional installations. These panels are usually constructed 

from materials like a-Si:H, CdTe, or CIGS and typically have a slightly lower efficiency 

[190]. Their flexibility enables installation on curved or irregular surfaces, making them 

suitable for applications where traditional rigid panels are impractical. In addition,  recent 

advancements in solar panel technology have also introduced high-efficiency flexible 

panels based on c-Si, which match the performance of rigid panels while providing 

additional benefits [191]. Their lightweight and flexible nature allows for easy installation 

using adhesive mounting methods, minimizing installation and racking costs and reducing 
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stress on the structural integrity of the roof making it more suitable for ambulance 

application. 

5.2.2.3 Comparison 

A direct comparison between the installation of rigid and flexible panels is made here. For 

this comparison, the 395W HiKu6 solar panel from Canadian Solar (rigid) [187] and the 

175W RNG-175DB-H [192] solar panel from Renogy (flexible) are evaluated. Although it 

should be pointed out that the functional properties of these modules are generic and could 

be applied to any other suppliers. The racking cost for solar panel installation on the roof 

is considered at CAD$1.00/Watt [193]. While the maximum number of panels which can 

be installed is shown in Figure 5.2 and summarized in Table 5.3. 

 

Figure 5.2 Top view of ambulance with PV panels placement 

Table 5.3 Comparison between rigid panel vs flexible panel for Ambulance 

Feature Rigid panel Flexible panel 
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Model HiKu6 Solar Panel 395W  RNG-175DB-H  

Manufacturer Canadian Solar Renogy 

Size 1722×1134×35 (in mm) 1504 x 673 x 2 mm 

Total number of panels 3 6 

Total power 1,185 W 1,050 W 

Total weight 4 x 22.4kg=89.6 kg 6 x 2.8kg =16.8 kg 

Panel Cost 3 x $268.60 = CAD$805.80  CAD $2,100  

Racking system cost CAD $1,185 (Approx.) CAD $150 (Approx) 

Total hardware cost CAD $1,990 CAD $2,250 

Roof reinforcement Required Not required 

As flexible modules are relatively new and have lower demand compared to rigid PV 

modules, their cost is generally higher on a $/W basis. When considering the overall system 

cost, including racking and reinforcement, the expenses are comparable as shown in Table 

3. The cost of racking for a roof is considerably higher than installing flexible panels with 

adhesive to the surface. Additionally, flexible panels offer the advantage of reduced weight. 

5.2.3 Annual load assumed of an ambulance 

Typical loads connected to an ambulance are calculated around 50-70W, which consumes 

a total of 375Whr energy per day and provides backup between 4-10hr depending on 

device. Considering all of them having 10hr back up, would result in around 500Whr 

energy consumption while the hourly load is 50W for all the devices. An 8,760 hourly data 

has been prepared considering the medical instrument inside the ambulance charges and 

consumes power at constant rate of 50W for 10 hrs., from 8AM -6PM.  The result of the 

PV and battery sizing calculations described above resulted in a total of 182.5kWhr of 

energy required yearly. The monthly loads for the ambulance, based on previous 

considerations, are shown in Figure 5.3. Although the daily loads are assumed to be equal, 

the variation in monthly is due to the differing total number of days in each month. 
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Figure 5.3 Monthly load assumed of an ambulance. 

5.2.4 Simulation of PV and battery 

Using SAMA [140], an open-source PV system optimization software, multiple PV and 

battery configuration cases were obtained for two locations: Addis Ababa, Ethiopia, and 

London, Ontario, with a roof tilt angle of 0 degrees. The system employs 175W PV panels 

by Renogy and a 1 kWh (24V, 50A) LiFePO4 batteries. London, Ontario, with its winter-

dominated climate, experiences lower annual PV energy generation and thus represents a 

stress-test for the system is case 1 and 2. Addis Ababa, with its favorable solar irradiance 

profile, is identified as a potential site for deploying a PV-powered ambulance along with 

the humanitarian need of deployment of ambulance is  case 3 and 4. For optimization, four 

scenarios were considered based on location and the number of PV panels. The system’s 

net present cost (NPC) was calculated, factoring in the PV installation cost of CAD 

$2,750/kW,  which include the Flexible PV panel cost and installation cost ($2250/kW) 

and cost of the DC nanogrid ($500 CAD/kW) and the battery cost of CAD $700/kWh 

[194]. The optimization parameters are detailed in Table 5.4.  
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Table 5.4. Optimizing PV systems parameters. 

Parameters Value 

PV panel specification 175W 

PV derating factor 90% 

Battery specification 1kW (24V,50Ah) 

Total load 182.5kWhr 

Lifetime 15 years 

Tilt angle 0 degree 

Location 1 London, Ontario 

Location 2 Addis Ababa 

PV installation cost CAD $2,745/kW  

Battery cost CAD $700/kWhr 

The sizes of PV and battery along with number of converter modules requirement, wiring 

and installation plan has already been mentioned in the previous sections. Now in the result 

section impact of shading of moving vehicle on PV power generation and comparison of 

PV power generation depending on the mobility of the ambulance will be discussed. The 

hardware of the nano grid has been implemented and will be tested to validate the stability 

of supply voltage due to load change in the nano grid. 

5.2.5 Modification of Nanogrid for ambulance applications 

The PV modules are to be installed on the roof of the ambulance, while the converters for 

the nanogrid can be safely housed in an electrical box as show in Figure 5.4. A Raspberry 

Pi screen [195] will be placed on the front of the electrical box for monitoring purposes. 

The optimized system requires 700W of PV modules and two 12V, 50Ah batteries. This 

setup includes one battery converter module, one PV converter module, and multiple 

converters to supply 6V and 12V to the ambulance's instruments, as most of the loads range 

from 6V to 14V. The wiring diagram of the system and the components are showing in 

Figure 5.5. 
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Figure 5.4 DC nanogrid in electrical box for the ambulance. 

 

Figure 5.5 Electrical wiring of an ambulance. 
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5.3 Results  

5.3.1 PV optimization for the location of London and Addis Ababa 

The first two cases focus on London, Ontario, while the other two examine the more 

favorable PV installation location of Addis Ababa. A comparative study was conducted to 

identify the optimal scenarios for each location, based on minimizing PV power wastage. 

All results are summarized in Table 5.5. 

Table 5.5 Comparison PV system optimization between different cases 

Location London, Ontario, Canada Addis Ababa, Ethiopia 

Total load served 182.5kWhr 182.5 kWhr 

Cases Case 1 Case 2 Case 3 Case 4 

Optimum PV power 0.7 kW 0.525 kW 0.35kW 0.175kW 

Number of PV panel 

(175W) 

4 3 2 1 

Optimal battery capacity 1kWhr 2kWhr 1kWhr 2kWhr 

NPC (CAD) $3,112 $3820 $2145 $2865 

PV energy 887 kWhr 658 kWhr 660 kWhr 330 kWhr 

PV energy wasted 700 kWhr 

(79%) 

470 kWhr 

(71%) 

478 kWhr 

(72%) 

145 kWhr 

(44%) 

In case 1 for the location of London, Ontario, the optimized result for the PV system was 

obtained setup consists of four 175W PV panels and two 12V, 50Ah batteries. Where the 

system’s net present cost (NPC) is CAD $3,112 and it generates a total PV power output 

of 887 kWh annually, with no AC grid or diesel generator (DG) backup power required 

shown in Figure 5.6. The annual load served load is 182 kWh and resulting in an excess 

electricity generation of 700 kWh (79% of total PV power) indicating that more loads such 

as lighting and cooling/heating also can be operated along with the medical equipment. 
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Figure 5.6. Optimized PV and battery performance for London, Ontario (Case 1). 

To better utilize PV energy and minimize excess power, additional battery storage can be 

installed instead of opting for a 700W panel. Based on SAMA optimization, the system 

should use a 525W PV panel and a 2kWh battery considered as case 2. Where the net 

present cost of the system is CAD $3820. And the setup consists of three 175W PV panels 

and four 12V, 50Ah batteries. The system generates a total PV power output of 658 kWh 

annually shown in Figure 5.7. The annual load served load is 182 kWh and results in an 

excess electricity generation of 470 kWh (71% of total PV power). 
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Figure 5.7. PV and battery performance with three PV panels and 2kW battery in 

London, ON (Case 2). 

Two more cases have been obtained for the location of Addis Ababa, Ethiopia, and 

compared with the location of London, Ontario. Based on the irradiance profile of Addis 

Ababa, a 200W module paired with a 1 kWh battery would be sufficient to meet the load. 

However, since a 175W panel was selected for this study, two scenarios were: one with a 

350W setup (two 175W) shown in Figure 5.8 and another one with only one 175W panel. 
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Given the consistently high solar irradiance in Addis Ababa, optimization results indicate 

that a single Renogy 175W module gives better results to meet the load demands 

throughout the year, when paired with a large 2 kWh battery bank. This configuration 

minimizes PV power wastage to 145kWhr (44% of total annual PV energy) shown in 

Figure 5.9. Additional annual performance plots, including the hourly power ratings for the 

PV system, battery, and load, are presented in Figure 5.10. The variation in the battery's 

state of charge (SOC) is illustrated in Figure 5.11, summarizing the battery charging cycles. 

 

Figure 5.8. PV and battery performance with 350 W of PV and 1kW battery for Addis 

Ababa (Case 3). 
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Figure 5.9. PV and battery performance with 175W of PV and 2kW battery for Addis 

Ababa (Case 4). 
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Figure 5.10. Hourly PV, load and battery charging/discharging power for case 4 in Addis 

Ababa. 

 

Figure 5.11. Battery state of charge hourly for case 4 in Addis Ababa. 
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5.3.2 Final assembled DC nanogrid for Ambulance 

 

Figure 5.12. Hardware of nanogrid for ambulance. 

5.3.3 Load converters performance under load change 

With a 24V bus voltage, the nanogrid can support 6V, 12V, and 24V loads with the 

hardware shown in Figure 5.12. Two buck converters are connected to the bus bar to supply 

the required voltages. The system's voltage characteristics were analyzed using an 

oscilloscope, with load variations applied to the 6V converter (Figure 5.13) and the 12V 

converter (Figure 5.14), while monitoring the bus voltage. During testing, a new load was 

introduced and then disconnected after 30 seconds to observe the DC nanogrid's 

performance. Results indicate that the bus and output voltages drop slightly when a load is 
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added but quickly stabilize at their respective levels (24V, 12V, and 6V). This confirms 

that the system is capable of reliably supplying DC loads at the required voltage levels. 

 

Figure 5.13. Bus voltage and 6V converter voltage variation due to load change (0-70sec) 

 

Figure 5.14. Bus voltage and 12V converter voltage variation due to load change (0-70sec) 

5.4 Discussion 

To power ambulances and mini clinics, a DC nanogrid offers the advantages of modularity, 

adaptability, and wide accessibility. Simple modifications within the vehicle make the 

nanogrid suitable for this application. The system can also support future loads, battery 

backups, and PV installations. Deploying this type of ambulance or mini-clinic equipped 
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with a PV power system can ensure uninterrupted electricity for healthcare services, 

especially in areas with limited or no electricity access. This off-grid solution facilitates 

the establishment of remote healthcare services and camps, enabling reliable healthcare 

delivery in underserved regions. Also, in response to power outages and natural disasters, 

deploying renewable-powered vehicles or camps is crucial. For example, the 2015 

earthquake in Nepal highlighted this need when widespread power outages and the 

destruction of 446 public health facilities, including 5 hospitals, severely impacted 

healthcare delivery, resulting in 9,000 deaths and over 23,000 injuries [196]. Remote areas, 

already lacking adequate services, were particularly vulnerable. The situation underscored 

the importance of alternative power sources like generators and sustainable batteries, with 

solar power emerging as a viable solution for maintaining essential healthcare services in 

such critical situations  

Previous initiatives have aimed to deliver off-grid, reliable power to mini-clinics and 

healthcare camps. In rural Morocco, a hybrid power system incorporating a diesel 

generator, PV system, and battery storage was simulated to assess its feasibility for 

powering off-grid healthcare centers. Moreover, PV hybrid power systems are proposed as 

essential for mobile medical units or field hospitals, particularly during pandemics, 

ensuring consistent healthcare delivery in disaster-affected or remote areas [197].  

The proposed DC nanogrid for ambulances and remote healthcare camps not only supports 

renewable clean energy but also offers a modular, plug-and-play design, making it ideal 

for quick deployment and installation. The availability of flexible PV panels enhances the 

compatibility of the DC nanogrid with existing ambulances, eliminating the need for any 

modifications to the vehicles. The PV optimization for an assumed annual load of 182.5 

kWh considered four different scenarios across two locations: London, Canada, and Addis 

Ababa, Ethiopia. Due to the higher average solar flux in Addis Ababa, only one PV panel 

is sufficient to support the required load, while at least three PV panels are needed in 

London. With maximum roof installation capacity of 1050 kW, this suggests that additional 

loads within the ambulance, such as cooling/heating and lighting, can be supported in both 

London and Addis Ababa by installing more PV panels and batteries based on the updated 

load profile. The connection and load requirements for these additional systems are an 
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opportunity for future work where further research could explore load calculations and 

their integration with an expanded DC nanogrid system.   

While the ambulance is moving or parked in shaded areas can lead to lower-than-estimated 

PV power generation, which is arbitrary and difficult to predict accurately. Mini clinics 

and camps that provide emergency or temporary medical services throughout the day, 

however, can fully benefit by strategically placing the vehicle or camp under direct 

sunlight. Additionally, excess PV power, ranging from 40-80%, can help compensate for 

this variability or energy loss due to the unpredictability of PV generation in a moving 

vehicle or mini clinic. Furthermore, the nanogrid system within the ambulance is capable 

of handling loads at 6V, 12V, and 24V. If any other voltage levels are required, a buck 

converter should be assembled with inductor size of closest voltage level, and the code 

must be adjusted to select the appropriate reference voltage. For any existing AC loads in 

the system, an inverter module compatible with the nanogrid should be designed to support 

those AC loads.  

The PV system optimization and performance comparison between London, a developed 

location with advanced emergency healthcare facilities and Addis Ababa a developing 

region with unreliable emergency healthcare, not only underscores the urgent need to 

improve emergency healthcare services in countries like Ethiopia but also demonstrates 

that the higher solar irradiance and superior PV performance in Addis Ababa, Ethiopia 

further validate the viability of the proposed PV-powered ambulance utilizing a nanogrid 

as a practical solution. 
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Chapter 6  

6 Conclusions and Future scope 

This thesis presents a modular nanogrid for the first time, aimed at reducing complexity in 

PV system installation and conversion, and enhancing accessibility for lower power 

applications. It explores its use in ambulances and mini clinics. This chapter will discuss 

additional applications, modifications, and future for the nanogrid in the following 

sections. 

6.1 Conclusions 

The aim of this project was to make PV systems more accessible to the general users and 

simplify their installation. The DC nanogrid was identified as a promising structure for a 

modular PV system. A detailed study of the architecture and converter topology suitable 

for a DC nanogrid was conducted, followed by the development of a novel energy 

management system through simulation and mathematical modeling. Initially, a 

protoboard version of the nanogrid was developed, which evolved and eventually led to 

the creation of a final version. This final version included PV power harvesting, 

bidirectional battery charging/discharging, system monitoring, and data logging. All these 

developments have been made open-source, with PCB designs, 3-D printed parts, and code 

available in an open-source repository.  

This modular system enables an average user to plug and play the nanogrid system in any 

electrical panel with additional protection equipment such as fuses and circuit breakers 

when connecting the PV and battery to the system. The number of converters required will 

depend on the size of the battery, PV, and load. The system's best feature, however, is its 

ability to accommodate additional load, PV, or battery with the existing DC bus and 

communication system. New types of converters, such as adjustable DC-DC converters 

and inverters, can also be integrated with the same bus system, enhancing its adaptability. 

The need for an accessible PV system has been long overdue, and this system meets 

expectations of modularity and adaptability. Additionally, the DC nanogrid could be a 

viable solution for powering single households, expedition vehicles, and laboratory power 
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supplies that are off grid.  Further research can make this system a promising alternative to 

conventional PV systems.  

6.2 Thesis contributions 

This work introduces a modular photovoltaic system architecture that is both adaptable and 

adjustable, along with a new energy management system (EMS) to control the overall 

operation of the nanogrid. It also demonstrates how a DC nanogrid can serve as a general 

solution for various application-specific requirements. 

This is the first modular PV hardware system utilizing nanogrid architecture that integrates 

PV, battery, and load, while also establishing a communication framework to manage the 

flow of information and commands.  

Additionally, the project addresses the urgent need for reliable electricity in emergency 

healthcare systems in Africa and South Asia, analyzing the potential applications of 

nanogrid systems and providing viable solutions. 

6.2.1 Publications from this thesis 

M. M. Rahman and J. Pearce, “Modular Open Source Solar Photovoltaic-Powered DC 

Nanogrids with Efficient Energy Management System,” Solar Energy and Sustainable 

Development Journal, vol. 13, no. 1, Art. no. 1, Feb. 2024, doi: 10.51646/jsesd.v13i1.169. 

M. M. Rahman, S Khan and J. Pearce, “Open-source Hardware Design of Modular Solar 

DC Nanogrid,” (to be published). 

M. M. Rahman, S Khan, KS Hayibo and J. Pearce, “An Application of a Modular Open-

Source Solar Photovoltaic-Powered DC Nanogrid to Ambulances,” (to be published) 

6.3 Future scope 

In the current version of the nanogrid, two minor modifications can be made. First, the PV 

converter communication is currently isolated, and it uses its own display to show the 

status. There is already a facility that allows the PV converter to be connected to the same 

I2C bus, however. This connection is currently avoided due to potential interruptions 
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caused by the master controller and other ADCs connected to the I2C bus. The second 

modification involves developing a more interactive GUI, which would allow sending 

commands and setting parameters and operation modes using the display which would 

make it more user friendly. 

Although the integration plan and feasibility analysis for powering an ambulance using a 

DC nanogrid have been conducted, most of the existing loads considered here are designed 

to run on DC. Due to the prevalence of existing AC instruments, however, a plan to convert 

these loads to function with a DC supply needs to be assessed.  

Even in small-scale systems, there may be loads that are only AC compatible or not yet 

made DC compatible. For these applications, an inverter module connected to the 48V bus 

is required. An open-source inverter developed in [135] can be modified and utilized in 

nanogrid applications. The necessary modifications include making it compatible with 48V 

and extracting the inverter's status through the same communication bus. 

The open-source DC nanogrid can also be utilized to create battery charging kiosks in off-

grid communities, providing battery charging facilities at various voltage levels. Customers 

could swap their discharged electric vehicle batteries for charged ones at these kiosks. The 

batteries in the kiosks would be charged during the day using PV power, reducing 

dependency on the grid, especially for nighttime charging. This approach would optimize 

the utilization of PV energy. 
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Appendices  

Appendix A: Integration of converters 

To house the converters and to interconnect them, an open-source frame is designed to 

facilitate modular plugging of the converters onto the frame's DIN rail. A display with a 

Raspberry Pi is used for data monitoring and logging. The converters and the master 

controller are also housed in an enclosure. Both the converters and the frame support the 

installation of the system. 

A.1. DC nano grid frame design  

The parts required for assembling the frame are listed in Table A.1 along with the open-

source repository of the files. All custom components can be 3-D printed on a RepRap 

class-[198], [199] open source 3-D printer. Components were printed using polylactic acid 

(PLA) filament in Prusa MK3 print using print settings given in Table A.2. 

Table A.1. 3D printed parts required for assembly of the frame of the DC nano grid all 

licensed with CERN OHL-S 2.0. 

Parts name Quantity File type Location of file 

Sliding corner bracket 8 STEP/stl https://osf.io/73yf5/ 

Corner bracket 8 STEP/stl https://osf.io/73yf5/ 

Holder for DIN rail 2 STEP/stl https://osf.io/73yf5/ 

Holder for bus bar 2 STEP/stl https://osf.io/73yf5/ 

Case for display 1 STEP/stl https://osf.io/73yf5/ 

Encloser for Raspberry pi 1 STEP/stl https://osf.io/73yf5/ 

Raspberry pi holder 1 STEP/stl https://osf.io/73yf5/ 

The printing parameters are summarized in Table A.2 and can be printed on any RepRap 

class 3-D printer.  

Table A.2. 3-D printing parameters. 

Parameter Value 
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Filament PLA 

Layer Height 0.3 mm 

Initial Layer Height 0.2 mm 

Infill Density 15 % 

Printing Temperature 210 ˚C 

Build Plate Temperature 60 ˚C 

Print Speed 60 mm/s 

Travel Speed 175 mm/s 

The frame is designed as an alternative to placing all components inside an electrical box. 

The parts needed are shown in Figure A.1. It will hold three converters and a master 

controller box, with dimensions of 420mm in length and 390mm in height. These 

dimensions can be adjusted as needed. Two pieces of 350mm aluminum extrusion bars 

serve as stands. To support them, three pieces of 80mm long aluminum extrusion are used 

per stand, totaling six pieces. A 420mm long aluminum extrusion bar connects the two 

stands together. Two 410mm bus bars cut from a 1m long bus bar. And a 410mm long DIN 

rail to accommodate the converters. Four types of corner brackets and holders are used in 

this design process, as detailed in Table A.1, also the design steps are mentioned in Figure 

A.2. A case and holder are also made for the display connected to the Raspberry Pi 4b for 

data monitoring and connected to one of the bars of the frame. 

To assemble the frame for accommodating the DIN rail, bus bars, and monitoring system, 

following steps are followed: 

• The stands were assembled using the 350mm aluminum extrusions and 80mm support 

pieces first. 

• The 420mm aluminum extrusion was attached to the stands to form the frame. 

• The 410mm bus bars and DIN rail were installed within the frame. 

• A case and holder for the display connected to the Raspberry Pi 4b for data monitoring 

were created and attached to one of the bars of the frame.  
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Figure A.2 (a-g) provides detailed design steps and the types of corner brackets and holders 

used, and Figure A.3 shows the assembled frame. 

 

Figure A.1. Parts required for assembly of frame. 

 

Figure A.2. Assembly process of the frame. 



 

121 

 

 

Figure A.3. Assembled frame. 

A.2. Converters encloser design 

Each converter and master controller have an enclosure that is adequately ventilated. The 

enclosures are designed with the same shape, but their widths vary based on the converter 

module, as not all converters have the same width or features. Each module has a clip to 

connect to the DIN rail, with pockets for passing wires to the bus bar and communication 

ports. The front panel of the enclosure features different elements based on the module: the 

Boost converter has its own display, and the master controller has a port to connect the 

USB from the Raspberry Pi for serial data sharing and power supply. The STEP and STL 

files for all the enclosures are available in the repository listed in the following Figure A.3. 

Rendered images of the master controller are shown in Figure A.4. All the enclosures were 

printed using a 0.6mm nozzle at a 0.3mm layer height with 15% infill, utilizing PLA 

filament. 
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Figure A.4. Rendered 3D image of master controller encloser 

Table A.3. 3D printed parts required for assembly of converters and master controller all 

licensed with CERN OHL-S 2.0. 

Parts name Quantity File type Location of file 

Buck converter encloser 1 STEP/stl https://osf.io/73yf5/ 

Buck converter lid 1 STEP/stl https://osf.io/73yf5/ 

Boost converter encloser 1 STEP/stl https://osf.io/73yf5/ 

Boost converter lid 1 STEP/stl https://osf.io/73yf5/ 

Bidirectional converter encloser 1 STEP/stl https://osf.io/73yf5/ 

Bidirectional converter lid 1 STEP/stl https://osf.io/73yf5/ 

Master controller encloser 1 STEP/stl https://osf.io/73yf5/ 

Master controller lid 1 STEP/stl https://osf.io/73yf5/ 
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A.3 Final assembly 

 

Figure A.5. Rendered 3D image of final assembly of Nano grid. 

After the enclosures are printed, the PCBs are placed inside, and the wiring is completed, 

the communication pins are attached to the communication bus in all the converters before 

placing them on the DIN rail. Once the converters are secured in the DIN rails, the 

necessary connections between all the positive and negative terminals of the converters and 

the corresponding bus bar are made. The battery converter also has a direct battery power 

supply port to the master, designated for the Raspberry Pi converter. After all the 

interconnections are completed, the power supply and USB connection between the master 

Arduino and Raspberry Pi are established. 
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Appendix B: Bill of materials of DC nanogrid hardware 
 

Bill of material of buck converter 

Desig

nator 
Value  Qty 

Cost 

per unit 

Total 

cost 
Source of materials 

A4 
Arduino 

Nano 
1 $10.66 

$10.6

6 

https://www.amazon.ca/ELEGOO-Arduino-

ATmega328P-Without-

Compatible/dp/B0713XK923/?th=1 

C1 
Cap 470uF, 

100V 
1 $1.57 $1.57 

https://www.digikey.ca/en/products/detail/rubycon/1

00ZLH470MEFC16X31-5/3564548 

C2, 

C11 

Cap 470uF, 

50V 
2 $0.98 $1.95 

https://www.digikey.ca/en/products/detail/nichicon/U

PW1H471MHD/589652  

C3, 

C5 

Cap .22uF, 

50V 
1 $0.26 $0.26 

https://www.digikey.ca/en/products/detail/nichicon/U

VR1HR22MDD/588837  

C4 
Cap.33uF, 

50V 
2 $0.26 $0.51 

https://www.digikey.ca/en/products/detail/nichicon/U

VR2AR33MDD/588879  

C6, 

C7 

0.1uF, 0805 

SMD 
2 $0.04 $0.08 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21B104KCFNNNE/5961324?  

C8 
10uF,0805 

SMD 
1 $0.06 $0.06 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21A106KOQNNNE/3886754  

C9, 

C10 

10nF,0805 

SMD 
2 $0.10 $0.21 

https://www.digikey.ca/en/products/detail/kemet/C08

05X103K1RAC3316/10315780  

C12 
4.7u,0805 

SMD 
1 $0.06 $0.06 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21A475KAQNNNE/3886902  

C13, 

C14 

2.2u 0805 

SMD 
1 $0.19 $0.19 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21B225KAFNFNE/3888611  

D1, 

D2, 

D3, 

D4 

SS310 0805 

SMD 
4 $0.74 $2.94 

https://www.digikey.ca/en/products/detail/onsemi/S3

10FA/5892104 

F1 Fuse 1 $1.20 $1.20 
https://www.digikey.ca/en/products/detail/littelfuse-

inc/0997020-WXN/701061 

F1 Fuse holder 1 $1.18 $1.18 
https://www.digikey.ca/en/products/detail/littelfuse-

inc/01000063Z/14641003  

J1, J7 
Connector 

1776508 
2 $2.01 $4.02 

https://www.digikey.ca/en/products/detail/phoenix-

contact/1776508/349000  

J3, J6 
Screw 

Terminal  
2 $1.07 $2.14 

https://www.digikey.ca/en/products/detail/keystone-

electronics/8197-2/2746666 

J4 

JST 

4POS2.54M

M 

1 $0.23 $0.23 
https://www.digikey.ca/en/products/detail/jst-sales-

america-inc./B4B-XH-A/1651047?  

J5 
Conn_01x08

_Socket 
1 $0.29 $0.29 

https://www.digikey.ca/en/products/detail/adam-

tech/PH1RB-08-UA/9831008?  

L1 

Inductor 

Toroidal 

0077443A7 

1 $7.38 $7.38 
https://www.digikey.ca/en/products/detail/magnetics-

a-division-of-spang-co/0077443A7/18626894?  

Q1, 

Q2 

MOSFET 

CSD19533K

CS  

2 $1.71 $3.42 
https://www.digikey.ca/en/products/detail/texas-

instruments/CSD19533KCS/4806074  

R1, 

R2 

47 Ohm 

0805  
2 $0.02 $0.04 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT47R0/1713163  

https://www.digikey.ca/en/products/detail/rubycon/100ZLH470MEFC16X31-5/3564548
https://www.digikey.ca/en/products/detail/rubycon/100ZLH470MEFC16X31-5/3564548
https://www.digikey.ca/en/products/detail/nichicon/UPW1H471MHD/589652
https://www.digikey.ca/en/products/detail/nichicon/UPW1H471MHD/589652
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR22MDD/588837
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR22MDD/588837
https://www.digikey.ca/en/products/detail/nichicon/UVR2AR33MDD/588879
https://www.digikey.ca/en/products/detail/nichicon/UVR2AR33MDD/588879
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B104KCFNNNE/5961324?
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B104KCFNNNE/5961324?
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A106KOQNNNE/3886754
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A106KOQNNNE/3886754
https://www.digikey.ca/en/products/detail/kemet/C0805X103K1RAC3316/10315780
https://www.digikey.ca/en/products/detail/kemet/C0805X103K1RAC3316/10315780
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A475KAQNNNE/3886902
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A475KAQNNNE/3886902
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B225KAFNFNE/3888611
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B225KAFNFNE/3888611
https://www.digikey.ca/en/products/detail/onsemi/S310FA/5892104
https://www.digikey.ca/en/products/detail/onsemi/S310FA/5892104
https://www.digikey.ca/en/products/detail/littelfuse-inc/0997020-WXN/701061
https://www.digikey.ca/en/products/detail/littelfuse-inc/0997020-WXN/701061
https://www.digikey.ca/en/products/detail/littelfuse-inc/01000063Z/14641003
https://www.digikey.ca/en/products/detail/littelfuse-inc/01000063Z/14641003
https://www.digikey.ca/en/products/detail/phoenix-contact/1776508/349000
https://www.digikey.ca/en/products/detail/phoenix-contact/1776508/349000
https://www.digikey.ca/en/products/detail/keystone-electronics/8197-2/2746666
https://www.digikey.ca/en/products/detail/keystone-electronics/8197-2/2746666
https://www.digikey.ca/en/products/detail/jst-sales-america-inc./B4B-XH-A/1651047
https://www.digikey.ca/en/products/detail/jst-sales-america-inc./B4B-XH-A/1651047
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008
https://www.digikey.ca/en/products/detail/magnetics-a-division-of-spang-co/0077443A7/18626894?
https://www.digikey.ca/en/products/detail/magnetics-a-division-of-spang-co/0077443A7/18626894?
https://www.digikey.ca/en/products/detail/texas-instruments/CSD19533KCS/4806074
https://www.digikey.ca/en/products/detail/texas-instruments/CSD19533KCS/4806074
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT47R0/1713163
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT47R0/1713163
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R3, 

R4 

220 Ohm 

0805  
2 $0.02 $0.04 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT220R/1760238  

R5, 

R7, 

R9, 

R10 

100k Ohm 

0805  
4 $0.02 $0.08 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT100K/1760712  

R6, 

R8 

10k Ohm 

0805  
2 $0.02 $0.04 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT10K0/1760676  

U1 

MOSFET 

driver 

IR2104 

1 $5.36 $5.36 
https://www.digikey.ca/en/products/detail/infineon-

technologies/IR2104PBF/812198  

U2 
LM7805_TO

220 
1 $0.79 $0.79 

https://www.digikey.ca/en/products/detail/stmicroele

ctronics/L7805CV/585964  

U3 
LM7812_TO

220 
1 $0.98 $0.98 

https://www.digikey.ca/en/products/detail/stmicroele

ctronics/L7812CV/585973  

U4 
ACS712. 

20A 
1 $4.29 $4.29 

https://www.digikey.ca/en/products/detail/allegro-

microsystems/ACS712ELCTR-20A-T/1284607 

- Heat sink 3 $1.17 $3.50 

https://www.amazon.ca/Easycargo-Heatsink-

Insulator-Regulator-

Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1

YNJM/?th=1  

- PCB 1 $2.33 $2.33 https://jlcpcb.com/  

   Total 
$55.8

1 
 

Bill of material of boost converter 

Desig

nator 
Value Qty 

Cost 

per 

unit 

Total 

cost 
Source of materials 

A4 
Arduino_Na

no_v3.x 
1 $10.66 

$10.6

6 

https://www.amazon.ca/ELEGOO-Arduino-

ATmega328P-Without-

Compatible/dp/B0713XK923/?th=1 

C1, 

C18 

Cap 470uF, 

100V 
2 $1.57 $3.15 

https://www.digikey.ca/en/products/detail/rubycon/1

00ZLH470MEFC16X31-5/3564548  

C2, 

C11 

Cap 470uF, 

50V 
2 $0.98 $1.95 

https://www.digikey.ca/en/products/detail/nichicon/U

PW1H471MHD/589652  

C3, 

C4, 

C5 

Cap .22uF, 

50V 
3 $0.26 $0.77 

https://www.digikey.ca/en/products/detail/nichicon/U

VR1HR22MDD/588837 

C9, 

C10 

10nF,0805 

SMD 
2 $0.10 $0.21 

https://www.digikey.ca/en/products/detail/kemet/C08

05X103K1RAC3316/10315780  

C12, 

C15 

4.7u,0805 

SMD 
2 $0.06 $0.12 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21A475KAQNNNE/3886902  

C13, 

C17, 

C14, 

C16 

2.2u 0805 

SMD 
4 $0.19 $0.77 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21B225KAFNFNE/3888611 

C19 
10uF,0805 

SMD 
1 $0.06 $0.06 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21A106KOQNNNE/3886754 

D2, 

D3 

SS310 0805 

SMD 
2 $0.74 $1.47 

https://www.digikey.ca/en/products/detail/onsemi/S3

10FA/5892104 

D4 
APT60S20B

G 75A 
1 $5.60 $5.60 

https://www.digikey.ca/en/products/detail/microchip-

technology/APT60S20BG/1494822? 

https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT220R/1760238
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT220R/1760238
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT100K/1760712
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT100K/1760712
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT10K0/1760676
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT10K0/1760676
https://www.digikey.ca/en/products/detail/infineon-technologies/IR2104PBF/812198
https://www.digikey.ca/en/products/detail/infineon-technologies/IR2104PBF/812198
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7805CV/585964
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7805CV/585964
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7812CV/585973
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7812CV/585973
https://www.digikey.ca/en/products/detail/allegro-microsystems/ACS712ELCTR-20A-T/1284607
https://www.digikey.ca/en/products/detail/allegro-microsystems/ACS712ELCTR-20A-T/1284607
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://jlcpcb.com/
https://www.digikey.ca/en/products/detail/rubycon/100ZLH470MEFC16X31-5/3564548
https://www.digikey.ca/en/products/detail/rubycon/100ZLH470MEFC16X31-5/3564548
https://www.digikey.ca/en/products/detail/nichicon/UPW1H471MHD/589652
https://www.digikey.ca/en/products/detail/nichicon/UPW1H471MHD/589652
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR22MDD/588837
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR22MDD/588837
https://www.digikey.ca/en/products/detail/kemet/C0805X103K1RAC3316/10315780
https://www.digikey.ca/en/products/detail/kemet/C0805X103K1RAC3316/10315780
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A475KAQNNNE/3886902
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A475KAQNNNE/3886902
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B225KAFNFNE/3888611
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B225KAFNFNE/3888611
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A106KOQNNNE/3886754
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A106KOQNNNE/3886754
https://www.digikey.ca/en/products/detail/onsemi/S310FA/5892104
https://www.digikey.ca/en/products/detail/onsemi/S310FA/5892104
https://www.digikey.ca/en/products/detail/microchip-technology/APT60S20BG/1494822?
https://www.digikey.ca/en/products/detail/microchip-technology/APT60S20BG/1494822?
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F0 Fuse  1 $1.20 $1.20 
https://www.digikey.ca/en/products/detail/littelfuse-

inc/0997020-WXN/701061 

F1 Fuse holder 1 $1.18 $1.18 
https://www.digikey.ca/en/products/detail/littelfuse-

inc/01000063Z/14641003 

J2, 

J3, 

J6, J7 

Screw 

Terminal 

8197 2 

4 $1.07 $4.28 
https://www.digikey.ca/en/products/detail/keystone-

electronics/8197-2/2746666 

J4 

JST 

4POS2.54M

M 

1 $0.23 $0.23 
https://www.digikey.ca/en/products/detail/jst-sales-

america-inc./B4B-XH-A/1651047?  

J5 
Conn_01x08

_header 
1 $0.29 $0.29 

https://www.digikey.ca/en/products/detail/adam-

tech/PH1RB-08-UA/9831008?  

L1 

Inductor 

toroidal 

0077443A7 

1 $7.38 $7.38 
https://www.digikey.ca/en/products/detail/magnetics-

a-division-of-spang-co/0077443A7/18626894? 

Q2 

MOSFET 

CSD19533K

CS 

1 $1.71 $1.71 
https://www.digikey.ca/en/products/detail/texas-

instruments/CSD19533KCS/4806074 

R1, 

R3, 

R12, 

R13, 

R14, 

R15 

0-ohm, 

Jumper, 

0805 

6 $0.01 $0.09 
https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805ZT0R00/1756901 

R2 
47 Ohm 

0805 SMD 
1 $0.02 $0.02 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT47R0/1713163 

R5, 

R7, 

R9 

100k Ohm 

0805 SMD 
3 $0.02 $0.06 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT100K/1760712 

R6, 

R8, 

R11, 

R16, 

R17 

10k Ohm 

0805 SMD 
5 $0.02 $0.10 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT10K0/1760676 

U2 
LM7805CV 

TO220 
1 $0.79 $0.79 

https://www.digikey.ca/en/products/detail/stmicroele

ctronics/L7805CV/585964 

U3 
LM7812CV 

TO220 
1 $0.98 $0.98 

https://www.digikey.ca/en/products/detail/stmicroele

ctronics/L7812CV/585973 

U4, 

U5 

ACS712 

20A 
2 $4.29 $8.58 

https://www.digikey.ca/en/products/detail/allegro-

microsystems/ACS712ELCTR-20A-T/1284607 

U6 
ADS1115ID

GSR 16Bit 
1 $8.59 $8.59 

https://www.digikey.ca/en/products/detail/texas-

instruments/ADS1115IDGSR/2231567 

- Heat sink 3 1.17 $3.50 

https://www.amazon.ca/Easycargo-Heatsink-

Insulator-Regulator-

Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1

YNJM/?th=1 

- PCB 1 2.33 2.33 https://jlcpcb.com/ 

   Total 
$66.0

7 
 

Bill of material of Bidirectional converter 

https://www.digikey.ca/en/products/detail/littelfuse-inc/0997020-WXN/701061
https://www.digikey.ca/en/products/detail/littelfuse-inc/0997020-WXN/701061
https://www.digikey.ca/en/products/detail/littelfuse-inc/01000063Z/14641003
https://www.digikey.ca/en/products/detail/littelfuse-inc/01000063Z/14641003
https://www.digikey.ca/en/products/detail/keystone-electronics/8197-2/2746666
https://www.digikey.ca/en/products/detail/keystone-electronics/8197-2/2746666
https://www.digikey.ca/en/products/detail/jst-sales-america-inc./B4B-XH-A/1651047?
https://www.digikey.ca/en/products/detail/jst-sales-america-inc./B4B-XH-A/1651047?
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008?
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008?
https://www.digikey.ca/en/products/detail/magnetics-a-division-of-spang-co/0077443A7/18626894?
https://www.digikey.ca/en/products/detail/magnetics-a-division-of-spang-co/0077443A7/18626894?
https://www.digikey.ca/en/products/detail/texas-instruments/CSD19533KCS/4806074
https://www.digikey.ca/en/products/detail/texas-instruments/CSD19533KCS/4806074
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT47R0/1713163
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT47R0/1713163
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT100K/1760712
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT100K/1760712
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT10K0/1760676
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT10K0/1760676
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7805CV/585964
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7805CV/585964
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7812CV/585973
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7812CV/585973
https://www.digikey.ca/en/products/detail/allegro-microsystems/ACS712ELCTR-20A-T/1284607
https://www.digikey.ca/en/products/detail/allegro-microsystems/ACS712ELCTR-20A-T/1284607
https://www.digikey.ca/en/products/detail/texas-instruments/ADS1115IDGSR/2231567
https://www.digikey.ca/en/products/detail/texas-instruments/ADS1115IDGSR/2231567
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Desig

nator 
Value Qty 

Cost 

per 

unit 

Total 

cost 
Source of materials 

A4 
Arduino_Na

no_v3.x 
1 $10.66 

$10.6

6 

https://www.amazon.ca/ELEGOO-Arduino-

ATmega328P-Without-

Compatible/dp/B0713XK923/?th=1 

C1, 

C18 

Cap 470uF, 

100V 
2 $1.57 $3.15 

https://www.digikey.ca/en/products/detail/rubycon/1

00ZLH470MEFC16X31-5/3564548 

C2, 

C11 

Cap 470uF, 

50V 
2 $0.98 $1.95 

https://www.digikey.ca/en/products/detail/nichicon/U

PW1H471MHD/589652 

C3, 

C4 

Cap.33uF, 

50V 
2 $0.26 $0.51 

https://www.digikey.ca/en/products/detail/nichicon/U

VR2AR33MDD/588879 

C5 
Cap .22uF, 

50V 
1 $0.26 $0.26 

https://www.digikey.ca/en/products/detail/nichicon/U

VR1HR22MDD/588837 

C6, 

C7 

0.1uF, 0805 

SMD 
2 $0.04 $0.08 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21B104KCFNNNE/5961324? 

C8, 

C19 

10uF,0805 

SMD 
2 $0.06 $0.12 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21A106KOQNNNE/3886754 

C9, 

C10 

10nF,0805 

SMD 
2 $0.10 $0.21 

https://www.digikey.ca/en/products/detail/kemet/C08

05X103K1RAC3316/10315780 

C12, 

C15 

4.7uF,0805 

SMD 
2 $0.06 $0.12 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21A475KAQNNNE/3886902 

C13, 

C17, 

C14, 

C16 

2.2uF 0805 

SMD 
4 $0.19 $0.77 

https://www.digikey.ca/en/products/detail/samsung-

electro-mechanics/CL21B225KAFNFNE/3888611 

D1, 

D3, 

D4, 

D6 

SS310 0805 

SMD 
4 $0.74 $2.94 

https://www.digikey.ca/en/products/detail/onsemi/S3

10FA/5892104 

D5 
APT60S20B

G 75A 
1 $5.60 $5.60 

https://www.digikey.ca/en/products/detail/microchip-

technology/APT60S20BG/1494822? 

F1, 

F2 
Fuse  2 $1.20 $2.40 

https://www.digikey.ca/en/products/detail/littelfuse-

inc/0997020-WXN/701061 

J1 Fuse holder 1 $1.18 $1.18 
https://www.digikey.ca/en/products/detail/littelfuse-

inc/01000063Z/14641003 

J2, 

J3, 

J6, J7 

Screw 

Terminal 

8197 2 

4 $1.07 $4.28 
https://www.digikey.ca/en/products/detail/keystone-

electronics/8197-2/2746666 

J4 
Screw_Term

inal_01x02 
1 $0.52 $0.52 

https://www.digikey.ca/en/products/detail/cui-

devices/TB002-500-02BE/10064069 

J5 
Conn_01x08

_header 
1 $0.29 $0.29 

https://www.digikey.ca/en/products/detail/adam-

tech/PH1RB-08-UA/9831008?  

L1 

Inductor 

toroidal 

0077443A7 

1 $7.38 $7.38 
https://www.digikey.ca/en/products/detail/magnetics-

a-division-of-spang-co/0077443A7/18626894? 

Q1, 

Q2 

MOSFET 

CSD19533K

CS 

2 $1.71 $3.42 
https://www.digikey.ca/en/products/detail/texas-

instruments/CSD19533KCS/4806074 

R1, 

R2 

47 Ohm 

0805 SMD 
2 $0.02 $0.04 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT47R0/1713163 

R3, 

R4, 

R18 

220 Ohm 

0805 SMD 
2 $0.02 $0.04 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT220R/1760238 

https://www.digikey.ca/en/products/detail/rubycon/100ZLH470MEFC16X31-5/3564548
https://www.digikey.ca/en/products/detail/rubycon/100ZLH470MEFC16X31-5/3564548
https://www.digikey.ca/en/products/detail/nichicon/UPW1H471MHD/589652
https://www.digikey.ca/en/products/detail/nichicon/UPW1H471MHD/589652
https://www.digikey.ca/en/products/detail/nichicon/UVR2AR33MDD/588879
https://www.digikey.ca/en/products/detail/nichicon/UVR2AR33MDD/588879
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR22MDD/588837
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR22MDD/588837
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B104KCFNNNE/5961324?
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B104KCFNNNE/5961324?
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A106KOQNNNE/3886754
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A106KOQNNNE/3886754
https://www.digikey.ca/en/products/detail/kemet/C0805X103K1RAC3316/10315780
https://www.digikey.ca/en/products/detail/kemet/C0805X103K1RAC3316/10315780
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A475KAQNNNE/3886902
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21A475KAQNNNE/3886902
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B225KAFNFNE/3888611
https://www.digikey.ca/en/products/detail/samsung-electro-mechanics/CL21B225KAFNFNE/3888611
https://www.digikey.ca/en/products/detail/onsemi/S310FA/5892104
https://www.digikey.ca/en/products/detail/onsemi/S310FA/5892104
https://www.digikey.ca/en/products/detail/microchip-technology/APT60S20BG/1494822?
https://www.digikey.ca/en/products/detail/microchip-technology/APT60S20BG/1494822?
https://www.digikey.ca/en/products/detail/littelfuse-inc/0997020-WXN/701061
https://www.digikey.ca/en/products/detail/littelfuse-inc/0997020-WXN/701061
https://www.digikey.ca/en/products/detail/littelfuse-inc/01000063Z/14641003
https://www.digikey.ca/en/products/detail/littelfuse-inc/01000063Z/14641003
https://www.digikey.ca/en/products/detail/keystone-electronics/8197-2/2746666
https://www.digikey.ca/en/products/detail/keystone-electronics/8197-2/2746666
https://www.digikey.ca/en/products/detail/cui-devices/TB002-500-02BE/10064069
https://www.digikey.ca/en/products/detail/cui-devices/TB002-500-02BE/10064069
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008?
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008?
https://www.digikey.ca/en/products/detail/magnetics-a-division-of-spang-co/0077443A7/18626894?
https://www.digikey.ca/en/products/detail/magnetics-a-division-of-spang-co/0077443A7/18626894?
https://www.digikey.ca/en/products/detail/texas-instruments/CSD19533KCS/4806074
https://www.digikey.ca/en/products/detail/texas-instruments/CSD19533KCS/4806074
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT47R0/1713163
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT47R0/1713163
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT220R/1760238
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT220R/1760238
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R5, 

R7, 

R9, 

R10 

100k Ohm 

0805 SMD 
4 $0.02 $0.08 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT100K/1760712 

R6, 

R8, 

R11, 

R16, 

R17 

10k Ohm 

0805 SMD 
5 $0.02 $0.10 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT10K0/1760676 

R12, 

R13, 

R14, 

R15 

0-ohm, 

Jumper, 

0805 

4 $0.01 $0.06 
https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805ZT0R00/1756901 

U1 

MOSFET 

driver 

IR2104 

1 $5.36 $5.36 
https://www.digikey.ca/en/products/detail/infineon-

technologies/IR2104PBF/812198 

U2 
LM7805CV 

TO220 
1 $0.79 $0.79 

https://www.digikey.ca/en/products/detail/stmicroele

ctronics/L7805CV/585964 

U3 
LM7812CV 

TO220 
1 $0.98 $0.98 

https://www.digikey.ca/en/products/detail/stmicroele

ctronics/L7812CV/585973 

U4, 

U5 

ACS712 

20A 
2 $4.29 $8.58 

https://www.digikey.ca/en/products/detail/allegro-

microsystems/ACS712ELCTR-20A-T/1284607 

U6 
ADS1115ID

GSR 16Bit 
1 $8.59 $8.59 

https://www.digikey.ca/en/products/detail/texas-

instruments/ADS1115IDGSR/2231567 

- Heat sink 3 $1.17 $3.50 

https://www.amazon.ca/Easycargo-Heatsink-

Insulator-Regulator-

Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1

YNJM/?th=1  

- PCB 1 $2.33 $2.33 https://jlcpcb.com/ 

      Total 
$76.2

8 
  

Bill of material of Master Controller 

Desig

nator 
Value 

Qnt

y 

Cost 

per 

unit 

Total 

cost 
Source of materials 

A4 
Arduino_Na

no_v3.x 
1 $10.66 

$10.6

6 

https://www.amazon.ca/ELEGOO-Arduino-

ATmega328P-Without-

Compatible/dp/B0713XK923/?th=1  

C4, 

C5 
.22uF 2 $0.26 $0.51 

https://www.digikey.ca/en/products/detail/nichicon/U

VR1HR22MDD/588837  

D2 
SS310 0805 

SMD 
1 $0.74 $0.74 

https://www.digikey.ca/en/products/detail/onsemi/S3

10FA/5892104  

J1, J3 

JST 

4POS2.54M

M 

2 $0.23 $0.46 
https://www.digikey.ca/en/products/detail/jst-sales-

america-inc./B4B-XH-A/1651047?    

J2, J4 
Screw_Term

inal_01x02 
1 $0.52 $0.52 

https://www.digikey.ca/en/products/detail/cui-

devices/TB002-500-02BE/10064069  

J5 
Conn_01x08 

Pin header 
1 $0.29 $0.29 

https://www.digikey.ca/en/products/detail/adam-

tech/PH1RB-08-UA/9831008?   

J6, J7 
Conn_01x06

_Socket 
2       

https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT100K/1760712
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT100K/1760712
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT10K0/1760676
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT10K0/1760676
https://www.digikey.ca/en/products/detail/infineon-technologies/IR2104PBF/812198
https://www.digikey.ca/en/products/detail/infineon-technologies/IR2104PBF/812198
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7805CV/585964
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7805CV/585964
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7812CV/585973
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7812CV/585973
https://www.digikey.ca/en/products/detail/allegro-microsystems/ACS712ELCTR-20A-T/1284607
https://www.digikey.ca/en/products/detail/allegro-microsystems/ACS712ELCTR-20A-T/1284607
https://www.digikey.ca/en/products/detail/texas-instruments/ADS1115IDGSR/2231567
https://www.digikey.ca/en/products/detail/texas-instruments/ADS1115IDGSR/2231567
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://jlcpcb.com/
https://www.amazon.ca/ELEGOO-Arduino-ATmega328P-Without-Compatible/dp/B0713XK923/?th=1
https://www.amazon.ca/ELEGOO-Arduino-ATmega328P-Without-Compatible/dp/B0713XK923/?th=1
https://www.amazon.ca/ELEGOO-Arduino-ATmega328P-Without-Compatible/dp/B0713XK923/?th=1
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR22MDD/588837
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR22MDD/588837
https://www.digikey.ca/en/products/detail/onsemi/S310FA/5892104
https://www.digikey.ca/en/products/detail/onsemi/S310FA/5892104
https://www.digikey.ca/en/products/detail/jst-sales-america-inc./B4B-XH-A/1651047?%20%20
https://www.digikey.ca/en/products/detail/jst-sales-america-inc./B4B-XH-A/1651047?%20%20
https://www.digikey.ca/en/products/detail/cui-devices/TB002-500-02BE/10064069
https://www.digikey.ca/en/products/detail/cui-devices/TB002-500-02BE/10064069
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008?
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008?
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R3, 

R4 

10k Ohm 

0805 SMD 
2 $0.02 $0.04 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT10K0/1760676  

R1, 

R2 

220 Ohm 

0805 SMD 
2 $0.02 $0.04 

https://www.digikey.ca/en/products/detail/stackpole-

electronics-inc/RMCF0805FT220R/1760238  

U2 
LM7805CV 

TO220 
1 $0.79 $0.79 

https://www.digikey.ca/en/products/detail/stmicroele

ctronics/L7805CV/585964   

- Heat sink 3 $1.17 $3.50 

https://www.amazon.ca/Easycargo-Heatsink-

Insulator-Regulator-

Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1

YNJM/?th=1  

- 

15W 

Converter 

for pi 

1 $8.90 $8.90 
https://www.amazon.ca/DKARDU-Converter-

Voltage-Regulator-Charger/dp/B0B2RF1L92/  

- PCB 1 $2.33 $2.33 https://jlcpcb.com/  

      Total 
$28.7

8 
  

Bill of material of communication bus 

Desig

nator 
Value 

Qnt

y 

Cost 

per 

unit 

Total 

cost 
Source of materials 

J2, 

J3, 

J4, J6  

Conn_01x08

_Socket 
4 $0.41 $1.64 

https://www.digikey.ca/en/products/detail/w%C3%B

Crth-elektronik/61300811821/17737805? 

J1, 

Conn_01x08

_Socket 

vertical 

1 $0.77 $0.77 
https://www.digikey.ca/en/products/detail/sullins-

connector-solutions/PPPC081LGBN-RC/775941? 

J7 

Conn_01x08 

Pin Right 

angle 

1 $0.29 $0.29 
https://www.digikey.ca/en/products/detail/adam-

tech/PH1RB-08-UA/9831008?  

- PCB 1 $2.33 $2.33 https://jlcpcb.com/  
   Total $5.03  

      

Bill of material of monitoring system  

Component Qnty 
Cost per 

unit 

Total 

cost 
Source of materials 

Raspberry Pi 1 $45.00 
$45.0

0 

https://www.digikey.ca/en/products/detail/rasp

berry-pi/SC0193(9)/10258782?   

7 Inch 

Touchscreen 
1 $0.77 $0.77 

https://www.digikey.ca/en/products/detail/sullins-

connector-solutions/PPPC081LGBN-RC/775941?  

Conn_01x08 

Pin Right 

angle 

1 $63.95 
$63.9

5 
https://www.amazon.ca/dp/B0B44VZTRG/  

DIN rail  1 $7.26 $7.26 
https://www.digikey.ca/en/products/detail/altech-

corporation/2511120%2F1M/8546913?  

Bus bar 1 $31.31 
$31.3

1 

https://www.digikey.ca/en/products/detail/weidm%C

3%BCller/0280300000/491744?  

    Total 
$147.

52 
  

     

 

https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT10K0/1760676
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT10K0/1760676
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT220R/1760238
https://www.digikey.ca/en/products/detail/stackpole-electronics-inc/RMCF0805FT220R/1760238
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7805CV/585964
https://www.digikey.ca/en/products/detail/stmicroelectronics/L7805CV/585964
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/Easycargo-Heatsink-Insulator-Regulator-Transistor/dp/B08MW1YNJM/ref=asc_df_B08MW1YNJM/?th=1
https://www.amazon.ca/DKARDU-Converter-Voltage-Regulator-Charger/dp/B0B2RF1L92/
https://www.amazon.ca/DKARDU-Converter-Voltage-Regulator-Charger/dp/B0B2RF1L92/
https://jlcpcb.com/
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008?
https://www.digikey.ca/en/products/detail/adam-tech/PH1RB-08-UA/9831008?
https://jlcpcb.com/
https://www.digikey.ca/en/products/detail/raspberry-pi/SC0193(9)/10258782
https://www.digikey.ca/en/products/detail/raspberry-pi/SC0193(9)/10258782
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPPC081LGBN-RC/775941
https://www.digikey.ca/en/products/detail/sullins-connector-solutions/PPPC081LGBN-RC/775941
https://www.amazon.ca/dp/B0B44VZTRG/
https://www.digikey.ca/en/products/detail/altech-corporation/2511120%2F1M/8546913?
https://www.digikey.ca/en/products/detail/altech-corporation/2511120%2F1M/8546913?
https://www.digikey.ca/en/products/detail/weidm%C3%BCller/0280300000/491744?
https://www.digikey.ca/en/products/detail/weidm%C3%BCller/0280300000/491744?
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