Pre prints.org

Article Not peer-reviewed version

Open-source Hardware Design of
Modular Solar DC Nanogrid

Md Motakabbir Rahman, Sara Khan, Joshua M. Pearce i

Posted Date: 2 August 2024
doi: 10.20944/preprints202408.0085.v1

Keywords: photovoltaic; open source; open hardware; microgrid; nanogrid; DC nanogrid; modular PV system
hardware; solar energy; renewable energy

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3741360
https://sciprofiles.com/profile/1720436

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2024 d0i:10.20944/preprints202408.0085.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Open-Source Hardware Design of Modular Solar
DC Nanogrid

Md Motakabbir Rahman 12, Sara Khan 2 and Joshua M. Pearce 123*

1 Department of Electrical & Computer Engineering, Western University, London, ON, Canada.;
mrahm339@uwo.ca

2 FAST lab, Western University, London, ON, Canada.; skha242@uwo.ca

3 Ivey School of Business, Western University, London, ON, Canada.

Correspondence: joshua.pearce@uwo.ca

Abstract: The technical feasibility of solar photovoltaic (PV) direct current (DC) nanogrids are well-
established, but the components of nanogrids are primarily commercially focused on alternating
current (AC)-based systems. Thus, DC converter-based designs at the system level require
personnel with high degree of technical knowledge and this results in high costs. To enable a
democratization of the technology by reducing the costs this study provides a novel modular plug-
and-play open source DC nanogrid. The system can be customized according to consumer
requirements, enabling the supply of various voltage levels to accommodate different device
voltage needs. 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 as well as experimental validation. The
results show transforming the nanogrid from a distribution network to a device makes it suitable
for various user-specific applications, such as remotely supplying power to 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 as well as data logging, which
enhances the user experience and promotes the use of solar-powered DC grid systems.

Keywords: photovoltaic; open source; open hardware; microgrid; nanogrid; DC nanogrid; modular
PV system hardware; solar energy; renewable energy

1. Introduction

The nanogrid functions as a fundamental unit in any distribution network. Typically, it is
referred to as a building block of microgrids, which are systems that integrate multiple conventional
power sources and distributed energy resources to supply power over a large area [1]. A microgrid
can typically be divided into a network of nanogrids, each serving localized power demands within
the smaller area coverage [2]. The difference between microgrids and nanogrid is based on their
power supply capability and the range over which they can distribute power. A nanogrid is defined
as a standalone DC distribution network that integrates distributed renewable energy resources to
supply electricity to a small cluster of loads [3]. To be classified as a nanogrid, the system must meet
a power requirement in the range of few watts to 5 kW for residential loads [4]. Based on its power-
supplying capability, a nanogrid is suitable for small specific systems, that may be completely
isolated from the grid network or may be connected to the grid for uninterruptible power supply.

Solar photovoltaic (PV) systems stand out for their sustainability [5], low-cost [6] effectiveness
and reliability[7] among renewable energy options [8]. Solar energy is a promising resource in most
tropical regions and areas with extended daylight hours across the globe [9,10]. In addition, recent
PV costs declines [11] have made it the lowest-cost source of power in most of the world [12]. Thus,
solar DC nanogrid is gaining attention worldwide for meeting electrical demands and is suggested
for places where grid electricity remains inaccessible [13]. Solar DC nano grid can save up to 25% of
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cost for a specific area in Kutubdia, Bangladesh by eliminating the use of inverters [14]. An analysis
of the economics of a solar DC nanogrid in a region of KwaZulu-Natal Province, South Africa [15]
and in Nigeria [16] showed that the net cost of energy was significantly lower than that of a diesel
generator. In addition, the future of null net energy buildings can be achieved by practically
implementing DC nano grid [17]. Small-scale nanogrids are being implemented worldwide,
particularly in regions with expensive grid electricity or inadequate grid coverage [18]. The
availability of various table-top appliances that directly operate on DC made the implementation of
DC nano grid easier and more logical [19]. Those appliances include LED lights, laptops, mobile
chargers, television, computers, and even DC-based appliances like refrigerators. Taking advantage
of appliances operating directly on DC, the implementation of DC-based homes have been completed
in many locations including the US, Indonesia, and Philippines to supply basic household loads at a
voltage level of 48V DC [20,21]. In a small DC network, smart sockets along with a communication
network were integrated to control and measure all the devices that are connected to the system.
From the DC nanogrid setup, substantial power savings (around 30%) was obtained compared to AC
[22]. There have been numerous implementations of DC nanogrid systems. For instance, a hybrid
nanogrid integrating solar PV, wind turbines, and batteries as distributed energy resources was
successfully installed to supply local loads [23]. In addition, a DC nano grid system that was capable
of generating and distributing power up to 1.2 kW in a voltage level of 24V was also designed [24].
Furthermore, two DC voltage levels, 380V and 48V, were proposed and experimentally validated for
compatibility with conventional AC-powered appliances [25].

So, 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
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 [26]. 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 [27]. 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 [28,29]. Earlier, the architecture, controller design, stability
analysis, and a novel energy management system (EMS) of modular DC nano grid were proposed
[30] and here this paper 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.
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2. Materials and Methods

2.1. System Architecture

In the nanogrid architecture shown in Figure 1, a PV converter connects the PV modules 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 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.

2.2. Converter Topology for DC Nano Grid

A nanogrid has the potential to function independently 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 requires 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
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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 to optimize the performance and stability of the nanogrid and summarized in Table 1.

Table 1. Comparative analysis of various converter topologies proposed in literatures.

Converter Interface Performance Hardware  Ref.
Two-stage PWM Grid to Stabilize the dc bus voltage with minimum ripple and faster =~ Yes [31]
bidirectional bus dynamic responses.
converter Significant reduction in dc-link capacitor.

Switched Boost Grid to Modified conventional PWM control technique and Yes [32]
Inverter (SBI) bus implemented in digital domain.
Cascaded two-stage Grid to Featured a Dual Active Bridge (DAB) converter followed by a  Yes [33]
bidirectional bus bidirectional dc-ac converter and operates in three different
converter modes.
Two-stage Grid to Efficiency was found greater when first stage converter was No [34]
bidirectional grid bus controlled by Neutral Point Clamped (NPC) topology and
interface converter second stage by a full bridge NPC structure.
(BGIC)
High-gain Bus to Ensured stability in both grid-connected and islanded modes of No [35]
bidirectional dc-dc  battery the nano grid, reducing voltage ripple, eliminating the chance
converter storage of improper switching between modes of operation and

establishing smooth bidirectional power flow.
Boost derived hybrid Bus to Efficiency is higher than conventional DC nanogrid converter  Yes [36]
converter (BDHC) loads where dedicated converters are required for each component.
Fourth-order Bus to Exhibited continuous bus side and battery side operation with ~ Yes [37]
bidirectional dc-dc  battery minimum ripple while minimizing the effect of non-linearity for
converter (FoBiDC) storage multiple converter-based system.
Bidirectional modular PV tobus Problems associated with PV modules like module mismatch, Yes [38]
PV battery system module open circuit due to partial shading were eliminated.
(BMPBS)

2.3. Design of Controllers

The nanogrid controller coordinates various power sources to achieve optimal power flow. The
Energy Management System (EMS) proposed in [30] 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 [39].

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 [40]. 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
[41]. Coordination between units, fault management, and overall system data monitoring, however,
become more challenging [42]. 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 2. Hybrid control model of modular DC nano grid.

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 1. 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 .C path, allowing the central controller to collect
local information cyclically and to interrupt, control, or send commands to each converter as needed
[43]. This hybrid approach delivers a powerful and fast control system with enhanced resilience to
failure.

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 3.

Duty
Vrv —» cycle
I MPPT » PWM
PV
Bstat —H>0 N—p— Boost —» Vbus
> Converter
Switch
PI —»| PWM
48V Controller
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Figure 3. PV controller for boost converter.
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Generally, the cost of commercial MPPT devices is significantly higher than solar charge
controllers, making them less accessible and affordable for users [44]. Previous work has shown a
successful strategy for accelerating innovation and lowering hardware costs is to use an open source
design [45,46]. Previous studies have argued open source design should be applied to PV systems
and components to reduce costs [47]. Following that theory, to help make small solar PV systems
more economically accessible and easier inclusion in the DC bus an efficient MPPT PV converter is
designed, in this study a new open source MPPT is designed to reduce the price gap between MPPT
and solar charge controllers. There has been some open-source hardware development in the
electronics of PV systems [48,49], 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 [50]. 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 [51].

Different tracking methods were introduced in the MPPT hardware such as particle swarm
optimization (PSO) technique [52] and incremental conductance algorithm [53]. These MPPT
methods can be categorized into four groups: conventional, intelligent, optimization, and hybrid
techniques [54]. 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
[55]. Conventional methods are less effective under partial shading and have slower response times,
whereas intelligent, optimization, and hybrid techniques can handle partial shading [56,57]. The
optimization methods like PSO [58], 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 [59,60]. 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 [61]. Thus, in this design a modified 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 [62]. 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.

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, as shown in
Figure 4.
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Figure 4. Battery controller.

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 shown in Figure 5. Additionally, the load controller can disconnect any load upon
receiving instructions from the master controller, based on the priority of the specific load.

Buck Vload

Vi ket PI Controller —» PWM
Converter

Vload

Figure 5. Load controller.

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 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 2.
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Table 2. System specifications.

Parameters PV module Battery module Load module
Converter type Boost converter Bidirectional converter Buck converter
. 400W (24V), 200W (12V),
Converter power rating (W) 800W 400W
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 (V, A) 16.67A 8.33A 16.67A

The components of the converter and the controller parameters are calculated and listed in Table
3. 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 [63].

Table 3. Converter components and controller parameters calculation.

Buck converter Buck converter Buck converter

Parameter Boost Converter Bidirectional converter
(24V) (12V) 6V)
Critical Inductance Li=45 pH L»=115.2 uH Ls=57.58 pH L4+=43.18 uH Ls=25.2 uH
C2=217.01 pF, C=173.6
Critical Capacitance Ci=260 pF F Cs=43.41 puF Cs=86.83 uF Ce=173.61 uF
u

Selected Inductance  L1=47 uH (20A)  Lo=120 uH (16.67A)  La=68 uH (16.67A) Li=47 pH (16.67A) Ls=33 uH (16.67A)
) C2= 470 uF (50V)
Selected Capacitance Ci=470 pF (100V) Ci=470 uF (50V)  Cs=470 pF (50V)  Ce= 470 uF (50V)
Cs=470 uF (100V)

Charging mode: 0.0004

Proportional gain (Kp) 0.00021 Discharging mode: 0.000451 0.000722 0.00021
0.0005
. . Charging mode: 4.78
Integral gain (Ki) 2.734 . . 9.52 11.01 9.35
Discharging mode: 6.01
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

2.4.1. 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, 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 I.C 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 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 6. The assembled battery converter with components on the board are shown in
Figure 7.
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2.4.2. 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. The ADS1115 has four unique addresses, allowing multiple
PV and battery converters to connect, each with a unique ADC address, as they all share the same
I.C bus. Jumper resistor connections (R13, R15, R14, and R12) provide the four unique addresses of
0x48, 0x49, 0x4A, and 0x4B shown in Figure 8. The PV converter can be excluded from the I.C bus to
prevent frequent interruptions by the master controller for data acquisition as they are jumper
resistor to isolate from the I.C bus. Instead, an OLED display can be connected to the PV converter to
show local vital 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 9.
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Figure 8. (a) Schematic of boost converter for PV, (b) 3D assembled PCB of boost converter.
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Figure 9. Assembled boost converter for PV (a) front side (b) back side.

2.4.3. 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.
This converter is a synchronous buck converter utilizing CSD19533KCS MOSFETs (100V,100A) [64]
as switches. The IR2104 MOSFET driver IC provides complementary pulse width modulation (PWM)
pulses to both the low-side and high-side MOSFETs, with a 10uF 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 I.C
or by raising the INT pin high. The Buck converter schematic and 3D rendering are shown in Figure
10 and the PCBs are shown in Figure 11.
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Figure 10. (a) Schematic of buck converter for 24V load, (b) 3D assembled PCB of buck converter.
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Figure 11. Buck converter PCB with components (a) front side (b) back side.

2.4.4. Master Controller Design

In the nanogrid system, all converters and the master controller share the same I.C bus. The PV
and battery converters both use ADS1115 ADCs, communicating over this shared bus. For the PV
converter, which continuously monitors current and voltage while adjusting the switch pulse, it can
be isolated from this I.C communication without interrupting its operation and display its status on
an OLED. Similarly, the battery converter can be isolated with an OLED display connected to it.
However, in this project, the battery converter, load converter, and master controller share the .C
bus, with the PV converter displaying 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, which the master
controller then combines sequentially and serially prints to the Raspberry Pi-based GUI and data
logger. The circuit and the PCB design of the master controller is shown in Figures 12 and 13.
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Figure 12. (a) Schematic of Master controller, (b) 3D assembled PCB of master controller.
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2.4.5. Communication Bus

The communication bus comprises 8 lines used for .C communication, shared digital pins, and
power supply (+12V, GND) shown in Figure 14. It features an 8-pin socket to interface with the pin
headers of the converters 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 converters communication pins clip 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
15.

Table 4. Function of each traced in the communication bus.

Serial Trace name Function
PV signal from PV converter to
1 PVS (D3) indicate operating mode (0=MPPT,

1=Bus control)

Battery status signal from Battery
2 BS (D4) converter (0=Current control,
1=Voltage control/isolated)
Interrupt signal by master

3 INT (D) (Normally 0)

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
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Figure 15. Assembled and extended communication bus.

2.4.6. 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, 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 pH, 120 pH, and 68 pH inductors are summarized in Table 5.

Table 5. Design parameters of inductors.

Parameters Boost converter Bidirectional converter Buck Converter 1 (24 V)
Inductor L1=47 uH L>=120 uH Ls=68 uH
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



https://doi.org/10.20944/preprints202408.0085.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2024 d0i:10.20944/preprints202408.0085.v1

18

2.5. Bill of Materials

The bill of materials for all subcomponents is listed in Appendix A. The summary of the total
cost for each subsystem is shown in Table 6 and the total cost of the system is CAD$379.

Table 6. 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

2.6. Arduino Codes and GUI

Each converter and the master Arduino have separate code, as detailed in Table 7. In addition
to the preinstalled libraries in the Arduino IDE, the SSD1306 library for the OLED display and the
ADS1115 library for the 16-bit ADC also need to be installed. 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 7. 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/73y{5/
Buck converter code .ino https://ost.io/73yt5/
Bidirectional converter code Aino https://ost.io/73yt5/
Master controller code ino https://osf.io/73y{5/
GUI for Raspberry pi -py https://osf.io/73yf5/

2.7. 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
individual enclosures. Both the converters and the frame support the installation of the system.

2.7.1. DC Nano Grid Frame Design

The parts required for assembling the frame are listed in Table 8 along with the open-source
repository of the files. All custom components can be 3-D printed on a RepRap class-[65,66] open
source 3-D printer. Components were printed using polylactic acid (PLA) filament in Prusa MK3
print using print settings given in Table 9.

Table 8. 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//OSf10/73yf5/

Holder for DIN rail 2 STEP/stl https://osf.io/73yf5/
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Holder for bus bar 2 STEP/Stl httpS//OSflO/73yf5/
Case for dlsplay 1 STEP/Stl httpS//OSf10/73yf5/
Encloser for Raspberry pi 1 STEP/stl https://osf.io/73y{5/
Raspberry pl holder 1 STEP/Stl httpS//OSflO/73yf5/

The printing parameters are summarized in Table 9 and can be printed on any RepRap class 3-
D printer.

Table 9. 3-D printing parameters.

Parameter Value
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 16. 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 8, also the design steps are mentioned in
Figure 17. 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.

e o o o

Figure 17(a—g) provide detailed design steps and the types of corner brackets and holders used
and Figure 18 shows the assembled frame.
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Figure 16. Parts required for assembly of frame.

Figure 17. Assembly process of the frame.
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Figure 18. Assembled frame.

2.7.2. 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 Table 10. Rendered images of the master controller are shown in Figure 19. All the
enclosures were printed using a 0.6mm nozzle at a 0.3mm layer height with 15% infill, utilizing PLA
filament.

j—Encloser

Lid
R

M3 screw holes

(a)

Direct battery power

DIN rail clip

Communication pins .
P Arduino

USB port

(b)
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Figure 19. Rendered 3D image of master controller encloser.

Table 10. 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/73yt5/
Buck converter lid 1 STEP/stl https://osf.io/73yt5/
Boost converter encloser 1 STEP/stl https://osf.io/73yf5/
Boost converter lid 1 STEP/stl https://osf.io/73yt5/
Bidirectional converter encloser 1 STEP/stl https://osf.io/73yt5/
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/73yt5/

2.7.3. Final assembly

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 shown in Figure 20.

(b)

Figure 20. Final assembly rendered 3D image of Nano grid.

2.8. 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 I.C 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.

The graphical user interface (GUI) for the DC nanogrid was developed using Python and the
Tkinter library shown in Figure 21. Currently, with only the battery converter and one load converter
connected, the GUI is designed to display their statuses exclusively. This GUI is open source and can
be modified as needed. The Python code acquires serial data sent by the master Arduino, processes
it, and displays the information in the corresponding sections. As this is the initial version of the GUI,


https://doi.org/10.20944/preprints202408.0085.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2024 d0i:10.20944/preprints202408.0085.v1

23

it can be easily modified in the future to send commands to the master Arduino for controlling the
DC nanogrid.

¢ w« _ x

% Nanogrid V 0.1

Battery Status Load status

Western

Battery Voltage (V) Output Voltage (V)

Battery Discharging current (A)
’ Output current (A) m

Battery soc(%)

Figure 21. DC nano grid GUI for data monitoring.

2.8. Step by Step Integration and Commissioning Process

The installation process and guidelines are as follows:

e 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.

e 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.

e 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.

e For shutdown, follow the reverse order of the installation process.

3. Results

3.1. MATLAB Simulink Results

To verify the performance of the EMS and stability of the nanogrid by simulation, two different
cases were analyzed: (1) variation in PV generation, (2) variation in load.

Case 1: Variation in irradiance

In case 1, the nanogrid operates under varying irradiance conditions which causes variations in
the PV generation. Initially the solar irradiation is considered 1,000W/m?, the ambient temperature is
300K, the maximum PV output is 656 W. Thus, all the DC loads (total DC load power is 380 W) with
different voltage levels, listed in Table 11, are powered by the PV and the remaining power is
delivered to the battery.
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Table 11. Constant DC load for case 1.

Voltage level Load
24 V load 200 W
12 V load 100 W

6V load 80 W
Total 380 W

At the 1.0 sec, there was a transition in irradiance to 700 W/m?, the PV output decreased to 464
W, yet the system continued to operate with a surplus of power. During this period, the battery was
charged with an excess power of 84W. Subsequently, at the 2.0s, the irradiance was further reduced
to 300 W/m2. The PV power output decreased to 198 W, causing the system to enter a power deficit
mode. But the dc bus voltage remained steady at 48V throughout the simulation period shown in
Figure 22. The deficit power is supplied by the battery with a discharging power around 200 W.

(a)
Vbus (V)

(%)
Power (W)

(©)
Ipv (4), Vpv (V)

(d)
Load voltage (V)

1 1
0 0.5 1 1.5 2 2.5 3
Time (s)

1000W/m2 700W/m2 300W/m2

Figure 22. Case 1: PV power variation (a) DC bus voltage, (b) power flow (PV, battery and DC load),
(c) PV current and voltage and (d) load voltages.

Case 2: Variation of load

Variation of the total load in the system is the common source of instability in any system. But
having tuned PI controllers in the system, the instability is avoided which is already verified in
impedance scanning, Now, in the time domain simulation in Figure 23, the DC bus voltage is stable
when the DC loads varied according to Table 12. The PV generated power is considered constant
throughout the full simulation period at 380W under 500 W/m? irradiance and 300K temperature.
Initially the system is in power deficit mode since Proas>Prv. And a slight decrease in DC loads to
400W after 1 second, results in a decrease in power supplied by the battery. The system, however,
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remained in power deficit mode. Finally, at 2s the significant decrease in load to 200 W sent the
system into power surplus mode and now the system charges the battery with 180W.

Table 12. Variable DC load for case 2.

Voltage level 0-1 1-2 2-3
24 V load 200 W 200 W 200 W
12V load 200 W 200 W ow

6V load 100 W ow ow
Total 500 W 400 W 200 W
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Figure 23. Case 2: PV power variation (a) DC bus voltage, (b) Power flow (PV, battery and DC load),
(c) Load power and (d) load voltages.

These two cases and simulation results indicate that the designed nanogrid is stable, and any
instability can be mitigated by the converters within the system. To further verify this, the frequency
response of the source impedance, load impedance, and total DC bus impedance is analyzed by
partitioning the total impedance 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 24 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.
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Figure 24. Nyquist plot of total output impedance and input impedance.

3.2. Final Nanogrid Hardware and Validation Tests

The assembled nanogrid hardware is shown in Figure 25. 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 25. Nanogrid final hardware (a) front view (b) back view.
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3.3. Supply Voltage Stability of 24V Load

A 30W load is connected to the system and subsequently disconnected to evaluate the stability
of the supply voltage, as shown in Figure 26. The supply voltage remains stable during the load
variation and quickly returns to the reference 24V after the disconnection.

t 14.0

Edge

Figure 26. The 24V supply voltage after sudden disconnection of 30W load.

4. Discussion

While hybrid nanogrids can simultaneously provide both AC and DC power [67], the feasibility
and benefits of using a DC distribution network in conjunction with renewable energy sources have
already been widely explored and documented [68]. Conventional PV systems mostly use inverters
to supply AC power to loads, even though most low-power household loads are DC. In contrast, this
nanogrid system is entirely DC and can supply power at different DC levels. For a DC nanogrid
network, converters play the most significant role in operating the whole system [69]. Therefore, a
general design framework for converters was proposed to ensure reliable steady-state and dynamic
responses when various loads are integrated into the system [70]. Even to control modern
unidirectional and bi-directional DC-DC converters, several control techniques are implemented and
discussed briefly [71]. The development of new converter techniques and control mechanisms
remains a significant focus for researchers, who are consistently innovating with new control
strategies [72] and converter topologies [73] . For instance, experimental validation of a three-port
bidirectional converter was conducted, along with a novel control technique, to ensure high reliability
when integrated with a solar PV system [74]. Even the interconnection between two DC nanogrid to
exchange power and communication between them is demonstrated and explained [75].

This paper 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 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 [76]
and enhancing its practicality and flexibility. The hardware implementation is completed using open-
source design. Later the bus voltage stability, and the supply voltage quality of the hardware is also
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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. Being opensource will allow modifications
by the user such as disconnecting low-priority loads when the generation capability is inadequate
[77].

5. Conclusions

The open-source modular DC nanogrid presented in this paper 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. 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 proposed 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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The details of the bill of material for each of the modules in the DC nano grid are included here
along with designator for the corresponding PCB.

A.1 Buck Converter

Table A1. Bill of material of buck converter.

Designa Qt Cost per Total .
Value . Source of materials
tor y unit cost
. https://www.amazon.ca/ELEGOO-Arduino-ATmega328P-
A4 Arduino Nano 1 $10.66 $10.66 ) .
Without-Compatible/dp/B0713XK923/?th=1
Cap 470uF, https: digikey. ducts/detail/rub: 100ZLH47
a1 p 1 $1.57 $1.57 ps://www.digikey.ca/en/products/detail/rubycon/
100V 0OMEFC16X31-5/3564548
Cap 470uF, https://www.digikey.ca/en/products/detail/nichicon/UPW1H4
2, Cl1 P 2 $098  $195 T grey-cajenp
50V 71MHD/589652
Cap .22uF, https://www.digikey.ca/en/products/detail/nichicon/UVR1HR
C3,C5 P 1 026 $026 . © grey-calenp
50V 22MDD/588837
https://www.digikey.ca/en/products/detail/nichicon/UVR2AR
C4  Cap33uF,50V 2 $026  $051 P grey-cafenp
33MDD/588879
0.1uF, 0805 https://www.digikey.ca/en/products/detail/samsung-electro-
C6, C7 2 $004  $0.08 P grey-caren/p 8
SMD mechanics/CL21B104KCFNNNE/5961324?
cs 10uF,0805 1 $0.06 $0.06 https://www.digikey.ca/en/products/detail/samsung-electro-
SMD mechanics/CL21A106KOQNNNE/3886754
9, C10 10nF,0805 ) $0.10 5021 https://www.digikey.ca/en/products/detail/kemet/C0805X103K
SMD 1RAC3316/10315780

c12 470,0805 SMD 1 $0.06 $0.06 https://v.vww.digikey.ca/en/products/detail/samSung-electro-
mechanics/CL21A475K AQNNNE/3886902

C13, https://www.digikey.ca/en/products/detail/samsung-electro-

22u0805SMD 1 $0.19 $0.19 P greey P &

Cl4 mechanics/CL21B225KAFNFNE/3888611

D1, D2, SS5310 0805 4 $0.74 $2.04 https://www.digikey.ca/en/products/detail/onsemi/S310FA/58

D3, D4 SMD ' ' 92104
https://www.digikey.ca/en/products/detail/littelfuse-

F1 Fuse 1 $1.20 $1.20 tpsi// gikey.cafen/products/ i/
inc/0997020-WXN/701061
- Fuse holder 1 $1.18 $1.18 https://www.digikey.ca/en/products/detail/littelfuse-
inc/01000063Z/14641003
Connector https://www.digikey.ca/en/products/detail/phoenix-
J1,77 2 $2.01 $4.02 P ey P P
1776508 contact/1776508/349000
Screw https://www.digikey.ca/en/products/detail/keystone-
13,76 } 2 $1.07 $2.14 P . By P 4
Terminal electronics/8197-2/2746666
ST https://www.digikey.ca/en/products/detail/jst-sales-america-
J4 ) 1 $023 023 O F greey.cajen’p )
4P0OS2.54MM inc./B4B-XH-A/1651047?
Conn_01x08_S https://www.digikey.ca/en/products/detail/adam-tech/PHIRB-
15 1 $0.29 $0.29
ocket 08-UA/9831008?
Inductor hitps://www.digikey.ca/en/products/detail/magneti
s://www.digikey.ca/en/products/detail/magnetics-a-
L1 Toroidal 1 $7.38 $7.38 S ikey proca ! &
division-of-spang-co/0077443A7/18626894?
0077443A7
MOSFET https://www.digikey.ca/en/products/detail/texas-
Q1L Q2 2 s171 $342 ¥ gikey.cafen/p
CSD19533KCS instruments/CSD19533KCS/4806074
https: .digikey.c ducts/detail/stackpole-

R1, R2 47 Ohm 0805 2 $0.02 $0.04 psi/fwww.digikey.cafen/products/detail/stackpole
electronics-inc/RMCF0805FT47R0/1713163
https://www.digikey.ca/en/products/detail/stackpole-

R3, R4 220 Ohm 0805 2 $0.02 $0.04 P gkey P P

electronics-inc/RMCF0805FT220R/1760238

d0i:10.20944/preprints202408.0085.v1


https://doi.org/10.20944/preprints202408.0085.v1

R5,R7, 100k Ohm
R9, R10 0805
R6, R8 10k Ohm 0805
MOSFET
U1
driver IR2104
LM7805_TO22
U2
0
LM7812_TO22
U3
0
U4 ACS712. 20A
- Heat sink
- PCB

$0.02

$0.02

$5.36

$0.79

$0.98

$4.29

$1.17

$2.33
Total
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$0.08

$0.04

$5.36

$0.79

$0.98

$4.29

$3.50

$2.33
$55.81
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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/infineon-
technologies/IR2104PBF/812198
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/allegro-
microsystems/ACS712ELCTR-20A-T/1284607
https://www.amazon.ca/Easycargo-Heatsink-Insulator-
Regulator-
Transistor/dp/BOSMW1YN]JM/ref=asc_df_BOSMW1YNJM/?th=
1

https://jlcpcb.com/

A.2 Boost Converter

Table A2. Bill of material of boost converter.

Cost Tota
Designator Value Oty per 1 Source of materials
unit cost
Arduino_
$10.  https://www.amazon.ca/ELEGOO-Arduino-ATmega328P-
A4 Nano_v3. 1 $10.66
66 Without-Compatible/dp/B0713XK923/?th=1
X
Cap $3.1  https://www.digikey.ca/en/products/detail/rubycon/100ZLH47
. s://www.di: .
L C18 A70uE, ) §157 P gikey.ca/en/products/detail/rubycon,
5 O0MEFC16X31-5/3564548
100V
Cap $1.9  https://www.digikey.ca/en/products/detail/nichicon/UPW1HA47
. s://www.digikey.ca/en/products/detail/nichicon
C2,C11 470uF, 2 $0.98 P sy P
5 1MHD/589652
50V
cap $07  https://www.digikey.ca/en/products/detail/nichicon/UVRTHR2
. s://www.digikey.ca/en/products/detail/nichicon
C3,C4, C5 22uF, 3 $026 P giey-carenp
7 2MDD/588837
50V
10nF,0805 $0.2  https://www.digikey.ca/en/products/detail/kemet/C0805X103K
9, C10 2 %010 psil/ gikey.calen/p fdetail/kemet/
SMD 1 1RAC3316/10315780
4.7u,0805 $0.1  https://www.digikey.ca/en/products/detail/samsung-electro-
C12,C15 2 %006 psi/ gikey calen/p fdetailf 8
SMD 2 mechanics/CL21A475KAQNNNE/3886902
C13,C17,C14, 2.2u 0805 4 $0.19 $0.7  https://www.digikey.ca/en/products/detail/samsung-electro-
Cl16 SMD ' 7 mechanics/CL21B225K AFNFNE/3888611
19 10uF,0805 1 $0.06 $0.0  https://www.digikey.ca/en/products/detail/samsung-electro-
SMD ' 6 mechanics/CL21A106KOQNNNE/3886754
D2, D3 SS310 ) $0.74 $1.4  https://www.digikey.ca/en/products/detail/onsemi/S310FA/589
0805 SMD 7 2104
D4 APT60S2 1 $5.60 $5.6  https://www.digikey.ca/en/products/detail/microchip-
0BG 75A ' 0 technology/APT60S20BG/1494822?
Fo Fuse 1 $1.20 $1.2  https://www.digikey.ca/en/products/detail/littelfuse-
0 inc/0997020-WXN/701061
- Fuse $1.18 $1.1  https://www.digikey.ca/en/products/detail/littelfuse-
holder ' 8 inc/010000637,/14641003
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Serew $4.2  https:// digikey.ca/en/products/detail/keyst:
. s://www.digikey.ca/en/products/detail/keystone-
12,13,76,]7 Terminal 4 $1.07 P . greey P Y
8 electronics/8197-2/2746666
81972
5T $0.2  https:// digiki /en/products/detail/jst-sal i
. s://www.digikey.ca/en/products/detail/jst-sales-america-
J4 4P0S2.54 1 $0.23 . P greey P J
3 inc./B4B-XH-A/1651047?
MM
Conn_01x $02  https://www.digikey.ca/en/products/detail/adam-tech/PHIRB
. s://www.digikey.ca/en/products/detail/adam-tec -
J5 08 heade 1  $0.29 P gikey.caren’p
9 08-UA/9831008?
r
Inductor
. toroidal 1 4738 $7.3  https://www.digikey.ca/en/products/detail/magnetics-a-
0077443A ' 8 division-of-spang-co/0077443A7/18626894?
7
MOSFET $1.7  https:// digik /en/products/detail/t
. s://www.digikey.ca/en/products/detail /texas-
Q CsD19533 1 $1.71 P gley-calen/p
1 instruments/CSD19533KCS/4806074
KCs
0-ohm,
R1, R3, R12, $0.0  https://www.digikey.ca/en/products/detail/stackpole-
Jumper, 6 $0.01 L
R13, R14, R15 0805 9 electronics-inc/RMCF0805ZT0R00/1756901
R 47 Ohm 1 $0.02 $0.0  https://www.digikey.ca/en/products/detail/stackpole-
0805 SMD ' 2 electronics-inc/RMCF0805FT47R0/1713163
100k
$0.0  https://www.digikey.ca/en/products/detail/stackpole-
R5,R7,R9  Ohmo0805 3  $0.02 pSiIrIv.CIgTRey carenp P
6 electronics-inc/RMCF0805FT100K/1760712
SMD
R6, RS, R11, 10k Ohm 5 $0.02 $0.1  https://www.digikey.ca/en/products/detail/stackpole-
R16, R17 0805 SMD ' 0 electronics-inc/RMCF0805FT10K0/1760676
w LM7805C 1 $0.79 $0.7  https://www.digikey.ca/en/products/detail/stmicroelectronics/L
V TO220 ' 9 7805CV/585964
- LM7812C 1 $0.98 $0.9  https://www.digikey.ca/en/products/detail/stmicroelectronics/L
V TO220 ' 8 7812CV/585973
ACS712 $8.5  https://www.digikey.ca/en/products/detail/allegro-
U4, U5 2 $4.29
20A 8 microsystems/ACS712ELCTR-20A-T/1284607
ADSILIEL $8.5  https:// digik /en/products/detail/t
. S: .digikey.ca/en/products/detail/texas-
U6 DGSR 1 $8.59 PSITWWW. GBIy procu !
9 instruments/ADS1115IDGSR/2231567
16Bit
$35 https://www.amazon.ca/Easycargo-Heatsink-Insulator-
- Heat sink 3 1.17 O. Regulator-
Transistor/dp/BOSMW1YNJM/ref=asc_df_BOSMW1YNJM/?th=1
- PCB 1 2.33 2.33  https://jlcpcb.com/
66.
Total §
07
A.3 Bidirectional Converter
Table A3. Bill of material of Bidirectional converter.
Cost
Designator Value Oty per Total cost Source of materials
unit
Arduino_Na https://www.amazon.ca/ELEGOO-Arduino-
A4 1 $10.66 $10.66 ) ]
no_v3.x ATmega328P-Without-Compatible/dp/B0713XK923/?th=1
1 Cls Cap 470uF, ) $157 $3.15 https://www.digikey.ca/en/products/detail/rubycon/100Z
100V LH470MEFC16X31-5/3564548
Cap 470uF, https: .digikey.ca/en/products/detail/nichicon/UP
C2,C11 P 2 $0.98 $1.95 psi/fwww.digikey.cafen/products/ il/ni /

50V W1H471MHD/589652
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Cap.33uF, https://www.digikey.ca/en/products/detail/nichicon/UVR
3, C4 P 2 $026 $0.51 P greey-carenp
50V 2AR33MDD/588879
Cap .22uF, https://www.digikey.ca/en/products/detail/nichicon/UVR
C5 P 1 $0.26 $0.26 P ey P
50V 1HR22MDD/588837
0.1uF, 0805 https://www.digikey.ca/en/products/detail/samsung-
c6,C7 2 5004 $0.08 P greey-cajewp 8
SMD electro-mechanics/CL21B104KCFNNNE/5961324?
10uF,0805 https://www.digikey.ca/en/products/detail/samsung-
C8, C19 2 $0.06 $0.12 P grcey-cafe’p 8
SMD electro-mechanics/CL21A106KOQNNNE/3886754
10nF,0805 https://www.digikey.ca/en/products/detail/kemet/C0805
€9, C10 2 $0.10 $0.21 P grey-carenip
SMD X103K1RAC3316/10315780
Cl2,Cl5 4.7uF,0805 ) $0.06 $0.12 https://www.digikey.ca/en/products/detail/samsung-
SMD electro-mechanics/CL21A475KAQNNNE/3886902
C13, C17, 2.2uF 0805 4 $0.19 5077 https://www.digikey.ca/en/products/detail/samsung-
Cl14, Cl6 SMD ' ’ electro-mechanics/CL21B225K AFNFNE/3888611
D1, D3, D4, 55310 0805 4 $0.74 5294 https://www.digikey.ca/en/products/detail/onsemi/S310F
D6 SMD ' ' A/5892104
D5 APT60S20BG 1 $5.60 $5.60 https://www.digikey.ca/en/products/detail/microchip-
75A technology/APT60S20BG/1494822?
https: .digikey.ca/en/products/detail/littelfuse-
F1,F2 Fuse 2 $1.20 $2.40 psi//www.digikey.cafen/p / i
inc/0997020-WXN/701061
https://www.digikey.ca/en/products/detail/littelfuse-
J1 Fuse holder 1 $1.18 $1.18 ) P grey P
inc/01000063Z,/14641003
Screw https:// digik /en/products/detail/keyst
s://www.digikey.ca/en/products/detail/keystone-
J2,73,]6,]7 Terminal 4 $1.07 $4.28 P greey P Y
electronics/8197-2/2746666
81972
Screw_Termi https://www.digikey.ca/en/products/detail/cui-
J4 1 $052 $0.52 P gricey-cafe’p
nal_01x02 devices/TB002-500-02BE/10064069
Conn_01x08_ https://www.digikey.ca/en/products/detail/adam-
15 1 $0.29 $0.29 P &y P
header tech/PH1RB-08-UA/9831008?
Inductor https:// digik Jen/products/detail/ ti
S: . .C cts cs-a-
L toroidal 1 4738 5738 ps://www.digikey.ca/en/produ etail/magnetics-a
division-of-spang-co/0077443A7/18626894?
0077443A7
MOSFET https:// digik /en/products/detail/t
s://www.digikey.ca/en/products/detail/texas-
Q1,Q2  CSDI9%33KC 2 $1.71 $342 P gricey-cafen’p
S instruments/CSD19533KCS/4806074
RL R2 47 Ohm 0805 ) $0.02 $0.04 https://www.digikey.ca/en/products/detail/stackpole-
SMD electronics-inc/RMCF0805FT47R0/1713163
R3, R4, R18 220 Ohm ) $0.02 $0.04 https://www.digikey.ca/en/products/detail/stackpole-
0805 SMD electronics-inc/RMCF0805FT220R/1760238
R5, R7, R9, 100k Ohm 4 $0.02 $0.08 https://www.digikey.ca/en/products/detail/stackpole-
R10 0805 SMD ' ' electronics-inc/RMCFO0805FT100K/1760712
R6, R8, R11, 10k Ohm 5 $0.02 $0.10 https://www.digikey.ca/en/products/detail/stackpole-
R16, R17 0805 SMD ' ’ electronics-inc/RMCF0805FT10K0/1760676
R12, R13, 0-ohm, 4 $0.01 $0.06 https://www.digikey.ca/en/products/detail/stackpole-
R14, R15 Jumper, 0805 ' ' electronics-inc/RMCF0805ZTOR00/1756901
MOSFET https: .digikey.ca/en/products/detail/infineon-
U1 1 $536  $5.36 psif v digikey.cafen/p fdetailfi
driver IR2104 technologies/IR2104PBF/812198
LM7805CV https://www.digikey.ca/en/products/detail/stmicroelectro
U2 1 5079 $0.79 P grieey-cafen’p
TO220 nics/L7805CV/585964
LM7812CV https://www.digikey.ca/en/products/detail/stmicroelectro
U3 1 $0.98 $0.98 Vp ey P
TO220 nics/L7812CV/585973
https://www.digikey.ca/en/products/detail/allegro-
U4, U5 ACS712 20A 2 $4.29 $8.58 P §xey P &

microsystems/ACS712ELCTR-20A-T/1284607
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ADS1115IDG

https://www.digikey.ca/en/products/detail/texas-

U6 . $8.59 $8.59 .
SR 16Bit instruments/ADS1115IDGSR/2231567
https://www.amazon.ca/Easycargo-Heatsink-Insulator-
. Regulator-

- Heat sink 3 $1.17 $3.50 .
Transistor/dp/BOSMW1YN]JM/ref=asc_df_BOSMW1YNJM
[?th=1

- PCB 1 $2.33 $2.33 https://jlcpcb.com/

Total $76.28
A.4 Master Controller

Table A4. Bill of material of Master Controller.

Cost
Designa Ont Total .
Value per Source of materials
tor A cost
unit
Arduino_Nano_v https://www.amazon.ca/ELEGOO-Arduino-ATmega328P-
A4 1 $10.66  $10.66 . .
3.x Without-Compatible/dp/B0713XK923/?th=1
https://www.digikey.ca/en/products/detail/nichicon/UVR1HR
4, C5 22uF 2 026 $051 _ © giey-carenp
22MDD/588837
https://www.digikey.ca/en/products/detail/onsemi/S310FA/58
D2 S$S3100805SMD 1 $074  $074 L grey-cafenp
92104
https://www.digikey.ca/en/products/detail/jst-sales-america-
11,13 JST 4POS2.54MM 2 $0.23 $0.46 P gy P )
inc./B4B-XH-A/1651047?
Screw_Terminal_ https://www.digikey.ca/en/products/detail/cui-devices/TB002-
12,74 1 $0.52 $0.52 b gy P
01x02 500-02BE/10064069
Conn_01x08 Pin https://www.digikey.ca/en/products/detail/adam-
J5 1 $029 $020 P gikey.caren’p
header tech/PH1RB-08-UA/9831008?
Conn_01x06_Sock
J6,]7 2
et
10k Ohm 0805 https://www.digikey.ca/en/products/detail/stackpole-
R3, R4 2 $0.02 $0.04 psi/f gikey.ca/en/p / / P
SMD electronics-inc/RMCF0805FT10K0/1760676
220 Ohm 0805 https://www.digikey.ca/en/products/detail/stackpole-
R1, R2 2 s002 soos P gikey.cafen/p fdetailjstackp
SMD electronics-inc/RMCF0805FT220R/1760238
LM7805CV https://www.digikey.ca/en/products/detail/stmicroelectronics
U2 1 $0.79 $0.79 psi// gikey.cafen/p / fstmi /
TO220 L7805CV/585964
https://www.amazon.ca/Easycargo-Heatsink-Insulator-
. Regulator-
- Heat sink 3 $1.17  $3.50 .
Transistor/dp/BOSMW1YN]JM/ref=asc_df_BOSMWI1YNJM/?th=
1
15W Converter 1 $8.90 $8.90 https://www.amazon.ca/DKARDU-Converter-Voltage-
for pi ' ' Regulator-Charger/dp/BOB2RF1L.92/
- PCB 1 $2.33  $2.33  https://jlcpcb.com/
Total  $28.78
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A.5 Communication Bus
Table A5. Bill of material of communication bus.
. Cost per .
Designator Value QOnty it Total cost Source of materials
uni
Conn_01x08_Soc https:// .digikey.ca/en/products/detail/w%
J2,73,74,76 4 $0.41 $1.64 pS/Iwww.Cig y p v
ket C3%BCrth-elektronik/61300811821/17737805?
https://www.digikey.ca/en/products/detail/sulli
Conn_01x08_Soc
J1, 1 $0.77 $0.77 ns-connector-solutions/PPPC081LGBN-
ket vertical
RC/775941?
C 01x08 Pi https: digikey. ducts/detail/ad
17 on.n_ x| in 1 $0.29 $0.29 ps://www.digikey.ca/en/products/detail/ada
Right angle m-tech/PH1RB-08-UA/9831008?
- PCB 1 $2.33 $2.33 https://jlcpcb.com/
Total $5.03
A.6 Data Monitoring and Logging System
Table A6. Bill of material of monitoring system.
Cost per .
Component Onty it Total cost Source of materials
uni
https: digikey. ducts/detail berry-
Raspberry Pi 1 $45.00 $45.00 : ps://www.digikey.ca/en/products/detail/raspberry
pi/SC0193(9)/10258782?
7-inch touch
1 $63.95 $63.95 https://www.amazon.ca/dp/B0B44VZTRG/
screen
DIN rail 1 $7.6 $7.26 https://w.ww.digikey,ca/en/products/detail/altech—
corporation/2511120%2F1M/8546913?
https://www.digikey.ca/en/products/detail/weidm%C3%BCIl
Bus bar 1 $31.31 $31.31 psi// gikey.cafen/p / /
er/0280300000/491744?
Total $147.52
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