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Abstract

The first permanent electric grid powered only the homes and buildings in its immediate
vicinity–much like microgrids, which are presently the focus of intense research and de-
velopment. An area holding great promise for application of microgrids is electrification
and grid improvement in the developing world. The potential of microgrids in this space
is examined, and development of a system intended for this context is detailed. The
Microgrid Energy Manager (MEM) system is proposed as a low-cost, scalable, modular
system for quickly establishing microgrids with off-the-shelf components. Design of the
system for interfacing with dc loads and sources is described, and tests of the system’s
ability to monitor batteries, prioritize loads, and share battery capacity between inter-
connected microgrids are conducted. Finally, microgrid work done in partnership with
students and faculty at the National Institute of Engineering in Mysuru, India is detailed.
Goals of this work include establishing a live microgrid testbed on the NIE campus, and
preparation of remote villages for permanent microgrids.
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Chapter 1

Introduction

1.1 The first electric grid

FIGURE 1.1: Drawing of the Pearl
Street Station in Manhattan [1]

In 1882 Thomas A. Edison’s fledgling electric utility,
the Edison Electric Illuminating Co, flipped the switch
to on at Pearl Street Station, the world’s first perma-
nent power plant [2]. The plant consisted of six 100 kW
"jumbo" dynamos, and initially served 85 customers–a
number which jumped to 513 by the end of the year.
Each customer, located within one kilometer of the
plant, used the electricity exclusively for lighting, us-
ing bulbs purchased for $1 each (over $20 USD in 2017
dollars) from the Edison Electric Illuminating Co.

The Pearl Street Station and subsequent plants pro-
vided power at 110 Vdc [3]. While this system had some
advantages over proposed ac systems, and served cus-
tomers well initially, its chief limitation eventually re-
sulted in its demise: with no existing technology to
easily step direct current up or down, it could not be

transmitted over distances much longer than a kilometer [4]. As a result, ac generation
and transmission (championed by Nikola Tesla and George Westinghouse) eventually
won out over dc in the famous "war of the currents."

1.2 Microgrids enter the scene

Tremendous advancements occurred over the next century: the development of induction
and synchronous machines, electric meters, high voltage transmission, gas turbines,
nuclear reactors, wind turbines, and solar photovoltaics, to name a few [5–7]. All of these
technologies were turned to the development, advancement, and expansion of "the grid;"
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the system of large-scale centralized generation connected to energy users through a
network of transmission and distribution.

But while a seemingly endless supply of effort and funding was being poured into
"the largest machine ever built" [8, 9], in recent years another trend in research started,
as some began to explore the advantages to moving in the other direction: distributed,
decentralized, local grids: microgrids (see fig. 1.2).

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
0

0.5

1

1.5

2

2.5

3

O
cc

ur
re

nc
es

 p
er

 1
00

,0
00

Frequency of n-grams "electric grid" and "microgrid"
in the English corpus, 1910 - 2008

"electric grid"
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FIGURE 1.2: A chart showing the frequency of use over time of "electric grid" and
"microgrid" [10, 11]

While the idea of a micro (that is, small) grid had been around for some time [12–14],
researchers at UW-Madison were among the first to conceive of the microgrid in its
modern form: a group of energy sources and loads, usually including storage, and an
independent control system allowing for grid-connected or "islanded" operation [15, 16].

In 2012, a formal definition was provided by the U.S. Department of Energy’s Micro-
grid Exchange Group [17]:

A microgrid is a group of interconnected loads and distributed energy
resources within clearly defined electrical boundaries that acts as a single
controllable entity with respect to the grid. A microgrid can connect and
disconnect from the grid to enable it to operate in both grid-connected or
island-mode.

The original motivation for the idea in its early conceptions at UW-Madison was to
create a framework that would allow distributed energy resources (DERs) to peacefully
co-exist with the grid (see fig. 1.3) [18, 19]. Prior to work on microgrids, many utilities
required customers with DERs to disconnect those resources whenever they detected an
issue with the grid voltage or frequency [20, 21]. These requirements, intended to protect
utility workers and other customers on the grid, created obstacles for those with such
resources, making integration and control complicated and expensive, and reducing their
desirability.
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FIGURE 1.3: A conceptual schematic of a microgrid (copyright Berkeley Lab) [19]

But with a well-planned microgrid, power users would benefit from being able to
aggregate a number of sources and loads under one control system, proving benefits such
as back-up power, co-generation, improved power quality, and reduced environmental
impact (when using renewable resources). From the utility perspective, grouping these
entities under a microgrid means there are less loads and resources to keep track of
and oversee. Later research also found that well-regulated microgrids are capable of
providing a number of other benefits to the larger grid, including voltage and reactive
power (VAR) regulation. This is an area of ongoing study–in 2009 the Electric Power
Research Institute (EPRI) began development of a communications protocol for inter-
facing microgrids and DERs with utility systems [22], and the Institute of Electrical and
Electronics Engineers (IEEE) developed a standard for interconnecting DERs with the
grid [23].

1.3 Evolution of microgrid development

To date, a significant amount of microgrid development and testing has focused on
large-scale microgrids, operating in spaces such as hospitals, military bases, remote
villages, and government sites [24–26]. Additionally, many labs and college campuses
have functional microgrids operating as part of research efforts [27–29].

In such settings, microgrids are used to accomplish a number of goals: protection
from disruptions in supply (such as those due to natural disasters [30]), reducing outage
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time of critical loads, reducing CO2 emissions, improving grid stability [17], and allowing
seamless integration of renewables with the grid [31].

In many ways, each of those objectives can be brought back to financial motiva-
tion: added value, reduced losses, and improved returns on renewable energy systems.
But even as the business case for microgrids has grown stronger [32], the advances in
technology have opened up paths which are not strictly motivated by profit.

Specifically, microgrids have been envisioned as a solution to the worldwide lack of
access to affordable and reliable electricity [33–35].

1.3.1 Global status of electrification

From 1990 to 2012, worldwide access to electricity increased from 75.6% to 84.6%, repre-
senting a net electrification of nearly 200 million individuals. South Asia and Sub-Saharan
Africa, the regions with the lowest historical electrification rates, increased by 28% and
13%, respectively [36].

These improvements are due in large part to efforts by the the international com-
munity. In 2005, the UN commissioned a report investigating the links between lack of
modern energy services (including both electricity and cooking fuels) and the Millennium
Development Goals (MDGs), originally proposed in 2000, which focus on improving
eight human development indicators such as poverty, gender equality, health, and educa-
tion [37]. The report makes the case that without modern energy infrastructure, efforts to
fully accomplish any of the goals are hampered. Following this finding, in 2012 the UN,
partnering with the World Bank, launched the "Sustainable Energy For All" initiative
(abbreviated SE4All, SE4ALL, or SEforALL in the literature) [38]. The goals of this project
are implementing universal electricity access, doubling the share of renewables in the
energy sector, and doubling the rate at which energy efficiency improves annually [39].

Along with these efforts, the World Bank and independent researchers have also
investigated outcomes and best practices for rural electrification (RE). Research indicates
that improvements in areas such as income inequality, poverty rates, and economic
growth are not inherently a result of increasing electrification, but that carefully designed
projects can bring about measurable improvements [40–43].

1.3.2 Microgrids for a new context

In addition to the benefits of increasing electrification, another key area of research
seeks to identify the most cost effective means for improving electricity access. Several
studies have compared outcomes for grid extension vs decentralized generation (using an
average cost for all feasible sources)[44], grid extension vs solar home systems (SHS) [45],
SHS vs solar photovoltaic (PV) microgrids [46], and a three-way comparison between
grid extension, renewable-based home systems, and renewable-based microgrids [47].



Chapter 1. Introduction 5

Each of these studies analyzes some combination of transmission, distribution, fuel, and
capital costs for the RE options considered.

In general, the results of these studies indicate that while grid extension is typically
the least-cost option for RE, decentralized options are significantly more cost-effective
in remote and/or sparsely populated areas. In particular, [44] found that in several
Sub-Saharan African nations, over 50% of the population could best be served with
off-grid power systems. In addition, the rapid decline of solar PV pricing over the last
few years indicates that the extent of territory where SHS and PV microgrid systems are
the best option will likely increase instead of decrease.

While these results might seem a somewhat under-whelming endorsement of the
prospects for microgrids in developing nations, two additional factors must be considered.
First, of 11 million households which were electrified by World Bank projects between
2000 and 2014, 8.7 million (roughly 80%) were connected by grid extension, 2 million
(roughly 20%) by solar home system, and just over 100,000 (less than 1%) by microgrid
(also called minigrid in the literature) [43]. This indicates that despite their promise,
microgrids are just beginning to be utilized in RE projects. The focused research and
development efforts underway around the world indicate that the growth of microgrids
in this area will be rapid.

Region
Electric
outages

per montha

Typical outage
duration
(hours)a

Population with electricity accessb

Total (%) Rural (%)

South Asia 25.4 3.1 78.0 69.3
Sub-Saharan Africa 9.0 4.2 35.3 15.3
OECD countries 0.4 0.4 99.9 99.7

a For commercial users only
b For residential users only

TABLE 1.1: Grid statistics for selected regions [36, 48]

Secondly, another aspect of electric infrastructure in developing nations indicates
a role for microgrids beyond electrification: the poor quality of electric connections.
Table 1.1 shows grid statistics for selected regions of the world: South Asia, Sub-Saharan
Africa, and for comparison, the average for nations in the Organisation for Economic
Co-operation and Development (OECD), a club of rich nations.

These statistics present a dichotomy between the ways in which microgrids have been
developed in rich nations, and the ways their strengths can be leveraged to meet needs
in the developing world. Figure 1.4 illustrates this dichotomy: whether considering
a microgrid for a hospital in New York City, or for an isolated forest village in India,
individuals and organizations have the same goals; reducing costs, improving electric
supply, and utilizing RETs (renewable energy technologies). But the underlying reasons
guiding those choices are fundamentally different.
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FIGURE 1.4: Motivations for installing microgrids in different contexts

For example, when building a microgrid in an urban area in the US or Europe,
RETs may be more desirable than fossil-fuel burning generators due to restrictions on
local pollution [49]; whereas in a remote village RETs may be the only feasible solution.
Similarly, microgrids with RETs in a location where grid connection is present may
represent cost savings largely due to reduced need for purchasing power from the grid,
or ability to sell excess power back to the grid; whereas in remote areas, the cost of grid
extension may be significantly higher than the cost of establishing a microgrid.

This dichotomy necessarily leads to differences in the design and operation of micro-
grids in a developing world context.

1.4 Microgrid design considerations for developing world con-
texts

Building on the differences in motivation identified in fig. 1.4, several guiding criteria
are identified for application of microgrids in the developing world:

1. Type, availability, and cost of energy resources

2. Availability of electrical components (chargers, inverters, batteries, etc)

3. Strengths and weaknesses of existing electrical supply (if any)

4. Needs and priorities of users to be served

5. Training and ability of users to operate and maintain the system

6. Ability to adapt to expected changes in grid availability

7. Ability to adapt to changes (generally, growth) in load
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Another key difference which must be considered for microgrid development is the
manner in which the electric grid grows and develops. In the business as usual scenario,
the grid, and thus electrification, grows outwards from places with existing reliable
grid connections (such as cities and industrial areas). Communities on the edges of
the grid would be electrified first, followed by their neighbors, and moving outwards
(indeed, this is the paradigm used in several of the the studies cited in section 1.3.2 when
comparing alternate means of electrification). At the same time, reliability and capacity
of the grid in those areas already connected would increase (at least in principle).

Reliable 
connection

Intermittent 
supply

Grid present 
but not 

connected

Proximity to 
grid 

connection

No electric 
connection

FIGURE 1.5: A bidirectional spectrum of electrification

But what if development could also flow in the opposite direction? Or better still–in
both directions at the same time, as illustrated in fig. 1.5. From connected areas, the grid
could continue to grow and expand outward, while simultaneously, microgrids could
be used at the opposite extreme–areas far from the grid–to provide electric connections.
These microgrids would introduce not only electric connections for users, but compo-
nents that can eventually contribute to grid stability and reliability. Thus, when the two
paradigms "meet in the middle," total power availability and reliability will be higher, at
a lower cost, then if only one solution were employed.

1.5 Status of microgrids for developing world electrification

As described in [43], of 11 millions households electrified through World Bank Projects
from 2000 to 2014, just over 100,000 were electrified by microgrids. But rather than
representing a poor showing for microgrids, this small share represents the start of a new
trend.

Challenging the assumption that centralized generation is more cost-effective than
decentralized, [45] examines the possibility that developing nations could use decentral-
ized electrification paradigms to "leapfrog" the centralized model employed elsewhere.
The authors develop a model for comparing costs between centralized and decentralized
electrification. While they find that off-grid systems are only likely be cost effective in
about 20% of the scenarios examined, their research indicates that attributes of decentral-
ized options such as flexibility, scalability, and rapidly falling costs mean that they are
likely to become more competitive in the near future.
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Further examining factors affecting adoption of microgrids, [35] discusses barriers
to private sector investment in decentralized electrification projects. Specific barriers
identified include unpredictable revenue, poor financing, and long-term risks. At the
root of many challenges to private sector investment in microgrids for RE is that the
motivation for RE is typically social in nature, making it a better fit for public and
donor institutions. But several factors specific to microgrids make them an increasingly
attractive option for private investment.

First, the modular nature of microgrid design means that once a base microgrid is
established, adding new connections (that is, paying customers) in adjacent buildings,
neighborhoods, or communities is more cost effective than in a system based on stand-
alone power systems such as SHS. This, combined with the well-established trend of
users to steadily increase consumption over time following initial connection, means that
the prospects for long-term growth in revenue are strong for microgrids.

Second, microgrids are inherently designed to integrate with other microgrids or the
main grid. This flexibility stands in contrast to stand-alone technologies, and reduces
the long-term risk of "stranded assets," a situation where power systems installed for
RE are rendered obsolete by the introduction of a grid connection. In such a situation,
microgrids continue to offer such advantages as back-up power, improved power quality,
and possible revenue from selling excess power back to the grid.

A 2014 report by the United Nations Foundation (UNF) provides case studies of
seven microgrid developers operating from the 1990s through the present across India,
Malaysia, and Haiti [34]. Together, these developers maintain 787 microgrids with a
combined capacity of nearly 15 MW, serving nearly 60,000 customers. The UNF report
categorizes microgrid business models into for profit, partially subsidized, and fully
subsidized. Within these categories the authors examine seven factors which are critical
to microgrid success: design of tariffs, tariff collection processes, maintenance processes,
theft of service risks, growth in demand, technical limits, and local ownership and
operation. Through in-depth case studies of 12 microgrids built and managed by the
developers covered in the report, the authors demonstrate that careful attention must be
paid to each of these seven factors to ensure the long-term success of a microgrid project.

While all of these seven factors apply to any RE technology, the technical considera-
tions apply differently for microgrids. For instance, microgrids are much more capable
of handling growth in demand and stringent technical limits, due to the modular nature
of their design. Whereas an electrification project based on SHS would set a hard limit
on power usage for each customer, a microgrid consisting of interconnected homes and
business would have an aggregate limit for the entire community–meaning that a user
with momentarily high demand could "borrow" capacity from other users with lower
demand in that moment.

Finally, [50] examines issues related to microgrid deployment in India. Extending the



Chapter 1. Introduction 9

findings from the UNF report in [34], the authors find that microgrids occupy a poorly
defined middle ground between the traditional supply-side model of centralized utilities,
and the simplicity of individually owned and operated systems such as solar home
systems. The cooperative nature of microgrids, while resulting in improved technical
performance compared to both centralized and individual systems, nonetheless brings
a number of requirements (technical, legal, and financial) that are not faced by those
systems. However, the government of India has recognized the benefits of microgrids,
and is engaged with utilities and microgrid installers and operators to address these
concerns. Two key areas of ongoing research are the development of economically
sustainable ownership models, and tariff structures.

1.6 Conclusion

FIGURE 1.6: Graphic illustrating the components of
the MEM/HEM system introduced in chapter 3

The development of microgrids has
brought electric grid technology back to
its roots: Microgrids today show signifi-
cant promise as a technology for providing
electric connections for communities and
neighborhoods which have never before
had a connection, much like the customers
in the vicinity of Thomas Edison’s Pearl
Street Station.

While not a panacea, electrification has
the potential to positively influence devel-
opment around the world, and as a result
donor organizations and governments in
developing nations have poured significant resources into increasing electrification. De-
velopments in microgrid technology have presented a promising new paradigm for
increasing electrification that can bypass many of the obstacles inherent in standard
grid expansion (including both high capital costs and often poor reliability). In the last
several decades a number of pilot projects have demonstrated the potential of microgrids
not only to provide electrification in remote areas, but to do so in a way that is more
resilient, cost-effective, and flexible than conventional grid expansion. From a technical
perspective microgrids also mesh well with renewable energy resources, thus increasing
their appeal as a more healthy and environmentally friendly option.
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1.6.1 Document organization

The rest of this document is organized as follows: Chapter 2 summarizes recent trends in
dc microgrid research and development. Chapter 3 gives an overview of the Microgrid
Energy Manager / Homegrid Energy Manager (MEM/HEM) system being developed at
UW-Madison. Chapter 4 provides details and results from two experiments conducted
using the HEMdc system. Chapter 5 describes the ongoing work at the National Institute
of Engineering in Mysuru, India to test the MEM system in a real-world situation. Finally,
chapter 6 provides conclusions and a discussion of future work related to the efforts
described in this report.
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Chapter 2

Overview of dc microgrids

2.1 Introduction

As discussed in chapter 1, dc power systems have existed since the earliest days of
electrical systems–but theirapplication to modern microgrids has been a more recent
development. The opportunities for dc microgrids are based on three key advantages
[51–54]:

Many renewable energy sources provide dc output. Solar photovoltaics and fuel cells
produce dc current directly, and many wind power systems can easily produce dc
current, or are interfaced to the ac grid through a dc link.

Energy storage is typically dc. Batteries and supercapacitors use dc current by their na-
ture for charging and discharging. This includes the batteries in electrical vehicles,
meaning dc power systems can easily integrate with vehicle-to-grid systems.

Many types of electrical loads use dc power natively. The majority of electronics (such
as computers, servers, and TVs) use dc power. LED lights also use dc power
natively. Many types of motors and drives (especially variable speed drives) use
dc power.

In all three cases, these sources, storage systems, and loads require converters when-
ever they interface with ac power systems; thus switching to a dc power system eliminates
the need for such converters, eliminating the losses which are inherent in any type of
power conversion.

To date, key areas of implementation for dc power systems have included data
centers, spacecraft, airplanes, shipboard power systems, traction power systems (for
trains, trolleys, trams, etc), and telecommunication infrastructure. Developments in these
areas have spurred research on dc microgrids, and in some cases provided test-beds
for establishing functional dc microgrids (particularly in the case of data centers and
telecoms, where the cost savings potential is significant).

Extending the motivations discussed in chapter 1, dc microgrids are also found to
have widespread application in developing nations [55–58], due to lower electric demand,
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and the suitability of solar photovoltaics in many areas. Even when higher power
requirements are present, dc microgrids are still found to be well-suited in applications
where a high percentage of renewable energy sources with dc output is present [58, 59].

After a brief overview of microgrid control, this chapter will cover the current status
of dc microgrid research.

2.2 Three layers of microgrid control

Control systems for microgrids (whether ac, dc, or hybrid) typically consist of three
control layers [60–62]. Divisions between the three layers are often defined by the time
constants affecting the operation of each–from sub-seconds for primary layer, seconds to
minutes for secondary control, and minutes to hours for tertiary control. The general
functions of each layer are described in the following sections. A diagram illustrating
how these three control layers relate to the MEM/HEM system, described in chapter 3, is
provided in fig. 2.1.

Tertiary: 
MEMcloud

Secondary: 
HEM

Primary:
Loads, 
sources, 
storage

FIGURE 2.1: Illustration of the three microgrid control layers as implemented in
the HEM/MEM system, introduced in chapter 3

2.2.1 Primary control

Primary control governs interaction between individual microgrid components and the
larger microgrid, most often without the need for any communication interface. In the
primary layer each component sets and seeks its own voltage, frequency, and power
production or consumption based on local measurement. This layer is typically designed
in such a way that control strategies also result in suppression of harmful harmonics and
circulating currents. Responses on this layer are on the range of milliseconds. Droop
control is a common strategy employed within the primary layer.
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2.2.2 Secondary control

Because primary control principally governs the interaction between individual com-
ponents and the larger microgrid, a secondary layer is needed to manage interactions
across the microgrid between these components. The secondary layer manages holistic
control within the microgrid, adjusting voltage and frequency set-points which are used
by the primary layer. Secondary control typically employs a communication interface,
which by design is low-bandwidth; the slower time constant of secondary control does
not require high-bandwidth communication. However, several de-centralized means of
employing secondary control have also been studied with some success.

2.2.3 Tertiary control

Finally, the interaction between the microgrid and the outside world is handled by the
tertiary control layer. This includes deciding when to connect and disconnect from
the grid, economic dispatch of power sources, load balancing and curtailment, and
dispatch based on environmental and meteorological factors (particularly important for
microgrids with a high share of wind and solar resources).

2.3 Status of dc microgrid research and development

2.3.1 Standardization in dc microgrids

Emerging standards and best-practices for system protection in dc microgrids are dis-
cussed in [51, 54]. The need for standards is described in terms of the key risk associated
with dc power systems: arcing, fire, electrocution, and damage to loads. Key require-
ments for protective systems are identified as reliability, speed, performance, economics,
and simplicity. Components for which standards are lacking are identified as fuses, circuit
breakers, no load switches, and solid state switches. In addition to these required compo-
nents, several design paradigms requiring standardization are also identified, namely:
redundancy, fault isolation, load prioritization, load shedding, transient operation, and
condition-based maintenance.

2.3.2 Centralized control systems

A fuzzy logic-based control system is developed and simulated in [59]. The input
fuzzy variables used in the system are power balance (difference between total power
produced and load power) and change in battery state-of-charge (SOC). The output
variable is change in battery charge/discharge current. The system is implemented
using wireless sensors and actuators connected through LabVIEW. Simulation and
experimental evaluation of the system demonstrates its ability to provide stable power to
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loads with fluctuating input power from a wind and solar source, while simultaneously
maintaining battery SOC in a desirable range, and supplying excess power back to the
grid.

In [55] a centralized, rules-based system for dc microgrid control is developed and
tested through simulation. The back-end of the microgrid is purely dc–all sources, loads,
and storage devices are connected through ac-dc or dc-dc converters to a common dc-
link at a nominal 300 V. The energy management system handles control of the MPPT
interfaces for the two power sources (wind turbine and solar PV), charging/discharging
of the batteries and supercapacitor used for storage, and load shedding. Data inputs
consist of the dc link voltage and battery SOC. For a one second simulation including
load- and source-stepping events, it is demonstrated that the proposed algorithm is able
to maintain the dc link voltage within 0.04 V of the set-point.

More robust control systems which can adapt to changes in operating modes are
proposed and simulated in [58, 63, 64]. Four types of terminals for dc microgrids
are defined: dispatchable loads, dispatchable sources, intermittent sources, and a grid
interface. Use of dc voltage measurement is proposed as a proxy for stability, and a tiered
structure is constructed, where defined ranges in voltage are assumed to correspond to
standard variations in operating modes of any system with each type of terminal present.
The voltage tiers also correlate to the number of power versus slack buses present at
any given time. Different control schemes are used within each voltage range, variously
comprising droop, proportional control, proportional-integral control, feedback loops,
and high- and low-pass filtering.

In [63], while the system performs well in certain aspects of controlled simulation,
it is inherently reliant on careful selection of voltage parameters, and assumes uniform,
constant voltage drop between any two points in the microgrid. Varying voltage mea-
surements are accounted for in the experimental setup tested in [64], but the accuracy
and reliability of the voltage measurement system is identified as a critical and costly
component of the system, limiting its extensibility.

In [58], the system uses the time constant and frequency of disturbances to determine
the root cause event, and implements a control strategy targeted at responding to specific,
predetermined events. In simulation the system is able to distinguish between events
and implement the proscribed control strategy to restore stability, but further testing
with different events and simultaneous events is required.

2.3.3 Decentralized control systems

Moving in the direction of decentralized control, [65] proposes a control system where
each node on the dc microgrid handles primary control locally with droop, only requires
a data link to its immediate neighbors (using a graph network) for secondary and tertiary
control functions. Each node transmits its own measured per-unit voltage and current,
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and its estimate of the network voltage. Voltage drop between nodes is accommodated
by setting a communication "weight," or data transfer gain. A voltage observer with
noise filtering combines the local and neighboring voltage measurements to estimate the
voltage across the microgrid, and thus determine the correct local setpoint. To set initial
control parameters, prior knowledge of the frequency response must be known, as well
as the microgrid admittance matrix.

In simulation and an experiment using laboratory equipment, the proposed control
system outperforms standard droop control in correctly maintaining the voltage setpoint
and implementing load-sharing. It also demonstrates immunity to noise. Response to
load changes, converter failure, and failure of individual data linkages are also tested
with satisfactory results.

A decentralized approach, treating all terminals the same, is proposed and simulated
by [66]. Prior attempts to develop robust secondary control for dc microgrids are found
to assume presence of a single power source, neglect voltage drop between different
points on the grid, or artificially insert a small ac signal to attempt "borrowing" of ac
control methods.

To overcome these challenges, a decentralized, droop-based system tuned for low
voltage regulation is combined with a centralized controller to ensure load sharing. The
communication scheme proposed uses digital signals (to reduce the impact of noise),
while only requiring transmission of two bytes of data per source–allowing for the use of
robust yet low-bandwidth, low-speed networks such as CAN (controller area network).
In a system with two loads and two sources, simulations and experimental evaluation
demonstrate average voltage regulation less than 3%, and current sharing error below
0.5%.

2.3.4 Hybrid ac and dc microgrids

Another important consideration of dc microgrids is interoperability with ac systems
[67]. A hybrid system consisting of dc interconnection to share dc sources and storage is
considered in [57]. This system effectively consists of creating a shared bus for dc loads
and the batteries used for storage: the bulk of the control tasks are still handled by the ac
systems.

In contrast, [68] considers "pairs" of ac and dc microgrids which share a single storage
system and grid-tie connection. In this system, standard primary and secondary control
methods can be used for the two ac and dc "subgrids," while the tertiary controller serves
as a "gatekeeper" to connect the subgrids to each other, storage, or the grid, through
a common dc link. With droop control for the two subgrids, an experimental system
was developed which demonstrated the system’s ability, using only low-bandwidth
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communication, to effectively manage the two subgrids, focusing on reducing charg-
ing/discharging of batteries (increasing their lifespan) and reduced operation time of
power converters (to minimize losses).

2.3.5 Control of interconnected dc microgrids

A control scheme for clusters of dc microgrids is proposed in [69]. Decentralized control
at the primary level regulates voltage and current sharing using adaptive droop control
based on battery SOC. At the secondary level, power flow between connected microgrids
in the cluster is managed by a centralized controller adjusting voltage set-points based
on the SOC within each microgrid. When a single microgrid is preparing to connect
with the cluster, this secondary controller will match the dc-link voltage to allow for
smooth transition; once connected, the secondary controllers of all connected microgrids
cooperate to adjust voltage set-points and facilitate power flow between microgrids
based on relative SOC. Similar to [65], a graph network is used to connect the controller
of each microgrid and share measured voltage and SOC.

In simulation, voltage and battery charge/discharge current of individual microgrids
is properly controlled, and connection between microgrids is shown to have a smooth
transition. The ability of three interconnected microgrids to share power and move
towards a common value for SOC (microgrids with higher charge sending charging
current to those with less) is also demonstrated.

While not specific to dc microgrids, [70] also considers group control of microgrids,
including economic considerations as a control factor. For a group of interconnected
microgrids, when any individual microgrid has a power shortage, it can choose between
consuming fuel for dispatchable energy sources (such as a generator), purchasing power
from the grid, or purchasing from other microgrids. Conversely, a microgrid with
excess capacity can sell this power to the grid, sell it to other microgrids, or store it
(within storage limits). Each of these choices have specific economic impacts which
can change seasonally, daily, or even hourly. While operation of any microgrid has
economic considerations and constraints, the added option of exchange with neighboring
microgrids adds an additional degree of freedom to the problem of optimal economic
dispatch. This creates a more complex problem, which the authors address by solving the
optimization in a piecewise linear fashion. In simulations based on an actual microgrid
installation in Guangxi Province, China the proposed control method demonstrates that
interconnected microgrids are able to operate in a more profitable way than an identical
group of non-cooperating microgrids.
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2.4 Conclusion

The nature of renewable energy sources, energy storage systems, and many typical loads
provides significant potential for dc microgrids. Such microgrids are a natural outgrowth
from existing development for data centers, traction power systems, and other areas
where dc power systems have been used for decades. However, there remains a lack of
standardization for protection and control in dc power systems.

Control in dc microgrids can be broadly separated into centralized and decentralized
approaches; the former typically being more robust and stable, with the latter being
easier and more cost-effective to implement. Significant effort has also been put into
control systems for hybrid ac-dc microgrids, or interfaces between ac- and dc-microgrids.
An additional area of research which has not received significant attention in the past is
the effect of aggregating microgrids, and the benefits and challenges this could bring.



18

Chapter 3

MEM: Microgrid Energy Manager

3.1 Introduction

MEM, the Microgrid Energy Manager, is a platform conceived and developed at the
University of Wisconsin-Madison for the purpose of microgrid research and development,
in line with the priorities discussed in chapter 1. MEM involves groups of individual
homegrids aggregated together as a microgrid. A homegrid may consist of a home or small
business with its own local energy sources (typically solar PV) and storage (typically
batteries). Several homegrids grouped together comprise a microgrid, which may also
include shared resources such as larger energy sources (wind turbines, generators, or
hydroelectric plants), street lights, and pumped water energy storage. A schematic of
such a system is given in fig. 3.1.

MEM consists of two major components, and several sub-components:

MEMcloud: The Microgrid Energy Manager cloud application, which monitors and
controls individual microgrids and their component homegrids.

HEM: The Homegrid Energy Manager, a hardware and software platform which per-
forms local monitoring and control of individual homegrids. Each HEM may
consists of several components:

HEMcore: The core hardware required for a homegrid, including processors and
communications interfaces.

HEMapp: The software running on HEMcore which actively monitors and controls
loads, and interfaces with MEMcloud through several possible communica-
tions protocols. This includes the firmware and drivers necessary to operate
the hardware peripherals, as well as user code which makes decisions about
how to operate the hardware.

HEMac: Energy metering and relays used for interfacing with ac loads and sources
(110 – 230 Vac, 50 – 60 Hz), interfaced through third-party potential transform-
ers, current transformers, and contactors.
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FIGURE 3.1: Illustration of MEM/HEM hierarchy [71]

HEMdc: Energy metering and relays used for interfacing with dc loads, sources,
and batteries (12 – 48 Vdc, up to 10 A per circuit).

The relationship between these components and MEMcloud is illustrated in fig. 3.2.
The rest of this chapter will provide additional details on the design and function of the
MEM components, going into detail where applicable for this paper.

3.1.1 Previous publications on MEM

The MEM system has been in development since 2013, and has served as the subject of
several previous papers.

In [62], a masters thesis, the wireless sensor network for establishing and monitoring
MEM microgrids/homegrids is developed. Testing of reliability and network elements
in various topologies and physical environments was performed. Results from this work
guided the development of a hardware system which served as the immediate precursor
to the MEM/HEM system which is the subject of the present study.

MEM was also the subject of several forthcoming papers presented at a conference
in December 2016 [72]. Aggregation of power and storage requirements for homes is
studied in [73], where a simulation of four average Wisconsin residences finds that load
variability can be reduced by up to 25%, and battery storage requirements by 10%. In
[71], the motivation and need for MEM system is given, highlighting gaps in current
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FIGURE 3.2: Block diagram of MEM and HEM components [71]

research on the topic of small-scale microgrids. Finally, [74] provides further test and
verification of the wireless sensor network system developed in [62].

3.2 MEMcloud

MEMcloud is a cloud application which handles data storage, system management,
and remote user interface. Long term, MEMcloud will be responsible for collecting
and analyzing all data relevant to the operation of microgrids and homegrids. This
includes such data as weather forecasts, solar availability predictions, fuel prices, and
grid electricity costs. MEMcloud is also responsible for monitoring and controlling
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shared community resources which are not associated with a specific homegrid, such as
large-scale energy sources and storage, as well as public services such as street lighting
and water treatment.

3.3 HEM
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ENERGY
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STORAGE
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& PERIPHERALS

ENERGY METERS RELAYS

FIGURE 3.3: Example of a homegrid [71]

A homegrid is a small autonomous unit within a microgrid–typically a home or small
business, with a small solar array and one or two batteries, as illustrated in fig. 3.3. Larger
homegrids are also possible, but at this stage in development the focus is on systems
with demands in the range of hundreds of watts.

The HEM system consists of the HEMcore hardware, paired with one or both of
HEMac and HEMdc interfaces. The hardware platform is managed by the HEMapp
software.

HEMapp is responsible for monitoring the battery and loads to keep the system
operating within limits. HEMapp also handles communication with MEMcloud and the
local user interface. The basis of HEMapp is a multi-threaded application written in C
which interfaces with each of the hardware components. User applications are written in
Python, which then interface with HEMapp through an on-board UDP server.

3.3.1 HEMdc interface

HEMdc was developed in early 2017 for the purpose of isolating the communications
and processing components of the HEM system from the relays and energy meters which
interface directly with potentially high-power loads and sources (an ac corollary, not
covered in this paper, has also been developed). A block diagram of the hardware is
shown in fig. 3.4.

The main features of HEMdc are:
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FIGURE 3.4: Block diagram of HEMdc interface

I2C interface with isolation and buffering. HEMdc communicates with HEMcore over
an I2C interface. I2C is a serial bus interface consisting of a serial data line and serial
clock line pulled-up to 3.3 Vdc [75]. Because I2C is specified for communication
within a PCB, buffering and optical isolation is added to extend functionality to
provide a board-to-board interface, improve reliability, and provide protection for
the HEMcore components.

Isolated power supply from HEMcore. The same cable which carries the HEMcore data
interface also supplies 5 Vdc power to operate HEMdc. The 5 Vdc is fed through
a 1 W isolated, regulated, dc-dc converter. As with the I2C lines, isolation is
implemented to protect the HEMcore components. Power is brought over from
HEMcore (rather than using a separate supply) so that both components can share
the same battery back-up system.

Eight 12–48 Vdc, 10 A, input/output interfaces for sources and loads. Screw terminals
are provided allowing for eight pairs of input and output connections (together re-
ferred to as a node). Rather than providing channels for specific purposes (sources,
loads, or storage) the design decision was made to provide eight generic chan-
nels. During the development phase this will enable more flexible configuration of
HEMdc, at the cost of a more complicated external wiring setup. This configuration
also ensures that each channel can accommodate currents up to 10 A.
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Energy metering. Each of the eight nodes has an LTC2946 energy metering IC [76].
This IC measures voltage, current, power, energy, and charge. Accuracy for all
measurements is ±1%. Each IC communicates to HEMcore via the I2C interface
through a multiplexer.

Latching relays. Relays are used to connect and disconnect loads and sources at each
of the eight nodes. Relays are driven by a GPIO multiplexer with an I2C interface.
Latching relays were chosen so that a loss of power or communication on HEMdc
will not affect operation of user loads and sources. The status of each node is
stored by the HEMapp periodically so that in the event of a loss of communica-
tion or power, the previous state of all relays can be restored immediately upon
reconnection.

Full schematics for HEMdc are provided in appendix A, along with information
about the Gitlab repository where the PCB design files are available.
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Chapter 4

Experimental verification of HEMdc

4.1 Introduction

Microgrids are often powered by a high ratio of renewable energy resources, such as
wind, water, and solar power. This is done for many reasons, including availability of
such resources, cost savings from avoided fuel purchase, and reduced pollution and
emissions. However, inherent in this design choice is the unpredictability, intermittency,
and limited dispatch ability that comes with such resources. As a result, energy storage
is often used in microgrids to supplement renewable energy resources, and ensure power
availability at times when wind, water, and solar power are not available. Of energy
storage resources, batteries are the most ubiquitous, and are desirable as an affordable,
mature technology that can be easily scaled up or down [77].

4.2 Battery management

As an integral component of microgrids, accurate monitoring and intelligent control
of the battery is required. While many manufacturers advertise useful battery lives of
five years or more, achieving this lifespan requires intelligent operation and depends
on number of factors, including rate of charge and discharge, ambient temperature, and
depth of discharge [78, 79].

Two experiments were conducted using HEMdc to verify its ability to effectively
monitor and manage batteries. The experiments focus on two aspects of battery manage-
ment: first as an individual resource managed by an isolated homegrid, and second as a
shared resource among the homegrids within a microgrid. Both tests rely on the ability
of HEMapp to properly determine the battery state-of-charge (SOC).

4.2.1 Individual battery management

In the most basic energy storage system, the battery is connected directly to loads and
supplies power until it is depleted, and remains depleted until a charging resource (such
as grid connection or solar PV input) is available. This results in two problems: first, if
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low-priority loads are connected simultaneously with high-priority loads, the former will
increase the rate of battery discharge; low priority loads will be served at the expense of
more critical loads. Secondly, deep discharge of the battery will occur regularly, reducing
its useful life [80].

Thus, a battery management algorithm which can prioritize loads, and prevent deep
discharge of batteries, is desired. Design of such a system is described in section 4.3, and
testing of the system is performed in section 4.4.

4.2.2 Collective battery management

In off-grid power systems utilizing SHS or similar technology, during times with no
solar resource availability, batteries in some homes may be depleted, while those in other
homes will not be. Using the MEM system, MEMcloud tracks the SOC of the batteries
in each homegrid, and creates connections where appropriate to allow under-utilized
storage capacity to benefit other users. In practice, such a capacity sharing system would
likely be accompanied by a rate structure whereby users with excess capacity would be
compensated for sharing this resource with the microgrid.

HOMEGRID 2

HOMEGRID 1

FIGURE 4.1: Test setup used for HEMdc
verification experiments

Following the design discussed in sec-
tion 4.3, an experiment to demonstrate the
functionality and benefit of such a system for
two homegrids is described in section 4.5.

4.2.3 Hardware and software for testing

The testing rig used for all experiments de-
scribed in this section is shown in fig. 4.1. Two
homegrids with their own batteries and loads
were connected on one cart, with a wired con-
nection for power sharing. Homegrid 1, on the
left, consists of the HEMcore board, interfaced
to loads through the HEMdc board. Home-
grid 2, on the right, is comprised solely of the
HEMcore board, directly interfaced with dc
loads. This is a previous version of the HEM
hardware built prior to the development of the
HEMdc interface. The loads pictured include
fans and lights.

Details of the C and Python code used for the experiments is provided in appendix B,
along with links to the Gitlab repositories where the code is maintained.
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4.3 Use of batteries in dc homegrids

4.3.1 Choice of batteries

The HEMdc system utilizes valve-regulated lead-acid (VRLA) batteries, also known
as sealed lead-acid (SLA) or simply lead-acid batteries. Specifics of the two models of
battery used in the experiments described in this chapter are included in table 4.1.

Make Model Type Vnom Capacity (Ah) Vempty Vf ull

Optima Bluetop D34M AGM 12 55 11.2 13.1
B.B. Battery BP7-12 Gel 12 7 10.5 12.8

TABLE 4.1: Selected details of batteries used for HEMdc experiments

Lead-acid batteries are the most common type used when a UPS, microgrid, or
back-up power system incorporates batteries for energy storage. This popularity is
due to wide availability, low cost, and familiarity [81, 82]. Tubular lead-acid batteries
allow for deep discharge, making them well-suited to microgrids and renewable energy
technology (RET) applications [80]. The well-developed lead-acid recycling industry
(able to recycle up to 95% of lead in batteries) is also a tremendous advantage, lowering
cost and reducing environmental impact [83]. Development efforts specific to microgrid
and related applications have focused on increasing specific energy (capacity to weight
ratio, measured in Wh/kg) and deep-discharge cycle life [80].

Another battery technology, lithium-ion (Li-ion), is beginning to show promise as
an energy storage means for microgrids and RETs. Since first being commercialized in
the 1990s, the chief advantage of Li-ion has been its high energy density, making it ideal
for mobile devices and electric vehicles, where weight and bulk are important factors
[83]. But, its comparative cost has kept it out of the picture for renewables. Recently,
the rapid growth in the electric vehicle market has spurred further development of
Li-ion technology [84]. This increases the opportunity for the other advantages of Li-ion,
chiefly its higher power rate and cycle life, to develop and outweigh its disadvantages
compared to lead-acid [82]. With growing demand, improvements in materials sourcing
and recycling are also likely.

4.3.2 Calculating state-of-charge

The first step in managing batteries is accurately monitoring the level of charge. HEMdc
interfaces with its power source(s) directly through the battery, counting the flow of
charge from the battery to the loads by direct measurement using an energy monitoring
IC at each load–the LTC2946 [76]. The IC measures charge (in coulombs, C) with an
accuracy of ±0.6%. By counting the coulombs flowing to each load, and knowing the
total capacity of the battery, HEMapp can determine the change in SOC.
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The initial SOC (a value between 0 and 1) is calculated based on the open circuit
voltage Voc(t0) measured each time HEMapp begins running, assuming that the battery
has been in an open-circuit state for some time [85–87]:

SOC(t0) =
Voc(t0)−Vempty

Vf ull −Vempty
(4.1)

Values for Vf ull and Vempty are provided by the battery manufacturer, and represent
the expected equilibrium open circuit voltages when the battery is fully charged and
depleted, respectively.

The assumption that the battery has been left in an open circuit state for some time
is critical, as several hours may be required for lead-acid batteries to reach equilibrium
after charging or discharging [86].

With the starting value for SOC known, the change can be calculated from subsequent
measurements in the charge, Q:

∆SOC =
Q[k]−Q[k− 1]

Qc × 3600
(4.2)

The LTC2946 provides an accumulating register recording coulombs flowing from a
source to a load. This value, Q, is updated by the IC every 16 ms (based on an external
oscillator), and read by HEMapp approximately every 5 s (denoted Q[k] to indicate the
discrete nature of the measurement). The factor of 1/3600 is used to convert between Ah
(the unit of measure of battery capacity) and C.

Finally, the value of SOC is updated continuously by HEMapp by subtracting ∆SOC
each time it is calculated.

4.3.3 Charge management algorithm

HEMapp uses SOC to make decisions about when to allow power export, request power
import, and enable or disable loads. Each of these actions enables HEMapp to meet its
four objectives, in order:

1. Prevent over-discharge of battery

2. Reserve sufficient battery charge to serve high priority loads

3. Provide power to lower priority loads as often as possible

4. Export power to other homegrids to sustain the larger microgrid

Various thresholds are set within the HEMapp to make decisions and accomplish
these goals. The general process is shown in the flowchart of fig. 4.2. For each threshold
that is set, different actions are defined.
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FIGURE 4.2: Flowchart describing HEMapp decisions based on battery SOC

4.4 Individual battery management experiment

To test the basic functionality of SOC calculation and the ability of HEMapp to use this
information, the following test was established. A HEMdc system was connected with
three loads of different priority levels:

High priority: 0.5 W LED light; powered when SOC exceeds 25%

Medium priority: 3 W LED light; powered when SOC exceeds 50%

Low priority: 7 W cooling fan; powered when SOC exceeds 75%
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The system was connected to the 7 Ah battery of table 4.1. With a fully charged
battery, HEMapp was started, and all three loads were powered on. The test was run
twice for 14 hours, with and without the battery management algorithm in place. As
the battery was depleted past the thresholds at 25%, 50%, and 75%, loads were disabled
starting from the lowest priority.

4.4.1 Results and discussion
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FIGURE 4.3: Waveforms of battery voltage, load current, and battery SOC,
illustrating operation of HEM with load switching during different states

Results are shown in fig. 4.3. In the scenario with no battery management (blue line),
no loads are being served at all after 12 hours, and in the interval from 9 to 12 hours,
current to the loads diminishes rapidly, resulting in the erratic usage shown just before
the 12th hour. In a real-world scenario such erratic behavior could result in damage to
the loads, battery, management equipment, or all three.

In contrast, with the management algorithm running (red line), the high priority load
is served for the duration of the test, and the medium priority load (powered off when
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SOC reaches 75%) is served for approximately the same duration as it had been in the
test with no battery management. The low priority load (which had the highest usage in
this scenario) is served for just over two hours. At the end of the test the battery retains
nearly 50% charge.

4.4.2 Future improvements

In a real-world scenario, the priority of loads would be determined by the user through a
simple ranking mechanism. Setting specific values for the SOC thresholds is an area of on-
going research. Current development of the HEM system involves automatic calculation
of the thresholds by the HEMapp based on the quantity and size of the loads, and other
factors such as battery capacity, type, and age. Longer-term work proposes varying the
thresholds based on time of day (a predictor for solar energy input), availability of power
export from neighboring homegrids, and occupancy (whether the homegrid users are
present or not).

Additionally, factors such as self-discharge and ambient temperature will need to be
included in the real-time calculation of SOC in order to improve accuracy, especially over
the lifetime of a battery.

4.5 Collective battery management experiment

A second experiment was conducted to test the ability of two homegrids to manage
battery capacity collectively. As described in fig. 4.2, as SOC reaches specific thresholds,
HEMapp makes decisions about starting or stopping power import or export. The
various thresholds programmed for each homegrid for the power sharing tests are
described in table 4.2. This table also gives the nominal power rating of the two loads
(high priority and low priority) for each homegrid.

Threshold Action

60% Disable power export
50% Request power import
40% Disable low priority load (4.5 W)
10% Disable high priority load (5.5 W)

TABLE 4.2: Threshold definitions and actions for the two homegrids of the power
sharing test

To demonstrate the advantage of power sharing, the two homegrids used batteries of
different total capacity of the test. Details of the batteries and their SOCs at the beginning
and end of each test (base case and actual) are given in table 4.3.
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Homegrid 1 | 7 Ah battery

Initial SOC Final SOC

Base case 98% 10%
Test case 94% 16%

Homegrid 2 | 55 Ah battery

Initial SOC Final SOC

Base case 84% 60%
Test case 86% 54%

TABLE 4.3: Details of homegrid batteries and SOCs for power sharing test

4.5.1 Baseline

A baseline was established by charging both batteries and running both homegrids
without the ability to share power. During the 14 hours of the test, no external power
source was used to charge the batteries, and no loads were toggled manually. HEMapp
executed load curtailment as needed based on SOC. Results for this scenario are shown
in fig. 4.4.

In this scenario, homegrid 2 maintains sufficient charge to avoid the need for load
curtailment, while homegrid 1 passes two thresholds, requiring it to curtail all loads after
roughly 9.5 hours.

4.5.2 Power sharing enabled

Next, power sharing was enabled in the HEMapp algorithm. As in the base case, the test
started with all loads switched on, and batteries fully charged. The power sharing link
was initially disconnected.

Request for power export is accomplished automatically, with the "importing" home-
grid sending an SMS to the "exporting" homegrid. The exporting homegrid initiates the
export as long as its own SOC is above the programmed threshold.

When power export is active, the local battery for the importing homegrid is left
active–this is to ensure that local loads will continue to be served in the event that the
exporting homegrid ceases exporting, or if there is a fault on the power lines linking the
two homegrids.

4.5.3 Results and discussion

Plots of terminal voltage, current, and SOC are shown in fig. 4.5 for the duration of the
test.

From the plots it can be seen that when the SOC for homegrid 1 reaches 50%, it
requests power export from homegrid 2. Homegrid 2 initiates the export (indicated by



Chapter 4. Experimental verification of HEMdc 32

10

11

12

13

V

Terminal voltage

Homegrid 1
Homegrid 2

0

1

2

A

Load current

0 2 4 6 8 10 12 14

Elapsed time (hours)

0

50

100

%

State-of-charge

10%
40%

FIGURE 4.4: Waveforms of battery terminal voltage, load current, and battery
SOC, illustrating base case of two homegrids with power sharing disabled

the purple shaded region) until its own SOC diminishes below 60%. Shortly after this,
homegrid 1 reaches 40% and curtails its low priority load.

After 14 hours the test ends. At this point, homegrid 2 still has both of its loads
enabled (as in the base case), while homegrid 1 still has its high priority load enabled–
unlike the base case, where all loads were curtailed after 9.5 hours.

Additional detail for the time period during which power sharing is active is given
in fig. 4.6.

An interesting result can be observed for the first several minutes after power sharing
is enabled. The start of power sharing equates to directly connecting the two batteries
of each homegrid. This causes a period of instability in the system, where the voltages
of the two homegrids fluctuate. As a result, the share of power supplied to the loads at
the importing homegrid fluctuates between the remote and local batteries for several
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FIGURE 4.5: Waveforms of battery voltage, load current, and battery SOC,
illustrating operation of two homegrids with power sharing enabled (see

description of thresholds in table 4.2)

minutes.
Just after the seven hour mark, another destabilization event nearly occurs, with the

current drawn from the battery at homegrid 1 beginning to rise sharply. More work is
needed to study and prevent these types of events when power sharing between two
homegrids is enabled.

4.6 Conclusions and future work

The tests performed in this section demonstrate that the HEMapp is able to intelligently
manage a homegrid’s battery by measuring SOC, and using this data to curtail loads
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based on priority. Additionally, when two homegrids are connected, HEMapp is able to
manage sharing of power between them to further prolong battery life.

In a real-world situation, HEMapp would require additional information to properly
prioritize between powering local loads, and sharing power with other homegrids.
For instance, there may be scenarios where a local load could be curtailed to continue
supplying power to a remote load. This could represent a situation where the potential
income from selling excess power is deemed more profitable than some local use of
power. The opposite scenario could also be true–rather than requesting power import,
HEMapp may choose to curtail a local load if such a decision is deemed to be less costly.
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Chapter 5

Microgrid work at NIE-CREST

5.1 Introduction

From February to May of 2015 Professor Giri Venkataramanan completed a teaching
sabbatical at the National Institute of Engineering (NIE) in Mysuru, India [88]. While
working with a group of students on construction of a microhydro generator (see sec-
tion 5.4.1.2), he forged a relationship with Professor Shamsundar Subbarao, Associate
Professor of Mechanical Engineering at NIE, and director of CREST, the Centre for Re-
newable Energy and Sustainable Technologies. The two proposed a partnership between
their two institutions to cooperate on microgrid research, development, and testing.
Professor Giri’s research group would provide research expertise and system design,
while CREST would provide space for testing, project management for implementation,
and expertise on biofuels.

Project collaboration began in December 2015 when Professor Giri and two students
(including the author) traveled to Mysuru for three weeks to set up small-scale microgrid
test-bench and run a workshop on microgrids with a group of NIE undergraduate
students from various engineering disciplines.

In May 2016, the two institutions signed a memorandum of understanding, "to pro-
mote academic cooperation [. . . ] with a focus on expanding scholarly ties and exploring
the feasibility of establishing a framework for educational and scientific cooperation"
[89].

To date, the author has traveled three times to CREST to collaborate on microgrid
research and development. Other members of the microgrid project team from UW-
Madison are scheduled to travel to NIE in summer 2017 to continue working on the
project.

In the following sections a brief outline of each visit is given, followed by documen-
tation of the work completed, and specifications of the systems currently in place at
CREST.
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5.2 Summary of work

Dates of the three visits completed to date are given below, followed by a brief description
of the goals and outcomes from each visit.

Phase 1 (December 2015 to January 2016): Install and test energy sources (wind, hydro,
solar, and biodiesel) and connect to dc microgrid testbeds

Phase 2 (June to August 2016): Upgrade microgrid control hardware, integrate live of-
fice loads (interior and street lighting), set up biodiesel generator remote start
system

Phase 3 (April 2017): Implement prioritization and scheduling of live loads, interface
with 10kW library solar system, improve control of streetlights

5.2.1 Phase 1 – December 2015 to January 2016

Professor Giri, the author, and fellow graduate student Ashray Manur traveled to NIE for
three weeks in December 2015 and January 2016. During this initial visit, the team worked
with a group of about 20 undergraduate students in various engineering disciplines,
including electrical, electronics, and mechanical.

The primary goal of the workshop was the implementation of four isolated microgrid
testbeds incorporating various combinations of energy sources, storage, and both ac and
dc loads. To this end, work on four separate energy sources was completed: solar arrays,
a wind turbine, a microhydro, and a bio-diesel generator.

In addition, two separate systems for microgrid monitoring and control were tested
and implemented: one for ac loads which relied on wifi and wireless mesh for commu-
nication, and one for dc loads with a GSM modem for communication by text message
(SMS). Elements of both systems were later combined into the MEM platform discussed
in chapter 3. A number of design and technical issues with the two systems meant
that their functionality was limited, but the work done was important for laying the
groundwork for later progress.

5.2.2 Phase 2 – June to August 2016

Over the summer of 2016 the author traveled to Mysuru alone to work with a group of
approximately 30 students, including several from the earlier group.

Students were organized into groups of four to six, each working on one aspect of
the microgrid system. Work done included adding additional solar panels, performing
a load study of the CREST office, producing as-built wiring diagrams, and automating
control of the bio-diesel generator.
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Phase 1 team at NIE (photo by CREST staff,
2015-12-29)

Phase 2 team on a trek to Bettadapura (photo by
author, 2016-07-07)

FIGURE 5.1: Team photos from phases 1 and 2

During this phase, the control hardware was upgraded to a more powerful dc-only
system, which integrated control, communication, and monitoring aspects of both the ac
and dc hardware used in phase one.

In addition, the students visited two tribal hamlets to determine suitability for future
electrification projects (see section 5.6).

5.2.3 Phase 3 – April 2017

The purpose of the author’s final visit to Mysuru was supporting four groups of students
completing their final year projects, each incorporating some aspect of the microgrid:

Library interconnection. Study of the 10 kW solar power system at the library, and
connection of an ac line from the library to CREST to allow excess power to serve
as an alternate source for the CREST microgrid.

Load prioritization algorithm. Development of an algorithm on the existing dc micro-
grid hardware to enable or disable loads based on priority and battery charge
level.

Streetlight automation. Load study and automation of four streetlights outside CREST
office, including scheduling around dusk and dawn, and increasing brightness
when cars and pedestrians approach.

Vertical-axis wind turbine. Testing and characterization of a custom-made vertical-axis
wind turbine using an off-the-shelf permanent magnet dc machine.

A site visit to another potential site for microgrid implementation was also conducted.
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5.3 CREST description and setting

CREST is located in the city of Mysuru, in the state of Karnataka in southern India.
The main campus is at N12°16.8′ E76°38.5′. A satellite image of the main NIE campus,
showing the location of the various CREST microgrid elements, is given in fig. 5.2.
The map was created in Google My Maps and can be viewed interactively on-line at:
https://goo.gl/YG3JKN. Additional images are included in the on-line version, as well
as a scale for estimating distances. Selected annual average weather data for the city of
Mysuru is given in fig. 5.3.

FIGURE 5.2: Satellite image of NIE campus indicating location of CREST
microgrid elements. View on-line: https://goo.gl/YG3JKN. Map data: Google

Imagery, CNES / Astrium, DigitalGlobe (2017).

CREST is run by a staff of five full-time employees. The office is intended to support
typical tasks such as hosting meetings, using computers, filing documents, and storing
project materials. For educational purposes, there is a small library and a full-size
classroom with projector and sound system. In addition, the office includes a bathroom
and small kitchen.

The office occupies roughly 200 m2 on the top floor of a two-story concrete building.
The main office space has windows facing north and west; the kitchen and bathroom

https://goo.gl/YG3JKN
https://goo.gl/YG3JKN
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FIGURE 5.3: Selected annual weather data for Mysuru

line the eastward facing wall. The roof above is flat, and accessible only by ladder from
the outside of the building.

5.3.1 CREST office wiring and loads

Power comes into the office at one location, where it branches in two: one line supplying
secondary lighting and ceiling fans, and the other diverted through an uninterruptible
power supply (UPS). From the UPS, one line supplies computers, a projector, and plug
loads (mainly fans), while a second line supplies primary lighting. At peak, the UPS
supplies 1000 W for lighting and computers (including 600 W for the projector). The
non-UPS load is 750 W peak. Loads and other details of the UPS are included in table 5.5
along with details on the microgrid testbeds.

Appendix C contains additional details of the office wiring: A simplified one-line
diagram is shown in fig. C.1, and the office electrical layout is given in fig. C.2.
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5.3.2 CREST office networking

The CREST office has a dedicated Wi-Fi network (independent from the NIE Wi-Fi
network), and a LAN network switch. The general settings to be used for any device
on the LAN are given in table 5.1. For a specific IP address and network access it is
necessary to communicate with the NIE network administrator.

IP address start 192.168. 19. 2
IP address end 192.168. 19.253
Gateway 192.168. 19. 1
Subnet mask 255.255.255. 0
DNS 118.151.209. 5

118.151.209. 6

TABLE 5.1: CREST LAN details

5.3.3 NIE library solar power system

Professor Shamsundar was instrumental in obtaining and installing a solar power system
for the NIE College library. The system consists of seven strings of the same a-Si panels in
use at CREST (see table 5.2), for a total of 8,600 kW. Energy storage consists of 15 tubular
lead-acid batteries with 210 Ah capacity each, for a total capacity of 3,150 Ah. A power
conditioning unit, including MPPT charger and inverter, manages battery charging and
source selection between solar, battery, and mains back-up.

During phase three, as a student project, a wired ac connection was installed between
the library and CREST, to allow excess power from the library solar system to be exported
to CREST. Automation of the power export requires accessing the real-time data which is
stored on the PCU. The NIE students attempted to access this data using a Beaglebone
Black (BBB) single-board Linux computer (which also serves as the core of the MEM
system). Unfortunately, it was determined that the serial-to-USB port installed on the
PCU is not compatible with BBB. Real-time data export from the PCU was successfully
demonstrated, but could not be maintained consistently. At the time of writing, the
students were in communication with the PCU vendor to resolve this issue.

5.4 Systems in place at CREST

5.4.1 Energy sources

Four principal energy sources are established at CREST: solar, wind, hydro, and bio-
diesel. Specifics of each energy source are given below. The locations described refer to
the layout given in fig. 5.2.
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5.4.1.1 Solar panels

Two different solar panel technologies are in use in the microgrid system at CREST:
amorphous silicon (a-Si), and multicrystalline silicon (multi-Si, also called polycrystalline
silicon or polysilicon). The types and quantities of each panel in use as of this writing are
shown in table 5.2.

Type Quantity Vnom VOC ISC Pmax VMP IMP Make Model

multi-Si 2 12 21.0 2.400 35 16.2 2.200 Ammini ASM-12035A
multi-Si 2 12 21.4 3.150 75 17.7 4.250 Su-Kam POLY 12-075
multi-Si 2 24 43.2 4.650 150 34.1 4.400 Su-Kam POLY 24-150

a-Si 28 48 101.0 0.787 43 71.0 0.616 Solarex MST-43MV

TABLE 5.2: Selected details of solar panels at CREST (values for dc) [92, 93]

The multi-Si panels in use were either purchased by or donated new to CREST. The
a-Si panels were obtained free of charge when they were removed from a local installation
that was upgrading to newer, more efficient panels. (The manufacturer of the a-Si panels,
Solarex, was acquired by BP Solar in 1999; in 2010 BP Solar shut down the Solarex
production facilities, and in 2011 BP Solar was dissolved [94, 95].)

This type of panel was once very popular, however two key disadvantages have
reduced its popularity over time. First, despite making rapid advances in efficiency in
the early years of development, over the last several years the peak efficiency of a-Si
cells has stabilized at 10 to 14%, well below that of crystalline silicon technologies, which
range from 21.2% to 27.6% [96–98].

Second, degradation rates of a-Si are noticeably higher than those for multi-Si [96]: a
literature review of studies of real-world installations found that post-2000, a-Si systems
had a median degradation rate of 0.87% per year per module, compared to 0.64% for
multi-Si [99].

The a-Si panels and two of the multi-Si panels are located on the roof of the building
adjacent to CREST (see photo, fig. 5.4a), with the balance of the multi-Si panels on the
roof of CREST itself.

5.4.1.2 Microhydro

The custom-built microhydro generator which Professor Giri had worked on previously
is located in the fluid mechanics lab; fig. 5.4b shows it in operation.

The machine used in the microhydro is a standard automotive alternator. To operate,
a battery must be connected to excite the alternator; this battery also serves to store the
energy produced once it is running. To export power to the microgrid, a 200 W inverter
is connected to the battery to produce 220 Vac power for transmission (by a line run to
the CREST office which also carries power from the genset).
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(A) The a-Si solar panels (photo by author,
2016-01-01)

(B) The microhydro generator in operation
(photo by author, 2015-12-29)

FIGURE 5.4: Solar and hydro energy sources for CREST microgrid

At the time of writing the microhydro was undergoing modifications and improve-
ments, including addition of an enclosure to improve water flow.

5.4.1.3 Wind turbine

A 400 W Air X wind turbine from Primus Wind Power was pole-mounted on the roof
of the CREST building and wired into the office (selected details in table 5.3a). At the
time of writing the staff at CREST were awaiting a shipment of replacement parts (yaw
assembly and governor) to repair damage to the turbine caused by improper assembly
during phase one.

In addition, during phase three a student group built and began testing of a vertical
axis wind turbine (see fig. 5.5a). The turbine uses an off-the-shelf 300 W, 12 Vdc permanent
magnet motor. At the time of writing, the students were testing the turbine at various
speeds using a large fan to characterize its performance.

(A) Vertical-axis wind turbine (photo by author,
2017-04-15)

(B) Bio-diesel generator (photo by author,
2016-07-05)

FIGURE 5.5: Wind and bio-diesel energy sources at CREST
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5.4.1.4 Diesel generator

A 3 kVA diesel generator, model CC1-3AS [100] was purchased and located in an open-air
lab, connected to the CREST office by a 220 Vac line (which also carries power from the
microhydro). The generator is run using a mixture of 80% diesel and 20% bio-diesel, the
latter produced at CREST. Selected details are given in table 5.3b.

(A) Wind turbine

Wind speed details

Startup 3.6 m s−1

Operating range 3.6 – 22 m s−1

Optimum range 11 – 15 m s−1

Rated power output 12.5 m s−1

Maximum 49 m s−1

Electrical characteristics

Machine type Permanent magnet
Rated power 400 W
Nominal voltage 12 Vdc
Output voltage 14.1 Vdc

Physical characteristics

Swept area 1.07 m2

Rotor diameter 1.17 m
Weight 5.9 kg

(B) Genset

Generator

Power at rated speed 3 kVA
Voltage 230 Vac
Frequency 50 Hz
Power Factor 0.8

Engine

Rated output 3.38 kW / 4.6 hp
Cylinders 1
Displacement 306 cm3

Rated speed 3,000 rpm

Performance at rated power

Alternator efficiency 74%
Voltage dip <20%
Time to rated output <5 s
Fuel consumption 1 L h−1

TABLE 5.3: Selected details of (A) the wind turbine [101]; and (B) the bio-diesel
genset [100] at CREST

Remote start of generator. The generator includes an ATS interface with a 5-pin, 240°
DIN 45322 connector. The pins are:

• Battery positive

• Battery negative

• Generator contactor relay

• Mains contactor relay

• Auto start switch

By connecting auto start switch to battery negative, the generator can be started.
The generator and mains contactor relays are used to control which source is supplying
power to the load–for the application at CREST, these connections are not needed, as
the generator is only run to supply back-up power when called for by the MEM cloud
application (see chapter 3 for further details).



Chapter 5. Microgrid work at NIE-CREST 44

Under normal operation, a trickle-charge voltage of 13.8 Vdc should be supplied for
battery maintenance.

During phase 2 of the project, a successful test of a remote generator start system was
conducted. The phase 1 control hardware, no longer in use in the microgrid test-beds,
was programmed and wired to start the generator using a relay when a text message
containing the words "GENERATOR ON" was received. Sending "GENERATOR OFF"
opens the relay, shutting off the generator. The internal controller for the generator delays
starting and stopping as necessary to ensure proper warm-up and cool-down times.

5.4.2 Power conversion

Two key power conversion systems are in place at CREST: battery chargers, and ac
inverters.

5.4.2.1 MPPT chargers
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FIGURE 5.6: V-I curve for a solar PV panel [92]

The batteries (section 5.4.3) for each micro-
grid testbed are charged from the solar PV
panels using battery chargers with Maximum
Power Point Tracking (MPPT). Solar PV cells
exhibit a non-linear V-I curve, varying with
ambient temperature and solar irradiation–see
fig. 5.6 for an example. A given point along
this curve will be the maximum power point,
where the panel will produce the maximum
possible power output for a given temperature
and irradiation level. This point can be deter-
mined partly through calculation and partly
through trial and error (or "perturb and ob-
serve"); an MPPT charger uses an algorithm
intended to determine and maintain the maxi-
mum power point [102, 103].

Details of the MPPT chargers at CREST are given in table 5.4.

PV voltage range 17–95 Vdc Float charge 13.8 Vdc
Max PV input power 450 W Main charge 14.4 Vdc
Nominal voltage 12 Vdc Boost charge activation 12.3 Vdc
Nominal charge current 30 Adc Equalization activation 12.1 Vdc
Max battery charge current 33 Adc Equalization charge 14.8 Vdc
Max efficiency 98% Temperature range -40 to +50 ◦C

TABLE 5.4: Selected details of Phocos 100/30 MPPT charger [104]
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5.4.2.2 Inverters

Inverters are used to take power from batteries at 12 Vdc and convert it to 230 V 50 Hz.
Two different types of inverters are in use at CREST:

UPS inverters use mains power to charge a battery bank, and supply ac loads with
power from the batteries when mains power is not available. Three 700 VA UPS
inverters are in use at CREST.

Solar UPS inverters use solar PV input to charge the batteries and supply loads, when
available, and fall back to mains otherwise. One 2400 VA solar UPS inverter is in
use at CREST.

5.4.3 Energy storage

The batteries used for energy storage at CREST are exclusively tubular lead-acid batteries.
At this time, Li-ion batteries are not being used as a part of the work on MEM, but an
Indian startup based in New Delhi is considering working with NIE to provide Li-ion
batteries for testing, which would be done with the system in the CREST office. See
section 4.3.1 for a comparison of lead-acid and Li-ion battery chemistries.

At the time of writing, eight different batteries with capacity ranging from 40 to 210
Ah are in use at CREST. Total combined capacity of all batteries is 840 Ah.

5.5 Microgrid testbeds

During the course of the three visits to CREST, four microgrid "testbeds" were established.
Each consisted of a solar power source and a mix of ac and dc loads, with appropriate
chargers and inverters. Selected details of the components used in each testbed are
given in table 5.5. (The table also includes details for the two main circuits in the CREST
office–one connected via UPS, and the other on a direct connection to mains power.)

The testbeds were color-coded for differentiation: green, yellow, blue, and red. The
green testbed also includes the capability to accept wind and hydro power, though both
sources were undergoing repairs and improvements at the time of writing. Schematics
for all four testbeds are given in appendix C, in figs. C.3 to C.6.

The inverters for all four testbeds were connected to a single back-up line, which
could be switched between mains power, and input from the bio-diesel genset. During
phase 3, work began to interconnect the 10 kW solar power system at the library to the
CREST office for the purpose of testing power sharing: the 220 Vac line used for this
purpose will also be connected to the change-over switch for selecting back-up source
for the inverters. At a later date, when the HEM ac interface is completed and deployed,
selection of back-up source will be automated.
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Solar input Battery
capacity

(Ah)

Inverter
capacity

(VA)

Loads

Panel
type

Power
(W)

Vnom
(Vdc) Type Peaka

(W) Voltage

Microgrid testbeds

Greenb a-Si 301 48 100 700 Demo lights 15 12 Vdc

Blue multi-Si 300 48 40 700 Office lights 50 12 Vdc
Office lights 100 230 Vac

Yellow a-Si 301 48 40 700 Demo lights 15 12 Vdc
Office lights 200 230 Vac

Red multi-Si 220 24 210 1,100 Street lights 150 230 Vac

CREST office

UPS a-Si 602 48 450 2,400
Lights,
office
equipment

1,000 230 Vac

Mains Lights, fans 750 230 Vac

Totals

1,724 — 840 5,600 80 12 Vdc
2,200 230 Vac

a Estimated based on quantity and type of light bulbs, fans, and office equipment
b The "green" testbed is also wired to accept wind and hydro as power sources

TABLE 5.5: Summary details of the four microgrid testbeds at CREST (see
appendix C for schematics)

The existing control hardware for the testbeds at CREST is only capable of monitoring
and controlling dc loads. It is furthermore limited to 4.5 A on any one of the four available
load circuits, or a total of 8 A for the entire board. Two versions of the control hardware
are shown in fig. 5.7.

(A) Hardware used during phase 1 (photo by
author, 2016-01-16)

(B) Hardware used during phases 2 and 3
(photo by author, 2016-08-01)

FIGURE 5.7: Two generations of the dc load monitoring and control hardware for
the microgrid testbeds at CREST



Chapter 5. Microgrid work at NIE-CREST 47

5.6 Microgrid candidate site visits

During each phase of the project, the author visited several villages which are being
considered as candidates for installation of microgrids for village electrification.

5.6.1 Tribal hamlets in protected forest areas of Karnataka

During the first two visits, the author visited hadis (hamlets) located on protected forest
lands, populated by indigenous forest dwellers (or tribal people). While a 1990 bill had
guaranteed forest dwellers the right to their historical homelands, the failure of states
to implement the guidelines, and a Supreme Court decision affecting the definition and
jurisdiction of "forests," resulted in large-scale evictions of tribal peoples by the forest
departments of various states [105–107].

Mass protests followed, putting pressure on government to act. While the federal
Ministry of Forests and Environment and the Supreme Court made additional attempts
to rectify the situation, nothing changed significantly until 2006, with the passage by
parliament of the "Scheduled Tribes and Other Traditional Forest Dwellers (Recognition
of Forest Rights) Act." The act provides a means to clearly define the boundaries of the
forests and protected areas, and sets out the rights of tribal people living in those areas.
At the same time, it prohibits them from certain activities, such as hunting and trapping,
or large-scale cultivation [108].

An additional provision within the act calls for the government to provide for neces-
sities such as schools, hospitals, electricity, roads, and water supply–with the stipulation
that such provision cannot violate previously enacted legislation governing the types
of material and construction allowed within the forests. As a result, state governments
began seeking alternative means to provide necessities to the estimated 84 million forest
dwellers [105].

Shamsundar (center) and Balachandran (right)
address a group of NIE students

Front view

FIGURE 5.8: A bamboo anganwadi in a tribal hadi near Muthur village (photos by
author, 2016-07-07)
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In the case of Karnataka, Professor Shamsundar of CREST, and his associate and
friend Balachandran Chidambaranatraj, an architect, stepped up to offer a solution [109–
111]. One requirement of the act was for the government to provide anganwadis, public
childcare centers which integrate nutrition, health, and education. Balachandran pro-
posed a method for constructing anganwadis using locally sourced materials including
bamboo and mud. Working with Shamsundar, they submitted a proposal to construct
such structures in 13 tribal hadis. The proposal was accepted, and construction of the
first bamboo anganwadi begin in 2015. Pictures of the second anganwadi, completed in
2016, are shown in fig. 5.8.

In conjunction with construction of anganwadis, Professor Shamsundar also pro-
posed construction of a microgrid within one of the 13 hadis where anganwadis will
be constructed. To support the proposal, visits to three of the hadis were conducted to
determine suitability. All three sites are located close to the borders of the protected
areas, and thus are relatively accessible by road. Each hamlet consisted of roughly 20
homes with about five members each. None of the households have electric connections,
generators, or any other source of electricity. Biomass is the main source of fuel for
cooking, and candles or battery operated flashlights are used for lighting.

Based on the site visits, any of the three hadis could serve as a good candidate for a
microgrid. Centralized components of the system could be located at the andganwadis.
Due to the nature of home construction, rooftop PV would not likely be feasible: the
homes seen consisted of clay or wattle construction with tile or tarp roofs (see fig. 5.9).
As such, a pole- or frame-mounted PV array would be more suitable.

FIGURE 5.9: Typical homes in the tribal hadis (photos by author, 2016-07-07)

Due to the preliminary nature of the visits, additional details about individual homes
were not collected. However, a GPS layout of the second two hadis visited was made
(see fig. 5.10). The map was created in Google My Maps, and can be viewed on-line (with
additional photos) at: https://goo.gl/7L5iiI.

https://goo.gl/7L5iiI
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FIGURE 5.10: Map of two tribal hadis (outlined in blue) being considered for
microgrid installation. View on-line: https://goo.gl/7L5iiI. Map data: Google

Imagery, CNES / Astrium, CNES / Spot Image, DigitalGlobe (2017).

5.6.2 Semi-rural villages on the outskirts of Bengaluru

During the third trip to Mysuru the author accompanied Professor Shamsundar on a visit
to two semi-rural villages just east of Bengaluru (the capital of the state of Karnataka).
The two villages were Banandur (N12°46.5′ E77°23.9′) and Chowkahalli (N12°44.25′

E77°24.75′).
The visits were arranged through a mutual contact with the Bosch India Foundation,

a branch of Bosch India which focuses on corporate social responsibility work in villages
surrounding Bosch locations [112]. Banandur and Chowkahalli are both located near
Bosch’s Bidadi plant in the Bidadi Industrial area (see fig. 5.11).

While both villages, being located near the industrial park, have relatively reliable
electric connections, there may be some opportunity for microgrid systems. In particular,
both villages have very active dairy cooperatives, producing around 2,000 L of milk
daily. Currently both cooperatives have diesel generators to provide back-up power for
the dairy chillers. Installation of a microgrid in these areas could thus provide more
sustainable back-up power during outages, while also reducing fuel costs. Both dairy
cooperatives are located near other businesses and organizations (such as temples, stores,
community centers, and a water purification facility) which could also benefit from a
microgrid.

https://goo.gl/7L5iiI
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FIGURE 5.11: Map of villages visited with Bosch India Foundation. Map data:
Google (2017).

At this time Professor Shamsundar is proposing to work with Bosch India Founda-
tion and the villages to implement rainwater harvesting facilities. Other sustainable
technologies, including microgrids, would be considered at a later date.
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Chapter 6

Conclusions and future work

FIGURE 6.1: The famous Palace of Mysuru (photo by author, 2017-07-17)

6.1 Conclusions

The history of the electric grid is rooted in systems which resemble dc microgrids,
an area of growing interest and research today. As an alternative to grid expansion
and stand-alone power systems, microgrids enable a more rapid, cost-effective, and
intelligent means for expanding electrification in the developing world. At the same
time, the ancillary benefits of microgrids enable them to strengthen and improve existing
centralized grids.

The control systems required for microgrids include the possibility of easily integrat-
ing renewables. This results in both cost savings and reduction of harmful emissions.
Developments in dc microgrid research promise to lower the barriers to renewable energy
integration even further, as dc microgrids are well-suited to integration with solar PV,
batteries, and many types of loads, all of which are inherently dc systems.
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To this end, the present study has contributed to development of a simple hardware
interface for monitoring and controlling small dc "homegrids," called MEM–Microgrid
Energy Manager. The ability of this system to monitor battery charge was tested. One of
the core benefits of microgrids–the ability to intelligently share power–was also tested.
Results indicate that MEM can preserve battery charge to make sure priority loads are
powered, and that a pair of homegrids can effectively consolidate their local storage
resources for mutual benefit.

Over three visits to the National Institute of Engineering in Mysuru, India, work
was completed to develop a microgrid testbed for MEM. Energy sources including
solar, wind, water, and bio-diesel were established for the Centre for Renewable Energy
and Sustainable Technologies. Four small microgrid testbeds were established, and
groundwork was done for eventually powering the entire office on the microgrid with
renewable sources. Several site visits to find candidate locations for future microgrid
projects were also conducted.

6.2 Future work

6.2.1 MEM system development

Work continues to improve and expand upon the MEM system. At the time of writing, an
ac interface, corollary to HEMdc, had been developed and was being tested. Additional
work is being done to allow one HEM system to monitor and control a mix of ac and dc
loads and sources.

Work to make MEM ready for use outside of the laboratory is also being conducted.
This includes development of a local user interface and a battery back-up module to run
the hardware independent of the storage system for the loads HEM operates.

Extensive work on MEMcloud is also being conducted. Currently the software
capabilities of MEMcloud do not reach the potential of the hardware, but development
work underway is quickly rectifying this situation.

Finally, to allow MEM to reach a wider audience, the core team at UW-Madison
is working to partition the software running on HEMapp–core software for operating
the hardware peripherals and communicating with MEMcloud will be separated from
software handling the decision-making and operations of the system. In this way,
MEM system development and research on microgrid control can proceed on separate
pathways.

6.2.2 Microgrid at CREST

Next steps at CREST will require completion of HEMac. Once this system is ready, the
entirety of the loads at CREST can be moved on to the microgrid, giving the office the
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benefit of using reliable and renewable energy, and providing the research groups at
UW-Madison and NIE with a real-world test bed for studying microgrids in general, and
the MEM system specifically.

Integration of additional energy sources also needs to be completed. This includes
interfacing with the 10 kW solar system at the NIE library to allow for power sharing
with the CREST microgrid, and installing a change-over switch in CREST to allow for
remotely operated selection of back-up sources between grid power and the bio-diesel
generator.

Additional work developing remote sites is also needed. The challenges of building
a power system in remote, tribal villages will need to be considered, and a long-term
maintenance plan will be necessary.

To effectively plan and manage these projects, a core group of NIE students with
dedicated electrical engineering faculty supervision will likely be required.
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Appendix A

HEMdc Interface schematics

The HEMdc schematics and PCB layout were prepared in Altium Designer version
17.0.11 (Build 656). The source files are available on Gitlab at: https://gitlab.com/
microgridenergymanager/HEM_DC_Interface. The repository includes the necessary
files to build and populate the board, as well as instructions for constructing the cable
required to interface with HEMcore.

Full schematics begin on the following page.

https://gitlab.com/microgridenergymanager/HEM_DC_Interface
https://gitlab.com/microgridenergymanager/HEM_DC_Interface
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Appendix B

Code reference for HEMdc
experiments

This appendix provides a reference for the code used to run the experiments in chapter 4.
The most recent version of HEMapp includes the function dcGetStateofCharge()

for monitoring battery SOC. The code is maintained in the HEMapp repository, avail-
able at https://gitlab.com/microgridenergymanager/hemapp (permission to access
the project should be requested from the current master developer). This repository is
actively maintained and updated as new features and bugfixes are implemented.

B.1 Individual battery management

The batteryMonitor() thread of the main.c file of HEMapp was used to implement the
individual battery management experiment as described in this report. Shortly after the
experiment was concluded, the functionality was moved from the HEMapp C code into
a Python script, which was also used for the collective battery management experiments.
Python scripting is discussed in appendix B.3.

For reference, a snippet of the C code is provided below, showing a simple method
for implementing load prioritization:

if( presentSOC <= 75 )

{

if( presentSOC <= 50 )

{

if( getNodeRelayStatus (0) == 1 )

{

relayActuate(RELAY0_OFF))

setNodeRelayStatus (0,0);

}

}

else if( presentSOC <= 25 )

{

if( getNodeRelayStatus (2) == 1 )

https://gitlab.com/microgridenergymanager/hemapp
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{

relayActuate(RELAY2_OFF))

setNodeRelayStatus (2,0);

}

}

else if ( getNodeRelayStatus (1) == 1 )

{

relayActuate(RELAY1_OFF))

setNodeRelayStatus (1,0);

}

}

In this example, the priority of the three nodes (0, 1, and 2) is known ahead of time, as
well as the priority thresholds. Improvements to the code would generalize these values
so that users and/or MEMcloud could change the values on-the-fly.

B.2 Collective battery management

The collective battery management experiment was implemented using Python scripting.
As of this writing, the most current version of HEMapp includes the necessary functions
to run and communicate with a running Python script, as described in appendix B.3.

The Python script used for the experiment is available at https://gitlab.com/

lshaver/thesis/blob/export_test/scripts/export.py. A snippet of the code is pro-
vided below to illustrate the functionality:

def prioritize():

while True:

if ( SOC <= 10 ):

# Turn off the high priority load

toggleRelay( relayHigh, 'off' )

elif ( SOC <= 40 ):

# Turn off the medium priority load

toggleRelay( relayMed, 'off' )

elif ( SOC <= 50 ):

if importing is False:

# Request power import

sendToServer(exportCommand)

importing = True

# Turn on the relay which will allow input power

toggleRelay( relayLink, 'on' )

elif ( SOC <= 60 ):

https://gitlab.com/lshaver/thesis/blob/export_test/scripts/export.py
https://gitlab.com/lshaver/thesis/blob/export_test/scripts/export.py
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if exporting is True:

# Turn off the relay which would allow output power

toggleRelay( relayLink, 'off' )

exporting = False

elif ( SOC <= 70 ):

# Turn off the low piority load

toggleRelay( relayLow, 'off' )

time.sleep(5)

In this example, thresholds are known ahead of time, while load priorities (relayHigh,
for example) are set by a simple header file. Future improvements will allow users and/or
MEMcloud to set these values on-the-fly.

B.3 Python scripting

On any HEMcore or HEMdc system running up-to-date HEMapp code, a Python script
can easily be implemented; only a few lines of code are necessary to create the links
between HEMapp and the Python script:

import socket

SERVER_ADDRESS = 8888

sock = socket.socket(socket.AF_INET, socket.SOCK_DGRAM)

server_address = ('localhost', SERVER_ADDRESS)

Then, the following lines can be used to send or receive some data from HEMapp:

# Sending

sent = sock.sendto(data, server_address)

# Receiving

data, server = sock.recvfrom(4096)

As this functionality is developed further, additional examples will be made available
in the main HEMapp repository on Gitlab.
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Appendix C

CREST office and microgrid testbed
wiring

Figure C.1 provides a simplified one-line diagram of the CREST office, showing the type
and rating of loads used.

220 Vac

UPSUPS

4x45 W

7x80 W

4x100 W

1x600 W

2x45 W

4x80 W

6x9 W

6x23 W

FIGURE C.1: A simplified one-line diagram of CREST office loads

Figure C.2 gives the CREST floor-plan and a basic electrical layout. Different colors
are used to indicate the different circuits in the office:

Red: Lights and fans, connected to mains power only.

Yellow: Main UPS circuit, which feeds the projector, two sub-circuits (green and blue),
and outlets on the north wall.



Appendix C. CREST office and microgrid testbed wiring 68

Green: UPS sub-circuit powering lights along the west wall.

Blue: UPS sub-circuit supplying lights and outlets along the east wall.

Purple: DC lighting circuit. The lights are fixed in the ceiling along the north wall. Input
power from this circuit comes from the microgrid testbeds.

Switch and outlet banks refer to grouped switches and/or outlets permanently
installed in the walls. Some of these also serve as junction boxes for other circuits:
notably the easternmost outlet on the north wall, where the main UPS circuit (yellow)
branches into the green and blue sub-circuits. Depending on requirements for rewiring
the office, these junction boxes could be used to additionally sub-divide circuits.

The remaining figures in this chapter (figs. C.3 to C.6) as-built schematics of the four
microgrid testbeds at CREST.
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Switch bank

Outlet/switch bank

Outlet bank

Light

Ceiling fan

Projector

UPS inverter

Mains input

DC light

TESTBEDS

MICROGRID ENERGY SOURCES 
(SOLAR, WIND, HYDRO, BIO-DIESEL) 
ENTER HERE

NETWORK
INTERFACE

NORTH

SOUTH

EA
ST

W
ES

T

FIGURE C.2: Electrical layout of CREST
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SOLAR PV
2×35 + 2×75 W

BATTERY
210 Ah

BATTERY
210 Ah

INVERTER
1100 VA

 
 

STREET LIGHTS
150 W

AC BACKUP
GENSET or MAINS 12 VDC line

230 VAC line

12 VDC line

230 VAC line

FIGURE C.3: Schematic of "red" microgrid testbed

SOLAR PV
7×43 W

BATTERY
100 Ah

BATTERY
100 Ah

HEM

WIND TURBINE
400 W

WIND TURBINE
400 W

HYDROHYDRO

RECTIFIER

 
 

INVERTER
200 VA

 
 

MPPT CHARGER
80V to 12V

 
 

CHARGER

 
 

DEMO LIGHTS
15 W

INVERTER
700 VA

 
 

AC BACKUP
GENSET or MAINS

12 VDC line

230 VAC line
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230 VAC line

FIGURE C.4: Schematic of "green" microgrid testbed
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SOLAR PV
2×150 W

HEM

MPPT CHARGER
80V to 12V
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OFFICE LIGHTS
50 W

OFFICE LIGHTS
100 W

AC BACKUP
GENSET or MAINS

BATTERY
40 Ah

BATTERY
40 Ah

12 VDC line

230 VAC line

12 VDC line

230 VAC line

FIGURE C.5: Schematic of "blue" microgrid testbed

SOLAR PV
7×43 W

BATTERY
40 Ah

MPPT CHARGER
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INVERTER
700 VA

 
 

DEMO LIGHTS
15 W

OFFICE LIGHTS
200 W

AC BACKUP
GENSET or MAINS

12 VDC line

230 VAC line

12 VDC line

230 VAC line

FIGURE C.6: Schematic of "yellow" microgrid testbed
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