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Remote communities throughout Nepal’s steep Himalayan terrain are especially ideal for
isolated microhydro systems. Rural electrification, however, has often translated solely
into electrical lighting, and rarely provides a clean alternative to wood biomass ovens –
estimated to be responsible for 7500 deaths/year in Nepal (WHO 2007). Electronic load
controllers (ELCs), which are intended to improve the longevity of microhydro systems
by diverting surplus power into a dump load to regulate voltage and frequency, have been
documented as one of the most common microhydro components to fail. The remoteness
of communities makes the ELC’s durability and weight very important. Distributed
electronic load controller (DELC) slow-cookers proposed by Roodsari, Nowicki, Freere
(2013) intend to address these issues. An ELC compatible with DELCs is developed in
this thesis using a Simulink model and a bench-scale prototype. The model and prototype
are evaluated within the framework of Nepal’s microhydro standards for voltage
regulation, frequency regulation, and total harmonic distortion. Results are validated
against those documented in Roodsari, Nowicki, and Freere (2013), and used to estimate
the potential weight reduction of the powerhouse ELC as well as the feasibility of slowcooking with dumped surplus power.
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Chapter 1

Context of Nepal

1.1 Introduction
Before elaborating on what microhydro power and electronic load controllers are,
it is worthwhile exploring the context out of which these technologies emerged. Both
smaller scale microhydro power systems, and their electronic load controller (ELC)
systems, were initially deployed as international development technologies growing out
of a movement to establish what E. F. Schumacher referred to as “intermediate
technology”, and what later became known as “appropriate technology.” The ethos of this
movement established a highly contextualized approach to designing technology. Rather
than importing the large-scale industrial technologies developed over a couple centuries
in Western contexts, “appropriate technology” emphasized design that focused on the
particularities of where these technologies would function within – centering on the
distinct circumstances of people in these communities, both their unique needs and assets.
While this will be elaborated more in the Chapter 2, it is worth mentioning in passing to
justify the dedicating of an entire chapter on Nepal – the context within which
microhydro power and ELCs were researched for this thesis. This chapter details the
country’s political history, geography, social circumstances, and energy situation.
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1.2 Political History
“The distinctiveness of societies, nations, and cultures is based upon a seemingly unproblematic
division of space, on the fact that they occupy "naturally" discontinuous spaces.... the representation
of the world as a collection of "countries," as in most world maps, sees it as an inherently fragmented
space,”
- Gupta and Ferguson (1992)
“The nation is the imagined community of the state… because it is impossible… for all members of a
nation really to know one another the way villagers knew one another in the past… nationalism
work[s] extra hours to make us imagine that millions of strangers belong to the same community as
ourselves, that we all have a common past, common interests and a common future. This isn’t a lie.
It’s imagination… The nation does its best to hide its imagined character. Most nations argue that
they are a natural and eternal entity,”
- Harari (2014)

It may seem more convenient to approach Nepal as a natural entity with static
boundaries that enclose a relatively homogenous population of people. However, noting
the somewhat historically contingent nature of Nepal’s formation is important for
understanding the way both international development and renewable energy technology
functions within the diversity and social complexities of this nation-state. It is sometimes
not entirely obvious what is meant when one uses the name ‘Nepal’, primarily because
Nepal, like any other nation, is not an objective entity that exists outside of the collective
“imagination” of both people within and without its borders, as Harari (2014) suggests,
but is constituted by some type of shared inter-subjective narrative. This is the motivation
for detailing a brief history of how what we now call ‘Nepal’ came to exist.
The word Nēpāla surfaces in documented history at least as early as the 4th
century CE, on the Allahabad pillar in neighbouring Uttar Pradesh, India – mentioned in
the Samudragupta inscription (Line 22-23) dated from between 335 to 375 CE (Malla
1983). It is also mentioned in sacred Hindu texts such as the Parisista (appended
supplementary literature) for the fourth Veda, Atharvaveda, the Atharvashirsha
Upanishad, Kautalya’s Arthasastra, and the Narayana Puja, and also in the canonized
Buddhist text, Mulasarvastivada Vinaya, and the Jain text, Parisistaparavan. However,
2

there is no agreed upon chronology of authorship dates of these texts. The first Nepalese
source mentioning some form of the word Nepal is on an inscription welcoming Nepali
leaders into the Nepal Valley, marked with a date equivalent to the Gregorian year of 512
CE (Malla 1983).
Traditional etymologies from 19th century historical literature rationalize the term
Nepal in various ways, almost all of which are not mentioned in earlier 14th century
medieval sources. Malla (1983) postulates that these various narratives explaining the
etymology of Nepal reflect different sectarian interpretations, as religious and cultural
nationalism began swelling in the 15th and 16th centuries. A relatively unknown Sanskrit
playwright, Gajapati, in the late 15th century mentions in the preface of a play someone
named, Ne Muni – a past protector of a country called Nepala. This is the earliest
documented rationalization of the name Nepal (Malla 1983).
More recently, a number of secular scholars have postulated a relation between
the name Nepal and the ethnic group known as Newara, and more recent evidence
suggesting the Sanskritisation of a number of Tibeto-Burman words agrees with such a
postulation (Malla 1983). Malla (1983) also mentions a related hypothesis of the TibetoBurman term nepa, deriving from the roots ne (cow, cattle) and pa (keeper, man), which
matches local traditions that consistently describe the Nepal Valley’s early settlers as
cowherders, before the arrival of the Hindu dynasty known as the Licchavis around the
4th century CE.
Nepal now refers to what is globally considered a nation-state situated in the
Himalayas, north of India and south of China (or Tibet). This term Nepāl only began to
denote the unified Gorkhali kingdom in the 20th century. Prior to this, it was used

3

exclusively to refer to the Kathmandu Valley, under the control of the Licchavi dynasty –
a broadly defined period often dated from around 300 CE to 879 CE (Malagodi, 2013).
The founders of this Licchavi dynasty are traditionally thought to be from the Gangetic
plains, and theorized to be immigrants who escaped India during the military expansion
of Magadha and Kushana. The four centuries following the Licchavi dynasty are
considered a transitional ‘dark period’ preceding the Newar-Malla ‘renaissance’, which
emerged around 1200 CE, manifest by the erection of temples along the kingdom’s
perimeter (Malagodi 2013). By 1482, King Yaksa Malla’s unified kingdom fragmented
into competing Malla (‘warrior’) kingdoms, which were eventually defeated by King
Prithvi Narayan Shah of Gorkha (Malagodi 2013).
Two major historical events are useful for framing the emergence of the Nepali
nation, as identified by Malagodi (2013: 56) and in the tradition of Weber’s (1968)
definition of the state as an entity that “successfully claims the monopoly of the
legitimate use of physical force within a given territory.” The first is the Gorkhali
territorial expansion of the late 18th century. The approximate geographical extent of
present-day Nepal, was largely the result of King Prithvi Narayan Shah’s military
campaigns, which began in 1743 when he was crowned King of Gorkha. His military
managed to conquer a number of the surrounding kingdoms, and Gorkha became the
major power within the Himalayan region. The second event of note is the Anglo-Nepali
war of the early 19th century, which ended with the Treaty of Sagauli (1816) put forward
by the British East India Company. This encounter with the East India Company detailed
with greater specificity the borders defining the extent of Nepali territory, and ultimately
solidifying what once were rather ambiguous boundaries. Such precision was
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conceivably required within the logic of British colonialism, if territory was to be
exchanged as bargaining chips, as was done when the Terai region which was captured
by the British during the Anglo-Nepali war and returned to the Kingdom of Nepal after it
helped suppress the Indian Rebellion of 1857.
1.2.1 Constitutional History
Nepal’s seven decades of constitutional history began in 1948 when the first
constitution was passed by the Ranas – a title bestowed to the Nepal’s royally appointed
prime minister and used like a family name for the prime ministerial family (Bhandari
2014). Within these seven decades, Nepal has seen seven different constitutions
promulgated, the most recent following the 2015 earthquake.
The Government of Nepal Act, 1948 (2 years): Bhandari (2014) describes the
first 1948 Constitution as a way the Ranas tried to circumvent Nepal’s democratic
movement, promising reform while encouraging major political parties to suspend action.
Autocratic rule was justified on the basis that the people of Nepal had grown used to such
an autocratic system for a century, and did not have the necessary experience to engage
politically. India’s Nehru government, however, encouraged major political parties like
the Nepali Congress to work towards democracy and this eventually led to the 1951
revolution which ended the Rana regime.
The Interim Government of Nepal Act, 1951 (8 years): In spring of 1951, King
Tribhuvan enacted Nepal’s second constitution, initially intended as an interim document,
but lasting for 8 years. This interim constitution was supposed to be a temporary
compromise between the Shah (the king), the Ranas, and the Nepali Congress, and was to
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be soon superseded by a both a Constituent Assembly governing body and a republican
constitution, though this was never fulfilled.
The Constitution of the Kingdom of Nepal, 1959 (11 months): Early in 1958,
King Mahendra took the throne and established himself as the direct ruler of Nepal –
bypassing his predecessor’s promise for a Constituent Assembly and elections, and
instead establishing a Constitution Drafting Commission resulting in the 1959
promulgation of Nepal’s third constitution. The constitution recognized political parties
and an elected parliament for the first time, though contained provisos for the king to
circumvent the constitution, which would allow King Mahendra to regain control of state
power in 1960 and effectively end the constitution.
The Constitution of Nepal (Panchayati), 1962 (28 years): After two years of
direct rule, a 6-member commission was assembled to draft, in less than a month and a
half, what would be Nepal’s longest standing constitution. This Panchayati Constitution
restored all state power back to the king, placing Mahendra above the constitution, and
establishing an absolute monarchy known as the Panchayat regime with no political
parties.
The Constitution of the Kingsom of Nepal, 1990 (17 years): The 1990’s people
movement (Jana Andolan) helped facilitate the congregation and organization of
underground political parties, which was illegal at the time, and this eventually led to the
toppling of the monarchical regime, bringing an end to the three-decade-long Panchayat
Constitution and a re-establishment of democracy, though one still partially subject to
monarchical control. The guiding principles of this constitution were to be multiparty
democracy and constitutional monarchy – the latter becoming highly contested. Many of
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the drafters of the constitution were extremely loyal to the king and insisted on the
supremacy of the monarch.
In February 1996, while King Birendra was undertaking authoritarian action that
some saw undermining the 1990 Constitution, the Maoists launched an insurgency,
setting off what would become a decade-long civil war. King Birendra and his entire
family were killed in a royal massacre, and Gyanendra took over as king, accelerating the
return towards authoritarian rule.
The Interim Constitution of Nepal, 2007 (8 years): The civil war came to an
end in 2006 along with Nepal’s constitutional monarchy, marking the beginning of the
country as a full democracy. An interim constitution was passed the following year, and a
more finalized constitution was anticipated to follow soon after. However, a polarizing
disagreement emerged over provincial boundaries and issues of ethnic federalism, which
blocked the promulgation of a final constitution to replace the interim one.
The Constitution of Nepal, 2015 (Present): After slow and uncoordinated
response to a devastating earthquake in 2015, in part due to the absence of a well-defined
constitution, opposition parties felt pressured to pass the new constitution so earthquake
recovery efforts could be carried out without obstruction. However, passing the new
constitution meant the abandonment of ethnic federalist provincial boundaries, which
caused the eruption of protests and blockades along the India-Nepal border lasting four
more than months and resulting in only minor amendments. Provincial boundaries,
because of their role in shaping ethnic representation in government, are anticipated to
fuel further dispute in the futureou.
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1.3 Geography
Despite containing 8 of the world’s 10 highest peaks, Nepal’s Himalayan mountain
range is among the youngest in the world. The country’s physical geography reaches
some of its highest elevations along its northern border with Tibet (China), where the
peaks of Everest and Annapurna straddle the country’s international boundary. This
“mountain belt” in the north eventually diminishes into Nepal’s hill region moving
southward, and short of Nepal’s border with India in the south lies a belt of plains known
as the Terai. Populating much of this Terai region are lower-caste ethnic groups who
were the dominant organizing forces behind Nepal’s 2015 blockade – the Madhesis and
the Tharus.
The term “Madhes” derives from the Sanskrit word madhyadesh meaning “middle
country”. This broadly refers to a region from the Himalayan foothills stretching down to
the Vindhya hills, which are well into central India. Currently, the more common usage
of the term Madhesi more narrowly refers to “plains-dwellers”, as opposed to Pahari,
made in reference to “hill-dwellers”. This usage is a somewhat recent development, with
the emergence in the 1950s of Madhesi rights movements, and a renewal of that
movement in the 1980s, led by Gajendra Narayan Singh, demanding both regional
autonomy and linguistic equality (Malagodi 2013: 169). Geographic tensions between
“plains-dwellers” and “hill-dwellers” have fueled constitutional debates over issues of
“ethnic federalism”, culminating in blockades and protests in the wake of the 2015
Constitution.
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1.3.1 Forest Resources
In 2005, the FAO estimated around 25.4% of Nepal’s land area was covered in
forest, though the country was losing around 70 km2 of forests each year through
deforestation – mostly related to the population’s growing demand for energy and
conversion of land for agricultural or urban use.
Forests contributed an estimated 3.5% of Nepal’s GDP in the 1990’s according to
the FAO. Beyond economic growth, forests have helped with the regulation of water
flow, soil conservation, the raising of livestock, and tourism. For low-income rural
demographics, forests are vital sources of livestock fodder and protection against erosion
(Adhikari et al. 2015).
1.3.2 Hydro Resources
Nepal’s territory spans 147,181 km2 in total, 4000 km2 of which is water. Around
16% of Nepal’s land is arable, and half of all arable land in Nepal is irrigated. As a
landlocked country situated in the Himalayan mountain range, it borders India to its south
and Tibet (China) to its north. Between these two borders lies an estimated 83,000 MW
of potential hydropower, 42,000 MW of which the World Bank estimates is economically
feasible to develop (Banerjee, Singh, Samad 2011) – though that is to say nothing of its
political or environmental feasibility. For a sense of scale, 42,000 MW is roughly double
the weekly peak electricity demand of Ontario, Canada’s most populous province (IESO
2016). Only about 650 MW of Nepal’s available hydro resources has been developed
(Banerjee, Singh, Samad 2011).
The Himalayan peaks in Nepal have traditionally been identified as gods and
goddesses, because in dry seasons, the snow pack of the mountains melt and provide
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water in times when it is scarce. Many peaks have names like Annapurna, meaning “giver
of grain,” (Dixit 2015). However, seasonal distribution of water flow can still fluctuate
greatly causing floods in wet seasons. Consequently, there have been proposals to build
dams as a way of regulating this water flow while also generating electricity.
Large hydropower became a central issue in the Maoist uprising during Nepal’s
decade-long civil war, and fuelled a lot of political conflict. Since Nepal historically has
not had the technical capacity nor the capital resources required to develop its own hydro
resources for power generation, it has often looked to other countries for investments –
most prominently India. Maoists have often interpreted India’s political leveraging of
investments in Nepal as a form of colonialism.
The Tanakpur Treaty and the later Mahakali Treaty were both hydro-dam
agreements between India and Nepal that stirred tremendous controversy and public
opposition. In February of 1996, Maoists delivered a list of demands to the presidential
office, which included the repeal of the Mahakali Treaty. Maoists warned that if they did
not receive an acceptable response by the month’s end they would begin armed struggle.
At the time, the government did not see the Maoists as a legitimate threat, and ignored
their demands. By the month’s end, without any positive response from the government,
the Maoists declared a People’s War on the government, beginning what would be a
decade of violent civil conflict (Adhikari 2014).

1.4 Social and Anthropological Context
Disadvantaged groups identified in the literature include the rural poor in the northwestern region and other lower socio-economic classes, residents of the Terai plains in
the south, various indigenous people, sexual and gender minorities such as women and
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the hijara (“third-gender” or meti’s) community, persons with disabilities and the elderly,
indigenous groups (adivasi, janajati), lower Hindu castes, along with linguistic, religious,
racial and ethnic ‘minorities’.
Caste is a dominant organizing principle in Nepal, and is something one is born
into, where mixed caste people assume the ‘lower’ designation of their parents. Nepal’s
1854 Muluki Ain (Law of the Land) established a hierarchy of five caste categories,
broadly based on eating and drinking norms. Additionally, caste norms are perpetuated
through ritual systems of purity that regulate access to space and occupations. Though
this caste hierarchy has been institutionally disavowed by Nepal’s government and is no
longer enforced nor promoted, its effects continue to surface in contemporary conflicts.
For example, Tharus, who were once in the middle of this caste hierarchy as
“enslavable alcohol drinkers” (Gurung 2005), became central to protests and the fourmonth blockade provoked by the promulgation of the 2015 Constitution. Tharus were
traditionally land-owning agriculturalists, but the majority of Tharus have been identified
as landless in recent years, largely from the Kamaiya practice of Pahari people who
migrated into the Terai area from the hill regions. The term Kamaiya, in one sense merely
means a ‘hard worker’, and in another sense – probably a later meaning – Kamaiya refers
to a person to be owned as ‘a commodity’. Tharus in the Kamaiya system worked under
landlords, and found themselves in increasingly exploitive circumstances. The practice
was officially abolished in 2000, yet even though debts that bonded Tharus were
cancelled, freedom for many of their landlords simply meant they were now left homeless
and jobless. Many Tharus returned to landlords or sent children back to work for them
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(Chhetri 2005), because they lacked access to both resources and alternative sources of
income.
Tharus, however, are still ranked higher than two other caste categories, based on
purity and untouchability. The Dalits – the so-called “untouchable” caste – were the
lowest ranked caste category in the 1854 hierarchy. However, Dalits are not confined to a
single geographical area, but dispersed throughout Nepal. Dalits inhabiting the Terai
region are often landless agricultural workers, and are especially subject to higher rates of
poverty, lower rates of literacy, and poorer working conditions that Dalits, on average,
are already more likely to face (Aasland and Haug 2011).
In addition to Tharus, Madhesis are another marginalized ethnic group that were
also deeply involved in the 2015 blockade. As the “Madhes” region extends deep into
India, it is commonly thought that allegiances also extend in a similar way, since there
exist strong linkages across the Indian border (Nayak 2011). This is the reason the
blockade has been frequently characterized, somewhat controversially, as a fuel embargo
orchestrated by India. Nayak (2011) identifies one of the main communities of the
Madhesi population as “people of Indian origin” who migrated to Nepal before the 1950s
from Bihar and Uttar Pradesh. Of the 11 Indian ambassadors to Nepal, almost all have
been from the border region of Bihar, and approximately half belong to a significantly
large caste in the Terai (Ghimire 2015, October 5).
The term “Madhesi” also frequently functions as an umbrella term that includes
the Tharus (Janajatis) (Nayak 2011) who frequently identify as indigenous people of the
Terai region. The two groups often distinguish themselves from each other, however.
Anthropological literature suggests the Tharus were displaced from India during the
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Mogul (Mughal) invasion of the 16th and 17th century, and settled the Terai before other
existing castes or tribes (Nayak 2011) – though this claim still remains contested (Chhetri
2005).
Recognition of Madhesis and Tharus was a central demand made during Nepal’s
most recent blockade. Commonly cited evidence for this lack of recognition is their
underrepresentation in parliament. Lawoti (2007: 64) recognizes indigenous groups, the
Madhesis, Dalits, and women as the excluded groups who face domination both
culturally and with respect to resource access (material well-being, political positions,
influence). Collectively, Lawoti observes these groups constitute more than two thirds of
the population. The dominant group Lawoti identifies is that of the Caste Hill Hindu Elite
Males (CHHEM). This cluster of ethnic groups including Bahun, Chhetri, Thakuri and
Sanyasi, Lawoti (2007) reminds, are not a numerical majority. Table 1 below outlines
representation percentages in both legislature and bureaucratic positions compared to
their population percentage.
Table 1-1: Numbers on representation according to identified groups (Gurung 2009).

Population
(%)

1994
Legislature

Executive Bodies
& Bureaucracy

Bahuns and Chhetris

30.9%

62.9%

80.6%

Indigenous

37.2%

18.5%

12%

Madhesis

14.8%

10.7%

5%

Dalits

11.8%

0%

1.3%

Religious minorities / other

5.3%

7.9%

1.1%

Women

51%

5%

What may be most salient is that the first category, consisting of Bahuns and
Chhetris (the caste hill Hinu elites), is the only one whose representation in legislature
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and bureaucracy exceeds its representation in population. Every other category, except
religious minorities in one instance, is underrepresented.
The way Madhesis and Tharus see themselves securing adequate political
representation is by having their own province, or at least a province in which they are
the dominant majority. Establishing boundaries in such a way is commonly referred to as
“ethnic federalism” in Nepal, and has only been supported in government by the Maoist
party and a variety of ethnic-based Madhesi political parties, though Maoists most
recently compromised on the issue to allow the passing of the 2015 constitution.
Maoists and Madhesis support ethnic federalism, and they claim that the Nepali
Congress and UML refuse to delineate state borders according to ethnic lines because it
would diminish their political dominance (as upper caste Brahmins and Chhetris) in
Nepal, which they have possessed for centuries. With Madhesi-dominant provinces
elected Madhesi leaders would replace a significant portion of the high-caste parliament
members.
However, the Nepali Congress and UML both insist such borders are needed for
practical capacity issues. They suggest that the ethnic boundaries Madhesis are
demanding would create some states with high populations and economic activity, while
others would have very sparse populations and completely lack roads. Hence, the
constitutional demarcation of states, they suggest, should focus on the states’ capacities to
function as a self-governing units (Adhikari 2014).
Even if the Nepali Congress and the UML are correct in outlining the pragmatic
problems with ethnic federalism, there have yet to be satisfying alternatives proposed to
ensure Madhesi representation in Parliament and address its demands for recognition,
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including “citizenship certificates for all Madhesis without discrimination” (Nayak 2011).
In 1994, a government commission reported 3.5 million Nepalese people did not have
citizenship certificates. Even after a 2007 government campaign to distribute around 2.6
million citizenship certificates, the UNHCR reported that there still remained around
800,000 stateless people without citizenship. However, in a 2015 study by Forum for
Women, Law & Development, there is now an estimated 4.6 million eligible residents
who remain without a citizenship certificate in Nepal (Shrestha, Mulmi, and Dangol
2015). Dalits are particularly prone to this undocumented status.
One of the drivers behind the marginalization of Dalits is the concept of ‘purity’
and ‘pollution’ (jutho), and their associated interpretations and norms. These purity
norms affect different Dalits in different ways. When it comes to the dwelling spaces of
higher castes, Dalits are often not allowed in living spaces, and if they are, they must
remain in outer rooms or on the outer edge of the room.
Purity practices also affect some women in similar ways. Women in Mugu, Nepal
who have recently given birth or are currently menstruating are designated as polluting
and must be spatially separated, prevented from entering living spaces as well as public
spaces. This means during these specific times, they must sleep outside or in livestock
stables, cook and clean for themselves without touching anyone else’s utensils, and
collect their own water. Women who do not follow these ritual practices can be seen as
damaging the environment and responsible for crop failures. Water, holding a central
symbolic role in purity practices, is regulated in its access to women, as they can also be
held responsible for water pollution or a tap that has dried up. Maoists during the
insurgency banned these purity practices, but after the civil war ended the practices have
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been observed to resume in some areas. Even in situations in which some women were
not obligated to observe these practices, they have continued as self-imposed obligations
(Nightingale 2011).
1.4.1 Political Parties
Though there are many smaller parties, that sometimes do not have a sustained
presence in Nepal, the Rastriya party, the Nepali Congress, the UML Communist, the
Maoists, and Madhesi parties are the main political parties that have maintained sustained
activity in Nepal.
The Rastriya Prajatantra Party (RPP) are loyalists to the monarchy, which
essentially exercised direct rule over Nepal for 30 years through the enforcement of the
Panchayat regime (a political system banning political parties and imprisoning prominent
political figures). The regime was known for reinforcing social hierarchies by appealing
to Hindu ‘traditions’ and by claiming that Nepal was not ready for “Western-style
parliamentary democracy.” (Malagodi 2013: 89).
In 1990, the Nepali Congress and the Communist Party of Nepal (United MarxistLeninist, UML), organized illegally, and brought down the Panchayat regime. Adhikari
(2014) observes that the Nepali Congress is socialist by self-identification, but viewed as
“liberal” in practice by Maoists. The UML Communists are more committed to a
parliamentary system and negotiating from within that system. The Maoist Communists
in Nepal, at least during the civil war, were anti-parliamentary, aiming to undermine the
constitutional monarchy from within, which they successfully did by dissociating the
monarchy from parliament. With the end of the civil war and the transition to democracy,
Maoists have become integrated into the parliamentary system representing what they
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perceive to be anti-imperialist values. They often ally themselves with marginalized
caste-based parties such as Madhesi groups who advocate against discrimination of their
caste and autonomy over their political affairs.
1.4.2 Religious Context
The Gorkhali expansion is seen by some minority groups within Nepal as a form
of internal colonization, in part because it legitimized the Hinduization of the region. The
“true Hindustan (Hindu kingdom)” the Shah mentioned in his victory speech after his
conquest of the region is an implicit reference to the ‘untrue’ and ‘impure’ Hindu
Kingdom – that is, India, where Muslim kingdoms had been established (Malagodi
2013). In fact this establishment of Muslim kingdoms had led many Hindu leaders to flee
into Nepal and mythologize the territory as a sacred place to practice their endangered
religion (Malagodi 2013: 62-69). With Hinduism established as the core of the Gorkhali
Kingdom’s cultural identity, non-Hindu ethnic groups were integrated into the caste
system. For example, Buddhism, now practiced by 10% of the country (Gurung 2009),
continues to be treated as a simply another form of Hinduism and is often not recognized
as a distinct religion. The Thakali are an indigenous group concentrated more so to the
Northern regions of Nepal, who predominantly practice Buddhism, and sometimes
advocate for recognition of their faith as distinct and for greater religious freedom (Fisher
2001).
Nepal’s identity as ‘Hindu’ has been embedded into a number of Nepal’s past
constitutions, carried on from King Prithvi Narayan Shah’s vision for his kingdom. One
example of its presence in the constitution is the way the Right to Religion (Article 14) is
articulated, which declares “Every person may profess his own religion as handed down
17

from ancient times and may practise it having regard to the tradition. Provided that no
person shall be entitled to convert another person from one religion to another.” The
phrase, “as handed down from ancient times”, reflects the preservationist conception of
religion in Nepal, where religious proselytization is illegal as well as converting from
Hinduism to another faith – particularly Islam or Christianity, to which many low-caste
Hindus have converted to. Nepal understandably wants to resist the overwhelming
influences of the West, such as Christianity, but its institutional structures also persecute
its citizens who choose another faith, even when they see such a conversion as a way out
of their low caste status. The most recent secularization of the 2015 constitution was met
with protests, revealing the complex ways religious history has shaped contemporary
conflicts.

1.4.3 Development Indicators
According to UN’s human development indicators (UNDP 2014), Nepal ranks
145th out of 187 countries, positioning it below Zambia, The Republic of Congo, and
Bangladesh. The average life expectancy of Nepal’s population of 27.8 million (World
Bank 2013) is roughly 67.98 years (World Bank 2012) and the per capita income, $2260
PPP (World Bank 2013). Situated between the world’s two giant emerging economies,
Nepal has yet to see the type of sustained development experienced by its neighbours. In
light of Nepal’s environmental endowments, the question emerges if it is possible for
Nepal to leverage hydropower electrification as a means of reducing poverty and
positively impacting the lives of its poor.
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1.5 Energy Situation in Nepal
Nepal’s Central Bureau of Statistics (CBS) has carried out three major censuses
known as the Nepal Living Standards Survey, first in 1995 to 1996 (NLSS-I), next in
2003 to 2004 (NLSS-II), and finally in 2010 to 2011 (NLSS-III). According to these
census figures, Nepal’s rural household electrification rates in the past couple decades
have increased rapidly, despite an ensuing decade of civil war, climbing from 8.9% in
1996 (Nepal Central Bureau of Statistics 1996) to 63% in 2011 (Nepal Central Bureau of
Statistics 2011). The overall national profile, including urban centers, displayed in Figure
1-1 shows that electricity access was the fastest growing household amenity in Nepal.

Figure 1-1: Access to household amenities and facilities from 1995 to 2010 according to
the Nepal Livings Standards Survey (Nepal Central Bureau of Statistics 2011)

However, approximately 92.1% of rural households still rely on firewood, and 73.5% still
use it for cooking (Nepal Central Bureau of Statistics 2011). In fact, most of Nepal’s
energy is derived from the burning of biomass (firewood) in household stoves, as can be
seen in Figure 1-2 and Figure 1-3, where there is a correspondence between biomass
energy use and residential energy demand. Most of the energy consumed in Nepal is
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being used by the residential sector largely in the form of wood biomass used primarily
for cooking food.

Figure 1-2: Energy Consumption by Fuel Type in Nepal 2010-2011 (WECS, 2014).

Figure 1-3: Energy Consumption by Economic Sector in Nepal 2010-2011 (WECS 2014).

Figure 1-4 below breaks down the various energy sources used in rural Nepal
used for cooking – electricity not even registering as a category. This suggests electricity
access may be a means of addressing both public health objectives as well as a reducing
the consumption of fossil fuels such as liquefied petroleum gas.
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Figure 1-4: Main fuel used for cooking in Nepal according to 2011 census (CBS 2011).

Wood biomass ovens are considered a serious health hazard by the World Health
Organization, which estimates 7500 deaths/year in Nepal related to these biomass ovens
(WHO 2007). Microhdyro electricity, if secured as an alternative to cooking with wood
biomass, has potential to yield important gains for rural health in Nepal.
1.5.1 Electricity Quality and Piracy
Electricity quality and reliability is typically perceived as unsatisfactory for much
of Nepal’s user households. According to the 2010-2011 census, only around 13% of
households across Nepal report electricity supply as “good”, 46% of households as “fair”,
and 41% as “bad” (Nepal CBS 2011, Vol. 2, p. 110). Therefore, power regulation and
reliability is an important aspect within Nepal that shows significant space for
improvement, both with respect to power quality (e.g. total harmonic distortion,
frequency and voltage regulation) and reliability. Reliability is ensured through a robust
utility system that protects its components from being destroyed from large currents, for
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example.
Technical losses, however, are not the only reason for poor power quality. Nontechnical losses such as electricity piracy are quite common in South Asia, especially in
poorer residential areas. The Pakistan military found 10,093 cases of power theft (Rizvi
2000, cited in Nepal and Jamasb 2011) and around 14% of Bangladesh’s generated power
is diverted illegally. A system equalling or surpassing transmission and distribution losses
of 16% of generated power often reveals an extensive presence of electricity theft (Smith
2004, cited in Nepal and Jamasb 2011), which is the case in Nepal.
The Nepal Electricity Authority’s (NEA) considers this sort of theft largely
responsible for its recent financial losses. This piracy tends to be more common in poorer
regions (often rural), revealing a high level of technical expertise accessible within these
remote and lower income areas, which can be seen as a potential asset if illicit technicians
receive the right training and job opportunities. There is evidence of both the demand for
power and the local supply of technical expertise to provide and maintain power
infrastructure. With the right support, electrical technicians and maintenance operators
may be able to better access legal and secure work under safer conditions.
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Chapter 2

Microhydro Systems

This chapter will establish a definition of what constitutes ‘microhydro’ power in
Nepal and the typical components and arrangements found in these systems, before
outlining some of the general scientific principles behind them. More detailed
descriptions will follow of the main individual components and subsystems within these
microhydro plants (MHPs).

2.1 Defining Microhydro
No clear consensus has been established regarding the precise definition of
microhydro power. ‘Microhydro’ can be used as an umbrella term referring to any
hydropower systems producing up to 500 kW of power, including subcategories of
picohydro and nanohydro (Paish, 2002). Other cases refer to microhydro as a distinct
category ranging from 5 kW to 100 kW (Singh 2009). Because there is no recognized
international standard, its precise definition is generally not usually considered important
(Elliott 2014). Nepal’s Electricity Authority (NEA) and the Alternative Energy Promotion
Centre (AEPC) define the range of microhydro power as 10 kW to 100 kW (AEPC
2013c).

2.2 Microhydro Components and Typical Arrangement
Hydropower is typically arranged in two distinct ways. The first is known as
storage hydro and involves the use of dams. It is typically far more capital intensive with
larger ecological impacts. Dams are not usually built specifically for microhydro projects,
but are sometimes adapted for microhydro use after some period of time (Elliott 2014).
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The second common hydropower arrangement is known as run-of-the-river hydro
and is the far more commonly used for microhydro installations, especially in Nepal,
because of its lower costs and lower environmental impacts. The World Bank (2014)
estimates more than half of its projects are run-of-the-river systems.
This system diverts water from a river into a canal using a weir at its ‘intake’.
Sometimes this canal is known as a ‘power channel’ and serves the function of a settling
basin (Singh 2009). In the context of Nepal, microhydro systems are most commonly
integrated into existing systems of agricultural irrigation, and rarely constructed as purely
independent run-of-the-river schemes (Regmi, 2003). The water usually enters a
‘forebay’ after diversion, which serves as a small holding reservoir, and sometimes as
settling tank for further removal of sediments (Paish, 2002). From there the water enters a
closed pressure pipe known as a ‘penstock’, which directs a uniform stream of water
through a turbine located at a lower elevation. This turbine is connected by a belt to a
electric generator in the ‘powerhouse’, and electricity is adjusted through a step-up
transformer before being delivered to a grid, or in the case of an isolated microhydro
plant, to nearby households of a small community. The arrangement of these various
components are shown in Figure 2-1.
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Figure 2-1: Components of a typical run-of-the-river microhydro system. (Paish, 2005)

2.3 Head and Flow
All hydropower can be thought of as an indirect form of solar power. The sun’s
energy evaporates water and raises it to higher elevations. After the water precipitates and
a portion of it collects at higher land elevations this water is a form of potential power
that can now be harnessed by hydropower systems. The power capacity of any
hydropower system fundamentally depends on two variables: ‘head’ and flow. Pressure
‘head’ applied to the turbine is expressed (in meters) as the vertical displacement in
elevation the water experiences within the micro-hydro system. The flow rate refers to
the volume of water passing through the turbine per unit of time. Micro-hydro systems
require approximately constant flow to function, despite seasonal variations in the river
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(Singh 2009). To derive the capacity of microhydro installations, one can begin with the
fundamental formula for potential energy:
𝐸! = 𝑚𝑔ℎ

(2-1)

where m is mass (in kg), g is acceleration due to gravity (m/s2), and h is the head, or
change in height, (in m). Power, being an amount of energy per unit time, can be
characterized as:
(2-2)
E!
𝑚𝑔ℎ
=
𝑡
𝑡
where t is time (in s). Since mass is density, ρ, (kg/m3), times volume, V, (in m3), flow

𝑃=

(Q) can be characterized (in m3/s) as volume V (m3) per time. Therefore, the power
capacity of the hydro plant (in watts) available in the flow can be formulated as:
𝑃 = 𝜂𝑄𝜌𝑔ℎ

(2-3)

where η is plant efficiency with a maximum value of 100% (Elliott 2014). Microhydro
systems typically have efficiencies ranging from under 60% to 80%, compared to largescale hydropower that can have efficiencies over 90% (Paish 2002). These lower
efficiency values are partly due to the topography of their installation site and penstock
design.
2.3.1 Flow Variation Analysis in Nepal
Estimating flow variation for future microhydro installation sites is important because
system design flow rates experienced by the turbine must be kept as constant as possible.
However, according to Chitrakar (2004), most of Nepal’s microhydro sites are in remote
areas lacking gauging stations and site-specific hydrological data, and consequently there
are a number of tools already developed to approximate expected flowrates using
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aggregated regional climate data. There are two notable requirements for feasibility
studies to consider:
1.) The plant’s design flow specification should remain below 85% of the 11-month
exceedance flow. (Chitrakar 2004)
2.) The dewatered sections of the river must always remain above 10% of dry-season
flow. (Sovacool et al., 2011)
The three datasets typically used for estimating monthly flows at microhydro installation
sites include stream flow records, topographic maps, and climatological data. The
Medium Irrigation Project method, which delineates 7 regions with similar rainfall and
runoff patterns, is used to estimate monthly variations in stream flow to correctly size the
microhydro system’s design capacity. The HYDEST method is used to estimate the
magnitude of major flood events to correctly size the microhydro system’s civil works
(Chitrakar 2004). These studies are important for ensuring: the plant’s construction is
worthwhile for the community, any adverse environmental impact is mitigated, and
components are correctly sized for an efficiently functioning system.

2.4 Turbines
The table below shows ranges of head and flow under which different microhydro
turbine types optimally function.
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Figure 2-2: Turbine types and their associated head and flow ranges in which they best operate.
(Fraenkel, et al. 1991)

Microhydro turbines fall into two main categories, based on their operating
principles: (1) impulse turbines, which operate in air and are powered by jets of water; (2)
reaction turbines, which are completely submerged by water and rely on pressure
differentials across their runner blades to rotate.

Figure 2-3: Impulse and reaction turbines divided by 'head' classifications. (Paish 2002)

In various bidding documents for new MHPs recently released by the
Government of Nepal, the AEPC (2014a), in the various Bill of Quantities (BOQ)
documents, recommends sourcing cross-flow turbines, which accords with the diagram in
Figure 3, as head values range from 24 m to 55 m and flow values range between 0.07 to
0.3 m3/s. Turgo and multi-jet Pelton turbines are also potential options for these sites.
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2.5 Types of Generators
There are two main types of generators suitable for micro-hydro power generation.
Synchronous generators are typically used for larger schemes. They are more expensive,
but function at higher efficiencies with higher quality electrical output and an ability to
start large motors. These include permanent magnet generators, but also reluctance
generators (Srivastava, Goel, Saxena, Negi 2007), which do not necessarily have to be
synchronous, but can also function as variable speed machines.
Induction (asynchronous) generators are for smaller microhydro schemes, and are
valued for their ruggedness, simplicity of operation, low cost, low required maintenance,
and wide availability. In fact, about a third of the world’s electricity is consumed by
induction motors, meaning they are easy to find, even in developing countries, and as
economies of scale would suggest, cheaper to purchase (Kusiak 2014).
The Regional Micro Hydro Guidelines for South Asia recommend induction
generators for lower power microhydro systems under 50 kW (USAID 2006). However,
others recommend an even lower limit. Roodsari, Nowicki, and Freere (2014b) cite selfexcited generator use for systems under 20 kW, while Chitrakar (2004) recommends 15
kW as shown in Table 2-1.
Table 2-1: Guidlines for selecting gnerator type and phase arrangement in Nepal (Chitrakar 2004).

Size of
Scheme
Generator

Up to 10 kW

10 to 15 kW

More than 15 kW

Synchronous/Induction

Synchronous

Phase

Single or Three Phase

Synchronous/
Induction
Three Phase

Three Phase

The ruggedness of induction machines make them appropriate for continual nonstop operation as is commonly the case for microhydro systems, where they are referred
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to as induction motors used as generators (IMAGs). However, induction generators do
not supply large inductive loads well and require phase-correcting capacitor banks, which
are typically not very durable. These machines also have lower quality voltage regulation,
compared to their synchronous counterparts (Smith, 1994).

2.6 Induction Generators
With the discovery of electromagnetic induction by Faraday around 1831, and the
formulation of Maxwell’s equations by 1860, the late 19th century was a fertile moment
in history for the invention for the induction machine to emerge. Galileo Ferraris in 1885
and Nicola Tesla in 1886, both separately developed what would become known as the
induction motor. Though these electric machines fell out of vogue with the emergence of
the DC motor, induction motors made a comeback after the development of IGBT PWM
inverters around 1985. Contemporary implementations of the induction machine still rely
on the same fundamental principles used by Ferraris and Tesla over a century ago
(Boldea & Nasar, 2010).
2.6.1 Faraday’s Law
Faraday’s law asserts that a voltage (electromotive force or emf) will be induced in any
coil proportionally to the rate at which magnetic flux cutting through the coil changes,
implying three ways to maximize voltage (Fernandez 2015):
•

increase the number of turns in the coil

•

increase the relative motion between the coil and magnet

•

increase the magnetic flux (by increasing the strength of the magnetic field or its
surface area)

This can be summarized in the equation:
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𝑉!"# = −𝑁

𝑑Φ
𝑑
= −𝑁
𝑑𝑡
𝑑𝑡

𝐵 ∙ 𝑑𝑠

(2-4)

where N is the number of coil turns, Φ is the magnetic flux, B is the magnetic field and s
its surface area. The negative sign implies that the emf direction opposes the change in
the flux, as asserted in Lenz’s law – an electromagnetic corollary to Newton’s third law
(Schmitt 2002). Faraday’s law will be used for the purposes of deriving the induction
generator model in Chapter 6.
2.6.2 Principles of Operation
The rotor and stator are the two main constituents of an induction machine. When
the stator is excited by AC voltage a rotating magnetic field is created, which induces
currents in the rotor. When those rotor currents interact with the moving field, a torque is
produced in the rotor causing it to rotate below the synchronous speed. The ‘synchronous
speed’ of a generator is defined as the speed at which the magnetic field rotates in the
stator winding, and is determined by the power supply frequency and number of poles.
𝑛! =

2𝑓
𝑝

(2-5)

The number of poles is a conceptual number determined by the configuration of ‘northsouth poles’ formed by the pattern of magnetic flux lines from the magnetic field
(Woodson and Melcher 1968). Poles always form in pairs, meaning there are never an
odd number of poles, and the poles of each pair are of opposite polarity. A three-phase
induction machine with three windings distributed 120° apart, would have 2 poles, or 1
pole pair.
In contrast to an induction motor whose rotor spins slower than the synchronous
speed, an induction generator’s rotor must rotate faster than the synchronous speed to
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generate electricity. A prime mover such as a turbine is used to rotate the rotor in the
same direction as the torque at a faster rate than the synchronous speed. As the difference
between the synchronous speed and rotor speed, n, is referred to as slip, s, negative slip is
required for the induction machine to be in generator mode. Slip is represented as in
equation (2-6).
𝑠=

𝑛! − 𝑛
𝑛!

(2-6)

Machines on the order of 1 kW are expected to have a slip value of approximately 5%,
while larger capacity generators tend to have smaller slip values (Smith 1994). The
induced voltage and power are both proportional to the slip.
2.6.3 Induction Generators for Rural Electrification
Unlike permanent magnet generators, induction generators require a magnetizing
current induced by an excitation voltage to get the generator started. This is often
provided through supply from a utility grid. However, for isolated stand-alone systems
like microhydro plants, self-excited induction generators use a capacitor bank instead to
get started. Generators are often star-connected, rather than delta-connected, so that a
neutral point can be accessed for an earth connection. Additionally, star-connected
generators tend to require less expensive excitation capacitors (Smith 1994).
Despite the added complexity of a self-excitation process, induction generators
are more commonly used for rural electrification applications because of their ruggedness
and durability, which is additionally valuable in remote rural areas that lack access to
replacement parts. Induction generators have a simple construction and can be completely
enclosed to protect against water or dirt. One of the most durable forms of induction
generators commonly used in microhydro systems are squirrel cage-induction generators
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(SCIG), which, instead of wound rotors, use copper or aluminum bars slotted through
layers of steel laminations and shorted at the ends with end-rings (Smith 1994). Induction
motors are far more readily available than synchronous motors, and can be repurposed for
microhydro generation. Additionally, synchronous generators tend to be more expensive
than the combined cost of induction generators and their excitation capacitors (Smith
1994).
Having established some general background on Nepal in Chapter 1 and general
background on microhydro in Chapter 2, the following chapter will detail the specificities
of microhydro power as it has been implemented in Nepal and some of its impacts and
implications.
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Chapter 3

Microhydro in Nepal

Hydroelectric power was introduced to Nepal with British cooperation in 1911 with
a 500 kW plant. In the 1960s, the first microhydro plant (MHP), with a capacity of 5 kW,
was implemented with the Swiss Association of Technical Assistance (AEPC, 2013a).
The Government of Nepal established the Alternative Energy Promotion Center (AEPC)
in 1996 to manage the Rural Energy Development Program (REDP), which has become a
ubiquitous large-scale microhydro project, financed by multilateral institutions such as
the UNDP, the World Bank’s IDA, and the Asian Development Bank – as well as many
other donor organizations and aid agencies. The AEPC now is the official government
body overseeing most microhydro projects in Nepal. Since then, around 90 to 250
systems are completed each year (Figure 3-1). The user communities of microhydro
power often consist of a few hundred homes each housing 4 to 5 people (Nepal CBS,
1996) consuming approximately 86 W together (Sovacool and Brown, 2010). As of 2011,
about 2,500 MHPs have been installed, generating around 20,000 kW for approximately
200,000 households. The AEPC aims to produce 25,000 kW by 2017 through microhydro
energy systems (NRREP, 2014).
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Figure 3-1: Annual installation of microhydro plants in Nepal (AEPC 2013d).

3.1 Microhydro’s Feasibility for Rural Electrification
Nepal’s rural electrification rate has increased relatively quickly from 8.9% of
households in 1996 to 63% in 2011 (Nepal CBS 1996, 2011). The amounts of electricity
delivered are rather modest however, at approximately 86 W per household, less than
10% of the average home in Ontario, Canada (Sovacool and Brown 2010). Load
shedding also occurs quite frequently, meaning there are rolling blackouts when
electricity demand outstrips supply. In 2008, blackouts reached up to an average of 16
hours a day (World Bank 2011).
Gates (2014) famously defended the development of centralized fossil fuel-based
energy as a pragmatic strategy for increasing electricity access in developing nations.
Regardless of how valid Gates’ evaluation on centralized electrification actually may or
may not be, Nepal offers itself as one lf the likeliest exceptions to even Gates’ pragmatic
preference for centralized energy as the most cost-effective option. For one, Nepal is
landlocked, and depends on its access to fossil fuels through its border with India. During
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a political blockade between 2015 and 2016, access to fossil fuels was significantly
reduced. Following the 2015 earthquake, international recovery efforts were slowed
down due to a four-month blockade across the entire Nepal-India border, organized by
lower-caste ethnic groups protesting the passing of the 2015 constitution (Lamichhane
2015). Months into the blockade, the head of Oxfam (2015, November 12) in Nepal,
Cecilia Keizer, declared: “Hospitals have run out of essential drugs and supplies, vital
social services have been disrupted and aid agencies such as Oxfam have not been able to
secure fuel to deliver relief items to prepare people for the winter in earthquake-affected
districts.” UNICEF (2015, November 30) stated: “More than 3 million children under the
age of 5 in Nepal are at risk of death or disease during the harsh winter months due to a
severe shortage of fuel, food, medicines and vaccines.” Lamichhane (2015) in The Lancet
highlighted the health risks related to the blockade, and its impact on cold chain
vaccinations.
Additionally, due to the remoteness of many Nepali communities, and also to the
steepness of the mountainous topography surrounding them, the cost of electricity
distribution infrastructure notably diminishes the common cost-effectiveness associated
with centralized energy arrangements (West, Dwolatzky, Myer 1997). Table 3-1
compares the cost-effectiveness between centralized hydropower, decentralized solar, and
decentralized microhydro in Nepal.
Table 3-1: Cost-effectiveness of various electrification strategies in Nepal (Bergner 2013, Surendra et al.
2011). Asterisks indicate which source cost is derived from.

Type

Arrangement

Capacity

Range
Cost/kW
-

Source

144 MW

Average
Cost/kW
$3,613/kW

Large
Hydro
Medium

Centralized
Centralized

12-70

$3,635/kW

$464.76-

NEA
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NEA

Hydro
Small
Hydro
Solar
Wind
Improved
Water Mill
Microhydro

Centralized

MW
0.1-7 MW

Decentralized
Decentralized
Decentralized

Varies

Decentralized

10-100
kW

-

$6,012.72/kW
$2,450/kW
$655.62$3452.79/kW
$14,286/kW
Lacking sufficient data.
$2143/kW
$2860/kW*

$1279$1779/kW**

BPI, World
Bank, ADB
CRT/N
*CRT/N
**UNDP
REDP

According to UNDP project reports in Nepal (cited in Bergner 2013), microhydro had a
lower cost per installed kilowatt than even centralized forms of hydropower in Nepal.
Some of the more recent literature, however, suggests microhydro has now become more
expensive than centralized hydropower (Surendra et al. 2011), which may be due to the
most feasible microhydro sites being developed, leaving the less suitable and more
expensive sites to be developed. However, microhydro still remains roughly comparable
to the cost of larger centralized hydropower, especially with respect to its other renewable
energy counterparts such as solar power, situated around $14,286/kW in Nepal.
Furthermore, remaining within the logic of financial feasibility, microhydro does not
require such a vast mobilization of financial resources at once, nor does it need the same
large-scale coordination measures which centralized hydropower requires.
It is difficult to make too sweeping a generalization that microhydro will always
be comparable in cost large hydro in Nepal. This obviously depends on a large number of
factors including the proximity to existing roads and the grid, the ongoing availability of
water flow accounting for climate change, and the probability new infrastructure will
arrive within the coming years. A useful model for estimating the appropriateness of offgrid electrification for a particular community is the Reference Electrification Model
developed at MIT’s Tata Center (Ellman 2015). This model uses inputs such as building
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locations, solar irradiance, topography, grid extent and reliability, expected consumer
demand, fuel costs, infrastructure costs, and satellite data where data is lacking. With
these inputs, the model then decides whether a grid-connected system, microgrid, or
isolated system would be most appropriate.
There have also been concerns that microhydro plants would be difficult to
maintain and frequently fall into disrepair because of how numerous they are in Nepal
and their decentralized nature. With respect to the Rural Energy Development
Programme (REDP) in Nepal, financed in collaboration with UNDP, the World Bank
estimated between 5 to 10% of the microhydro installations in the project would fail due
to inadequate maintenance and political volatility. However, according to respondents
99% of the units were still functioning (Drupady 2012).
In fact Nepal’s political volatility in many ways encourages the use of microhydro
power. From 1994 to 2008, there were 14 Prime Ministerial changes. In light of Nepal’s
young democracy and fluctuating political situations, grassroots efforts towards
electrification may be a more resilient alternative to pursue for communities. Rural
communities that heavily depend on imported fossil fuels from India have shown to be
very vulnerable to this political instability.

3.2 Actors in Nepal Microhydro Projects
3.2.1

Governmental
The central agency responsible for organizing alternative energy within the

borders of Nepal is the Alternative Energy Promotion Centre (AEPC), which falls under
the jurisdiction of Nepal’s Ministry of Environment Science and Technology. The
AEPC’s two major programs are (1) the Energy Sector Assistance Programme (ESAP),
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which includes the Mini-Grid Support Programme (MGSP) founded through a
government-to-government agreement with Denmark, and (2) the Rural Energy
Development Programme (REDP), which works with the UNDP and World Bank
(Hansen, 2010).
3.2.2

Private Companies
Contracting private firms has become a central strategy for disseminating

microhydro technology across Nepal. Currently the government’s AEPC uses a
Renewable Energy Source (RE-Source) Portal to display its Capacity Development
Service (CDS) Market Database whose mission statement involves “the provision of
market-led capacity development services in the renewable energy sector” (AEPC: RESource, 2014). As of 2015, there are 39 suppliers listed in the database, which are
involved in microhydro work. Hansen (2010) lists 23 installation companies and 16
consulting firms (in surveying and designing) for projects up to 100 kW, all of which are
pre-qualified as eligible companies for microhydro projects in Nepal.
There are also various associations that private firms can join as members, such as
the NGO, Nepal Micro Hydropower Development Association, which is an association of
56 private installation companies, manufacturers, and consulting firms. Other similar
organizations include the Nepal Micro-hydro Entrepreneurs’ Federation (NMEF) with 16
microhydro associations at the district level, and the Water and Energy Consultants
Association, Nepal (WECAN).
Financial institutions have also been important in the support of microhydro
projects in Nepal. In addition to the contributions of larger regional development banks,
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the Nepalese banks Rastriya Banijya Bank (RBB) and the newer Clean Energy
Development Bank have financed many microhydro projects.
3.2.3

International Donors

The micro-hydro sector is supported by various multilateral institutions like the World
Bank, Asian Development Bank, and UNDP, as well as bilateral donors such as the
Royal Norwegian Embassy, Royal Danish Embassy, and German Agency for Technical
Cooperation (GTZ), (Hansen, 2010).
3.2.4

Non-Governmental Organizations (NGOs and INGOs)
There are over 44 NGOs acting in Nepal’s microydro sector. The Mini-Grid

Support Programme is operated by 8 of these NGOs across 40 districts. INGOs, such as
the Kaduri Agricultural Aid Association (KAAA), Practical Action Nepal, World Wide
Fund for Nature Conservation, have promoted and supported micro-hydro installations in
Nepal (Hansen, 2010).
3.2.5

Educational Institutions
Academic institutions involved in researching and supporting the microhydro

sector include Tribhuvan University’s Center for Energy Studies in its Institute of
Engineering, Pokhara University’s Nepal Engineering College, and Kathmandu
University’s School of Engineering. Training institutes like the Butwal Technical
Institute and the Balaju Technical training center facilitate programs to train technicians
for jobs in microhydro manufacturing, installation, and consulting.
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3.2.6

Community User Groups and Cooperatives
Community user groups have attempted to organize themselves according to the

consumer-owned utility model of Rural Electric Cooperatives (RECs), which provides
electricity services to members, which can be individuals or corporations, while also
being owned by the users of the electricity services themselves. These are referred to by
the AEPC as Mini/Micro Hydro Cooperatives (MHHCs) and often function as for-profit
cooperatives, where profits are distributed among members according to share holdings.
These MHHCs are the result of merged and federated community user groups under the
Cooperative Act 2048 (Phulchoki Energy Pvt. Ltd. 2013).
The AEPC (2013b) cites Roosevelt’s New Deal initiative for rural electrification
as the basis for its own community based microhydro strategy in Nepal. The New Deal
initiative involved rural electric co-operatives (RECs), which were mainly established in
rural areas because the return on investment for infrastructure was not high enough to
attract investors as utilities owners. Instead, community members pooled their purchasing
power to obtain wholesale electricity. This financial arrangement was incentivized in
New Deal policy through low-interest long-term loans offered by the American
government. The owners of the co-operatives were typically themselves users of the
utility services.
In Nepal, to establish a microhydro unit, funds are required to hire local
engineering and construction firms to conduct feasibility studies, design, and construct
microhydro plants and their micro-grid networks. The main sources of this capital are
derived from loans, grants, or subsidies from the government (federal, district, or village
level), NGOs, bilateral aid, or banks. The other source is from the community members
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themselves, where user groups mobilize cash contributions and local labour into the
system’s implementation. This money is initially raised through the selling of shares with
a share limit of 20% to any one member (AEPC 2013b).
Nepal’s legal framework for microhydro co-operatives involves three internal
bodies. First, is the general assembly (GA) in which each general member has one vote –
regardless of the number of shares each owns. This GA is the highest policy-making
body in the co-operative and members annually vote on overall policy direction, which
changes internally. The GA also agrees from the start on a set of by-laws, which frames
the co-operatives operations, and these by-laws are registered to, approved, and enforced
by a governmental authority. Secondly, there is a board of directors, typically composed
of 7 to 15 members, who are elected by the general members and lead the co-operatives
operations. Thirdly, there is an accounts committee who conduct internal audits of the
microhydro co-operative, supervise the board’s activities, and report their findings to the
general assembly. All these operations function under the Cooperative Act 2048
legislated by the Government of Nepal. Most broadly, co-operatives in Nepal function
under a set of Cooperative Principles outlined by the International Cooperative Alliance
(ICA) (AEPC 2013b).

3.3 Energy Users in Nepal
Nepal is one of the lowest per capita electric energy consumers in the world, at 128
kWh in 2013 (OECD/IEA 2014). With approximately 4.7 people living in each
household (Nepal CBS 2011) and daily energy consumption at the household
approximately at 2 kWh, each household can be estimated to consume an average of 83
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W. A sampling of 2015 microhydro project bids displayed in Table 3-2, show these more
recent projects have household consumption numbers relatively close to these figures.
Table 3-2: Sampling of expected household power rating for 2015 microhydro projects (AEPC 2014).

Microhydro Project Name

Household Power Consumption
(W/household)
120.85
70.51
106.94
113.54

Arubote-4, Panchthar District
Bhalaya Danda VDC, Udaypur District
Annapurna-9, Bhojpur
Sindrang-1, Bhojpur

In 2003 to 2004, the total rural energy consumption was estimated to be 288
million GJ where around 84% of the population were living in rural areas (CRTN, 2004).
Rural electricity loads at the household level are largely composed of electrical lighting.
Electrical goods listed in the Household Survey for Evaluating Impacts of Microhydro in
Nepal (UNDP, 2011) include low consumption and incandescent bulbs, neon tubes, radio
hi-fi’s, cassette, tape players, TVs, VHS/DVD players, refrigerators, fans, rice cookers,
electrical cookers, and water pumps. Cell phones are an increasingly common load as
well. User loads, and the prevalence of electrical devices, will be specified in more detail
in the simulation, where a load model will be developed for a hypothetical community in
Jumla, Nepal

3.4 Non-Technical Implications of Microhydro Power in Nepal
An estimated 1.2 billion people – 17% of the global population – lack access to
electricity, roughly 80% of this total living in rural areas (OECD/IEA, 2015). It is
commonly and probably correctly assumed that this absence of electrical power limits
access to modern health care and sanitation services, to food and water security, to better
educational opportunities, and improved economic capacities. These are often the
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objectives governments and aid agencies have in mind when they fund the construction
of power infrastructure in these rural communities. However, the implications of rural
electrification extend much farther than these objectives, and there exists a complicated
web of results that comes from completely restructuring the distribution, movement, and
access to something as fundamental as energy.
It is not entirely obvious if rural electrification is the most worthwhile
intervention governments or aid agencies can invest in with the scarce or limited
resources available to them, compared to other possible interventions. Even if
electrification appears worthwhile, it is also not entirely obvious how such an
intervention should unfold, and what supplementary interventions are required to make
the electrification effort worthwhile.
Electrifying rural communities in Nepal through microhydro technology has
broad and far reaching implications for the existing natural ecosystems, social and
political dynamics, and local economies within which it becomes embedded. When
microhydro power is newly introduced to a community, like any technology, there are
both beneficial and adverse effects and side effects – anticipated and unanticipated,
intentional and unintentional – distributed in varying ways across the many actors and
subjects involved. This chapter attempts to collect some of the more relevant implications
microhydro power may have within the locales they are deployed.
3.4.1 Environmental Impact
3.4.1.1 Environmental Risks
Most of the negative environmental impacts of microhydro systems are incurred at
the time of their construction. There are impacts incurred by the mining, manufacturing,
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and transporting of materials to the microhydro site. Construction also creates the typical
noise, dust, and air pollution that is expected, as well as disruptions to flora and fauna
within the installation area, though construction often does not last more than a year.
However, once construction is finished, much of the literature suggests that
microhydro installations in operation have not been shown to cause any significantly
negative impacts. The IEA (2010) qualifies this suggestion with some cautions relating to
changes in downstream sediment regime (in concentrations over time) and flow diversion
for a segment of a stream (Abbasi and Abbasi, 2010).
Better screening systems have been implemented to reduce the erosion of turbine
components by sediment, potentially reducing the amount of sediment downstream for
certain periods of time, which may have unforeseen impacts due to changed nutrient
concentrations. With filtering screens in place, dissolved solids and sediment
concentrations downstream will become lower for most of the plant’s operation, but will
become higher at points when the system is flushed by maintenance operators every 8
hours. Without these screens, water discharged from microhydro systems tend to increase
the turbidity of water at its point of discharge, and fish are likely to be able to enter the
penstock and get injured by the Pelton and cross-flow turbines commonly used in Nepal.
Some high-head arrangements have also been known to exhibit nitrogen supersaturation,
where water discharged has higher concentrations of nitrogen detrimental to some species
of fish. Chemicals from bearing grease as well as anti-fouling cleaning solutions used to
maintain microhydro pipes can contribute to downstream water pollution (Abbasi and
Abbasi, 2010). It is also possible that water used to cool the dump load can increase the
temperature for small segments of the river.
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Microhydro also disrupts water flow for a relatively short section of the river. Within
these ‘de-watered’ segments, depleted flow regulations in Nepal require residual flow to
remain above a lower limit of 10% of the dry-season flow (Sovacool et al., 2011). If these
regulations are not followed, there can be serious consequences for habitats and
populations of aquatic flora and fauna, as well as general water quality and concentration
of pollutants. De-watered sections of river in a Himalayan basin in India, during the lowflow non-monsoon season led to the decline and loss of a number macro-invertebrates.
Similarly, the Vishnuprayag, Maneri Bhali-I & II run-of-river projects have led to
damages in biodiversity and the degradation and loss of terrestrial and aquatic habitats as
well as species populations they support, leading to some local extinctions (Chopra et al.
2014). The problem is that regulations like the 10% de-watering limit are difficult to
enforce in remote and sparsely populated communities in Nepal, suggesting that
realistically, there still exists the risk of ecological impacts regardless of what regulations
are in place. Lower water flow in these de-watered zones also has consequences for some
migratory species of fish that need long unfragmented river lengths to survive and
reproduce (Abbasi and Abbasi, 2010).
In India, south of Nepal’s border, there have been reported dangers of the
accumulated effect of constructing successive run-of-river systems too close together,
though the most concerning situations often involve systems larger than the microhydro
scale. These “bumper-to-bumper” arrangements have been flagged as a concern as the
accumulated effect of fragmentation can end up drastically changing a large proportion of
the river, threatening its ecological systems. Especially for microhydro systems that are
not run-of-river, Abbasi and Abbasi (2010) believe that certain circumstances can render
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small dams as even larger sources of environmental degradation per kilowatt generated
than large dams, as well as posing the threat of one collapse causing a “cascading chain
of catastrophes” (Chopra et al. 2014).
3.4.1.2 Environmental Benefits
Despite having some negative environmental impacts – like all forms of
renewable energy – microhydro power is also recognized as being comparatively cleaner
than most other alternatives it replaces. In Nepal, rural electrification has been a strategy
for reducing the consumption of dry cell ‘batteries’ (Pokharel 2006) as well as halting or
slowing deforestation caused by firewood demand. Deforestation was a major motivation
behind the World Wildlife Fund’s (2008) campaign for a microhydro installation in
Nepal. Microhydro also does not share the same large ecological impacts that large
storage hydro is known for, nor does it require the displacement of communities. Its
environmental impact remains minimal as long as water diversion regulations are
followed. The operation of microhydro systems also does not generate carbon emissions
like the fossil fuels more prevalently used in Nepal for heating and cooking. Microhydro
plants have also been documented as reducing the water flow rate, which reduces the
erosion of riverbanks, as well as removing larger debris from stream water.
3.4.2 Political Implications
Attention to political situations is another important consideration for determining
whether a microhydro plant will be a positive addition to a community. Nepal’s political
climate has been coloured by a decade of civil war between government forces of the
constitutional monarchy and Maoist rebels. On January 26, 2002, a Maoist group known
as the Khumbuwan Liberation Front detonated a 250-kW small hydro plant on Pikhua
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river (Gleick, 2006). Understanding reasons behind this conflict and others may be
important for gauging the overall implications of microhydro power, and whether they
relieve or exacerbate social tensions or forms of social exclusion.
For the most part however, microhydro has been a form of development both the
government as well as Maoist rebel forces have seemed to share common ground on, and
both have largely remained supportive of them during the civil war. In fact, the proposed
construction of large hydropower to export electricity to India was one of the main
catalysts for Maoist resistance, and the eventual Maoist uprising (Adhikari 2014).
However, throughout the civil war, Maoists have looked relatively favourably on
community-based microhydro because of its apparent ‘grassroots’ nature. Communities
using microhydro systems perceived they were less vulnerable to Maoist attacks
compared to those located near large hydropower dams (Drupady 2012).
Rural electrification also facilitates new access to a myriad of information and
communications technologies (ICT) that have significant political implications. Dixit
(2014) describes the enormous role community radio played in bringing about political
participation and democratic reform. Activists like Bharat Koirala pressured the
government to open the radio spectrum up from complete state control, and the first
community radio station, Radio Sagarmatha was licensed in 1996. Dixit claims this is an
extremely progressive position within the region, compared even to India, which still
maintains state control of radio. Nepal has nearly 400 FM stations owned by local village
councils, NGOs, and community groups. Community radio was essential to the
mobilization of pro-democracy protests against absolute monarchy, the demand of
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government transparency from civil society movements, and an accountability tool for
human rights organizations to spread awareness (Panth and Dixit 2010).
However microhydro is known to have a number of political risks as well. At the
broadest level, there are conflicts of water use. A number of microhydro units in Nepal
are integrated into agricultural irrigation networks (Regmi 2003). Therefore, there are
conflict situations that can emerge between upstream farmers who want to irrigate their
fields, and the electricity users of the microhydro system downstream.
There are also conflicts between how electricity is used, most prominently
manifest in the tension between using the electricity for business purposes such as agroprocessing or for general household use such as electrical lighting or pumped water.
Conflicts also emerge with respect to general members who are unable to pay their user
fees. These forms of conflict have sometimes even involved Maoists reportedly chasing
out elected committee members of microhydro cooperatives (Tulachan 2008). Even
though the AEPC framework in Section 1.7 requires each microhydro co-operative to be
“an autonomous body and purely non political” (AEPC 2013b: 5), this is often not a
feasible reality.
3.4.3 Social Implications and Risks
While rural electrification through microhydro power often means rural areas
receiving electricity access for the first time, within those communities, electricity access
has often been distributed unevenly across the population and has been known to
reinforce existing forms of inequality – resulting for example in new forms of caste-based
exclusion. A microhydro co-operative in Ghandruk, Nepal showed that even though costsharing was evenly spread out across the user group, the benefit-sharing was highly
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uneven. Lower-caste ethnic groups consistently had lower power access than upper-caste
groups (Tulachan 2008).
This is exacerbated by the fact that Dalits, the so-called ‘untouchable’ caste, are
more likely to be employed by the forestry industry, which harvests and sells firewood to
meet rural energy demands. Due to religious and cultural norms related to purity and the
interpretation of physical work’s meaning, Dalits are far more likely to engage in
physical labour for employment (Nightingale 2011). Microhydro has already shown to
slow deforestation and reduce the demand for firewood, suggesting that lower caste
workers are the ones most likely to lose their jobs due to new microhydro installations.
There is also an issue related to increased access to household electrical lighting.
Grogan and Sadanand (2012) show that electrical lighting extends the working day for
these communities, and connects this with increased employment for women observed by
Dinkelman (2011) in South African rural electrification. While an increase in incomegenerating activities is a positive outcome, there remains a risk that women who are
largely responsible for household activities, will now be pressured into taking on
additional employment responsibilities and will disproportionately have to shoulder the
burden of new labour opportunities and responsibilities electricity access offers.
3.4.4 Educational Impacts
Educational benefits include improved information and communications
technology (ICT) access for more educational resources (UNESCO Kozma 2010), and
most noticeably electrification has also shown to improve school attendance (Gippner,
Dhakal, Sovacool 2013). With a reduced need to collect firewood or earn money for
energy expenditures, children are more likely able to attend school. This impact also has
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shown to have a gender dimension to it in that women are the ones disproportionately
responsible for collecting firewood (Gippner, Dhakal, Sovacool 2013).
3.4.5 Health Impacts
Improvements in air quality is another positive impact often anticipated, as there is a shift
to cleaner fuels – the cleanest of which is electricity (World Health Organization 2006).
Other benefits include access to new electrical medical equipment to run tests and
increased access to refrigerated vaccinations (Gippner, Dhakal, Sovacool 2013).
However, health impacts of electricity in Nepal associated with improved indoor air
quality come with a caveat. Despite how quickly rural electrification has increased in
Nepal, the quantity of electricity remains somewhat modest – most often used only for
electrical lighting (Nepal CBS 2011). In 2011, approximately 92.1% of rural

households still rely on firewood, and 73.5% still use it for cooking (Nepal CBS
2011). The World Health Organization estimates around 7,500 deaths per year are still
connected to biomass ovens in Nepal (World Health Organization 2007).
3.4.6 Economic Implications
One of the most commonly cited impacts linked with electricity access is
economic growth. Electricity consumption is sometimes even used as a proxy for GDP
growth. An interesting example of this is the Li Keqiang index. China’s reported GDP
figures have often been met with scepticism, even internally by leaders like Li Keqiang –
the Premier of China – who confessed in a leaked Wikileaks (2007) cable that he did not
fully trust the GDP figures reported to him by local officials. He reportedly used three
indicators to gauge the actual economic GDP growth in regions, which The Economist
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(2010) coined as Li Kequiang Index. Electricity consumption was one of the indicators –
the other two being the volume of shipping cargo and the value of loans dispersed by
banks.
In the context of Nepal, electricity has shown to increase productive efficiency
and create more income generating activities and employment opportunities. New
business opportunities include lumber sawmills, milk-processing plants, poultry farms,
bakeries, noodle factories, and hotels (Upadhayay 2009). The average household income
after gaining electricity access increases by about $121 (USD), and there is on average a
50% drop (approximately $22 savings per year) in energy expenditure (UNDP 2011).
New electricity access integrates communities into new global market economy
relations, especially by introducing new demand for imported consumer electronics. New
consumer electronics within communities makes inequality more noticeable, as new
electronic goods with a wide range of price tags become available. Mo (2014) suggests
that when the salience of inequality – or “relative deprivation” – increases with respect to
other community members in Nepal, so does the likelihood that families will enrol their
children into risky schemes that ultimately result in child trafficking.
Globalization also presents the risk of trade-deficit scenarios. Though most
microhydro components can now be manufactured and assembled within Nepal, more
sophisticated components such as electronic control parts, generators, and valves must be
imported from other countries, creating pressure to gravitate towards more exportoriented production to resist any net outflow of money and small-scale trade deficits.
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3.4.7 Effects on Employment
Electrification is often associated with an increase of productivity. For example,
work once done manually is now mechanized in some fashion and performed by
appliances instead – saving time required to perform old tasks (e.g. food preparation), and
yielding more time for new additional tasks. However, this is not always the way rural
electrification has functioned for developing countries.
Previous studies show rural electrification (Grogan 2011) in many developing
countries offers only modest amounts of electricity to households, enough only for
electrical lighting, rather than loads like cooking appliances, refrigerators, or washing
machines. Loads like cooking appliances are often too expensive to purchase for many,
leaving electricity largely unexploited as a cooking fuel. So though there is an increase in
productivity, it often occurs more indirectly through an increased ability to participate in
a labour market, and the additional money that offers. Cheap electrical light effectively
extends the number of hours each day people can work. This is the motivation for
devoting a separate subsection to understanding the employment implications of
microhydro power.
In extension of analyzing the economic implications of microhydro power, this
subsection sets out to evaluate how rural electrification is related to market employment
in Nepal at the turn of the millennium, as well as other economic factors such as wages or
gendered time allocation. The underlying challenge is over-attributing economic changes
to electrification, especially regarding reverse causality, where for example increases in
income are actually causing an increase in electrification, and not the other way around.
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3.4.7.1 Data Sources and Methodology
This investigation on employment’s relation to rural electrification uses census
data from Nepal’s Living Standards Survey (NLSS) for both 2001 and 2011. All
variables were observed at the district level, where Nepal is divided into 75 districts
spread across five “development regions”. Land gradient data could only be found at the
resolution of “eco-development regions”, of which there are 15 (ADPC, 2010).
Any districts with cities or metropolitan areas exceeding populations of 70,000 by
the year 2011 were considered urban and excluded from the sample – leaving 58 of the
total 75 districts remaining for analysis. “Electrification status” is assigned to any district
where more than 30% of the total district population gained access to electrical light
between 2001 and 2011, yielding 32 “non-electrified” districts. As a note, using the
prevalence of electrical lighting as a proxy for electrification clearly biases electrification
(%) downwards, as there is a possible subset of people with electricity access who do not
use electrical lighting, though its effect on differences is not clear. Dinkelman (2011; p.
2092) suggests electrical lighting is a reasonable proxy for electrical access if no better
alternative exists.
3.4.7.2 Shifts in Fuel Type
Grogan (2012) suggests that one would expect to see electrification shift
populations away from the use of wood biomass for cooking, and towards a fuel like
kerosene, which becomes more affordable with increased market participation. Shifts to
kerosene additionally save time previously required to manually collect firewood. This
however, does not appear to be the case in Nepal, as electrified and non-electrified
districts in remain almost unchanged between 2001 and 2011 (Figure 3-2), even with
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enormous increases in electricity access. Therefore, the labour-saving benefits involved
with firewood collection are not as prevalent as the health benefits of switching to cleaner
fuels.
Changes in Wood Cooking
100.00%
80.00%
60.00%

2001

40.00%

2011

20.00%
0.00%
Non-ElectriQied Districts ElectrictriQied Districts
Figure 3-2: Changes in use of wood biomass for cooking, comparing non-electrified districts with
electrified districts.

Kerosene is considered a cleaner fuel alternative to wood biomass, and liquefied
petroleum gas (LPG) is considered more efficient and cleaner than kerosene. However,
LPG has a much higher starting cost, as it requires pressurized cylinders for distribution
(UNFCC, 2009). Figure 3-3 shows a larger percentage in electrified areas (~5%)
switched to LPG during this period compared to non-electrified areas (~2%), and more
people switched out of kerosene in electrified districts (~13%) compared to nonelectrified districts (~2%). Though Grogan’s (2012) mechanisms were not observed in
Nepal for firewood, they do seem to be reflected in the move away from kerosene to
liquefied petroleum gas, as communities gain electricity.
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(b) ElectriAied Districts
(a) Non-ElectriAied
Districts
3.00%
2.50%
2.00%
1.50%
1.00%
0.50%
0.00%

14.00%
12.00%
10.00%
8.00%
6.00%
4.00%
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2.00%

2011

0.00%

Figure 3-3: Prevalence of different types of cooking fuels (other than wood biomass) in 2001 (blue) and
2011 (red), comparing non-electrified districts (a), with electrified districts (b).

This suggests the lowest income group of people seem to remain stuck using
firewood, while other more affluent groups are able to switch to better cooking fuels to
varying degrees, potentially because electricity helps increase their income. However,
this can also be explained by reverse causality, where communities with growing
incomes are more able to access electrification and cleaner fuels at the same time.
Considering, how electricity is sometimes framed as a way of directly addressing
the health hazards of firewood ovens, it is worthwhile noting that electrical cooking is not
used enough to exist as a separate observational subset for rural cooking fuels in Nepal –
again reinforcing that the indoor air quality impact of electrification often occurs
indirectly right now through switches to cleaner fuels.
3.4.7.3 Migrant Work Correlation with Rural Electrification
Table 3-3 shows the average value for covariates such as the poverty rate,

household density, and adult sex ratio, with the standard deviation below in brackets.
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Column (1) shows values for the full sample, and column (2) restricts that sample down
to only rural areas. Column (3) and column (4) further restrict the rural sample down to
either districts that were electrified or were not electrified between 2001 and 2011.
Finally, in column (5) the difference between electrified and non-electrified districts is
displayed, and asterisks indicate a difference that is statistically significant.
Table 3-3: Baseline district values and electrification status, calculated from Nepal CBS (2001, 2011)
census figures.
Mean
(standard deviation)
Covariates in 2001
Household density
Poverty rate
Female-headed HHs
Adult sex ratio
Foreign citizenship
Male literacy
Female literacy
Gradient
N districts

Difference
(standard error)

Full

Rural

Elec.

Non-Elec.

Difference in Mean

(1)
48.19

(2)
30.65

(3)
38.27

(4)
24.46

(5)
13.81

(79.11)

(24.48)

(23.31)

(23.99)

(10.56)

0.38

0.41

0.39

0.43

-0.04

(0.12)

(0.10)

(0.08)

(0.10)

(0.03)

0.29

0.29

0.36

0.24

0.12***

(0.11)

(0.12)

(0.11)

(0.10)

(0.03)

0.96

0.95

0.89

0.99

-0.10***

(0.12)

(0.13)

(0.12)

(0.12)

(0.03)

0.02

0.0016

0.0021

0.0012

0.0009

(0.11)

(0.0026)

(0.0035)

(0.0016)

(0.0007)

0.63

0.61

0.63

0.59

0.59***

(0.10)

(0.10)

(0.09)

(0.10)

(0.10)

0.39

0.36

0.41

0.32

0.08**

(0.14)

(0.13)

(0.10)

(0.14)

(0.03)

14.77

16.52

15.19

17.59

-2.40

(7.55)

(6.97)

(7.31)

(6.60)

(1.84)

75

58

26

32

As seen in the third row, electrified districts were significantly more likely to have a
gender ratio skewed towards more women as well as more female-headed households,
suggesting these districts have absent males likely involved in migrant work, sending
remittances home. The statistical significance asterisks only establish correlation and not
causality. However, it is interesting that both the adult sex ratio and female-headed
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households are correlated to electrification, and land gradient is not. The literature
suggests higher land gradients significantly increase the cost of electricity infrastructure
(West, Dwolatzky, Meyer 1997). However, it is possible here that the higher cost is being
offset by the amount of remittance money flowing into rural communities, where these
communities are now more able pool enough money to electrify their communities.
In 2015, Nepal was the largest remittance recipient in the world, taking in $6.6
billion (USD) and in 2014 its remittance inflow was 29.2% of its GDP, the highest in the
world (Ratha, Eigen-Zucchi, Plaza 2016). This is significantly more than the annual
inflow of foreign aid at around $1.13 billion (USD) from 2014 to 2015 (Paudel, Regmi,
Aryal 2016). The role of remittances in rural electrification is not verified here, but would
be an interesting question to explore, considering how the census data implies
remittances correlate to rural electrification far more than land gradient.
3.4.7.4 Fixed Effects Regression on Electrification
Using fixed-effects regression, the only major market labour variable that seems
to be affected by electrification is the amount of men that are economically active, as can
be seen in the first row of Table 3-4, where there exists statistical significance in column
(1), and even still after removing other statistically significant covariates in column (2)
just in case they are affecting the outcome through electricity. Electrification does drop in
significance in column (2), but still remains significant and with the same positive sign.
Table 3-4: Fixed-effects regressions on labour market outcomes with various district-specific covariates.

Covariates in 2001
Electricity (%)

Econ.
Active
Male
(1)
0.0799**

Econ.
Active
Male
(2)
0.0518*

Econ.
Active
Female
(3)
0.0397

Employee
(4)
0.0309

Employer
(5)
-0.0042

(0.0247)

(0.0213)

(0.0501)

(0.0256)

(0.0203)
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Household density
Poverty rate
Female-headed HHs
Adult sex ratio
Foreign citizenship
Male literacy
Female literacy
Toilet With Flush
Piped Water
N districts

0.0001

-0.0006**

-0.0016***

0.0008***

0.00021

(0.0002)

(0.0002)

(0.0004)

(0.0002)

(0.00016)

0.1307*

-

0.0243

0.0070

0.0317

(0.0527)

-

(0.1072)

(0.0547)

(0.0434)

-0.0337

-0.1656**

0.0699

0.0980

0.0394

(0.0605)

(0.0566)

(0.1231)

(0.0628)

(0.0498)

0.1818***

-

-0.2288*

0.1818***

0.0744*

(0.0430)

-

(0.0874)

(0.0430)

(0.0354)

2.3599

3.0018

2.0451

2.3599

-0.7162

(1.8829)

(2.2466)

(3.8281)

(1.8829)

(1.5503)

-0.0050

-0.1168

0.2976

-0.0050

0.1005

(0.0839)

(0.0995)

(0.1706)

(0.0839)

(0.0691)

-0.1146

-0.0577

-0.3210*

-0.1146

-0.0669

(0.0661)

(0.0795)

(0.1344)

(0.0661)

(0.0544)

-0.0872*

-

-0.1086

0.0747

-0.0119

(0.0407)

-

(0.0829)

(0.0423)

(0.0336)

0.0225

-0.0072

0.0767

-0.0246

0.0160

(0.0225)

(0.0267)

(0.0457)

(0.0233)

(0.0185)

58

58

58

58

58

This suggests electricity may be allowing men to offer their labour to the market rather
than women, as is observed in Dinkelman (2011). This does not mean males were
necessarily employed, but electrification did seem to allow males additional time to
participate in the labour market, possibly due to electrical lighting extending workdays
for males who possibly have less household responsibilities than women.
“Economically active” is defined as anyone for whom “periods of time spent
either working or available for work taken together during the last 12 months are greater
than (or equal to) the periods of time that the person has not been available for work,”
(Nepal CBS, 1998; p. 15). This definition can in fact provide further insight than a simple
“employment” measure can, as employment is a metric also affected by many economic
and market forces. Employment is more demand-driven as it additionally depends on the
prevalence of employers who are able and willing to hire someone, while “economically
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active” is more supply-driven relating to people able to offer their labour to market,
potentially due to some of their time being freed up from subsistence activities. There can
be a significant subset of people who have the time to work, but remain unemployed due
to the lack of employment opportunities.

3.5 Situating Nepali Microhydro in Development Practice
3.5.1 Microhydro Power as Appropriate Technology
In resistance to equating development to large-scale, capital-intensive
industrialization, the movement of “appropriate technology” emerged as a way to
address what E. F. Schumacher (1973) referred to as the “process of mutual poisoning”
where traditional sectors and ways of doing in rural areas were uprooted and lost, while
urban centers were growing overpopulated and increasingly difficult to manage (Akubue
2000). As the title of E. F. Schumacher’s (1973) influential book “Small is Beautiful”
suggests, small rural communities should be able to benefit from development regardless
of where they are located, and actual humans should be central to the evaluation of
development approaches, not abstract economic principles like efficiency or economies
of scale.
Gandhi has often been perceived as a sort of founding pioneer of the appropriate
technology movement. Schumacher (1973) quotes Gandhi as saying “the poor of the
world cannot be helped by mass production, [but] only production by the masses." This
was made in reference to the village industries using “appropriate technologies” such as
Charkha spinning wheels, and a vision of Gandhi’s to see industrialization not displace
“village handicrafts” but to supplement and support them (Akubue 2000).
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After Schumacher was invited in the early 1960s to Hyderabad, India to meet and
discuss small rural industries and technologies with Gandhian economists, he founded the
Intermediate Technology Development Group (ITDG) in 1965 with a few colleagues.
The ITDG’s vision involved creating workplaces (Schumacher, 1973, pp. 175-176):
•

where people live now, not in urban centers to which they must migrate

•

that are low-cost, and do not require unattainably high levels of capital or imports

•

with relatively simple methods of production, financing, organization, marketing

•

with production using local materials for local use.

“Appropriate technology,” as the term “intermediate technology” was eventually adjusted
to, also came to include goals and considerations such as: compatibility with existing
infrastructure and local preferences, ease of maintenance, ability to create new jobs or
protect old ones, efficient use of natural resources, and environmental soundness
(Akubue 2000). Microhydro became one of the main energy technologies ITDG backed,
and ITDG was instrumental in the emergence of electronic load controllers in
international development efforts as described later in Chapter 4.
3.5.2 Microhydro in the Context of Indigenous Engineering Praxis
Schumacher (1973: 180) described “intermediate technology”, as something that
"would be immensely more productive than the indigenous technology but it would be
immensely cheaper than the sophisticated, highly capital-intensive technology of modern
industry." Schumacher’s view of “indigenous technology” recalls earlier criticisms of the
term “intermediate technology” as being unintentionally pejorative, while also raising
questions regarding the “productivity” of technology, such as: ‘productive’ with respect
to what and in the interests of whom?
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Hess and Strobel (2013) define “indigenous” as both a “way of knowing” and
“forms of practice and processes.” They challenge the negative definitions of
“indigenous” as being “pre-modern” or “non-scientific”, emphasizing Western
knowledge as neither the neutral form of knowledge, nor a superior way of knowing.
Rather than framing each as something that should replace the other, Herrmann (2005)
believes Western and indigenous knowledge must be “complementary” and “mutually
enrich[ing]” to each other. Indigenous knowledge, as defined by the United Nations
Environment Program (2007), places an emphasis on the knowledge that “accumulates
over generations of living in a particular environment… technologies, know-how skills,
practices and beliefs—that enable the community to achieve stable livelihoods in their
environment.”
3.5.2.1 Engineering and “Ethno-engineering”
To situate the term “ethno-engineering”, Hess and Strobel (2013) identify the
common ways “engineering” is defined within Western literature, which often involves
notions such as “the application of mathematics and science” and “social relevance and
responsibility of engineering decisions.” Pawley (2009), in reviewing various ways postsecondary faculty defined “engineering,” noted definitions such as “making things” and
solving “problems that mattered”, which implicitly raises the question, “matters to
whom?”
Hess and Strobel (2013) emphasize that “ethno-engineering” must be inclusive of
“non-Western ways of knowing”, which can be implicitly excluded when Western forms
of science and mathematics are upheld as rightly occupying the role of dominant
hegemonies. The term “ethno-engineering” was introduced by Jodha (1990), and
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emerged from the work he did with the International Center for Integrated Mountain
Development (ICIMOD) based in Nepal, within the context of remote mountain
communities. Key phrases by Jodha (1990) include “local resource-centered
diversification”… “supported by systems of self-provisioning, on-farm storage, and
recycling”, and “[serving] sustenance needs in a relatively closed system (due to
inaccessibility).”
While Jodha (1990) uses “ethno-engineering” to describe very specific practices
in the Himalayas involving terracing and harnessing run-off, the term has become used
more broadly to refer to types of highly contextual attitudes and practices that do not
necessarily involve ‘advanced’ mathematics used in Western science, but may instead
rely on highly empirical ways of doing. They may also function within a logic whose
primary function is not to maximize production or economic returns. Hess and Strobel
(2013) insist that indigenous perspectives are not merely beneficial for problem definition
as usually assumed, but also for formulating solutions to problems themselves. Some
criteria of ethno-engineering identified include approaching issues as complex,
knowledge that evolves continually and is based on in-depth experience of the
environment, grassroots management, resourcefulness, and a “holistic worldview.”
3.5.2.2 Examples of Indigenous Innovation Relevant to Microhydro
Many of microhydro’s fundamental concepts are not radically new to Nepal.
Traditional watermill use extends back centuries into Nepal’s history, delivering direct
mechanical power between 0.2 and 0.5 kW. Locally known as ‘ghatta’, these mills
yielded efficiencies under 25% of capacity, and were used to process grain into the 1970s
and 1980s (Kapali et al., 2014). Today, traditional ghattas can primarily be found in the
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mid hill regions, spanning from west to east across Nepal, and there exist programs to
retrofit them as “improved water mills” either to increase their efficiency or convert the
power into electricity (Kapali et al., 2014).
Microhydro technology is only one way of using water and harnessing energy in a
long history of indigenous knowledge and practice in Nepal that includes forestry,
mountain agriculture, and irrigation. It is important to think of microhydro in the context
of these other indigenous practices. Forests, as a source of biomass energy, have been
managed locally over many generations, and present frameworks for the future
management of sustainable energy resources like microhydro plants.
Appropriate technology raises questions regarding how microhydro can be
adapted to fit within existing agricultural practices and infrastructure such as agricultural
terraces and irrigation networks. The majority of Nepal’s arable land is irrigated under
Farmer Managed Irrigation Systems (FMIS), which often function relatively
independently from government administration (Ojha, Timsina, Chhetri 2008: 87).
Most microhydro components can now be found in the form of locally designed
and manufactured versions, some which are even exported to countries like India and
Thailand (Mathema 2014). The high rates of electricity-related piracy, as described in
Chapter 1.5.1, among other things, seems to suggest there is a high level of technical
competence locally though a lack of opportunities to apply technical skills. When
opportunities do exist, however, there appears to be a high level of innovation
surrounding microhydro implementations in Nepal. Working with local communities
Roodsari and Nowicki (2015) describe how their design of a distributed electronic load
controller (DELC) water heater was adapted into a slow-cooker by local residents and
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innovators on the ground – the feasibility of which is further described in Chapter
Chapter 11. Both “appropriate technology” and “indigenous engineering praxis” are
important lenses for thinking about microhydro technology because they are both
highlight vital considerations for the sustained long-term viability of these systems.
3.5.3 Sustainability of Microhydro Plants in Nepal
One of the longstanding issues in international development’s deployment of
technology involves the longevity of exogenously installed systems and the lack of
consideration with respect to their long-term sustainability (EWB Canada, 2010). Wellintentioned projects have frequently shown to benefit users for short-lived durations of
time, before falling into disrepair due to inadequate consideration of ongoing
maintenance requirements and system resilience. These considerations are more difficult
to sell to donor country populations and their governmental development arms, since they
do not appear as attractive when evaluated for direct project impacts and are largely
treated as hidden costs. However, when only one component failure results in the
discontinued use of an entire system of functioning components, there is an effective
waste of already scarce development resources.
Users and so-called “beneficiaries” of these systems often have limited access to
monetary resources, and require inexpensive solutions. While the goal of designing lowcost solutions remains a central requirement, some of the underlying causes of this
poverty can be overlooked. In a globalized neoliberal economy based largely on
international trade, economies of scale, and comparative advantage, isolated rural areas
with sparse populations and low access to capital, are at an obvious economic
disadvantage – and consequently their quality of life suffers.
65

Furthermore, as mentioned in this document’s introduction, these communities
are additionally disadvantaged by the fact that exogenous technology they use is
frequently not designed with their particular needs in mind, but imported and adopted
from external contexts. The function of technological solutions is always situated within
a specific context, and therefore the needs of particular communities cannot always be
met by externally designed technology deployed as a ‘universal’ fix.
3.5.3.1 Technical and Logistical Considerations
Microhydro systems installed in remote mountainous areas, for example, must
account for the inaccessibility of external resources, as these rural communities are
separated from major shipping and manufacturing centres by long distances of
mountainous terrain. Larger-scale exogenous technology, in these situations, must be
resilient and inexpensively protect system parts from stress and wear; while parts more
vulnerable to failure, should be readily available locally. Many of these microhydro sites
are relatively inaccessible, taking a number of days by bus or airplane, and journeys are
frequently delayed by adverse weather conditions. Waits for repair parts can take as long
as 6 to 24 months to arrive, and it may take service technicians 7 to 14 days to reach
some generation site by foot to perform repairs (P. Freere, personal communication,
September 1, 2015).
The size of these system components is also a significant consideration as human
porters are often used to carry these products into remote communities; hence
minimization of size and weight remains an important design goal. Communities often
have limited access to information as well, due to the remoteness of these regions
combined with limited monetary and energy resources. Additionally, with the exogenous
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nature of these systems, locally employed operators may have a limited familiarity with
the system’s technology and technical functioning, if they were not deeply involved in
the design process. Therefore, maintenance and repair of systems should account for this
with intuitive user interfaces and repair procedures, as well as long-term efforts to build
local design capacities through processes involving knowledge exchange.
3.5.3.2 Electronic Load Controllers and Sustainability
One microhydro component specifically designed to protect generators from
damage are electronic load controllers (ELCs), which avoid excess current flows
associated with underloaded conditions by imposing a dump load on the generator during
periods of low power demand. Good ELC performance reduces stress on the stator
windings as well as damage to the rotor bearings. It also protects components connected
to the generator from being damaged by excess current. However, these ELCs have had
sustainability issues of their own, and have shown to be one of the most common
microhydro components to fail (Barr 2013). Chapter 4 provides a detailed overview of
electronic load controllers.
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Chapter 4

Electronic Load Controllers

Electronic load controllers (ELCs) are one of a number of approaches used to
balance the amount of power generated at the mechanical side of a turbine-generator set
with the amount of power demanded on the electrical load side. The main purpose of
these systems is to regulate the system’s voltage and frequency to their nominal values.
Since the 1980s, electronic load controllers (ELCs) have been established as lowcost governors well-suited for microhydro power. ELCs as they exist in Nepal today can
generally be traced back to systems originally known in the UK as “electronic load
governors”, particularly those developed by British renewable energy pioneer ArmstrongEvans, who describes his design as originating from a control arrangement his father
developed in 1949 for a waterwheel and a heating load ballast (Armstrong-Evans, 2013).
By 1974, various thyristor-based prototypes based on his father’s idea had already been
designed and tested by Armstrong-Evans on private homes and farm properties, before the
technology was patented in 1976 (Holland, Armstrong-Evans, Marshall, 1980).
In 1979, the NGO, Intermediate Technology Development Group (ITDG),
collaborated with the Armstrong-Evans, and together began designing a prototype for
three-phase systems in developing countries, which they first tested in Nepal for six
weeks in 1980 (Whitby, 1984). The technology proved successful, and caught on locally,
and in the international development community. ELCs for the first time made
microhydro power financially feasible at lower generating capacities, presenting a much
more affordable alternative to the very expensive hydraulic governors which had been
prevalently used up until then.
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Inversin (1981) describes the generator and governor as being priced “nearly
independent of capacity”, making smaller scale microhydro a lot more expensive per
installed kilowatt. Below a certain generating capacity the hydraulic governor required
does not become any less expensive for lower capacity systems, resulting in disparities
such as 5 kW unit at $1500/kW compared to a 50 kW unit at $300/kW (Inversin 1981).

4.1 Methods of Balancing Loads with Generated Power
There are two ways to address the balancing of load and generated power:
(1) Adjust the amount of energy produced to match the changing power demand.
(2) Produce a constant amount of power, and ensure an effectively constant load is
applied.
4.1.1

Hydraulic Control
With larger-scale hydro, the first approach is used, often through hydraulic

control. When demand for electricity is lower, complicated and expensive mechanisms
known as “load control governors” are used to reduce the jet of water fed to the turbine
with a hydraulic regulator. With a lower flow rate applied to the water turbine, less power
is generated. This makes sense for large-scale hydro, which typically uses dams to store
water for periods of higher power demand. However for run-of-the-river arrangements,
more commonly used in microhydro systems, there is no particularly strong benefit in
reducing water sent through the turbine, as there is typically no way to “conserve” it for
later use. Additionally, microhydro systems are typically lower-cost energy systems,
which require lower-cost control solutions.
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4.1.2

Mechanical Control
Mechanical braking of the turbine is another approach used to control the amount

of power used. However, like a water governor mechanism, this method has moving parts
more prone to failure, than an electrically controlled system. Since microhydro plants are
typically in remote areas and operated by individuals with limited training, there is a
benefit to avoiding control methods using moving parts like mechanical control gears or
hydraulic valves, as these require more operator attention and higher maintenance costs.
4.1.3

Electrical Control
Electrical control methods use the second approach to balancing loads with

generator power. They focus on the load side of the system, using electrical circuits to
sense and adjust loads to ensure they match the power being generated. Older or lower
cost systems, in Afghanistan for example, are adjusted manually by a human operator
who sits in the powerhouse at all times, switching on or off various dump loads according
to voltmeter readings, ensuring excess power is consumed (Austegard 2015).
In the case of induction generators, these electric machines generate real power
but absorb reactive power, while typical user loads absorb both real and reactive power.
Therefore, the fundamental principle behind load controllers is to balance both real and
reactive power (Bonert and Rajakaruna 1998). ELCs absorb any surplus real power from
the generator not absorbed by the load, using a dump load.
MHPs governed by ELCs operate with a relatively constant flow of water across
their turbine at all times, producing constant power and requiring a constant load on the
generator. When users demand less power, the ELC directs any surplus power into a
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‘dump load’ using a thyristor switch. Since the dump load is controlled electronically
with no physically moving parts, little maintenance is required.
The other electrical alternative for voltage regulation is a VAR (Volt-Ampere
Reactive) source controller, which adjusts the excitation current to maintain the nominal
voltage setting, though this method cannot adjust frequency variation (Austegard, 2015).
Examples of this approach include switched capacitors, static VAR compensators (SVC),
and static compensators (STATCOM) (Singh, Murthy, Gupta, 2004). However, the
method of VAR controlling has generally been considered too expensive and complicated
to implement at the microhydro scale as it requires more control circuitry and skilled
technicians for maintenance (Roodsari, Nowicki, Freere, 2013).

4.2 Load Controllers: ELCs and IGCs
Load controllers are one of the most prevalent approaches used to balance loads
with microhydro-generated power. Microhydro installations often have forebay tanks to
regulate the water running through the turbine and keep the flow rate constant. Therefore,
with a constant flow rate applied to the turbine, a constant level of power is produced,
whether there is demand for this power or not. Therefore, an effectively constant load is
required for this constant level of power generated. To compensate for the inevitable
variation in community loads, surplus power is diverted into a dump load (ballast)
whenever the community user load is below its rated level. The following is a simple
equation describing how the constant level of generated power (Pout) matches the
changing levels of power consumed (PC) and power dumped (PD):
𝑃!"# = 𝑃! + 𝑃!

(4-1)

Where, to keep Pout constant, the ELC increases PD to compensate for any drop in PC.
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Smith (1994) mentions two main categories of load controllers used for
microhydro plants, which differ mainly in how they sense changes in the user load. The
first are electronic load controllers (ELC), which manage loads for synchronous
generators. ELCs determine the amount of current that should be diverted into the dump
load, based on readings obtained from frequency sensors. The second type is the
induction generator controller (IGC), which performs the same function as the ELC, but
for induction generators instead of synchronous generators. Unlike ELCs, IGCs use
voltage sensor readings instead of frequency sensors to determine the required dump
load.
Synchronous generators often already have voltage regulating mechanisms built
in, so their load controllers do not need to sense for voltage variation. However, one of
the disadvantages of induction generators is their poor voltage regulation, resulting in
both voltage and frequency variation. This requires a more expensive load controller that
varies the dump load for frequency regulation as well as capacitance for voltage
regulation. However, induction generator characteristics can be leveraged such that
voltage sensing alone is adequate, since frequency tends to remain well regulated if
voltage remains regulated (Smith 1994).
Varying inductive loads (such as turning on a fluorescent lamp) however, does
cause small frequency variation as the overall load on the generator is effectively
reduced, causing the turbine to speed up. However, power factor-correcting equipment
can be used for significant inductive loads to address this problem. Frequency variation
can be kept within 10% for power factors of around 0.9 (Smith 1994).
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It should be noted that a proportion of the literature uses the term ELC for what
Smith (1994) refers to as an IGC, hence ELC will simply be used here as an umbrella
term to refer to any load-controlling governor system that is electronically based,
including IGCs. Since ELCs, broadly defined, can be used for induction generators and
synchronous generators, they are not limited to microhydro applications, and can also
conceivably be used for applications like wind energy systems that use such generators.
While ELCs, in some sense, rely on the generator to run at constant speed, variable flow
rates into the turbine can still be dealt with by ELCs (Roodsari, Nowicki, Freere 2013b).
Variable speed generators can also be addressed with the help of voltage converters.
4.2.1 Reasons for Voltage and Frequency Regulation
Balancing generated power with the load essentially serves the function of voltage
and frequency regulation, keeping these variables close to their nominal ratings. For
example, when the load imposed on the generator drops, the turbine speed increases,
resulting in a higher electrical frequency and increased voltage (Pokhrel, Parajuli, and
Adhikary, 2012). The increased speed of the turbine has been shown to damage the
turbine bearings, a particular problem observed in Nepal (Barr, 2013). Also, when the
fundamental frequency varies far enough from the nominal frequency, it negatively
affects transformers and connected appliances, and is especially damaging to motor
loads. When voltages increase too far above their nominal voltage, it creates overheating
and reduced life for a number of connected components (Hydro Québec, 1999). Each
household is also typically installed with a circuit breaker, which are tripped by
“overvoltages”. However, when tripping occurs too frequently, households have been
known to bypass the breaker units to maintain an uninterrupted electrical supply (Smith,
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1994). Manufacturing and industrial processes are also often time dependent, and voltage
and frequency variations can negatively affect industry (Hydro Québec, 1999).
Ultimately however, safety is the central concern addressed by voltage and frequency
regulation, as well as the protection of connected power supply components and loads.

4.3 Controller Methods
The dump load can be varied using one of three main approaches (Smith 1994).
Two of them involve a single resistor for the dump load, but vary the amount of time for
which this dump load is imposed on the generator. The other method simply varies
discretely the amount of resistance imposed on the generator.
Phase angle control – This method essentially diverts current into the dump load for an
uninterrupted duration of time between each zero-crossing of the sinusoidal current
waveform (Figure 4-1). For each half-period of the current waveform, current is first
channelled to user loads, for a delay defined by a specific phase angle (α), before a
thyristor or TRIAC is then switched on, diverting the current into the dump load for the
rest of the half-period.
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Figure 4-1: Waveform for the dump load's current using the phase angle control method (based on Smith
1994).

This control method is more commonly used for synchronous generators. Induction
generators have compatibility issues with this control approach, since the dump load
current lags behind the voltage waveform, effectively resulting in a varying power factor
(Smith, 1994). This approach demands reactive power and produces additional harmonic
content (Singh, Murthy, Gupta, 2006).
Binary weighted loads – Varying the dump load’s resistance, to compensate for changes
in power demand, can also be done by combining a few fixed resistors in various ways to
achieve a discrete range of dump load resistances (Figure 4-2).
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Figure 4-2: Binary-weighted load controlling, using three resistors to achieve seven discrete resistance
settings for the dump load (based on Smith 1994).

Though this approach allows for a straightforward resistive dump load and the avoidance
of waveform distortion created by phase angle controlling, it does produce problems
related to precision, limitations in the range they can function, and vulnerability involved
with the large number of individual components such as switches and resistors (Smith,
1994).
Mark-space ratio – This control approach, like phase angle controlling, only involves
one dump load ballast. However, instead of one uninterrupted diversion of current to the
dump load within each half-cycle, the period of diversion is distributed temporally
throughout the wave cycle in short spurts (Figure 4-3).
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Figure 4-3: Dump load current's waveform for the mark-space ratio control approach (Smith, 1994).

Therefore, the dump load switch in this case is asserted at a significantly higher
frequency than the electrical frequency (usually by at least a factor of 10). By setting the
switch cycle frequency for the load controller (e.g. 600 Hz) a magnitude of order higher
than the electrical frequency (50 Hz in Nepal), the periods where the dump load conducts
current are equally distributed throughout the electrical current waveform, but
synchronized with the electrical wave cycle.
For induction generators, the dump load current can lag behind the voltage
waveform causing a lagging power factor, in which case the mark-space ratio approach
regulates frequency variation better than the phase-angle control method (Smith 2008),
while also maintaining good voltage regulation. Many microhydro systems use a method
based on this approach, often in three-phase form with a three-phase bridge rectifier, and
a single chopper switch and dump load to consume real and reactive power (Bonert and
Hoops 1990; Bonert and Rajakaruna 1990).
It is worthwhile noting that when the dump load is applied it is in parallel with the
user load. The user load will continue to conduct current with the dump load in parallel,

77

but significantly less, since most current is diverted into the dump load. The way the duty
cycle is calculated is explained in Chapter 10.2.2.
4.3.1 Proportional-Integral Control Theory
Proportional-Integral theory dates back to a paper by James Clark Maxwell
(1868) on governors, which he describes as “a part of a machine by means of which the
velocity is kept nearly uniform.” This is essentially the task of the ELC – to maintain a
relatively constant rotational velocity for the generator, a constant output power, and a
constant output voltage. Therefore, there is a target voltage level (Vref) that the ELC
wants the generator’s output voltage to remain at. The deviation from this target voltage
is referred to as the error voltage (Ver). This error voltage is essentially treated as the
input for the control logic of the ELC, implemented through proportional-integral (PI)
control equations. The output of a PI controller (VPI) is simply the sum of the
proportional gain constant (KP) applied to the voltage error and an integral gain constant
(KI) applied to the integral of the voltage error.
𝑉!" = 𝑉! + 𝑉!

𝑉!" = 𝐾! 𝑉!"# − 𝑉!"# +
𝑉!" = 𝐾! 𝑉!" +

(4-2)

𝐾! 𝑉!"# − 𝑉!"#
𝐾!
𝑉
𝑇! !"

(4-3)

(4-4)

Higher proportional gain constants essentially produce a larger degree of change for a
given error value, and a more responsive controller. This means if this proportional gain
constant is too small, it will not result adequately change the output value to the desired
level, and offset value will remain after the system stabilizes into steady-state. This
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constant steady-state error can be addressed by adding integral control. If, on the other
hand, the proportional gain is too large, it can produce an unstable system with unwanted
oscillatory behaviour.
The integral control method is used to eliminate or reduce constant “steady-state
error”, though usually at the expense of poorer transient response. “Steady-state error” is
simply the difference between the output desired by design (e.g. a voltage level required
by regulation) and the actual output of a system (e.g. the voltage measured by a sensor)
(Liptak 2005). This means that all past error values contribute to the integral controller’s
output, not simply the present error value as in the case of the proportional control
method.
If a large integral gain constant is used to improve the speed of the system’s
dynamic response, unwanted oscillatory behaviour becomes a possibility. The integral
term accelerates movement towards the target voltage, and reduces residual steady-state
error that is possible with purely proportional control. However, the integral term can
cause overshoot past the target voltage, and worsen transient response. Using both
proportional and integral control together can help address this, and result in better
transient response than solely using integral control.
The proportional gain constant (KP) is related to the integral gain constant (KI) by
a variable that is sometimes referred to as the reset time (TR), and can be understood as
the time it takes for the output to reach a specific initial value to the final value desired by
the system. In other words, 1/TR determines the speed of the control response.
Choosing proportional and integral gain constants is typically considered
relatively difficult and requires tuning through a specific set of heuristic methods.
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Agarwal, Gupta, and Dubey (2009) and Sofian and Iyas (2011) propose a “fuzzy-logic”
method to essentially change these gain constants, KP and KI, during the operation of the
ELC to reset their values to optimal levels.

4.4 ELC in the context of Larger System
ELCs are typically located in a powerhouse with the induction generator. They act
as the gatekeepers, controlling the current leaving the powerhouse into the user
community, based on power demand. Figure 4-4 below shows how an ELC would
typically be situated in a conventional microhydro arrangement.

Figure 4-4: Single-phase ELCs in a conventional 3-phase microhydro arangement.

The particular arrangement shown in Figure 4-4 essentially has a single-phase controller
and dump load on each phase of a three-phase induction generator. Each phase has n
households connected in parallel, each applying a variable load limited by a circuit
breaker. The circuit breaker deals with overloaded cases, whereas the ELC deals with
under-loaded cases.
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4.4.1 Common ELC Architecture
Four main components are common to most ELC implementations: (1) a sensor
(reading voltage, frequency, or current), (2) logic to control switching (analog circuit or
digital microcontroller to process sensor data and determine switch control to divert
adequate current to dump load), (3) a chopper switch (thyristor, TRIAC, or IGBT), and (4)
a ‘dump load’ (typically a purely resistive air or water heater). These components would
be connected as shown in Figure 4-5.

Figure 4-5: An example of how various components of a typical single-phase ELC would be arranged.

4.5 Problems with Current ELCs
Many ELC implementations are currently using dated 1980s technology, and
according to observations by E. Nowicki (personal communication, August 19, 2015), a
number have failed in remote communities. Therefore, in the coming years, there exists
an opportunity for a redesign of ELCs for both new microhydro installations, as well as
older ones in need of replacement units. This is a good opportunity to improve on
observed shortcomings in the previous generation of ELCs, and consider approaches to
appropriately update ELC technology in such a way where local manufacturers will want
to adopt these designs.
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Two of the main areas where old ELC designs have space to improve include: (1)
their weight and size, and (2) their reliability and vulnerability to failures.
4.5.1 Weight and Size
The weight and size of ELCs are primarily problems because microhydro user
communities are often in remote areas. In Nepal, these ELC units must be carried for
long distances across very steep terrain and infrequently maintained roads featured in the
BBC’s “World’s Most Dangerous Roads” programme. Additionally, porter labour is
often not professional, but carried out through volunteered labour of community members
who cannot afford to pay the full fee for accessing microhydro power. Table 4-1 shows
that most ELC units (ELC housing cubicle and dump load combined) from an Indonesian
manufacturer exceed the weight of 30 kg, which is a limit set out by the International
Porter Protection Group in Nepal (IPPG 2009). Another interesting thing the table
implies is that weight correlates with the power rating. Therefore, one way of reducing
the weight of these ELC units is to reduce their required power rating.
Table 4-1: Physical dimensions of ELC units from an Indonesian firm (Protel Multi Energy 2014)

Power
Rating
5-10 kW
11-20 kW
21-30 kW
31-40 kW
41-50 kW

Cubicle
Dimensions
(cm)
40 x 60 x 20
40 x 60 x 20
50 x 70 x 20
50 x 70 x 20
50 x 70 x 20

Weight Dump
(kg)
Load
15 kg
20 kg
24 kg
31 kg
38 kg

7 kg
15 kg
22 kg
28 kg
35 kg

By simply reducing the power rating by 10 kW (e.g. from 35 kW to 25 kW), the weight
can drop by a total of 13 kg, without modifying any other components. One goal of
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simulation investigations in Chapter 8 is to investigate the extent the ELC power rating
can be reduced in a DELC-based system.
4.5.2 Reliability and System Failures
The second main problem with current ELCs in Nepal is how vulnerable they are
to failure. Again, the remoteness of communities means one broken link in the chain can
mean an entirely non-functioning system. With this context in focus, it makes sense to
identify the weakest links in such a chain. ELCs have been shown to be one of the most
common components to fail in Nepali microhydro systems. The government mandates a
one-year guarantee program on all components in microhydro systems installed in Nepal.
Using failure reports from this program, as well as conducting plant visits and interviews
with operators, Barr (2013) undertook a small field study to identify the most common
reasons for microhydro failure. The findings from the field study are displayed in Figure
4-6.

Figure 4-6: Microhydro component failures in Nepal (Barr 2013)
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Figure 4-6 shows that ELCs were second the most common component to fail. Other
components included ballast loads, thyristor switches, and MCCB circuit breakers – all of
which are actually part of the ELC system. There are also other components on the chart,
which directly rely on proper ELC functioning to last, such as generator bearings. Barr
(2013) documented some microhydro companies that believed ELCs could be responsible
for accelerating turbines, which damaged bearings. All these failures cumulatively
considered suggest ELCs to be one of the most vulnerable microhydro subsystems, and
therefore a serious problem to the long-term sustainability of microhydro plants in Nepal.
4.5.2.1 Environmental Constraints
The inaccessibility of a lot of these microhydro plants, and the cost of transporting
replacement parts and service technicians into repair them, also renders environmental
conditions extremely important to consider for ensuring all components can tolerate the
range of climate conditions that the region offers. For example, since most powerhouses
are located right next to the river, electrical components like the ELC have to tolerate
damp conditions, with humidity levels around 80% (P. Freere, personal communication,
September 1, 2015). Taking Jumla as an example, where the University of Calgary’s
Grand Challenges project was situated, average temperatures can range from -16o C to
20o C (Figure 4-7) at an elevation of 2,514 m.a.s.l..
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Figure 4-7: Temperature averages and extremes in Jumla, Nepal (Aerospace & Marine International 2015)

Beyond temperature and humidity issues, lightning strikes are also among the most
prevalent causes of ELC failures, which particularly damage thyristor switches (Barr,
2013). Lightning arrestors are typically used to protect these systems, but for those
without such features, a practice used to protect ELCs is to shut down the operation of the
micro-grids when thunder is observed. Addressing ELC vulnerabilities to lightning is also
an important way of addressing their long-term sustainability.

4.6 Distributed Electronic Load Controllers
The distributed electronic load controller (DELC) initially proposed in Roodsari,
Nowicki, and Freere (2013), distributes the function of the ELC to many individual
household devices sending unused excess power into household waterheaters for
pasteurization, rather than into a dump load back at the powerhouse where it dissipates
into ‘waste heat’. This overall topography assumes each household imposes a fixed load
on the generator, which implies each household draws a constant level of power.

85

Whenever household user loads are not consuming at maximum capacity, excess power is
dumped into the waterheater or slowcooker.
DELCs help with voltage regulation while also addressing the reliability issues of
conventional ELCs by distributing risk across households and making microhydro systems
less vulnerable to single component failures. Though an ELC is still required at the
powerhouse in case of system faults or DELC failures, the DELCs reduce the required
power rating of these powerhouse ELCs, which means they can be much lighter and safer
to carry into these remote communites.
Early field testing for these DELC units was conducted by Roodsari, Nowicki, and
Freere (2013) in the Jumla, a remote and isolated district in the Mid-Western region,
which continues to be one of the poorest and most disadvantaged of Nepal’s districts
(Clarke, Richmond, Worth, Wagle 2015). The idea of using slow-cookers rather than
water heaters was a local design innovation observed during field testing for the DELCs
(Nowicki and Roodsari 2016). The ongoing cost firewood incurs or the time it takes to
collect it, may explain this demand for electrical cooking. Rural electrification often
translates into electrical lighting only, and rarely secures electricity as source of ‘cooking
fuel’, the cleanest firewood alternative available (WHO 2006). Further investigations into
the feasibility of such slow-cookers is explored in Chapter 11.
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Chapter 5

Problem Statement

The objective of this thesis is to begin the development of an updated ELC that is
compatible with DELCs. The updated design intends to reduce the size and weight of
ELCs as well as make the overall system less vulnerable to single point failures. Using a
Simulink model and bench-scale prototype, investigations are done within the framework
of Nepal’s guidelines for the regulation of voltage, frequency and total harmonic
distortion.

5.1 Updated ELC Design Compatible with DELCs
If DELC use spreads in Nepal, it is reasonable to design a new DELC-compatible
powerhouse ELC that can meet newer government regulations and guidelines. The design
objectives for this updated ELC unit should be attentive to the particular demands of
Nepal’s rural context and better account for the way this system is experienced by people
at every stage, from implementation to maintenance and repair. The inaccessibility of
these remote communities, as shown in Chapter 4, calls for ELC design that is attentive to
system longevity and reduced weight for safer distribution of units.

5.2 Nepal Standards for Voltage and Frequency Regulation
Standardization of electrical guidelines began in the 1980s in collaboration with the
Intermediate Technology Development Group (USAID 2006) – the same organization
started by E. F. Schumacher (Chapter 3.5.1) and responsible for introducing ArmstrongEvans’ ELC technology to Nepal (Chapter Chapter 4). Nepal’s microhydro standards fall
under South Asia’s harmonized “Regional Micro Hydro Standards” (USAID 2006) and
in greater detail in “Micro Hydro Projects Interconnection Standards and Specifications”
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(AEPC 2013). These regulations require frequency to remain between ±5% of nominal
frequency (50 Hz) and ±10% of nominal voltage (230V). The only total harmonic
distortion (THD) standard specified in AEPC (2013) is “low”, which is interpreted
according to IEEE Standard 519 as meaning < 5% (Singh and Rajagopal 2010). These
standards are used to evaluate the Simulink model and bench-scale prototype.

5.3 Summary of Targeted System Specifications
The table below outlines major design objectives of this ELC redesign (in purple)
and regulations to be followed (in green), as well as other system specifications for future
work that may be taken up following this thesis.
Table 5-1: System Specifications for Redesigned ELC

Category

Objective/Constraint

SYSTEM ARRANGEMENT
Generator
Self-Excited Induction
Generator (Squirrel Cage)
Star-connected (wye)
windings. Two poles.
Nominal Voltage
230 V
Voltage Variation
±10% of nominal voltage
Nominal Frequency
50 Hz
Frequency Variation
±2.5% of nominal
frequency
Total Harmonic Distortion
< 5%
Power Range

5 kW to 20 kW
(1.7 to 7 kW/phase)

Phases

3-Phase (Balanced)

OVERALL SYSTEM REQUIREMENTS
Dump Load
Able to consume more than
120% of kW capacity of
plant, at 230 V.
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Guideline / Justification
Based on project by
Roodsari, Nowicki, Freere,
(2014a)
MHP Interconnection
Equipment Standards &
Specification
(AEPC, 2013)
IEEE Standard 519
Range based on ELC design
by Protel Multi Energy
(2014)
Roodsari, Nowicki, and
Freere (2014b)
MHP Interconnection
Equipment Standards &
Specification (AEPC, 2013)

Category

Objective/Constraint

Guideline / Justification

Neutral generator current at
full ballast load

< 10% of total load current

Power Cable Rating

150% of system’s rated
current
< 30 kg
ideally < 10 kg
(30-50% lighter that
currently available)

MHP Interconnection
Equipment Standards &
Specification
(AEPC, 2013)
(Chitrakar, 2009)

Weight

Size

Height: < 0.5 m
Width: < 0.4 m
Depth: < 0.2 m

Cost

< $1000 (USD)

CONTROL SYSTEM
Regulation Problem

System Input and Output

Control Platform

Regulate voltage and
frequency, by maintaining a
constant load for constant
power generated.
SISO per phase: voltage in;
PWM out.
MIMO with future
additional features: e.g.
frequency, power, and
temperature in; LCD screen,
load shedding signal out.
Atmega328P-PU
microcontroller (developed
on Arduino development
board), preferably with lowcost redundant analog
circuit (not developed here)

International Porter
Protection Group (2015)
Protel Multi Energy (2013)
Weights:
5-10 kW unit: 15 kg
10-20 kW unit: 20 kg
Protel Multi Energy (2013)
Dimensions:
5-10 kW: 40x50x20 cm
10-20 kW: 50x70x20 cm
Nepal ELC: 1-100 kW for
$1300-5200 or Rs. 125000
to 500000 (Firefly
International Pvt. Ltd.,
2015)
Roodsari, Nowicki, Freere
(2013)
Common topology.
e.g. (Gao, Murthy,
Bhuvaneswari, Gayathri
2010)

PIC microcontrollers were
initially explored, but due to
Arduino’s ubiquity, wider
support structures were
available.
Analog redundancy for
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Category

Objective/Constraint

Error Response Time
Frequency Stability Time
for Full Load Rejection

< 0.05 seconds
< 0.5 seconds

Control Sensing

Voltage sensor for each
phase, and on dump load.

Droop Control

0-10% of frequency

PHYSICAL CONDITIONS OF OPERATION
Humidity Levels
0-100% non-condensing.
Resistant to dampness from
river.
Temperature Range

National Operating
Standard:
-20°C to 70°C
National Storage Standard:
-40°C to 80°C

Elevation

Jumla Range: -30°C to
30°C
-413 to 3000 m.a.s.l.

90

Guideline / Justification
future work based on P.
Freere (personal
communication, September
1, 2015)
MHP Interconnection
Equipment Standards &
Specification
(AEPC, 2013)
Voltage sensing chosen as
voltage regulation is the
main standard set out in
Nepal’s guidelines.
Also, current sensing was
already investigated in
Roodsari et al. (2014), so
alternative option explored.
MHP Interconnection
Equipment Standards &
Specification
(AEPC, 2013)
80% is common in Jumla
according to P. Freere
(personal communication,
September 1, 2015)
MHP Interconnection
Equipment Standards &
Specification (AEPC, 2013)
requires ELC to operate in
all parts of Nepal.
Weather2 (2015)
Jumla Airport situated at
2,514 m.a.s.l.

5.4 Approaches
Simulink modeling and a bench-scale prototype were the two main approaches
used to initiate development of a DELC-compatible ELC.
5.4.1 Simulink Model
Simulink models were developed to support ELC design. The Chapter 6 model
was used to evaluate the range of load step-changes the ELC could tolerate while still
meeting AEPC (2013) standards. This information was used to determine the number of
DELC faults a powerhouse ELC could tolerate, and also for predicting possible weight
reductions for a powerhouse ELC in the context of a DELC system.
5.4.2 Bench-Scale Prototype
A bench-scale prototype was also developed for the purpose of validating the
Simulink model, as well as identifying relevant non-ideal characteristics that should
potentially be integrated into future iterations of the Simulink model. The prototype,
beyond serving as a proof of concept, also highlighted considerations that arise when
practically putting together circuits that cannot be anticipated by the Simulink model
alone, including important parameters to consider when procuring components.

5.5 Summary of Problems
The following chapters will seek to address the problems listed here. Further
descriptions and elaborations of the terms mentioned in each of these problem statements
are given in the chapters specified at the end of each problem statement in brackets.
•

To determine if Simulink models in the literature are replicable, and what
required information is missing for successful replication (Chapter 7).
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•

To determine a systematic approach for evaluating ELCs beyond particular case
simulations, and a way to translate results into weight reduction potential for
powerhouse ELCs (Chapter 8).

•

To develop an ELC Simulink model and ELC prototype that can regulate voltage,
frequency, and total harmonic distortion within Nepal’s (AEPC 2013) guidelines
(Chapter 8 and 10).

•

To validate the Simulink model of the ELC using results documented in literature
and a prototype (Chapters 8 and 10).

•

To determine a sensing circuit arrangement that can detect sudden drops in
voltage even with a filtering capacitor (Chapter 9).

•

To separate the effects different variables (e.g. user load changes, ELC duty
cycle) have on the system’s output voltage (Chapter 10).

•

To determine the validity of ‘apparent resistance’ equation used by Roodari,
Nowicki, Freere (2013) and how it compares to any alternative equations (Chapter
10).

•

To determine how the ‘apparent resistance’ control method used by Roodari,
Nowicki, Freere (2013) can reduce the required number of inputs (i.e. if a voltage
input alone suffices, instead of both a voltage and current input) (Chapter 10).

•

To determine non-ideal component properties not accounted for in the model that
can affect the successful performance of a prototype (Chapter 10).

•

To determine the feasibility of DELC slow-cookers (Chapter 11).
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Chapter 6

System Model

A Simulink model was developed of an isolated system including an induction
generator, ELC, and user loads. The model was specifically developed to simulate the
ELC’s performance under certain fault conditions, and determine implications for weight
reduction and slow-cooking feasibility. The model can be simplified into a “generatorside” and “load-side”, in a feedback loop exchanging voltage and resistance values every
iterative cycle (Figure 6-1).

Figure 6-1: Simplified overview of simulation approach.

The generator-side is composed of a single subsystem: the three-phase induction
generator model. The load-side is composed of two subsystems: the ELC model and the
user load model. Figure 6-2 shows how all these three subsystems fit together. The threephase self-excited induction generator and capacitor banks are shown in the top left
corner. The ELC system is displayed in the bottom center. It should be noted that this
model assumes a single-phase ELC on each phase to simplify analysis. Finally, the
household user loads are on the right side of the diagram.
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Figure 6-2: Conventional ELC arrangement for 3-phase system with single-phase control. Only phase a
ELC shown, and phase a and b households. The purple line is the PWM signal controlling the dump-load
chopper. The brown line is the sensed voltage signal read by microcontroller

Households have a variable resistor in them (Figure 6-2) to represent changing household
loads, as well as a circuit breaker. The ELC only deals with under-loaded cases, so a
circuit breaker is required to handle overloaded cases. In a DELC system, the households
have a circuit breaker as well as a small ELC system that dumps surplus power into a
heat resistor for slow-cooking household meals (Figure 6-3).

Figure 6-3: House with DELC. The distributed-ELC setup would remain the same as the conventional
setup, except each household would draw relatively constant power, and the powerhouse’s ELC and dump
load would be reduced.

94

The induction generator model is largely based on the model by Roodsari, Nowicki,
Freere (2014), which is a modified version of Krause’s (2013) ubiquitous induction
generator model. The ELC model is based on common proportional-integral (PI) control
equations (Franklin, Powell, Emami-Naeini 1994). The user load model is based on simple
parallel resistor equations.
Using these three models in concert, observations can be made as to how the
generator will behave according to changes in resistance it ‘sees’ and the voltage value it
feeds back to the load-side. The instantaneous resistance seen by the generator is based
on two factors: (1) the combined resistance of all households in parallel, and (2) the status
of the chopper switch, determining if the dump load is disconnected or connected in
parallel. The household user load changes independently of the voltage, whereas the
ELC’s duty cycle responds to the voltage level, adjusting the time-averaged resistance
imposed by the dump load.

6.1 Induction Generator Model
Induction generators are the focus of this model as they are often considered more
reliable and affordable than their synchronous counterparts at lower power ranges (Smith
1994). Nomenclature and associated variables are summarized in Table 6-1 for reference,
along with parameters from a 3 kW Donly generator model and other values used for the
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simulation described in Chapter 7.
Table 6-1: Variable nomenclature and parameter values for induction generator model based on 3 kW
Donly machine (Roodsari, Nowicki, Freere 2014).

Parameter Name
Magnetizing inductance
Magnetizing current
Rotor self-inductance
Stator self-inductance
Rotor leakage inductance
Stator leakage inductance
Rotor resistance
Stator resistance
Stator, rotor, and load currents in d-q axes
Stator and rotor voltages in d-q axes
AC voltage for phase j
AC current for phase j
Electrical rotor speed
Synchronous speed
Electromagnetic torque
Shaft torque
Machine-specific shaft torque parameters
Moment of inertia
Effective load resistance
Load inductance
Self-excitation capacitance
Rated RMS voltage for phase j
Rated RMS power for phase j

Variable
Lm
im
Lr
Ls
Llr
Lls
Rr
Rs
ids, iqs, idr, iqr, idL, iqL
Vds, Vqs, Vdr, Vqr
Vj
ij
ωr
ωs
Te
Tshaft
a,
b
J
Ref
L
C
Vrms-j
Prms-j

Value
8.4 mH
8.4 mH
1.4 Ω
2.1 Ω
628 rad/s
-1 j/rad,
1/15 j/rad2
0.0113 kg.m2
50mH
60 µF
230 V
1 kW

Blank values (“-“) are time dependent.

The generator model used here will be represented in the dq-space, originating from the
direct-quadrature (dq) transformation proposed by Park (1929) to simplify calculations
required for balanced three-phase power systems. This approach is widely known as
‘reference frame theory’ and is a common framework used for controller applications and
simplified electric machine analysis (Wu, Lang, Zargari, Kouro 2011). The abc-dq
transformation can be expressed as
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𝑥!
2 cos 𝜃
𝑥! = 3 −sin 𝜃

cos( 𝜃 − 2𝜋/3)
−sin( 𝜃 − 2𝜋/3)

𝑥
cos( 𝜃 − 4𝜋/3) 𝑥!
!
−sin( 𝜃 − 4𝜋/3) 𝑥
!

(6-1)

where x can represent either voltage, current, or flux linkages. This can be further reduced
to a stationary frame by setting the phase angle θ to zero (Park 1929), and an inverse of
the matrix can be used to return to three-phase form.
𝑥!
2 1 −1/2 −1/2
𝑥! !
𝑥!
=
𝑥! !
3 0
3/2 − 3/2 𝑥
!

(6-2)

Out of this direct-quadrature paradigm emerged Krause’s ubiquitous set of equations for
modelling induction machines based on using an ‘arbitrary reference frame’ (Krause
1986). The matrix of equations used in the Simulink model will be prefaced here by some
important assumptions as well as brief derivation and explanation of equations that
precede that final matrix form.
6.1.1 Assumptions of Mathematical Model
The model detailed in this chapter are based on the following assumptions (Wu,
Lang, Zargari, Kouro 2011):
•

The induction machine is assumed to have a symmetrical structure and remain
three-phase balanced.

•

The model is presented in a stationary reference frame, meaning the arbitrary
reference speed, ω, is equal to zero.

•

The induction machine modelled here is a squirrel cage induction generator,
meaning the rotor voltage (in both the d-frame and q-frame) is assumed to be
zero.
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•

The cores of the stator and rotor are considered to have linear magnetic
characteristics, therefore core losses of the generator are considered negligible.

6.1.2 Space-Vector Equations
The following induction generator model is a space-vector model composed of
four main sets of equations, which first appear in Krause’s and Thomas’ (1965) paper
outlining a simulation that would be “useful in studying the performance of the induction
machine when used in conjunction with electronic switching devices.” A number of
decades later, this representation of “the symmetrical induction machine in an arbitrary
reference frame” is still frequently used in conjunction with ELC simulations and their
transient analysis.
6.1.2.1 Model Derivation
Krause (2013: 77) begins with a magnetically coupled circuit that would look like
the physical scenario in Figure 6-4 with a core and two coils.

Figure 6-4: Physical representation of a magnetically coupled circuit (based on Krause 2013: 2).
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Transformers use magnetically coupled circuits to change voltage and current levels,
whereas electric machines use magnetically coupled circuits in motion relative to each
other to transform energy between electrical and mechanical systems. The physical
arrangement above can be represented with the following T equivalent circuit, if
saturation is neglected and the magnetic system is linear. Bakhshai (2011: 11) points out
that the general per-phase equivalent circuit of an induction generator is the same as that
of a transformer’s primary winding, the only difference being the size of parameters.

Figure 6-5: Equivalent circuit of a magnetically coupled circuit (based on Krause 2013: 7).

This equivalent circuit matches classical equations derived from Ohm’s law (for the first
resistive term) and Faraday’s law (for the second inductive term), which allows voltage
equations to be expressed as follows.
𝑣! = 𝑟! 𝑖! +

𝑑𝜆!
𝑑𝑡

𝑣′! = 𝑟′! 𝑖′! +

𝑑𝜆′!
𝑑𝑡

(6-3)

(6-4)

Flux linkage (λ) is used as opposed to simply flux (ϕ), to account for the number of coil
loops (N) in the induction generator’s winding. The relation between flux and flux
linkage is expressed in equations (6-5) and (6-6):
𝜆! = 𝑁! Φ!

(6-5)
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𝜆! = 𝑁! Φ!

(6-6)

Noting that flux linkage is broadly related to inductance and current as
𝝀 = 𝑳𝒊

(6-7)

The inductance can be separated into leakage inductance (Ll) and magnetizing inductance
(Lm) as follows.
𝜆! = 𝐿!! i! + 𝐿!! (i! + i! ! )

(6-8)

𝜆! = 𝐿′!! i′! + 𝐿!! (i! + i′! )

(6-9)

where the variables correspond with those in Figure 6-5. These equations can be used to
relate rotor and stator windings (with subscripts r and s replacing 1 and 2 respectively)
for three-phase systems (with phase j being indexed with subscripts a, b, or c)
transformed into direct-quadrature components (with subscripts d and q).
6.1.2.2 Voltage Equations (Set 1)
When equations (6-3) and (6-4) are transformed into an arbitrary reference frame,
using trigonometric identities and linear algebra outlined in Krause (2013: 90-96), we
arrive at the first important set of equations (Krause 2013: 224):
𝑣!" = 𝑅! 𝑖!" + 𝑝𝜆!" − 𝜔𝜆!"

(6-10)

𝑣!" = 𝑅! 𝑖!" + 𝑝𝜆!" + 𝜔𝜆!"

(6-11)

𝑣!" = 𝑅! 𝑖!" + 𝑝𝜆!" − (𝜔 − 𝜔! )𝜆!"

(6-12)

𝑣!" = 𝑅! 𝑖!" + 𝑝𝜆!" + (𝜔 − 𝜔! )𝜆!"

(6-13)
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where ω is the rotational velocity of the arbitrary reference frame (in rad/s), ωr is the
rotor’s electrical angular velocity, and p is the derivative operator (p = d/dt). The ωλ
terms that show up at the end of the equations are often referred to as “speed voltages.”
The word “speed” here refers to the angular velocity of the reference frame, ω. The speed
voltages appear after equations are transformed into the arbitrary reference frame, and
disappear when ω=0, which is the case for the stationary reference frame. Recall that the
angular position and angular velocity are related by the following equation.
𝑑θ
=𝜔
𝑑𝑡
This set of voltage equations can be rewritten in the following format:

(6-14)

𝜆!" = (𝑣!" − 𝑅! 𝑖!" + 𝜔𝜆!" )/𝑆

(6-15)

𝜆!" = (𝑣!" − 𝑅! 𝑖!" − 𝜔𝜆!" )/𝑆

(6-16)

𝜆!" = (𝑣!" −𝑅! 𝑖!" + (𝜔 − 𝜔! )𝜆!" )/𝑆

(6-17)

𝜆!" = (𝑣!" −𝑅! 𝑖!" − (𝜔 − 𝜔! )𝜆!" )/𝑆

(6-18)

where S refers to the LaPlace operator and 1/S is used to represent an integrator. These
equations can be reduced by assuming a stationary reference frame where ω=0, and the
rotor voltage vr = 0 for squirrel cage induction generators (SCIG), which is the generator
assumed for this model due to their ruggedness and appropriateness for isolated
microhydro systems. The load voltages, VdL and VqL are added in equations (6-19) to (622).
𝜆!" = [(𝑉!" − 𝑉!" ) − 𝑅! 𝑖!" ]/𝑆

(6-19)

𝜆!! = [(𝑉!" − 𝑉!" ) − 𝑅! 𝑖!" ]/𝑆

(6-20)
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𝜆!" = [−𝑅! 𝑖!" − 𝜔! 𝜆!" ]/𝑆

(6-21)

𝜆!" = [−𝑅! 𝑖!" − 𝜔! 𝜆!" ]/𝑆

(6-22)

6.1.2.3 Flux Linkage Equations (Set 2)
The second set of equations is derived from equations (6-8 to 6-9), and can be
expressed as follows:
𝜆!" = 𝐿! i!" + 𝐿! i!"

(6-23)

𝜆!" = 𝐿! i!" + 𝐿! i!"

(6-24)

𝜆!" = 𝐿! i!" + 𝐿! i!"

(6-25)

𝜆!" = 𝐿! i!" + 𝐿! i!"

(6-26)

where Ls is the stator’s self-inductance and Lr is the rotor’s self inductance (both in units
H), defined as follows:
𝐿! = 𝐿!" + 𝐿!

(6-27)

𝐿! = 𝐿!! + 𝐿!

(6-28)

The magnetizing inductance Lm is expressed using machine-specific parameters that are
derived from empirically validated modelling of a 3 kW Donly induction machine
through a synchronous speed test (Batt and Coates 2012).
Lm = -0.000165 im3 + 0.00559 im2 – 0.06621 im + 0.5515

(6-29)

The magnetizing current im is a function of the rotor and stator currents, and is generated
from non-linear magnetizing characteristics present when the induction machine is
operating in the saturation zone, as is assumed here Trinadha, Kumar, Sandhu (2012).
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𝑖! =

(𝑖!" + 𝑖!" )! + (𝑖!" + 𝑖!" )!

(6-30)

This second set of flux linkage equations (6-23 to 6-26) can be arranged into a matrix
form:
𝜆!"
𝐿!
𝜆!"
0
=
𝐿!
𝜆!"
0
𝜆!"

0
𝐿!
0
𝐿!

𝐿!
0
𝐿!
0

𝑖!"
0
𝑖!"
𝐿!
∙
0
𝑖!"
𝑖!"
𝐿!

and transformed as such, [𝜆] = 𝐿 𝑖 → 𝑖 = 𝐿
𝑖!"
−𝐿!
𝑖!"
0
=𝐾
𝑖!"
𝐿!
𝑖!"
0

0
−𝐿!
0
𝐿!

𝐿!
0
−𝐿!
0

!!

(6-31)

[𝜆], yielding an equivalent matrix:

𝜆!"
0
𝜆!"
𝐿!
∙
0
𝜆!"
−𝐿!
𝜆!"

(6-32)

where K = 1 / (Lm2 – Lr Ls).
6.1.2.4 Motion Equations (Set 3)
Finally, the third set of electromechanical equations relates the mechanical and
electromagnetic torque to the rotor’s mechanical speed to describe the induction
machine’s dynamic behaviour:
𝑑𝜔! 𝑃
= (𝑇!!!"# − 𝑇! )
𝑑𝑡
2
𝑇! = (

3𝑃
)𝐿 (𝑖 𝑖 − 𝑖!" 𝑖!" )
4 ! !" !"

𝑇!!!"# = 𝑎 − 𝑏×𝜔!

(6-33)

(6-34)

(6-35)

where J is the moment of inertia of the rotor (kg.m2), P is the number of pole pairs the
machine has, Tm is the generator shaft’s mechanical torque (N.m), Te is the
electromagnetic torque (N.m), and ωm is the rotor’s mechanical speed (rad/s) where ωm =
ωr/P. Equation (6-33) is based on Roodsari, Nowicki, Freere (2013b), where a and b are
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machine-specific parameters approximating how the shaft torque linearly varies with rotor
speed.
6.1.2.5 Load Equations (Set 4)
This fourth set of equations is not as commonly used, and not explicitly
mentioned in Krause (2013), but was adopted by Roodsari, Nowicki, Freere (2013) from
Trinadha, Kumar, and Sandhu (2012). These load equations incorporate inductive and
capacitive components into the model.
𝑉!" =

𝑖!" − 𝑖!"
𝐶

(6-36)

𝑉!" =

𝑖!" − 𝑖!"
𝐶

(6-37)

𝑖!" =

𝑉!" − 𝑅!" ∙ 𝑖!"
𝐿

(6-38)

𝑖!" =

𝑉!" − 𝑅!" ∙ 𝑖!"
𝐿

(6-39)

Ref is the time-dependent effective load resistance seen by the generator including the
dump load. C is the self-excitation capacitance and L is the load’s inductance. Note that
the load voltages VdL and VqL used by Trinadha, Kumar, and Sandhu (2012) are rendered
as stator voltages Vds and Vqs by Roodsari, Nowicki, Freere (2014), and are therefore
assumed to be the same.
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6.1.3 Equivalent Circuits for Induction Generator
These sets of equations together constitute the direct-quadrature model of the
induction generator, which can be represented with the following equivalent circuits
(Figure 6-6) in arbitrary reference frame, based on those presented by Bose (2006: 355):

Figure 6-6: Equivalent circuits for induction generator model (Wu, Lang, Zargari, Kouru 2011).

6.1.4 Direct-Quadrature Equations Matrix
Krause’s equations are rearranged by Roodsari et al. (2014) into the matrix form
outlined in equations (3) to (5). The first four lines of the matrix are from inserting the
voltage equations into the flux linkage equations, while the rest of the lines are derived
from the load equations.
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𝑖!"
𝑅! 𝐿!
𝑖!"
𝜔! 𝐿! !
−𝑅! 𝐿!
𝑖!"
−𝜔! 𝐿! 𝐿!
𝑑 𝑖!"
= 𝐾 1/𝐶𝐾
𝑑𝑡 𝑉!"
0
𝑉!"
0
𝑖!"
𝑖!"
0

−𝜔! 𝐿! !
𝑅! 𝐿!
𝜔! 𝐿! 𝐿!
−𝑅! 𝐿!
0
1/𝐶𝐾
0
0

−𝑅! 𝐿!
𝜔! 𝐿! 𝐿!
−𝑅! 𝐿!
−𝜔! 𝐿! 𝐿!
0
0
0
0

𝜔! 𝐿! 𝐿!
−𝑅! 𝐿!
𝜔! 𝐿! 𝐿!
𝑅! 𝐿!
0
0
0
0

𝐿!
0
−𝐿!
0
0
0
1/𝐿𝐾
0

0
𝐿!
0
−𝐿!
0
0
0
1/𝐿𝐾

0
0
0
0
−1/𝐶𝐾
0
−𝑅!" /𝐿𝐾
0

0
𝑖!"
−𝐿!
𝑖!"
0
0
0
𝑖!"
𝐿!
0
𝑖!"
0
∙
+
0
𝑉!"
0
−1/𝐶𝐾
𝑉!"
0
0
𝑖!"
0
0
−𝑅!" /𝐿𝐾
𝑖!"

0
−𝐿!
0
𝐿!
0
0
0
0

𝐿!
0
−𝐿!
0
0
0
0
0

𝑉!"
0
𝑉!"
𝐿!
0
𝑉!"
−𝐿!
𝑉
∙ !"
0
0
0
0
0
0
0
0

(6-40)

Note that Vdr and Vqr in the final column of the equation are set to 0 based on the
assumption made for a squirrel-cage induction generators, as mentioned in the model
assumptions listed in section 6.1.1.
The excitation capacitance C required by the induction generator depends on
whether the generator is set up with a star connection or delta connection. If capacitors
are connected in star, three times the capacitance is required, but can be rated at a lower
voltage, decreasing the cost of these excitation capacitors (Smith 1994). For this reason, a
star-connected generator is used for the Chapter 7 simulation. Values used for the
simulation are specified in Table 6-1.

6.2 ELC Model
The ELC equations in this section are presented in three-phase form instead of the dqspace, for phase j. Table 6-2 provides nomenclature and simulation values for the ELC
model explored here.
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Table 6-2: Parameter values for ELC model.

Parameter Name
ELC voltage sensor reading
ELC reference voltage
Step-down ratio
Voltage filter capacitor
Voltage filter resistor
ELC error voltage
Proportional gain constant
Integral gain constant
PI controller output
Saw tooth waveform voltage
Saw tooth amplitude
Saw tooth period
Switch status
Dump load resistance
Effective resistance on
generator
Dump load safety factor

Variable
Vsen-j
Vref
Nsd
Cf
Rf
Ver
KP
KI
VPI
VST
Am
TST
S
Rdump
Ref

Value
15 V
15/170
1 µF
100 Ω
1
20
2.34 V
0.0002 s
48.4 Ω
-

sf

0.3

Blank values (“-“) are time dependent.

The sensed voltage (Vsen-j) on phase j, after being stepped-down by a transformer, rectified
and filtered, is compared with a constant reference voltage (Vref), which is proportional to
the nominal voltage of Vrms-j by the step-down ratio of Nsd, to yield the error voltage (Ver):
𝑉!" = 𝑉!"#!! − 𝑉!"#

(6-41)

𝑉!"# = 𝑁!" (𝑉!"#!! )

(6-42)

This error voltage (Ver) is the input for the proportional-integral (PI) controller (Franklin,
Powell, Emami-Naeini 1994).
𝑉!" = 𝐾! (𝑉!" ) − 𝐾! ( 𝑉!" 𝑑𝑡)

(6-43)

where KP is the proportional gain constant and KI is the integral gain constant. The PI
controller’s output voltage (VPI) is compared with a sawtooth waveform (VST) to yield a
PWM output controlling the switch’s binary status (S) as “on” or “off” – the dump load
connected to the generator when “on”.
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1, 𝑖𝑓 𝑉!" ≥ 𝑉!"
0, 𝑖𝑓 𝑉!" < 𝑉!"

𝑆=

(6-44)

The effective resistance (Ref) ‘seen’ by the generator corresponds to the switch’s binary
state as follows Roodsari, Nowicki, Freere (2013),
𝑅!" (𝑡) =

𝑅!!!!"! ∥ 𝑅!"#$ , 𝑖𝑓 𝑆 = 1
𝑅!!!!"! , 𝑖𝑓 𝑆 = 0

(6-45)

where RHH-tot is the total equivalent resistance of all the households connected to phase j in
parallel (equation 6-49). Rdump is the time invariant dump load resistance, approximately
sized as
𝑅!"#$

𝑉!"#!! !
≅
𝑃!"#!! ×𝑠𝑓×𝑛

(6-46)

where Pgen-j is the power generated and Vrms-j is the root mean square voltage, both on
phase j, sf is a safety factor, and n is the number of households with a DELC unit
Roodsari, Nowicki, Freere (2014). Ref will be what the generator, in equation (6-40),
‘sees’. The voltage sensed by the PI controller, Vsen-j, will be the rectified and filtered
voltage output by the generator.
𝑉!"#!! =

1
𝐶!

( 𝑖! −

𝑉!"#!!
)𝑑𝑡
𝑅!

(6-47)

The rectifier filter’s capacitor (Cf) and resistor (Rf) are sized according to the approximate
equation (Yam 2012):
𝑉!"#!! ≅

𝑉!"
2𝑓𝐶! 𝑅!

where Vpk is the AC voltage’s amplitude (i.e. peak voltage) and f is the AC voltage
signal’s frequency.
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(6-48)

The electronic load controller’s main objective is to regulate an electrical power
system in which there are varying loads, more specifically load changes occurring in the
situation of a generator which is loaded under its capacity. Essentially, the ELC cannot
help systems that are overloaded, but only “underloaded”.
The colloquial use of the word “load” changes oppositely to what is referred to as
“resistance”. A large load consuming lots of power, would have a relatively low
impedance value. This means the ELC, being a control device dealing with “underloaded”
situations, is in other words dealing with loads of higher resistances, above a lower limit
(Rlow). Therefore the ELC’s operating range includes resistances as low as the lowest limit,
Rlow, under which the ELC can no longer properly regulate voltage, all the way up to
infinite resistance (also known as the no-load condition), where all the current is diverted
into the dump load.
Any situation, which imposes an “overload” or an effective resistance below the
Rlow limit, will not be dealt with properly by the ELC, and can in fact affect the ELC’s
performance even after the household loads returns back to the system’s lower limit.
Consequently, circuit breakers are used to prevent this scenario.

6.3 Load Model
The load model simulates all electrical household loads connected to the generator.
This model assumes the resistance imposed on the generator to be the same across all
three phases, with the ELC on each phase performing well enough to ensure a balanced
three-phase system. For example, if there are assumed to be nhh-a = 4 households per
phase, the total resistance on that phase can be represented in the form:
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𝑅!!!!"! = 𝑅!!! ∥ 𝑅!!! ∥ 𝑅!!! ∥ 𝑅!!!

(6-49)

At the household level, appliance loads are approximated as resistive for this simulation.
An example of an appliance that would impose a large electrical load would be an
electrical kettle, however recall that its resistance would be relatively small. An appliance
like a kettle of low resistance draws lots of current, and consequently lots of power. An
incandescent light bulb may be an example of a small electrical load, but it often has a
high resistance. Nomenclature and simulation values for the user loads are detailed in Table
6-3.
Table 6-3: Parameter values for load model.

Parameter Name
DELCs per phase
Total simulation time
Time of initial step
Time of return step
Resistance of household x
Total resistance of
households
Change in total resistance
of households

Variable
nhh-a
tsim
ti
tr
RHHx
RHH-tot

Value
4 to 6
10 s
6s
7s
200 Ω (default)
50 Ω (default)

ΔRHH-tot

-30 Ω to +75 Ω (range)

More broadly, loads are often categorized as either resistive, inductive, capacitive, or
non-linear. Resistive loads include heating elements like space heaters, ovens, and
incandescent lighting. Inductive loads mostly involve AC motors for devices like pumps,
fans, and refrigerator compressors. Capacitive loads are not very common in buildings,
and are often ignored. Finally, non-linear loads include devices like mobile phones,
computers, and televisions, where non-linearity derives from the use of switched-mode
power supplies (SMPS) (Barker, Kalra, Irwin, Shenoy 2013).
Early field testing in Nowicki, Adhikari, Freere, Roodsari, Silwal, Wood (2014) of the
DELC-based system was done in the Jumla district of Nepal where there are
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approximately 19,291 households. Table 6-4 shows the prevalence of certain powerconsuming devices in Jumla according to 2011 census data (Nepal Central Bureau of
Statistics 2011). Equivalent resistance ranges are simply based on power consumption,
according to the equation:
𝑅!"# =

𝑉!
𝑃

(6-50)

For example, a 40 W lightbulb at 230 V, common to Nepal (Smith and Ranjitkar 2000),
would have an expected resistance of 1322 Ω. As a way to simplify non-linear loads, one
may take time-varying power curves of different loads, such as mobile phones (Bolla,
Bruschi, D'Agostino 2011)., televisions, and computers (Barker, Kalra, Irwin, Shenoy
2013), and decompose them into smaller time segments, assigning a different resistance
level to each time segment based on their power consumption. The range of these
equivalent resistances is in Table 6-4.
Table 6-4: Prevalence of particular types of household loads in Jumla, with approximated
resistive values.

Appliance
Prevalence Reqv Range
Mobile Phone*
46.09%
11,750 – 105,800 Ω
Radio*
42.44%
7557 Ω
Electrical Lighting 29.32%
1322 Ω
Television
10.87%
331-756 Ω
Cable Television
5.58%
n/a
Computer
1.18%
2116-8817 Ω
Electrical Cooking 0.01%
35-38 Ω
* May rely on batteries instead of a direct wall supply.
Prevalence of residential loads (Table 6-4) also matches with observations in Smith and
Ranjitkar (2000), suggesting lighting and radios compose the large bulk of household
electricity demand in rural Nepal – mobile phones also emerging as a prevalent electrical
load since then. One could assume electrical lighting as the approximate baseline for
determining household electricity access, and assume a portion of radios use batteries and
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a portion of mobile phone users charge their devices at places offering charging services.
For a new MHP in Jumla, one can estimate the load to include electrical lighting, radios,
and mobile phone chargers, as well as televisions for roughly a third of the community.
Electrical cooking composes a negligble proportion of electricity use, likely due to the
relatively high cost of cooking appliances. This suggests DELC-powered slowcookers
could serve a grid regulating function while also making electrical cooking more
accessible.
Other than lighting, most residential loads are non-linear in nature, and can be
modelled more accurately through more extensive SMPS load modelling (Cresswell,
Djokic, Ochije, MacPherson 2007). Individualizing loads at the household scale is
important for small micro-grids because there does not exist the law of large numbers to
smooth out demand, as larger grid systems have. For probabilistic approaches to
predicting demand at the per-household level see Mehra, Ram, Vergara (2016), which is
based on households in neighbouring India.
Microhydro systems are not only used for residential loads, but also for
entrepreneurial loads as well. Some common productive activities in Nepal are outlined
in Table 6-5 below, along with the typical loads found for these entrepreneurial activities
with their average annual energy consumption.
Table 6-5: Average estimated electricity consumption for productive activities (kWh/year). (Legros, Rijal,
Seyedi 2011)

Enterprise type

For lighting

For media facilities

For machinery

Total

Agro-processing activities

45

0

4568

4613

Poultry farm

879

0

0

879

Sawmill/furniture

75

99

8576

8750
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The “media facilities” referenced in the table refer to equipment such as radios, tape
players, and televisions, which function “to improve working conditions and to attract
more clients,” (Legros, Rijal, Sevedi 2011). Communally used loads such as agroprocessing machinery for businesses or public water pumps and vaccination refrigerators,
can be modelled using a form of Krause’s induction machine model.
Using this data, an approximate load composition can be developed reflecting load
profiles one could expect in rural Nepal. Load compositions are one of the more prevalent
ways electrical power loads are analyzed Bokhari et al. (2014). The equivalent resistance
would range from an infinite resistance (for the no-load condition), to the case where all
lighting, televisions and other loads are being used.
Having established the three main models (generator, ELC, and loads), the
Simulink implementation of these models is outlined in the following chapter.
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Chapter 7

Simulink Simulation

The mathematical equations and concepts from the models outlined in Chapter 6 are
translated in this chapter into logic blocks to create a Simulink model, which can be used
to evaluate ELC performance according to standards stipulated by the AEPC (2013).
From evaluations under certain fault conditions, scenarios can be further extended into
potential weight reduction of the powerhouse ELC and feasibility of using surplus power
from DELCs for slow-cooking. The Simulink model can also help with arriving at certain
design implications like sizing components.

7.1 Simulation Development Environment
Simscape Power Systems (Version R2016b, MathWorks 2016) offers an
asynchronous generator model block that implements a comparable set of equations as
presented in Chapter 6, and is frequently used to model microhydro generators. However,
Simscape Power Systems is an expensive Simulink software toolbox, costing
approximately $500 for individual academic use at the time of writing this document,
which can limit access for many developers. In a publication by open access publisher
InTech, Batard et al. (2012) explain a similar issue for the simulation of power converters
in Simulink and offer equations and block diagrams to make these circuit simulations
more accessible. The modeling equations from Chapter 6 can accessibly implement a
simulation model comparable to the asynchronous generator model block requiring only
the most basic Simulink software to run. This particular model was started in Matlab
R2010a, but was migrated into version R2016b with slight modifications. The ode45
(Dormand-Prince) solver with a variable time step size was used for simulations.
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7.2 Subsystems of Simulink Model
The Simulink model is organized into four main subsystems, modified from an earlier
model proposed by Roodsari, Nowicki, Freere (2013; Fig. 2). These subsystems are
described below, and more detailed information is given in Appendix A.
The first two subsystems, (1) and (2), simulate the behaviour of a squirrel-cage selfexcited induction generator, implementing the four sets of equations (6-19 to 6-39)
presented in Chapter 6.1.2. It also implements the dq-to-abc and abc-dq transformations
(equations 6-1 and 6-2). The next subsystem (3) models the functioning and logic of an
ELC situated at the powerhouse, as well as a micro-grid distribution to N households,
where N = 12 to 18 (4 to 6 households per phase) (equation 6-49). The final subsystem
(4) is simply for monitoring the behaviour of various components of the system relevant
to determining whether the simulation is functioning properly, as well as how well the
particular ELC implementation is performing. These four top-level subsystems connected
together are shown in the Simulink screenshot below in Figure 7-1.
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Figure 7-1: Block diagram overview of Simulink subsystems.

(1) “Generator d-q Current” (d-q space equation matrix)
The first block diagram contains three of the four equation sets outlined in the
vector-space derivation, which were combined together in the dq-space matrix of
equations.
•

Set 1: Voltage Equations

•

Set 2: Flux Linkage Equations

•

Set 4: Load Equations

(2) “Motion/Magnetizing”
The second block diagram contains the equations that were not integrated into the
large matrix, including the magnetizing current and inductance equations, which
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were included under Set 2, as well as torque and motion equations in Set 3. Both
the first and second block diagrams fall under the “generator-side” of the model.
•

Set 2: Magnetizing Equations

•

Set 3: Motion Equations

(3) “Load”
The third block diagram involves the “load-side” of the model, including ELC at
powerhouse with a step-down transformer, rectifier, voltage sensor,
microcontroller logic, chopper switch, and dump load. It also includes the microgrid network with 4 to 6 households on each of its 3 phases.
(4) “Monitoring”
The fourth block diagram allows important variables to be observed to ensure the
simulation is functioning properly the simulation include:
•

angular frequency, magnetizing inductance and current, electrical torque

•

total resistance, total household resistance, paralleled dump resistance

•

household resistance on each phase

•

PI comparator (PI output and saw tooth waveform), PWM switch

This block also allows performance variables of ELC to be observed, to evaluate
the model’s performance against government regulations.
• voltage, electrical frequency, and THD monitoring
• average power to user load, average power to dump load
The subsystem block diagrams are displayed and elaborated on in greater detail in the
following subsections.
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7.3 Selected Block Diagram Implementations
This subsection outlines some useful block diagram implementations for equations,
functions, or features that do not involve difficult concepts, but require certain blocks or
arrangements that might not be immediately obvious or self-evident to construct.
7.3.1 Sawtooth PWM
The PWM signal that drives the chopper switch is implemented in the Simulink
model using a sawtooth signal as shown in Figure 7-2. The “Saturation” block limits the
duty cycle (VPI) to a range of values between 0 and 1.

Figure 7-2: Simulink block diagram implementing PWM signal generation with sawtooth waveform for
mark-space ratio control of dump load chopper.

Every time the PI controller’s output voltage, VPI, is above the sawtooth signal, the PWM
signal is at a value of 1, and the chopper switch status is “on.” Whenever VPI is below the
sawtooth signal, the PWM signal is at a value of 0, and the chopper switch status is “off.”
If, for example, the sawtooth waveform has an amplitude of 1.0 V, than VPI = 0.35 V, will
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yield a duty cycle of 35%. A full visualization of how comparing VPI with a sawtooth
waveform can generate a PWM signal is shown in Figure 7-3.

Figure 7-3: A conceptual visualization of how a PWM signal (green) is generated from comparing a
sawtooth waveform (black) to the PI output voltage (red).

7.3.2 Mean and RMS
There is no default block offered in the basic version of Simulink that calculates
the mean of a continuous sample. Gregoire (2014) offers a block diagram (Figure 7-4)
that implements a moving average calculation. This block system outputs a continuous
mean value of the signal, which can be later used to output an RMS signal. The mPeriod
value which is also specified in the “Transport Delay” block is set to the frequency of the
continuous signal, which in the case of the generator’s output voltage would be 50 Hz.
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Figure 7-4: Block diagram for continuous mean signal, which can be used for RMS signal. Based on
Gregoire (2014).

7.3.3 RC Filter
Batard et al. (2012) provide an open-access block diagram (Figure 7-5) for an RC
filter, which can be used in the voltage sensing circuit.

Figure 7-5: RC filter Simulink block diagram.

This block diagram implements equations like (6-47) and (7-1).
𝑣!"#!! =

1
𝐶!"

( 𝑖! −

𝑉!"#!!
)𝑑𝑡
𝑅

This block diagram is also a useful example in general for implementing integral
equations in Simulink.
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(7-1)

7.4 Simulated ELC System Behaviour
Having established an overview of the Simulink model and presented select block
diagram implementations, it would be useful to describe how different sequential stages
of the ELC system react to changes in the load. Table 7-1 outlines the two basic scenarios
for a simplified sequence of events, which reflects the response of the system to either an
increase or decrease in the overall electrical loads of the connected households starting
from steady-state (Ver = 0).
Table 7-1: Sequential ELC behaviour for two main cases of household load change. (*Note: the integral
term can accumulate error and change the PI output in the opposite direction of the proportional term)

Case:
Household Load:
Effective Resistance…
Phase Voltage as well as
Rectified Voltage (Vrec)…
Error Voltage (Ver) increases…
PI Output (VPI)…
(conditionally)
Duty Cycle
Change on Effective Resistance
Change on System Voltage

1
Increases
Decreases
Decreases

2
Decreases
Increases
Increases

Negatively
Vrec < Vref
Decreases *

Positively
Vrec > Vref
Increases *

Decreases
Increases
Increases

Increases
Decreases
Decreases

7.5 Deriving Missing Parameters from Simulation
The Roodsari, Nowicki, Freere (2013) model this work is based on did not specify
all of the needed simulation parameters, including the moment of inertia for the turbine,
the number of poles for the generator, and the shaft torque’s parameters. Therefore, it is
worthwhile to explain how the values assumed for these parameters were arrived at.
A heuristic process using the above simulation model was used to find which shaft
torque parameters and moment of inertia value would provide a stable system at 50 Hz.
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Table 7-2 below outlines the parameters tried before reaching a stable system with the
last set of parameters.
Table 7-2: Table outlining trials to derive missing parameters for induction generator model.

Trial
Baseline
1
2
3
4
5
6
7

Resulting
Frequency
200 Hz
100
160
160(+2)
120
unstable
160
unstable

felec

J

Tshaft

a

b

P

8

unstable

9

100

314
314
314/4
314/2

0.0226
0.0226
0.0226
0.0226

-

1
1
1
2/3

1/15
1/15
1/15
1/30

2
4
4
2

22.48
7.923

314*2
314/4

0.0226
0.0226
0.0226
/10
0.0226
/2
0.0226
/2
0.0226
/4

-

1
1

1/15
1/30

4
4

small
16

-

1

1/15

2

10

unstable

11
12

unstable
110

314/1.2

0.5
-

1

1/15

2

13

90

314*1.2

-

1

1/15

2

-7.93

14
15
(R6P7)

75
50

314*1.5
314*2

2

-7.764
-7.866

314

0.0226
/2
0.0226
/2
0.0226
/2

-

1

1/15

ωr
Stabl.
output time

1.62

From these simulation trials, a 2-pole generator connected to a turbine with a moment of
inertia value of 0.0113 kg·m2 and shaft torque parameters of a = 1 and b = 1/15 yielded a
stable system at 50 Hz. These parameter values were used for simulations described in
Chapter 8 and 10. For reference, Ozpieci and Tolbert (2003) use a moment of inertia
value of 0.0226 kg·m2 (twice as large as assumed here) for a 100 Hz, 30 kW squirrel cage
induction generator system.
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Singh and Rajagopal (2010) use shaft torque parameters of a = 1465 and b = 8.6 for a
7.5 kW system. Gao, Murthy, Bhuvaneswari, Gayathr (2010) use a = 995.31 and b = 6.34
for a 7.5 kW system. These two papers were the only ones found that provided specific
values for shaft torque parameters. These values are significantly different than a = 1 and
b = 1/15 used here. Values closer to those found in the literature were tried, and it appears
they also can yield a stable system but sometimes change the frequency. Torque shaft
parameters, and the resulting peak voltages are displayed in Table 7-3, suggesting that
they do affect the output voltage level.
Table 7-3: Torque shaft parameters effect on output voltage.

a

b

995.31

a/15 =
66.354
6.34
a/15 =
66.354
a/30
a/45
a/46
a/47
a/48
a/49
a/55
a/60

b*15 = 95.1
995.31
995.31
995.31
995.31
995.31
995.31
995.31
995.31
995.31

Moment
of
Inertia
0.0113

Stable

Peak
Voltage

Yes

177 V

0.0113
0.226

Yes
Yes

178 V
176.5 V

0.226
0.226
0.226
0.226
0.226
0.226
0.226
0.226

Yes
Yes
Yes
Yes
Yes
No
No
No

180 V
183 V
185 V
185 V
184 V
Unstable
Unstable
Unstable

This suggests that the shaft torque parameters (a and b) used here are likely the reason
simulations (later detailed in Chapter 8) yielded an RMS voltage lower than Nepal’s
nominal 220 V (624 V peak-to-peak). Instead, an RMS voltage of around 120 V (340 V
peak-to-peak) was observed for Chapter 8 simulations performed with the parameters
detailed in Chapter 6.
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There are two reasons why the 120 V RMS voltage level should not matter
significantly for the evaluation of ELC performance. Firstly, since the transformer steps
down the voltage by a constant ratio, a 120 V nominal voltage will simply change that
constant ratio. Secondly, though a 120 V generator’s voltage response to load variation
might not scale perfectly to a 220 V generator’s response, different induction generators
will have slightly different voltage responses anyway. The only significant behaviour
required by the generator for this ELC investigation is an increase in output voltage in
response to a decrease in load (i.e. an increase in total resistance). For power calculations
done later in Chapter 8, the results of these simulation results are extrapolated into cases
assuming a 220 V RMS. All these results can be further improved by using more accurate
shaft torque parameter values next time in place of the ones assumed for simulations
here.
7.5.1 Heuristic Method for Determining PI Controller Gain Constants in Simulink
A similar method was used to find proportional and integral gain constants that
yielded a stable system. A review of existing literature was done to find some typical gain
constants as a starting point, and small increases and decreases in their values were done
as a method of tuning the gain constants to yield a stable system. Some gain constant
values are displayed in Table 7-4.
Table 7-4: Proportional and integral gain constants from simulations documented in the literature.

Chosen for Simulink
Model
Lending et al. (2013)
Mornhinweg (2009)
Singh and Rajagopal
(2010)

Proportional Gain Constant
(KP)
1

Integral Gain Constant
(KI)
20

10
8
0.05

1
1
0.07
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Gao, Murthy,
Bhuvaneswari,
Gayathr (2010)
Ahmed, Nishida,
Nakaoka (2006)

0.25

1.5

0.15

6

The values used by Ahmed, Nishida, Nakaoka (2006) for a 2.2 kW generator system
were the ones that were adjusted to arrive at a stable system. ELCs are often designed in a
way where gain constants can be externally tuned with potentiometers (Singh, Murthy,
Gupta 2004), so it is not essential to choose perfect gain constant values. Some potential
ways to calculate gain constants are offered in Dastagir and Lopes (2007) using closed
loop transfer function theory, but are based on a control system that uses a voltage source
inverter (VSI) for charging a battery. Further exploration of transfer function theory
could yield much better gain constants.
Having established some background on the Simulink model’s structure,
properties, basic behaviour, and limitations, as well as some processes used to derive
missing parameters, Chapter 8 will detail results from specific simulation tests carried
out.

125

Chapter 8

Simulation Results and Analysis

The Simulink model was implemented with constants and variables set as shown in
Tables 6-1, 6-2, 6-3. This implementation was then used to simulate system response to a
series of changing operating conditions. The simulation’s main objective was to identify
the maximum positive and negative step-changes in resistance the ELC could tolerate,
while remaining within the AEPC (2013) limits of voltage regulation (230V ± 10%),
frequency regulation (50Hz ± 2.5%), and total harmonic distortion (<5%). Another
question this simulation wanted to address was if the order of load changes affects the
ELC performance (e.g. an increase in load before a decrease as opposed to vice versa).

8.1 Description of Simulation
Simulation trials with a 10-second duration are used. The induction generator
usually takes anywhere from 1 to 2 seconds to stabilize, depending on the parameters
used. Therefore, the simulation begins with only the dump load applied to the generator,
with the ELC off and households disconnected. The households are turned on at 2.1 s,
and the ELC is turned on (i.e. the PI controller starts accepting inputs) at 2.5 s. The
household loads begin with a total parallel resistance value of 50 Ω, which is the default
baseline used in these simulations. A step-up load change occurs 6 seconds into the
simulation, and a ‘return’ step at 7 seconds. The AC voltage (Figure 8-1), stepped-down
DC voltage (Figure 9-2), and total harmonic distortion (Figure 8-3) are shown from a trial
using a +20 Ω step change.
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Figure 8-1: AC voltage with load step from 50 Ω to 70 Ω at second 6, and a return step back to 50 Ω at
second 7.

Figure 8-2: Stepped-down DC voltage, with load step from 50 Ω to 70 Ω at second 6, and a return step
back to 50 Ω at second 7.
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Figure 8-3: Total harmonic distortion and fundamental frequency at second 10, following the load step
change and return step.

This +20 Ω step change represents an underloaded situation where not enough power is
being drawn, and the dump load consumes surplus power. This situation would be
tolerated by this ELC design according to Nepal’s AEPC regulations, as both its
frequency and voltage variation are within the acceptable range. This simulation was
repeated and observed for step sizes ranging from -30 Ω to +70 Ω.
An example of how the stepped-down DC voltage would look for a step-change that
the ELC could not properly tolerate is shown in Figure 8-4 for a -30 Ω step size.
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Figure 8-4: Stepped-down DC voltage, with load step from 50 Ω to 20 Ω at second 6, and a return step
back to 50 Ω at second 7.

In this scenario, the generator is overloaded – a case that the ELC is not designed to
handle, therefore, you see the DC voltage deviate from the nominal voltage, compared to
Figure 8-2,

where the voltage is maintained at the nominal voltage after the load step-

change.
Below, Figure 8-5 shows the voltage variation, Figure 8-6 shows the frequency variation,
and Figure 8-7 shows the THD resulting from a range of different load step-changes. Red
lines indicate the limits stipulated by micro-grid regulations in Nepal – a maximum limit
in the case of plots with only one red line.
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Figure 8-5: Voltage variation from nominal 120 V.

Figure 8-6: Frequency variation from nominal 50 Hz.

Figure 8-7: Total harmonic distortion.

These plots show that there exist a range of step-sizes where voltage variation remains
within regulatory standards, but where frequency variation and THD requirements are not
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met, confirming the importance of including these two indicators when evaluating ELC
simulations. It is also worthwhile noting that frequency variation seems to be the limiting
indicator in this case, with the smallest range of tolerable load changes.
Additional tests were done with a ‘return step’ back to the original resistance one
second later. No ‘drift’ in either voltage, frequency, or THD was observed after returning
to the original resistance, suggesting further ELC simulations can treat resistance changes
modularly in time.

8.2 Limits of Simulation
Since the Simulink model for the induction generator only has one variable to
express the resistance imposed on each phase of the generator (a value assumed to be
equal across phases, as the system is assumed to be balanced across phases), only a single
phase was tested. This would be problematic since each phase would not actually
experience the exact same load changes at the same time. More mathematical work is
required to how to incorporate the three resistance values seen by the generator into the
single resistance value the model accepts. Or the Simulink induction generator model (in
the d-q axis) must be adjusted to have an R variable for each phase, like in Trinadha,
Kumar, Sandhu (2012).

8.3 Implications for ELC Prototype Design
These simulations allow for a number of practical tasks including sizing of the voltage
sensor filtering capacitor, sizing of the dump load, and determining arrangements it could
function within. For this simulation with 4 houses on each phase, rated at 200 Ω or 264.5
W each, the combined parallel resistance of them was 50 Ω. One disconnected house
would raise the equivalent resistance by 17 Ω, and two disconnections would raise it by 50
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Ω. To maintain voltage regulation, the ELC could tolerate half the houses on each phase
faulting, but it would not successfully regulate frequency and THD according to AEPC
guidelines. According to Figure 8-6, a 15 Ω load change can be tolerated, while meeting
all three guidelines. To meet guidelines with the same dump load resistance, at least 5
houses would be required, rated at 250 Ω or 211.6W each, and the ELC could only
tolerate one disconnected house. Tolerating two house faults requires at least 6 houses
rated at 300 Ω or 176.3 W and a dump load able to absorb at least 353 W per phase instead
of 1000 W, or 1060 W instead of 3000 W for all 3 phases. While this 3 kW system is in
the picohydro range, if scaled up to midrange microhydro, the weight and cost savings
could be significant. Scaling up by a factor of ten, can reduce the ELC rating from 30 kW
to 10 kW, and the total weight from 46 kg to 22 kg, crossing the 30 kg IPPG (2009) limit.
This prediction is in fact conservative, as scaling up would also allow more DELC-using
houses to be put on each phase, and further reduce the dump load rating, as equation (646) suggests.

8.4 Performance Validation with Literature
The model described by Roodsari, Nowicki, Freere (2013) is the basis of the
Simulink model detailed in Chapter 6 and 7. Therefore, particular simulation cases from
Roodsari, Nowicki, Freere (2013) are replicated to add confidence to the Chapter 6
Simulink model and its performance.
The model presented in this chapter differs from the one used in Roodsari,
Nowicki, Freere (2013) in two significant ways:
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1.) Rather than PI control, Roodsari, Nowicki, Freere (2013) use a control strategy
based on the ‘apparent resistance’ of the dump load, which is derived from
Ramirez and Torres (2007).
2.) The magnitude of the output voltage and power is lower for this Simulink
simulation than the one in Roodsari, Nowicki, Freere (2013).
Since these differences make validation difficult, the following measures respectively
were taken to control for these differences:
1.) A similar ‘apparent resistance’ approach was used, but with slight modification
(described in Chapter 9 as the “back-calculate” method) allowing for just a
voltage reading to be taken, rather than both voltage and current – as is done in
both Ramirez and Torres (2007) and Roodsari, Nowicki, Freere (2013).
2.) The user load resistances in the simulation were scaled, according to equation (648), to account for the difference in power and voltage.
The parameters detailed in Chapter 6 yielded an induction generator that was 100 W per
phase with an output voltage of 120 V RMS. Since this system was lower-power and
lower voltage than Roodsari, Nowicki, Freere (2014), higher resistance values were
required. Scaling power down by a factor of 10 and voltage by a scale of 1.8, meant
resistance values had to be scaled up roughly by a factor of 3 (equation 8-1).
𝑃
(𝑉/1.8)!
=
10
𝑅∙3

(8-1)

The resistances used in Roodsari, Nowicki, Freere (2013), and the scaled resistances used
for this replication are displayed in Table 8-1.
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Table 8-1: User load resistance values used for the Roodsari et al. (2013) simulation, and the lower-power
replication.

Time:
Phase a user resistance
Phase b user resistance
Phase c user resistance

Roodsari, Nowicki, Freere
(2013)
1.5-5.5 s 5.5-8.5 s 8.5-12s
1000 Ω
230 Ω
75 Ω
1200 Ω
300 Ω
63 Ω
800 Ω
160 Ω
61.5 Ω

Replicated
1.5-5.5 s
3000 Ω
3600 Ω
2400 Ω

5.5-8.5 s
690 Ω
900 Ω
480 Ω

8.5-10s
225 Ω
189 Ω
184.5 Ω

The output from Roodsari, Nowicki, Freere (2013) simulations and the replicated
simulations are displayed in Figure 8-8 (RMS voltage), Figure 8-9 (AC voltage), and
Figure 8-10 (average power). Roodsari, Nowicki, Freere (2013) place the outputs without
ELC control (lighter grey line) together with those using ELC control (darker black line)
as seen in Figure 8-8 (a) and Figure 8-10 (a). The replicated results with ELC control are
shown on the bottom left (b), while the output plots without ELC control are shown on
the bottom right of each figure (c).

(a)

(b)

(c)

Figure 8-8: RMS voltage plots for: (a) Roodsari, Nowicki and Freere (2013) output with ELC (black) and
without ELC (dotted grey), (b) thesis Simulink model with ELC, and (c) thesis Simulink model without
ELC. (Note: The scales are different between plots.)
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(a)

(c)

(b)

Figure 8-9: AC voltage plots for: (a) Roodsari, Nowicki and Freere (2013) output with ELC (black), (b)
thesis Simulink model with ELC, and (c) thesis Simulink model without ELC. (Note: The scales are
different between plots.)

(a)

(b)

(c)

Figure 8-10: Average power plots for: (a) Roodsari, Nowicki and Freere (2013) output with ELC (black)
and without ELC (grey) combining total power of all three phases, (b) thesis Simulink model with ELC,
and (c) thesis Simulink model without ELC, for just a single phase. (Note: The scales are different between
plots.)
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Roodsari, Nowicki, Freere (2013) documented a maximum fluctuation of 4 V
RMS (1.8%) at transient amplitudes, and less than 1% at steady state (Figure 8-8 (a)).
The replicated simulations (Figure 8-8 (b)) yielded up to 9 V transients (7.5%
fluctuation), and a steady state deviation of 5 V (4.2%) from nominal. Though Roodsari,
Nowicki, Freere (2013) have better performance (4 times less voltage variation), the
generator model they have used is not as reactive. Without the ELC Roodsari, Nowicki,
Freere (2013) observed a fluctuation was 31 V RMS (14.3%) ranging from 248 V to 217
V (Figure 8-8 (b)). The replicated simulations, without an ELC, recorded voltages
ranging from 207 V to 133 V, yielding a deviation of 87 V (72.5%) from the nominal 120
V (Figure 8-8 (c)), which is 5 times more reactive than Roodsari, Nowicki, Freere (2013).
With corrected generator parameters yielding a less reactive generator model, ELC
voltage control for the Chapter 7 Simulink model could potentially perform as well as the
one presented in Roodsari, Nowicki, Freere (2013).
While Roodsari, Nowicki, Freere (2013) do not specify the magnitude of power
transients (Figure 8-10 (a)), they are proportionally smaller than the power transient
amplitudes in the replicated simulation, which reach as high as 70 W away from the
nominal 100 W (Figure 8-10 (a)). This likely has to do with the average power
calculation sampling over a smaller frequency of 25 Hz, which does not allow for a
smoothing effect which was likely done for average power plotting done in
SimPowerSystems (MathWorks 2012). The steady state power, however, remained
between 98 W to 104 W, while Roodsari, Nowicki, Freere (2013) documented a near
constant regulation at 3.05 kW. It should be noted that Roodsari, Nowicki, Freere (2013)
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have a plot that summates the power from all three phases (Figure 8-10 (a)), whereas only
the phase A power is shown for the replicated model in Figure 8-10 (b) and (c).
Roodsari, Nowicki, Freere (2013) simulations without ELC control have average
power levels reaching as low as 0.2 kW (93.4% variation from nominal 3 kW). The
replicated simulations without ELC control yielded the average power values reached as
low as 14 W, (86% variation from nominal 100 W). In the case of power, the Roodsari,
Nowicki, Freere (2013) simulation yielded a more reactive system with respect to power,
while also yielding better performance. There are not AEPC regulations stipulated for
power regulation, but this would be an interesting investigation to explore in the future.
While the replicated simulations do not show the Chapter 7 Simulink model
outperforming the one by Roodsari, Nowicki, Freere (2013), it does show comparable
voltage regulation abilities using a control method that does only requires a voltage input,
as opposed to both a current and output voltage (explained more in Chapter 10).
This chapter described the load-step tests done to evaluate the model’s compliance to
AEPC (2013) guidelines, noted implications these simulation tests offered, and replicated
a simulation case done by Roodsari, Nowicki, Freere (2013) to attempt to validate the
model’s performance. Chapter 9 will now describe a bench-scale prototype developed as
a proof of concept to further develop and validate the Simulink model.
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Chapter 9

Bench-Scale Prototype

After the completion of the Simulink model, a bench-scale prototype of the ELC was
designed using a function generator at the controller’s input and a breadboard circuit at its
output. A prototype allowed for a proof-of-concept, to test some of the simulated systems
in practice using a physical circuit, and observe if there were any significant assumptions
that required revising in the model, as well as specific non-idealities that needed to be
accounted for.

9.1 Experimental Setup
Prototype testing was conducted on a standard workbench in a digital electronics
lab containing a BK Precision 4017A function generator, a Tektronix MSO 2024B
oscilloscope connected to the OpenChoice Desktop program on a lab computer, and a
National Instruments USB X Series multifunction DAQ data acquisition unit connected
to the LabView SignalExpress program on the same computer. The prototype was
developed on two breadboards, and controlled by an Arduino Uno board connected to a
different laptop computer by a USB cable treated as a Serial bus. On this laptop, the
development board was connected to Arduino development environment as well as a
Java-based sketchbook called Processing (code in Appendix C) to graphically observe the
Arduino’s serial monitor output in real-time as well as to log data into .csv files. This lab
setup was intended to be a low-voltage and low-power environment with voltages not
usually exceeding 5V. More details of the experimental setup are in Appendix B for the
sake of future replication.
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9.2 Prototype Description
The final prototype is outlined here very briefly. For further details on the
development process and design decisions, extensive documentation is available in
Appendix B. Figure 9-1 below shows the prototype’s schematic diagram, with the user
load represented in the top right corner, the dump load circuit in the middle right of the
diagram, the fast peak detector circuit at the bottom center, and the function generator
and microcontroller in the top left.

Figure 9-1: Bench-scale prototype schematic.

The Arduino board provides 5 V DC supply voltage pin and a ground pin, though a
voltage regulator would actually be used to supply DC voltage in a field implementation.
The first output pin is driving the dump load’s chopper switch and the second output pin
is driving the peak detector circuit’s reset switch. The only input pin takes in the peak
detector’s output voltage, which has been both rectified and filtered. The component
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numbers used in the schematic are detailed in Table 9-1 along with their purpose in the
circuit.
Table 9-1: Components and their model numbers used in schematic.

Model #
µA741

Component
Operational amplifier

ICL7660
4N35

Switched capacitor
inverter (charge pump)
Opto-coupler

2N2219-19A

Silicon NPN transistor

BR84D

Full-wave rectifier

IN5711
Schottky diode
ATMEGA328 Microcontroller

Purpose
Unity gain buffer to prevent changes in
current (e.g. caused by DAQ unit) from
affecting voltage level.
Provides negative supply voltage for opamps.
Optically isolates low-power
microcontroller from high-power system.
Used for dump load chopper switch and for
resetting the peak-detector.
Limit sensed voltage to positive values
(needed for microcontroller input pin)
For dump load rectifier and peak-detector.
Calculating duty-cycle from measured
voltage.

A picture of the prototype implemented on breadboards is shown in Figure 9-2 below.
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Figure 9-2: Photograph of prototype circuit.

9.2.1 Voltage-Sensing Circuit
The voltage-sensing circuit begins with a rectifier, and is followed with a twostage peak-detector based on the conventional op-amp peak detector detailed in Horowitz
and Hill (2015), with two voltage buffers surrounding the conventional diode and
capacitor used in a basic peak-detector (Figure 9-3).

Figure 9-3: Two-stage op-amp peak-detector, or 'peak-tracker' (based on Horowitz and Hill 2015)
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This op-amp peak detector (Figure 9-3) is modified by Ducu (2011) to use 1 kΩ resistors
at the op-amp terminals. The prototype uses this design (Figure 9-4), but inserts a switch
in place of a resistor to drain the capacitor at specified intervals to reset the peak-detector.

Figure 9-4: Two-stage peak-detector circuit (Duca 2011)

9.2.2 Dump Load and Chopper Switch
Rather than using a complicated AC switch like a TRIAC, a rectifier is used in
combination with simple DC switch (Figure 9-5), as recommended by Smith (1994).

Figure 9-5: Dump load and chopper switch circuit to implement mark-space ratio approach (Smith 1994).
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The PWM signal driving the chopper switch is mediated by an optocoupler to isolate the
low-power microcontroller from the high power dump load.
9.2.3 User Loads
The user load circuit employed a DIP switch with all its positive terminals
connected together, and all its negative terminals individually connected to different
resistors ranging from 100 Ω to 220 Ω. The resistors could be combined in parallel to
achieve a range of particular resistance values (Table 9-2).
Table 9-2: DIP switch resistor bank switch combinations used to achieve a range of step-change sizes,
where dots represent turned “on” switches.

1
3
4
5
6
7
Resistor: 220 Ω 180 Ω 150 Ω 120 Ω 100 Ω 100 Ω
!
!
50 Ω
!
!
54.5 Ω
!
!
60 Ω
!
!
64 Ω
!
!
66.7 Ω
!
!
69 Ω
!
!
72 Ω
!
!
77.6 Ω
!
!
81.8 Ω
!
!
89.2 Ω
!
100 Ω
!
120 Ω
Switch #:

It is worthwhile noting that single-pole double throw (SPDT) switch is required, rather
than a simple single-pole single throw (SPST) switch, if one wants to perform load stepchange tests from a constant baseline voltage. A SPST switch limits step-change tests
since it only connects and disconnects the additional load in parallel, rather than
substituting one resistance for another. The DIP switch unit is composed entirely of SPST
switches.
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Having established an overview of the prototype, Chapter 10, will make a case for
why the prototype can be justifiably compared with the Simulink model, as well as
limitations to any comparisons done. Finally, the prototype’s performance will be
compared to a modified Simulink model that uses a simple model of the function
generator, in place of the induction generator model. Since the Chapter 7 induction
generator model relies on a number of assumed parameter values, and there exists some
uncertainty, this new Simulink function generator model allows for the prototype to
validate the performance of the Simulink ELC model.
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Chapter 10

Validation of Simulink Model

Input-output (resistance-voltage) transformations of the Chapter 7 Simulink
model are described in this chapter to establish some necessary background required for
validating the Simulink ELC model against the prototype ELC. The transformation from
duty cycle input to generator voltage output is also described as a way of introducing a
new control approach. In light of the ‘apparent resistance’ framework used by Roodsari,
Nowicki, Freere (2013) and Ramirez and Torres (2007), the effect of duty cycle on
‘apparent resistance’ is explored, and a new equation for more accurately calculating
apparent resistance is provided. Based on this equation, a novel approach referred to as
the “back-calculate method” is presented to calculate the required duty cycle with the
ELC. This method requires only a voltage input reading, rather than both a current and
voltage input reading as in Roodsari, Nowicki, Freere (2013).
Finally, as mentioned in Chapter 7.5, not all induction generator parameters were
provided for the Simulink model, and some assumptions were made. Without all inputs
specified and confirmed for the Simulink’s induction generator model, it becomes
difficult to validate whether the behaviour of the Simulink’s ELC model accurately
corresponds with what is expected by theory, and to validate its results against other
empirical data. Therefore, a Simulink model is developed of the function generator used
by the prototype, and the simulation results from the new Simulink model are validated
against those documented with the prototype.
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10.1 Input-Output Transformations of Interest
The highest-level diagram of the model simply has the generator-side and load-side
exchanging voltage and resistance values every iteration (Figure 6-1). In this case the
validation of input-output transformations involves resistance values and voltage values.
For evaluating the ELC’s effect on the load seen by the generator, the notion of ‘apparent
resistance’ used in Roodsari, Nowicki, Freere (2013) can frame duty cycle as an input
and ‘apparent resistance’ as an output, or furthermore voltage as an output. The “backcalculate method” explored in Chapter 10.3 is essentially an investigation of how the
ELC should transform voltage inputs into a duty cycle output. Additionally, these two
subsystems together can be treated as one overall system, where ‘changes in load’ can be
framed as the input, while voltage can be framed as the output (for evaluating ELC
performance).
10.1.1 Resistances as Transformation Inputs
Resistance values can be thought of as the input variables to the overall system.
For a particular user load resistance, the ELC must calculate an appropriate duty cycle for
the dump load, to obtain a particular AC voltage output. The range of resistances used for
various models is detailed in the Table 10-1 below.
Table 10-1: Range of user load resistances used for Simulink model, prototype, and related literature.

Case
Chapter 6 Simulink Model
Thesis Prototype
Chapter 10 Simulink
Model Replicating
Roodsari et al. (2013)
Roodsari et al. (2013) NELC Model
Roodsari et al. (2013b)

Minimum Resistance
50 Ω
50 Ω
184.5 Ω

Maximum Resistance
300 Ω
(1000 Ω for sweep tests)
120 Ω
3600 Ω

61.5 Ω

1200 Ω

290 Ω

1400 Ω
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DELC Model
Roodsari et al. (2013b)
Powerhouse ELC for
DELC Model
Roodsari et al. (2014)
Field Tests

64.66 Ω

228.57 Ω

268 Ω

1600 Ω

To validate the Simulink model against other simulations, user loads roughly ranging
from 50 Ω to 1000 Ω are used within the model. A much smaller range of 50 Ω to 120 Ω
is used to evaluate the prototype, primarily because of its low-power environment and the
lower range of resistances the powerhouse ELC has to handle with DELCs in user
households. Establishing a similar range of resistance ‘inputs’, we can now treat the
system as a ‘black box’ and observe the type of ‘output’ signals (voltage and current) that
result, both graphically, and quantitatively using peak-to-peak and RMS values.

10.2 Resistance-Voltage Transformations
A full range of inputs can be used to compare the Simulink model with the
prototype. With an ELC, resistance over an interval of time can change in two ways:
through the user load or through the dump load. Therefore a way is required to separate
the effect of each from the other. The effect of user load changes can be observed by
holding the duty cycle at a constant value, and incrementing the overall user load through
a range of resistance values. The second and less obvious way resistance can change is
through the dump load. Since the physical dump load has a constant resistance, its
resistance is varied through a PWM-driven chopper switch. Therefore, all other things
remaining the same, the ‘apparent resistance’ of the dump load varies according to
changes in the PWM’s duty cycle.
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10.2.1 Effect of Changing User Load
The duty cycle must be kept constant in order to evaluate how changes in the user
load alone affect the output voltage. The most obvious duty cycle to choose would be
0%, as this case would represent the type of voltage response one could expect without
any ELC, and therefore serve as a useful baseline. The prototype’s peak-to-peak voltage

Peak-to-Peak
Voltage (V)

response is shown in the Figure 10-1.
5

V = -0.0002R2 + 0.0508R + 1.5442
R² = 0.99677

4.5
4
3.5
3
0
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40

60

80

100

120

Resistance (Ω )

Figure 10-1: Function generator's voltage response to load variation.

There exists a difficulty however in comparing the prototype’s response at this lowpower scale with the response of the model at a higher power scale. To scale up from the
low-power prototype environment (by a factor of 10) to the higher power Simulink
model, the following equation based on Ohm’s law and Joule’s law can be used.
𝑉!
𝑃=
𝑅

(10-1)

This would suggest that increasing the resistance by a factor of 10 would result in
roughly an increase in voltage by a factor of 100. The scaled up prototype response curve
is plotted together with the Simulink model’s response curve in Figure 10-2.
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Peak-to-Peak Voltage (V)

550

V = -0.0002R2 + 0.3592R + 305.54
R² = 0.9935

500
450
400

y = -0.0002x2 + 0.5082x + 154.42
R² = 0.99677

350
300
0

200
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600

800

1000
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Resistance (Ω )
Prototype (Scaled Up)

Simulink Model

Figure 10-2: Voltage response curve to varying resistance for Simulink model, and scaled-up version of
bench-scale prototype.

Looking at the polynomial equations fitted to the plot points, it appears the function
generator provides relatively similar response to the induction generator. To clarify, the
purpose of the Figure 10-2 plot is to qualitatively compare the response functions that
characterizes the generator model and function generator. It does not demonstrate a
quantitative validation of the generator model, but shows that the function generator’s
response is similar enough to the model’s response to render the it a worthwhile way to
test the prototype.
It should be noted that for resistances below 50 Ω, the Simulink model’s output
voltage actually increases for lower resistances, as is shown in the curve below (Figure
10-3).
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Figure 10-3: Simulink induction generator model's voltage response to varying loads below 50 Ω.

By showing how the generator’s output (without an ELC) changes with user load, a
baseline is established for future ELC performance evaluations. Additionally the function
generator’s response was shown to be similar enough to the Simulink model to be used
for validation comparisons.
10.2.2 Effect of Changing Duty Cycle
The dump load’s ‘apparent resistance’ is the second way the input resistance can
change and affect the output voltage. However, it is really the duty cycle of the chopper
switch that is determining the dump load’s ‘apparent resistance.’ The equation for
calculating ‘apparent resistance’ can be used to validate the Simulink model against a
theoretical prediction. Since we already know from the previous subsection how the
output voltage varies with resistance, we can similarly vary the duty cycle (with a
constant user load) and observe if the output voltage predicted by the ‘apparent
resistance’ equation matches the voltage output by the Simulink model. A second though
different equation for calculating the ‘apparent resistance’ is used as well, and appears to
150

predict an output voltage closer to that of the Simulink model. This raises the question
how valid the equation used is for predicting the ‘apparent resistance.’
According to equation 10-2 given by Roodsari, Nowicki, Freere (2013b), the
apparent resistance of the dump load, Rsp(t) should change linearly with duty cycle, d, as
expressed in equation 10-3.
𝑅!" 𝑡 =

𝑅!"#$ ×𝑇!"#$%&
𝑇!"

(10-2)

𝑅!"#$
𝑑

(10-3)

𝑅!" 𝑡 =

This intuitively makes sense, as an increase in duty cycle would decrease the “apparent
resistance” of the dump load, meaning it would absorb more current. With this equation
the total apparent resistance on the generator (including the user load) can be calculated
according to equation 10-4, which will be called the Roodsari et al. equation here.
𝑅!"! (𝑡) =

𝑅!"#$
𝑅!"#$
𝑑

(10-4)

However, the prototype’s waveform (Figure 10-4) without any capacitor banks provides
an alternative way of framing the duty cycle’s effect on output voltage and implies a
different way to calculate the ‘apparent resistance.’
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Figure 10-4: Output voltage waveform of function generator without capacitor bank and with ELC control.

Rather than only applying the duty cycle to the dump load, it also applies it to the user
load as shown in equation (10-5).
𝑅!"! (𝑡) = 𝑑 ∙ (𝑅!"#$ R !"#$ ) + (1 − 𝑑) ∙ 𝑅!"#$

(10-5)

Equation (10-5) will be referred to as the Prototype equation, because it was derived from
the graphical observation of the prototype’s output voltage without a capacitor bank
(Figure 10-4). Figure 10-5 helps visualize how this equation is derived. The periods
during which the dump load switch is on (Ton), the voltage traces along the blue
waveform. The dump load connected in parallel decreases the overall resistance. The
periods during which the dump load switch is off (Toff), the voltage traces along the green
waveform. The dump load disconnected from parallel increases the overall resistance.
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Figure 10-5: Graphical explanation of Prototype Equation.

The chopper switch essentially toggles between the blue and green waveform in Figure
10-5. An increase in the duty cycle shifts the pink dotted lines right, and a decrease shifts
them left. Recall that the peak-to-peak voltage is related to the RMS voltage by a constant
factor (2√2). Since the chopper switch frequency (1/Tperiod) is a multiple of the AC
voltage’s sinusoidal frequency, the duty cycle d represents the period of time over the
entire sinusoidal cycle that the RMS voltage is at the blue “dump on” level, and 1-d
represents the period of time the RMS voltage is at the green “dump off” level.
With the Roodsari et al. Equation (10-4) and the Prototype Equation (10-5), we
can convert the duty cycles into resistance values, and plug these resistances (when above
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50 Ω) into the curve shown in Figure 10-2 (red curve) to derive peak-to-peak voltage
values.
V = -0.0002R2 + 0.0508R + 1.544R

(10-6)

For resistances less than 50 Ω, the resistance values are instead plugged into the curve
shown in Figure 10-3.
V = 0.0879R2 - 7.9014R + 499.R

(10-7)

Finally, an actual Simulink model trial was run with a constant user load of 200 Ω and a
dump load value of 48.4 Ω. The duty cycle was ramped up from 0% to 100% from 5 s to
10 s, as shown in Figure 10-6 below.

Figure 10-6: Simulink AC voltage peaks with duty cycle value swept from 0% at 5 s to 100% at 10 s.

The actual Simulink model trial is compared to both the Roodsari et al. prediction
(equation 10-4) and the prototype prediction (equation 10-5) in Figure 10-7.
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Figure 10-7: Duty cycle's effect on Simulink induction generator model's simulated output voltage (blue),
Roodsari's et al. calculated output voltage (red), and output voltage predicted by Prototype Equation
(green).

The Roodsari et al. equation (10-4) deviates from the Simulink results by an average of
2.33%, while the Prototype equation’s (10-5) prediction deviates from the Simulink
results by an average of 1.57%. The variance from the Simulink results is shown as a
function of duty cycle below (Figure 10-8).
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Figure 10-8: Variance from actual simulation value for Roodsari et al. Equation (blue) and Prototype
Equation (red).

This behaviour can mainly be attributed to how the overall resistance essentially changes
non-linearly with duty cycle for the Roodsari et al. Equation (10-4) whereas linearly for
the Prototype Equation (10-5) as shown in Figure 10-9.
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Figure 10-9: Duty cycle's predicted affect on 'apparent resistance' of total load (user and dump load
combined).
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Besides the Prototype Equation appearing to offer a better prediction of ‘apparent
resistance’ than the Roodsari et al. Equation, the linear relationship it seems to show
between duty cycle and peak voltage allows for a control method that requires only a
voltage input, as opposed to both a voltage and current input like in Roodsari, Nowicki,
Freere (2013).

10.3 Back-Calculate Method (Voltage-Duty Cycle Transformation)
Understanding the duty cycle’s effect on the output voltage is important for
figuring out the appropriate input-output transformation that the ELC should exhibit. The
AC voltage can be thought of as the ELC’s input, and a duty cycle its output. When the
system is under-loaded (i.e. the resistance is higher), the voltage will need to be brought
down by increasing the duty cycle.
Since a change in voltage can either be due to a change in the user load or a
change in the duty cycle, raw voltage values cannot simply be mapped directly to
corresponding user load resistances. The duty cycle also influences the output voltage
level (as shown in Chapter 10.2.2). Therefore, the raw voltage value can be calibrated to
account for the duty cycle’s effect. Below (Figure 10-10) is a plot showing how, in the
Simulink model, the duty cycle affected the peak-to-peak voltage for different user loads.
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Figure 10-10: Duty cycle's effect on Simulink model's induction generator output voltage.

From such a chart, we can formulate a linear equation that can calibrate a voltage value
back to its baseline (with a duty cycle of 0%). Since at a 100% duty cycle, each of the
curves roughly intersects at roughly the same voltage, Vint, we can estimate this baseline
(0% duty cycle) voltage, Vcal, in the following way.
𝑉!"# = 𝑉!"#$ − 𝑑

𝑉!"#$ − 𝑉!"!
1−𝑑

(10-8)

It should be noted that the Vint value will only be at the 100% duty cycle calibration
technique only holds if the user loads are much larger than the dump load such that Ruser ||
Rdump ≅ Rdump. For smaller loads, Vint will have to be projected past the 100% duty cycle
into a theoretical voltage at which all the lines would intersect. An example of this is
provided in Chapter 10.4. It is also worth mentioning that a full set of plots is not
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required to find Vint, only a full voltage response curve for the range of resistance values
the ELC is expected to tolerate (like Figure 10-2). The 100% and 0% duty cycle plot
points can be calculated using parallel resistance equations, and Vint can be extrapolated
as shown in Chapter 10.3.
With a calibrated voltage value the user load resistance can be estimated by the
ELC using the curve in Figure 10-2. A new duty cycle can be directly calculated by
rearranging equation (10-5), which gives equation (10-9).
𝑑=

𝑅!"#$ − 𝑅!"#$%!
𝑅!"#$ − (𝑅!"#$ ||𝑅!"#$ )

(10-9)

where Rtarget is the ‘apparent resistance’ the ELC wants to maintain on the generator to
divert an adequate amount of power into the dump load. This approach will be referred to
as the back-calculate method, which is a type of look-up table approach used in Ramirez
and Torres (2007). The back-calculate method differs from Ramirez and Torres (2007) in
that it only requires a voltage input, and bypasses the need for a current input by backcalculating the resistance using equation (10-8).
This back-calculate method was used in Chapter 8.4 to validate the Simulink model
against results documented in Roodsari, Nowicki, Freere (2013), who use an ‘apparent
resistance’ method outlined in Ramirez and Torres (2007). To further ensure that this
back-calculate method works it is tested with the Simulink model of the function
generator in Chapter 10.4. Since the function generator model in Simulink is based on the
empirical curve in Figure 10-1, the same user load resistances can be used for a more
direct comparison.
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10.4 Prototype Simulink Model
Since uncertainties exist with respect to some induction generator parameters used
in the Simulink model, there also exist uncertainties with respect to the Simulink model’s
ELC performance. In order to further validate the Simulink ELC model independently of
the induction generator model, it is combined with a new Simulink model of the function
generator. This new Simulink model is based on the function generator’s voltage
response to load variation shown in Figure 10-1. In Simulink, the R-V curve is
implemented with the block diagram shown in Figure 10-11.

Figure 10-11: Voltage response curve implemented in Simulink block diagram.

And this R-V curve was essentially applied as a gain constant to a sinusoidal wave, as
shown in Figure 10-12.
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Figure 10-12: Block diagram applying the voltage response to a sinusoidal signal as a gain value.

This provides a way to evaluate the performance of the Simulink model’s ELC, as well as
some grounds to compare it to the prototype’s performance. This also affords an
opportunity to anticipate what the prototype’s performance would be like if some of the
non-ideal characteristics were fixed – such as the internal resistance of the chopper
switch, the optocoupler’s rise time, and the noise of the rectifier (Appendix B).
The Simulink ELC model (as modified for Chapter 8.4 validation trials) is used
here for comparison to the prototype results as well. Both use the “back-calculate
method” discussed in Chapter 10.3 to determine the ELC’s duty cycle.
Figure 10-13 shows the 0% and 100%-duty-cycle voltage plot points required for
finding Vint for the “back-calculate method.” The 50% plot points are also shown to
confirm that the slopes are generally linear. Since the user load resistances are not
significantly larger than the dump load here, the duty cycle curves do not converge at a
100% duty cycle, as can be seen in Figure 10-13.
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Figure 10-13: Duty cycle curves for Simulink model of function generator at prototype scale.

Therefore, to find a theoretical value for Vint to use equation (10-8), the duty cycle curves
are projected back past a duty cycle of 100% (as shown in Figure 10-14), and the point at
which the variance between all the loads is lowest is used as Vint (in this case Vint = 1.579
V).
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Figure 10-14: Projections of duty cycle curves past 100% duty cycle, to find Vint. The “r” following the
numbers in the legend simply refer to ohms.

Having established how Vint was found for the “back-calculate method”, and how it is
used in the Simulink ELC model, we can now compare the Simulink ELC’s performance
to the prototype ELC’s performance.
10.4.1 Compliance to AEPC Standards
Simulation trials as performed in Chapter 8.1 were repeated for both the Chapter
10 Simulink model and the prototype. The user load begins from resistance value of 50
Ω, which is the default baseline used. A step-up load change occurs 6 seconds into the
simulation, and a ‘return’ step at 7 seconds. The AEPC (2013) guidelines of voltage
variation, frequency variation, and total harmonic distortion are again used as an
evaluative framework.
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Before delving into these results, Figure 10-15 shows the Simulink ELC’s voltage
regulation performance, stepping through the full range of resistance values used with the
prototype.

Figure 10-15: Load sweep on Simulink ELC with Simulink model of prototype function generator with 50
Ω from 1.75-3 s, 54.5 Ω from 3-4 s, 60 Ω from 4-5s, 64 Ω from 5-7s, 69 Ω from 7-9s, 100 Ω from 9-10 s.

The voltage regulation graphically appears relatively stable. For a simulation, the
deviations from the nominal voltage in the back-calculate model should derive from error
in the voltage response curve and the Prototype Equation (10-5). Figure 10-15 provides a
good sense of the steady-state voltage outputs for particular user load resistances under
the control of Simulink ELC model.
Figure 10-16, Figure 10-17, and Figure 10-18 show how different load step sizes
affected voltage variation, frequency variation, and total harmonic distortion for the
prototype environment. The three AEPC (2013) indicators are displayed on the y-axes
with the load step-change size on the x-axes. The blue curves show the actual prototype’s
performance (using proportional control) and the green curves show the simulated
prototype’s performance (using back-calculate control method).
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Figure 10-16: Steady-state voltage variation from nominal RMS voltage of 2.52 V for actual prototype
ELC (blue) and simulated Simulink ELC (green), with AEPC upper limit (red).
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Figure 10-17: Steady-state frequency variation from nominal frequency of 50 Hz, for actual prototype ELC
(blue) and simulated Simulink ELC (green), with AEPC upper and lower limits (red).
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Figure 10-18: Steady-state total harmonic distortion for actual prototype ELC (blue) and simulated
Simulink ELC (green), with AEPC upper limit (red).

The Simulink ELC under the prototype’s environment seems to regulate voltage much
better than the prototype ELC. The prototype’s poor voltage regulation can be attributed
to a number of its non-ideal characteristics including a chopper switch with high internal
resistance, a noisy rectifier, calibration method used by the Arduino code, unstable PI
gain constants, and further control methods used to deal with this instability. All these are
elaborated on in Appendix B, in sections entitled “Input Processing”, “Calibration for
Amplitude Droop”, “Proportional-Integral Control”, and “Factors Influencing
Performance Difference.”
There appears to be interesting symmetry in form between the voltage variation of
the prototype and Simulink model (Figure 10-16), where the stationary points of the
curve are located at similar resistance values. This may be due to error in the function
generator’s voltage response curve (Figure 10-1). Since this response curve is stored in
the control equations using a polynomial function fitted to data points, it will not
perfectly represent the actual relationship between the generator’s output voltage at every
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user load resistance value. The voltage also does not change perfectly linearly with duty
cycle, and the back-calculate method only estimates apparent resistance approximately
according to duty cycle and raw voltage input.
Positive voltage variation of the prototype (blue curve in Figure 10-16) means the
duty cycle is too low (i.e. below what is required for perfect voltage regulation). Negative
voltage variation of the Simulink model (green curve in Figure 10-16) means the duty
cycle is too high (i.e. above what is required for perfect regulation). The PI control used
in the prototype underestimates the required duty cycle, while the back-calculate method
used in the Simulink model overestimates the required duty cycle. Further investigation
as to why Figure 10-16 shows some type of symmetry could be useful for future
improvements of this ELC design.
The frequency variation for the Simulink ELC again was very low, because the
frequency is established as a constant in the function generator. An induction generator’s
frequency is likely to vary more. The Simulink model of the function generator
consistently yielded a frequency of 49.5 Hz, even though it was set at 50 Hz, likely
caused by the way frequency is calculated in the Simulink “spectrum analyzer” block.
The total harmonic distortion for the Simulink ELC was completely negligible,
which may be due to the ideal nature of a simulation that keeps the duty cycle frequency
perfectly aligned with the electrical wave frequency. While in reality, they do not always
stay perfectly synchronized, contributing to harmonic content. The similar shape between
the voltage variation and THD could also be important, and warrants further
investigation.
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All the error response times for the Simulink ELC were all under less than 0.25
seconds, which is much better than the actual prototype, because there was no smoothing
function required to filter out the rectifier noise.
Despite all the shortcomings of the prototype ELC, it still serves as a useful proofof-concept. Its performance did not meeting AEPC (2013) standards, but remained very
close. For example, though THD standards were not met, Roodsari, Nowicki, Freere
(2013) report similar THD values (5%-7%), which lie just outside AEPC standards.
Improving non-ideal circuit components (e.g. the optocoupler and the voltage sensing
circuit’s rectifier) can likely bring the prototype’s performance within AEPC standards.

10.5 Validation Conclusions
The voltage response of a function generator was shown to be similar enough to the
Simulink’s induction generator model to allow for the bench-scale prototype to be
compared with the Simulink’s ELC performance. The effect of resistance and ELC duty
cycle on the output voltage was shown in this chapter and used to introduce a modified
form of the ‘apparent resistance’ control approach used by Roodsari, Nowicki, Freere
(2013), and based on work by Ramirez and Torres (2007). This new ‘apparent resistance’
equation is used to introduce the “back-calculate method. Finally, Simulink model of the
function generator is used to test the Simulink model’s implementation of the “backcalculate method” against the prototype’s results.
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Chapter 11

Dump Load & Potential Uses of Surplus Power

The motivation behind finding uses for surplus power largely stems from the cost,
weight, and unsustainability of current battery technology. Most solar photovoltaic (PV)
systems are equipped with a charge controller and a battery pack – typically a lead acid
type, Ni-based, or Li-based one. Narayan et al. (2016), in discussing a methodology for
ensuring the affordability of these low-cost standalone PV systems, points out how the
battery is by a large margin the most expensive component in these systems accounting
for more than half of the total system’s cost and the component with the lowest lifespan.
The high expense of batteries is important to note considering PV systems are already
substantially more expensive than microhydro power systems (per installed kW) in most
Nepali contexts. Since storing this energy is so expensive, finding ways to instead use
this surplus power during low-demand periods can be a more affordable alternative. Both
communal uses (such as greenhouses and recreational cook-sites) and distributed uses
(such as DELC slow-cookers) are considered below.

11.1 Communal Uses
Maintenance operator work may be isolating, especially if the microhydro site is far
enough away from the community. One potential way to address this, while also fostering
sustained community ownership for the microhydro system, is by making the installation
site a community hub, by using waste heat for a low-cost community greenhouse to grow
off-season produce, or an electrical stovetop that can function like a recreational cooksite
in a public park. By default, there should always be a baseline of heat being produced
from the dump load due to its safety factor oversizing. Using microhydro waste heat for a
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greenhouse has been explored in Buckley, Fitzgerald, Myatt, Peterson (2016), and appears
potentially feasible in certain circumstances.
If houses are clustered tightly together, like in Jumla, an ELC can be placed away
from the powerhouse, next to the community water tank (if one exists) to heat water,
though maintenance operator logistics would have to be considered.
Another possibility is to use the ELC’s surplus power to pump water to the user
community, and can also be situated away from the powerhouse if necessary.

11.2 Distributed Uses
Distributed electronic load controllers (DELCs) mentioned in earlier chapters are
another way of using surplus power in a microhydro system that would conventionally be
dumped as waste heat. Situated in each house, these DELCs could be used to pasteurize
water with pathogenic microorganisms, or to slow-cook household meals.
To economically justify the individual purchasing of these DELC units requires
knowing how much is paid for fuel and its delivery, how long and how consistently the
heating element would have to be used for the DELC to payoff financially. Such a
calculation could also try to account for the health benefits of reduced indoor air pollution
which saves on future health expenditures, though this can be quite difficult to work out.
However, drawing on existing health literature focused on indoor air quality and the
incidence of water-borne pathogens, one could conceivably use such factors in
applications for government subsidies of these DELC units.
11.2.1 Feasibility of DELC Slow-Cookers
Mud-stoves are the most prevalent cooking apparatus in Nepal, with a prevalence
of about 54%, compared with 21% for kerosene and gas stoves, 22% for open fire-places,
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and 3% for smokeless stoves (Nepal CBS 2011). To improve rural access to cleaner
cooking fuels, DELCs can potentially be used as electrical slow-cooking devices, though
the feasibility of such an arrangement is not immediately obvious and requires some
calculations.
The DELC unit proposed in Roodsari, Nowicki, Freere (2014) can take the form of a
slowcooker or flat electric hotplate. If the average electrical power consumption is
assumed to be 86 W per capita, and a safety factor of 1.5 is assumed for a house rated at
176 W, this would imply 47 W of surplus power or 1.13 kWh/day of surplus energy. A
smooth cooktop (as the DELC dump load) can be assumed to have a transfer efficiency of
74.2% (Lawrence Berkley National Laboratory 1996), implying an average of 0.84
kWh/day of that energy would be used to heat the food.
In order to determine if surplus power would be adequate for cooking meals, we can
approximately calculate the electrical power required to replace the amount of cooking
fuel typically used. Around 439 kg to 556 kg of firewood is used annually per capita
(National Institute of Industrial Research 2000), or 1.2-1.5 kg/day. For a home of five
people, that is at most 7.5 kg/day. Hemlock trees are common in middle mountain Nepal,
where Jumla is located (Khanal 1996). Hemlock’s weight is observed at 2700 lbs/Cord
(1225 kg/Cord), and its heat content is 19.3 million BTUs/Cord (5656.3 kWh/Cord)
(Kuhns and Schmidt 2011), yielding 34.6 kWh/day of energy per household, or an average
of 1.44 kW. The majority of Nepali people surveyed in Sanchez, Dennis, Pullen (2013)
still used traditional mud stoves called chulhahs or chulos, which are only 8-10% efficient
(Panwar, Gupta, Rathore 2006). At 10% efficiency, around 3.46 kWh/day is required for
cooking meals. With these rough calculations, surplus power could conceivably cook
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approximately 24% of household meals if the household is consuming 129 W of their
allotted 176 W. If the household keeps their consumption at the mean consumption in
Nepal (86 W), they could conceivably cook around 46% of their food with dumped
surplus power. These figures, however, may be inflated as they do not account for losses
such as those in the cookware and for periods during which food is not exposed to the
heating element – for example during meals, when pots are being washed, or when the
next batch of food is being prepared. However, some of this may be offset by a cooking
device better insulated than a simple pot and cooktop. Additionally, DELC electrical
cooking aligns with preferences in Nepal where fuel savings and smokeless design are
prioritized over speed of cooking, cost, and heating of living space (Sanchez, Dennis,
Pullen 2013). However, the accuracy of these survey results is not something that can be
too readily assumed. Gandhi, Lesniewski, and Frey (2016) show solar lantern usage in
Uganda to be over-reported through survey data by 92%. This study used simple data
logging instrumentation in the solar lanterns and compared it with self-reported usage.
Future field tests with DELC units could benefit from a similar investigation for further
exploring the feasibility of slow-cookers. Despite some uncertainty, a small review of the
literature does seem to be promising with respect to the local acceptance and
appropriateness of DELC slow-cookers.
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Chapter 12

Conclusions

Nepal is a unique geography within which to contextualize the technology of
microhydro ELCs. The remote communities and steep terrain appear can benefit from
stand-alone microhydro systems, though repairing and replacing components can be
difficult. ELCs, which are supposed to protect the generator and other connected
components from damage, have been identified as one of the components most
commonly to fail. Electricity is also rarely used as a clean alternative to wood biomass
ovens, which are estimated to be responsible for 7500 deaths per year in Nepal (WHO
2007).
Distributed electronic load controllers (DELCs) proposed by Roodsari, Nowicki, and
Freere (2013) offer a variation of ELCs that distributes their function into household
devices, which dump surplus power into slow-cookers rather than converting it into waste
heat at the dump house. The DELC arrangement adds redundancy to an ELC system that
is known to be vulnerable to single-point failures, while also reducing the weight of the
powerhouse ELC, allowing safer transportation. This thesis established a starting point
for moving towards an updated powerhouse ELC compatible with a DELC system.
A Simulink model facilitated simulation investigations, which found voltage
regulation standards established by the AEPC (2013) can be met by the proposed ELC
model, while THD and frequency regulation standards remain unmet, highlighting the
importance of including those indicators in ELC evaluations. Simulation observations
also confirmed that neither the voltage, frequency, or THD drift after the resistance
returns to its default resistance, suggesting loads can be treated modularly in time, and
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that future simulations are possible for resistive non-linear SMPS loads emerging in
Nepal, such as mobile phones.
A scenario of six or more households per phase promises a significant reduction in the
powerhouse ELC size and weight, by using a DELC-based system. If simulation results
scale up consistently at the 30 kW scale, the weight of the ELC and dump load can drop
by more than half, from 46 kg to 22 kg, to meet the IPPG load limit of 30 kg. Finally, the
feasibility of DELC slow cookers was explored, and it was found that 176 W rated
households using 129 W on average, could cook around a quarter of their household’s
food with dumped surplus power, while a lower average consumption of 86 W could
allow surplus power to cook almost half the household’s food.
A prototype was also developed to validate the Simulink model, by offering a proof of
concept to show how the mark-space ratio method was capable of regulating voltage and
total harmonic distortion almost within AEPC (2013) standards, while meeting frequency
regulation standards. Even though complications emerged due to the low-power scale of
the prototype, the prototype’s construction highlighted some non-ideal considerations that
were not accounted for by the simulation, like the rise time parameter of the optocoupler.
Finally, even though the set of assumed parameters used by the Simulink model
yielded a lower-power system than was initially intended, when scaling the results up to
compare to those documented in the literature, the Simulink model compares well,
remaining within roughly 3.7% of the documented output voltage in Roodsari, Nowicki,
Freere (2013), suggesting the Simulink model is responding properly despite some
parameters that require adjustment. To further address the uncertainty of induction
generator behaviour due to assumed parameter values, another Simulink model was
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created to simulate the function generator used by the prototype. This model helped to
further validate the ELC model against prototype results.
With reference to problem statements stated in Chapter 5, the contributions of this
thesis include:
•

Determination of missing parameters required for successful replication of models
in the literature, including the generator’s moment of inertia and torque shaft
parameters (Chapter 7).

•

Development of a systematic approach for evaluating ELCs beyond particular
case simulations, involving a sweep through load step-sizes to evaluate
performance parameters (Chapter 8).

•

Development of an ELC Simulink model and ELC prototype that can regulate
voltage, frequency, and total harmonic distortion close to Nepal’s (AEPC 2013)
guidelines (Chapter 8 and 10), and conceivably within guidelines if non-ideal
properties are addressed in the prototype.

•

Validation of the ELC Simulink model using results documented in Roosari,
Nowicki, Freere (2013) and a prototype (Chapters 8 and 10).

•

A sensing circuit arrangement, based on common two-stage peak-detector designs
with a reset switch, that can detect sudden drops in voltage even with a filtering
capacitor (Chapter 9).

•

Separating the effects of load changes from ELC duty cycle changes on the
system’s output voltage (Chapter 10).
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•

Showing the ‘apparent resistance’ equation used by Roodari, Nowicki, Freere
(2013) can be better estimated with an alternative Prototype equation (Chapter
10).

•

Development of the ‘back-calculate’ method, based on the ‘apparent resistance’
control method, which only requires one voltage input, rather than two inputs
(voltage and current) as used by Roodari, Nowicki, Freere (2013) (Chapter 10).

•

Determination of non-ideal component properties, which affect the successful
performance of a prototype, including: rectifier noise, internal resistance of
switch, rise-time parameter of optocoupler and switch (Chapter 10).

•

Determining that DELCs can potentially cook almost half of household meals
with a typically rated system, while remaining at country’s average level of
electricity consumption (Chapter 11).

The powerhouse ELC is a small yet important part of a well functioning DELC-based
system, which works to better regulate voltage and frequency and improve ELC
robustness, which is a frequently cited problem for microhydro in rural Nepal, where
remoteness limits access to replacement parts. Incorporating DELCs with slowcookers
into microhydro systems in Nepal is one potential way to directly address health hazards
associated with indoor air pollution, deforestation, and time-consuming firewood
collection.
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Chapter 13

Recommendations for Future Work

This Simulink model could benefit from a full list of induction generator parameters
including shaft torque parameters, moment of inertia, and PI gain constants to further
validate the simulation results. With these parameters, and more specific simulation data
results, more rigorous replications can be carried out in the future.
The return-step test results from the simulations suggest that simulated non-linear
(SMPS) loads can also be tested. Further inductive load cases can also be tested and dealt
with by switching in capacitors, as in Bonert and Hoops (1990). By exploring these
possibilities, a load composition can be used to test how well the ELC manages more
realistic rural load demands in Nepal.
Further bench-scale prototype tests that also include the capacitor bank would greatly
strengthen the initial prototype work. Testing the prototype with components such as
faster rise-time optocouplers and better rectifiers would also be important work to
undertake in the future.
Incorporating a zero-crossing detector for monitoring frequency and thermistors for
monitoring temperature could also be useful features of future prototype designs. Adding
a feature for load-shedding and brownout control has also been flagged as something
future prototype iterations could benefit from as well. Investigations into the feasibility of
self-diagnosis functions, which can alert operators with indicator lamps or an integrated
LED screen could also be useful additions for future prototype versions.
Most importantly, the prototype designed here also appears to be a promising basis
for further prototype versions for high-power tests using either a wall supply or a lab
induction generator.
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Appendix A: Simulink Block Diagrams
Induction Generator Model
The four main subsystems of the Simulink model are detailed below.
Generator d-q Current Subsystem
The block diagram of the “Generator d-q Current” subsystem is shown in the figure
below. In the top right corner of this subsystem are:
•

the Current Block (which contains the equations in Sets 1 and 2, which are also
the top four lines in the matrix)

•

the Voltage Block (which contains the load voltage equations in Set 4, which are
also the 5th and 6th lines in the matrix), and

•

the Low Current Block (which contains the load current equations in Set 4, which
are also the 7th and 8th lines in the matrix).

•

the K Block is just for calculating the constant used in the matrix
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The remaining subsystems at the bottom (the “Unit Vector Conversion”, “dq-abc”, and
“abc-dq”) involve trigonometric equations that implement transformations between
direct-quadrature space and the three-phase system.
The initialized parameters insert certain values in variables to begin the
simulation, including the initial voltages provided by the capacitor bank, as well as the
rotational velocity of the generator’s rotor, which is assumed to be roughly equivalent to
the turbine speed.
Motion and Magnetizing Subsystem
The second subsystem includes the subsystems “WR”, “TE” and “Shaft Torque”, which
implement the three main motion equations outlined in Set 3 of the previous chapter. The
“Magnetizing Inductance and Current” block implement the equations that the block’s
name suggests, which are presented in Set 2 of the previous chapter.
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Load Subsystem
The load subsystem includes the user loads, the load controller, and current divider and
averaging equations for calculating power. The “Households a” block simulates
households on phase A, aggregates them, and provides a single resistance value each
iteration. The top half of the block diagram essentially implements a parallel resistance
equation, with a chopper switch that connects and disconnects the dump load in parallel
with the household load. The “Sensor and PWM Controller” block in the top left of the
block diagram would essentially represent the microcontroller. It senses the voltage using
an input pin, and provides a PWM signal with an output pin. The ‘PI_comp’ output is
used to monitor the proportional-integral output, and plays a similar role to the serial
output that might be fed into a computer to monitor the microcontroller’s calculations.

The block diagram for “Sensor and PWM Controller” is as follows:
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Though the transformer is shown in this block diagram, in reality it would come before
the rectifier, which is outside this subsystem. This would allow for the rectifier to be
rated at a lower power rating, saving costs. However, the transformer in this model is
implemented in an ideal form, and does not account for transformer losses or signal
distortions. Here, the constant coefficient of 15/325 is simply applied to step down the
voltage to a 15 V level that the microcontroller can handle. Therefore the transformer’s
order in this sequence is not important. However, the stages of an electronics control
system in practice can be thought of as:
1.) Stepping down (with a transformer)
2.) Rectifying and filtering the voltage signal
3.) Sensing (with a voltage sensor input or an ADC pin on a microcontroller)
4.) Comparing (to reference voltage value in the microcontroller)
5.) Proportional-integral (PI) controlling
6.) Comparing (with sawtooth waveform) to calculate duty cycle
7.) Switching (of on and off of dump load) through generation of a PWM signal
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Following the switching stage, the effective load on the generator changes based on
whether the dump load is switched on or off, resulting in a change in voltage, which is
calculated with the induction generator model. This new output voltage is then stepped
down again by a transformer (stage 1), rectified (stage 2), and sensed again by the voltage
sensor (stage 3), closing the feedback control loop. The PI controller relied only on KP
and KI gain constants and a sawtooth waveform, without using any empirically
determined look-up table, which is mentioned in the following subsection under future
work.
Monitoring Subsystem
This subsystem is not as necessary, and increases the number of connections overall
between subsystems, but can be beneficial as a control panel dashboard with all the
important scopes in one place.
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Appendix B: Prototype Development
Experimental Setup
As a way of framing the prototype’s development, a visual overview is given of the lab
with important features marked with labels. Below is a picture of the workbench
arrangement during prototype development.

Function Generator
The main features of the function generator used were the frequency knobs to set the
signal to 50 Hz, the sinusoidal signal setting to establish the signal shape, and the output
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level to adjust the peak-to-peak voltage level.

The function generator was connected to the breadboard using a coaxial cable, with two
alligator clips, connected across a ‘resistor bank’ that represented the user load.
Oscilloscope
An oscilloscope was used for real-time observations of the waveform, as well as readings
of peak-to-peak voltage, RMS voltage, and voltage frequency. The oscilloscope was also
sometimes connected to a desktop to capture waveforms in OpenChoice.
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The circuit was connected to the oscilloscope with a BNC probe, and was defaulted to the
same points in the circuit as the function generator’s alligator clips, but could of course
be moved around to observe other points in the circuit.
Data Acquisition
Two inputs were setup for the data acquisition unit (DAQ), each with two solid hook-up
wires that could be inserted directly into the breadboard circuit. Each input’s negative
wire was connected to the Arduino’s ground pin. One positive wire was defaulted to the
top of the user load to detect the function generator’s AC signal, and the other was
defaulted to the microcontroller’s input (following the peak-detector circuit). However,
these two wires could of course be moved around to log voltage data at other points in the
circuit.
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The AC signals were input into LabView Signals Express, could process the signals and
provide signals representing peak voltage, instantaneous mean, RMS, frequency, and
total harmonic distortion (THD).
Breadboard Circuit
A photo of the breadboard during the prototype development is shown in the figure
below. The bottom breadboard contains the voltage sensing circuit, including the rectifier
and peak-detector circuit, used to prepare the voltage input for the microprocessor. The
top breadboard contains the user load and the dump load, as well as the chopper switch.
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The oscilloscope connector is the ground alligator clip (the probe connector is not
captured within this photo). A tidier version of this circuit is shown at the end of this
chapter, with each of the circuit components identified and labelled.

Hardware Development
Having established the lab setup and basic arrangement used during the prototype’s
development, this subsection details the processes used and tasks that were done to put
together this prototype.
Component Ratings
Besides voltage ratings, current ratings must also be considered and adequate resistors
must be put in series to limit current flowing into certain components as to ensure they do
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not get damaged. Some calculations for determining adequate component ratings,
particularly for the peak-detector circuit, are available in Appendix C.
The first amp removes the variability of the input impedance, and seconds does so for the
output impedance.
Lower frequency limit (before ripple voltage exceeds max level)
fO = 1/ ( R5 * C1 * ln[(V-Vo)/(V-Vc)] )
= 1/ (20 * 20uF * ln[(V-Vo)/(V-Vc)] )
VC – minimum allowable voltage on capacitor
VO – initial charge of capacitor
V – Capacitor’s discharge voltage
(but this can be reduced to equation below if we assume the capacitor charges to peak and
discharges eventually to zero.
response time (how quickly C1 can respond to decreases in magnitude of input signal):
tR = ( R5 * C1 * ln[Vpk(old)/Vpk(new)] )
= 20 * 20uF * ln(1.1/0.81)
= 0.3 seconds
assuming a 1 ohm resistance for short circuit
tR = ( R5 * C1 * ln[Vpk(old)/Vpk(new)] )
= 1 * 20uF * ln(1.1/0.81)
= 0.015 seconds
note no resistance would be zero second response time, infinite resistance would be
infinite response time (or no response time)
1) Selecting the Op Amp
Gain bandwidth product, fGBWP = 10 * DC gain * max input frequency
ac wave frequency is 50 Hz, a period of 20 ms or 20,000us
But chopper frequency is probably more important
Arduino sets period at 500us (microseconds) (in delay)
Which would yield around 40 chopper switches per cycle
But the period is likely longer because instructions take time
It appears there are approximately 18 chopper switches per cycle
Or a period of 1111us or approximately 900 Hz
DC gain of ua741 op amp is not op amp specific but based on resistors
G = R2/R1
Right now it’s zero over zero = 1 (or at unity gain)
ua741 reports a slew rate at unity gain of 0.5 V/us
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Slewrate, SR = | ΔVout / ΔT |max
ua741 reports a slew rate at unity gain of 0.5 V/us
Full bandwidth product, FPBW (highest frequency sin wave that will not be distorted by
the slew rate limit)
FPBW = SR / (pi * Vout(pk-pk))
0.5 V/us = 500,000V/s
FPBW = 0.5V/us / (3.14* 2.3V)
FPBW = 69,233 Hz
900Hz < FPBW
(therefore slewrate should be fine)
Qualifications: slew rate on u741c datasheet is for Vi = 10V, RL = 2 kOhms, CL = 100 pF
2) Diode
Important parameters: maximum forward current (IF) and peak inverse voltage
rating (PIV)
IF = 15 mA
Maximum voltage diode can withstand in reverse, PIV = VRRM = 70V
Vd(on) = VF = 1V at 15 mA
VPIV >= VPK(max) + Vd(on)
70 > 1.2V + 1V
true, therefore VF is acceptable
diode’s parasitic capacitance will affect harmonics
when the output voltage is negative there is a “reverse recovery time” where the
parasitic capacitance interacts with resistors and modifies circuit response
Schottky is good for speed
Rdf – forward biased resistance
Rdr – reverse biased resistance
Rdf<<R1<<rdr
Capacitor
Charged with time constant, τ1 = rdf * C1

3) Resistor
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resistor at input of second amp limits current to protect from capacitor discharges when
power removed
resistor on feedback of second amp reduces bias current effects
resistor on feedback of first amp reduces current into negative input when power
removed
two conflicting circuit parameters:
the parallel resistor and capacitor in between the amps
choose between response time and ripple voltage
dc gain, G = R2/R1
high speed application 100 ohms to 1000 ohms
choose 1k resistors
Microcontroller
The microcontroller is the brain behind the ELC system and requires at least one input
pin to detect changes in user load and at least one output pin to control a chopper switch
that diverts surplus power into a dump load. It must correctly process and interpret the
input signal and calculate the appropriate duty cycle to produce a PWM signal that
diverts an appropriate amount of power to the dump load in order to regulate the RMS
voltage.
PIC microcontrollers were considered early on, but a number of difficulties were
encountered while trying to setup its development environment. The overwhelming
number of PIC model versions, each with specific development environments and
required software, created significant challenges involving compatibility of older PICs
with newer operating systems and finding adequate up-to-date support. Development of
code and pin connection arrangements are also model specific and are not as portable as
other microcontroller alternatives, which is an important consideration in the context of
rural Nepal, where it can be more difficult to find a specific PIC model out of the large
range of existing models.
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Another microcontroller option was the Texas Instruments MSP-430 chip since it
was the option chosen by Roodsari for developing the DELC unit at the University of
Calgary. However, having no previous familiarity with the MSP-430 Launchpad
development environment, an Arduino Uno development board was chosen instead. The
Atmega328 microcontroller embedded on the Uno board tends to be more accessible in
Nepal due to the growing ubiquity of Arduino development boards, and the Atmega
microcontrollers are also slightly less expensive. The Arduino development environment
also has some of most extensive support and forums for developer communities, as well
as greater portability between other Atmega microcontroller models. The Arduino
development board also simplifies the prototype development process significantly. The
Atmega chip can be implemented in a standalone arrangement independent of the
Arduino board, and still retain its serial communication function for data logging or
reprogramming.
Voltage-Sensing Circuit
The objective of the sensing side of this ELC system is to properly detect load changes in
the user community. The input chosen to indicate these changes was the voltage on the
user load, based on the assumption that this voltage increases or decreases with user load
changes in a predictable way. The ELC is essentially trying to estimate the user load
resistance seen by the generator through a voltage signal sensed by the microcontroller. If
the microcontroller can figure out the actual resistance the generator sees, it can adjust
the duty cycle of the chopper switch to yield the desired RMS voltage level.
Because many microcontroller input pins cannot tolerate negative voltages, the
first stage of sensing the system’s voltage involves the rectification of the AC signal. This
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requires a full-wave bridge rectifier, which can be a monolithic integrated circuit or set of
four diodes. After rectification of the AC voltage, a filtering circuit is required to
determine the amplitude of the AC signal by detecting peaks of the rectified signal. There
are a number of peak detector circuits available to consider.
The simplest peak detector circuit involves placing a capacitor across the rectifier
to smooth the voltage signal. At peak voltages the capacitor charges up when the voltage
increases, and when the AC source drops, the capacitor remains close to the AC peak,
slowly dropping in voltage as it discharges current. This basic peak detector relies on the
capacitor’s low leakage current, allowing the capacitor to discharge slowly enough that
its voltage drop will have been relatively negligible by the time the next voltage peak
arrives to recharge the capacitor, providing a relatively constant voltage level for the
microcontroller to read. Adding a diode before the capacitor limits the discharge even
more, helping to prevent the voltage from dropping by preventing any leakage current
from flowing in reverse back to the source.
The capacitor of this peak detector has no problems with detecting increases in
the AC signal’s magnitude, as it almost instantaneously charges up to the applied
voltage’s peak. However, the slow discharge rate of the capacitor, which helps to convert
the AC signal into a DC one, is precisely the characteristic that prevents this peak
detector circuit from detecting quick drops in the AC amplitude accurately. Depending on
the capacitor’s discharge rate, it will take a number of cycles before the capacitor drops
down to a voltage that accurately reflects the AC signal’s new voltage amplitude. This
delay would cause the overall ELC system to have a slow response time and poor
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regulating performance. One way to address this is to decrease the capacitance to increase
response time, however this increases the ripple voltage of the filtered output.
Another alternative that avoids this trade-off scenario involves what is known as a
“fast peak detector”, which detects voltage peaks within a specified interval of time.
Every new time interval, the voltage level is reset low enough so that a new voltage peak
can be detected. This can be accomplished by having a reset circuit that can quickly
discharge the capacitor before the next peak. This is done by using a switch across the
capacitor to short circuit the capacitor, allowing current to almost instantaneously
discharge rather than through rate-limited leakage. Since the discharge is not completely
instantaneous, the length of time the reset switch is turned on affects how far the voltage
will drop.
The next problem faced is the variability of both the input impedance into the
peak detector circuit as well as the output impedance. This variability can affect the
amount of current flowing into the circuit or out of it. By placing “voltage followers”
(also known as “unity gain buffers”, as they do not yield any gain between their input and
output) before and after the peak detector circuit, the current can be limited into and out
of the peak detector circuit, allowing for a more stable reading. This also prevents
components like data acquisition equipment or the microcontroller input pin from loading
the circuit and affecting voltage level readings if one wants to log data directly from the
circuit onto a computer. Such an arrangement is often called a “two-stage peak detector.”
Since the two voltage followers on both ends of the circuit use operational
amplifiers (op-amps), supply voltages of both 5V and -5V are required for the op-amp to
function. The Arduino board or a voltage regulator can be used to provide a 5V supply. A
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charge pump (also known as a switched capacitor inverter) can be used to take 5V at its
input and provide -5V at its output to supply the negative supply voltage of the op-amp.
User Load Circuit
The user load circuit includes a switch to trigger load changes, a default resistance load
connecting the switch to ground, and a resistor bank that provides different resistances by
adjusting a dual in-line package (DIP) switch.

The most accessible switches tend to be single pole single throw (SPST) push-button
switch, which simply connects and disconnects two ends of the switch. This can be used
to connect and disconnect the parallel resistor bank to the source. Applying the resistor
bank in parallel with the default resistor will decrease the overall resistance seen by the
generator.
If one wants to observe load changes from a constant baseline resistance, this
arrangement is only adequate for resistance step-downs. A more flexible and useful
arrangement uses a single pole double throw (SPDT) switch, which disconnects the
default resistance completely, and connects the resistor bank. Therefore any default
resistance can be used, and both step-up and step-down load changes can be implemented
from this default load. Hook-up wire was soldered onto a SPDT toggle switch to connect
it to the breadboard for prototype testing.
Dump Load Circuit
The dump load circuit is at the output end of the microcontroller, and is switched on and
off by a pulse width modulation (PWM) signal from a microcontroller output pin. This
PWM signal activates the chopper switch’s gate to allow current to also flow into the
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dump load. An optocoupler is used to mediate the microcontroller’s PWM signal from
the chopper switch, as to isolate the high power load side from the low power control
side. However, it is still questionable whether it is worth using an optocoupler if the
Atmega chip continues to be used as the microcontroller as it is of comparable price to an
optocoupler with a sufficient “rise time” parameter.
The switch must function at a minimum of ten times higher than the electrical
frequency, so something like a mechanical relay would not work. Initially a TRIAC
switch was considered; being a bidirectional switch it can work with AC voltages and
does not require a power rectifier. However, triggering a TRIAC in the correct quadrant
can be quite complicated. For example, one difficulty is the TRIAC’s reverse conducting
not being symmetrical to its forward conducting as represented by the blue signal.
During trials with some TRIAC switches, it was found that the dump load only
lowered the voltage amplitude by a very small amount.
So by using two TRIACS to effectively form a single pole double throw (SPDT) switch
to alternate between either the dump load or the user load. Of note from these tests is the
asymmetry between the positive and negative half-waves. The user load’s negative half
wave extends slightly farther from zero than the positive half wave, whereas the dump
load’s positive half wave extends significantly more from zero than the negative half
wave.
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While using two TRIACs to form a SPDT switch can more effectively lower the RMS
voltage, it affects negatively affects frequency regulation of the voltage delivered to
users, as the chopper switch frequency becomes the fundamental frequency of the voltage
signal. The chopper switch decided upon was a single pole single throw (SPST) switch
that connects and disconnects the dump load in parallel with the user load, rather than
completely alternating between the user load and dump load.
TRIACs are typically considered more appropriate for the phase-angle control
method because if the current between the anode and cathode exceeds a certain threshold,
the TRIAC will latch to the on-state until the next zero-crossing, regardless of the gate
current. Early tests with the TRIAC proved to be rather complicated, and alternative
approach was decided upon.
Since the mark-space ratio controller method was chosen, a rectifier was used
with a DC chopper switch as suggested by Smith (1994). An NPN silicon transistor was
arbitrarily available at the time of prototype development, and became one of the chopper
switch options considered.
At these low currents, an actual dump load resistor is not really required because
the internal resistance of the switch is already higher than the required dump load
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resistance. The problem however, at these low currents, is that the internal resistance of
the switch varies with current. This should still suffice for this proof-of-concept
prototype, and this effect need only be roughly accounted for, since it will be negligible
in higher power scenarios. The effect dump load on the RMS voltage can still be
observed and checked with what would be anticipated by equations.
In this prototype the optocoupler draws current from the Arduino when it is
switched on to activate the chopper switch’s gate and is not actually isolated. In a higher
power prototype, a 5V regulator connected to a step-down transformer can be used as the
supply for the optocoupler to allow for actual isolation between the high power dump
load side and the low power control side.
The voltage across the dump load is ideally contained within the positive domain
and its values oscillate between the rectified AC signal and zero (when the dump load is
disconnected).
In contrast, the SPST chopper switch essentially alternates between two wave
states of differing amplitude. The higher amplitude wave state exists when all power is
going directly to the user load. The lower amplitude wave state is visible when some of
the power is going to the dump load, which lowers the resistance seen by the generator
when it is connected in parallel. In summary, the voltage is higher when the chopper
switch is “off” and the dump load is disconnected, whereas the voltage is lower when the
chopper switch is “on” and the dump load is connected in parallel.
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Software Development
Input Processing
The Arduino input pins are analog-to-digital converters (ADCs) that read a voltage
between 0V to 5V and map it onto a scale from 0 to 1023. The need for input processing
becomes immediately apparent when the raw voltage signal is observed in the plot below.
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Fig _ : Arduino voltage reading without “moving average” smoothing code

The resistance changes (at reading 500 and 3200) show the block of noise move up and
down accordingly, but it is clear that there is overlap between the two voltage bands, or
there would be for smaller changes in resistance. The signal being read by the Atmega
microcontroller has enough noise to falsely trigger the PI controller to adjust the chopper
switch’s duty cycle.
Causes of Noise
One reason that the signal input to the microcontroller can be noisy is the timing
of the reset signal with respect to voltage peaks. Ensuring they are synchronized can be
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important important for minimizing peak detector noise. The plot below shows an AC
voltage signal (white) and a peak-detector output signal (red). The reset signal when
applied causes the peak-detector voltage to drop vertically. Below, one can see when the
signal arrives too far after the peak.

It drops really far, and takes a quarter wavelength to rise up again. However, because the
rectifier’s negative half-waves never reach the same amplitude as the positive half-waves,
the signal will have to wait almost an entire wavelength to reach back up to the peak. It’s
also apparent that the reset signal is fully synchronized with the 50 Hz signal. Though the
reset signal is set to be synchronized in Arduino, the loop cycles in Arduino do not
appear to be timed perfectly, and a small error or pause in time can throw off the reset
signal from being in the ideal spot, which is right before the voltage peak.
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Another cause of input noise, this time from the hardware side, is the rectifier.
The rectifier, positioned right before the peak detector, is shown to have relatively large
transients. Below are LabView screenshots from tests where the duty cycle was increased
by incremental steps of 10%.

The short drop in voltage is when the duty cycle is at 100%. This phenomenon is
discussed in greater detail later on. What is important to note is the large transients at
lower duty cycles and even the significant variation in amplitude still present at higher
duty cycles. This can be better seen by comparing the peak AC voltage levels (white) to
the peak detector’s output voltage levels (red), one can see the amount of noise that the
rectifier adds to the output. The AC voltages before the rectifier have a very consistent
peak level as evidenced by the straight white line, whereas the rectifier’s signal has large
variations in peak.
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Solution to Noise
A smoothing mechanism can be used to improve the sensitivity of the controller’s
input. From the hardware side, the peak detector uses a smoothing capacitor, yet its
smoothing capacity is limited by the required response time. From the software side, a
moving average in the Arduino code can filter out the noise of the input signal. The noise
appears to stay within a consistent enough band that a moving average would appear
feasible.
However, the serial input from the Atmega microcontroller reads voltages at a
high enough frequency that data can overwhelm the memory when calculating a moving
average. So code was used to sample at a lower frequency than the code’s main loop
frequency. Since the reset circuit of the peak detector was timed at 50 Hz, the moving
average could piggyback on the reset circuit to sample at that reduced rate. The moving
average code is displayed below:
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total = total - readings[avgCounter]; //delete oldest array value from total
readings[avgCounter] = fasterRead(1); //read pin and store in array
total = total + readings[avgCounter]; //add newest array value to total
avgCounter++; //increment array index
if (avgCounter >= avgCounterMax) avgCounter = 0; //wrap around index if necessary
average = total / avgCounterMax; //calculate new moving average value

The plot below shows the result of applying the moving average code, with the trade-off
being a reduced response time.
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Fig _ : Arduino voltage reading with “moving average” smoothing code

The moving average also helps reduce the impact of the quick voltage transients
in the voltage signal, like those caused by the peak detector’s reset circuit. The reset
circuit can also affect the moving average’s value slightly, especially if it is reset every
half-wave at 100 Hz or every wavelength at 50 Hz. The leading side of each half wave
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will reduce the average. One of the disadvantages of the moving average is that it slows
down the response time of the controller. Rather than an instantaneous step change, the
voltage signal takes the same amount of time to reach the new voltage level as the
interval of time over which the average is calculated. That is why in the figure above,
there is a visibly finite slope at around samples 1233 and 2577, rather than an infinite
slope.
One alternative approach is finding the maximum value every interval rather than
a moving average, which requires less code and consumes less memory, since only one
maximum value is required rather than an array of values to average. While removing the
reset circuit transients, the interval maximum (blue signal) does not seem to remove the
noise as well as a moving average (red signal).

This is why the more memory intensive moving average method was used, rather than the
detection of maximum values every interval.
Duty Cycle Sweep Tests and Amplitude Droop
Duty cycle sweep tests were performed for a range of constant loads (e.g. 50 Ω, 60 Ω…
100 Ω). For each load, the microcontroller swept through a full range of duty cycle values
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from 0% to 100% to observe how the duty cycle influenced the rectified and filtered
voltage read by the microcontroller. Increments of 1% and 10% were used, with a short
and long delay time between increments. These tests revealed one of the major
difficulties with detecting the voltage level, which was the sagging of the voltage peak
levels at higher duty cycles. The following plot shows various loads swept through the
full range of possible duty cycles.
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The duty cycle “sweep tests” were done to log the peak detector voltage levels the
microcontroller could expect to see at known resistance levels and duty cycle values.
That way, the curves could serve as a sort of lookup table from which a resistance level
could be interpolated. With a given peak detector voltage and a given duty cycle chosen
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by the microcontroller, the microcontroller could “lookup” what the user load resistance
was at the moment. Knowing the resistance level, the appropriate duty cycle could be
calculated. However, this lookup method is very memory intensive, an alternative is
explored in the text subsection.
Ideally the peak detector should yield the same voltage level for all duty cycles. If
that were the case, the above plots would be straight lines rather than downward curves.
Only at a 100% duty cycle would the voltage level would drop down immediately to a
lower level. The reasons for this “sagging” of the voltage level at higher duty cycle
values is outlined in the “Comparing Input Processing” subsection of Chapter 10.
It should be noted that this sagging of the AC amplitude (and the peak detector’s
voltage reading) are related non-linearly to the duty cycle whereas the RMS voltage is
related linearly. This can be seen through a screenshot of LabView SignalExpress, where
the duty cycle was swept through from 0% to 100%, and the white signal shows the peak
voltage value changing non-linearly and the red signal shows the RMS voltage value
changing linearly.
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The fact that the decrease in voltage is not related linearly to the duty cycle value
complicates voltage sensing, and by extension the microcontroller’s task of figuring what
the user load resistance is. This is exacerbated by the fact that it takes a period of time for
the voltage to reach a steady value after the duty cycle changes, likely due to the
smoothing function. This is visible in the plot below, which steps through duty cycle
values by increments of 10%.
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It is apparent that the period of time it takes to flatten out to its steady value is not
negligible. This can cause the error to accumulate quickly in the integral term of the PI
equations, causing an overshoot by the time the voltage does reach its target level.
Inevitably, continual overshoots will cause oscillations leading to an unstable system.
Finally, this plot highlights how the curves in duty cycle vs. resistance plot are based on
stabilized voltage levels, and not the changing voltage levels immediately following each
duty cycle change. A calibration method based on these steady value voltage levels is
outlined in the following subsection.
Calibration for Amplitude Droop
Since the amplitude ideally should remain at the same level for all duty cycles, as
mentioned earlier, an offset value can be specified at each resistance and duty cycle
coordinate that would shift the non-ideal voltage up to the ideal voltage level – the ideal
level being the voltage level read at a 0% duty cycle. Offsets derived from the sweep test
done for the plot in the figure below, are displayed in the curves below, where each line
represents a specific load resistance, across a range of duty cycles on the x-axis.
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Required Voltage Offset (5/1000 V)
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The offset is the value that can just be added to the voltage reading to calibrate it to the
ideal voltage level. An average of all the offsets at each duty cycle was taken, and is also
shown on the above plot. Rather than store each of these coordinates in a memoryintensive look-up table, the average curve allows the offset to be stored in a series of
linear equations instead, as expressed in the Arduino code below.
if (pon<=0.05) calAvg = average;
else if(pon>0.05 && pon<=0.5) calAvg = average + 47.313*pon + 24.456;
else if (pon>0.5 && pon<=0.7) calAvg = average + 116.33*pon - 9.5667;
else if (pon>0.7 && pon<=0.85) calAvg = average + (330.67*pon - 161.27);
else calAvg = average + (760*pon-512.83);

At lower duty cycles, all the curves are clustered quite closely to one another meaning the
‘average’ curve (pale blue) is relatively representative of the required offsets for all the
resistance levels. But at higher duty cycles, the curves begin to diverge. One could add an
additional term to the linear equations at higher duty cycles that makes the offset also a
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function of the voltage level (average). A higher voltage level (average) would slightly
increase the offset, whereas a slightly lower average would slightly decrease the offset.
However, when this was tried, it did not make much of a difference, and therefore, the
‘average’ curve was simply decomposed into four linear equations for four duty cycle
ranges. The result of this calibration method can be seen in the plot below.
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The calibration method is relatively successful at straightening out the lines with some
difficulty at the highest range of duty cycles. However, it should be noted that these are
the voltage levels reached with enough time to stabilize. The signal passes through a
range of voltage levels before stabilizing, meaning a duty cycle that changes before the
voltage level reaches its steady state, can trigger an unstable system. The following plot
shows an example of such an unstable system.
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Fig_: Red is the calibrated voltage, Blue is the raw voltage, Green is the duty cycle multiplied by a factor of
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A sample of this data from near the beginning can reveal how such oscillations can be
triggered through the calibration system. It should be noted a different set of calibration
equations was used in this trial than the ones listed above.
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The voltage level begins at 159 (0.795 V), yielding a 95.6% duty cycle. The calibration
equations shift this voltage up to 384.28, or 1.92 V if the duty cycle did not pull the
voltage level down. A small and likely natural fluctuation pulls the voltage down to 158
(0.790 V), as highlighted in blue, before quickly returning to 159 the next couple
iterations. However, this small fluctuation sets off the calibrated voltage to very quickly
keep dropping. The small drop of 1 in raw voltage is magnified as a slightly larger drop
in the calibrated voltage of around 2.5. This causes the duty cycle to drop by around 2%.
This small change in the duty cycle resulted in a very large drop of 24 (0.12 V) in the
next iteration’s calibrated voltage level, as highlighted in orange. These large changes in
calibrated voltage are especially common when crossing from one duty cycle range to
another, since the offset curve is fragmented into multiple equations, each for a different
range of duty cycles. The drop in duty cycle values that follows will eventually trigger an
increase in the raw voltage (highlighted in red), as the duty cycle droop recedes. As the
raw voltage increases, the calibrated voltage will soon stop decreasing, level out, and start
increasing (highlighted in purple).
As the calibrated voltage gets high enough, the duty cycle will eventually stop
dropping, level out, and start increasing again. As soon as the duty cycle starts increasing,
the raw voltage level’s increasing will slow down, and eventually start decreasing. With
the duty cycle increasing while the raw voltage is decreasing, the calibrated voltage will
eventually reach its peak when the duty cycle reaches 100%, at which point it will begin
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falling again. It will fall and eventually level out around 159 (0.795 V) again, where the
same cycle will be triggered by another fluctuation.
Monitoring such a phenomenon in real time requires graphical display features
that are not offered by the Arduino development environment. The following subsection
describes how a secondary program was used to hand the Arduino’s serial data by
plotting it in real time while logging it a spreadsheet.
Processing Sketchbook
The Arduino development environment limits what you can do to monitor the input
arriving through the serial port. The serial monitor is useful for observing specific voltage
readings as numerical values, though it only displays a limited number of past values. If
one wants to graphically see how the signal is changing, one has to copy and paste the
data to Excel afterwards to plot it. If one wants to see how the live voltage reading is
changing in real time, one can use the serial plotter window, but not at the same time as
the serial monitor. These limitations make it worthwhile to invest time into developing
code in a second-party program to handle all the incoming data. The Processing platform
was used to display and log data.
The Java code used in Processing is in Appendix C.
Proportional-Integral Control
The proportional-integral (PI) equations were implemented using a running
average of the input voltage rather than a raw voltage value, for the sake of stability. This
input was referred to as the calibrated average voltage (calAvg) because it was also
calibrated to account for the effect of duty cycle as well as non-idealities of the
optocoupler and chopper switch. This value was than compared with the target voltage
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(targetVDC) to determine the proportional error, and stored in the variable VerP. This
proportional error is then added onto the integral VerI error every iteration. Finally, the
proportional and integral gain constants are applied to the error and added together,
before being divided by an empirically determined value that scales them down to fit
between zero and one. Using the constrain function, any values below zero, are set to
zero, and any above one, are set to one. Finally this constrained value was stored in the
duty cycle value pon. This was all accomplished in three lines of Arduino code, based on
an implementation by Lending et al. (2013):
VerP = calAvg - targetVDC; // proportional error
VerI = VerI + VerP; // adding error on gives integral
pon = constrain(((kp * VerP) + (ki * VerI)) /160,0,1);

There were sometimes transients that occurred when switching between load resistances,
and no hardware circuitry (like a snubber circuit) had been developed to suppress them.
These transients mainly affected the PI controller by triggering unstable oscillations. As a
way of preventing this, if the duty cycle changed by more than amount (0.005 in this
case) between successive iterations, the old input voltage value was held as the PI input
for a certain amount of cycles (holdVoltage). The higher duty cycles would hold the
voltage for a longer number of cycles because they often triggered larger oscillations that
took longer to stabilize – mainly due to the fact that higher duty cycles were ‘calibrated’
more due to the ‘amplitude droop’ at higher duty cycles.
diffPon = abs(pon - oldPon);
if (diffPon > 0.005 ) { holdVoltage = 10;
if (pon > 0.55 && pon < 0.95) { holdVoltage = 20; inRange = 1; } }
if (holdVoltage>1){ calAvg = oldCalAvg; pon = oldPon; holdVoltage = holdVoltage - 1;}
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It should be noted that this stabilizing mechanism further slows down the error response
time of the prototype ELC. This may potentially be rectified in the future through better
PI approaches, that actively adjust gain constants accordingly such as the fuzzy logic
methods proposed by Sofian and Iyas (2011).
Timing
The analogWrite() function in the Arduino environment uses pulse width
modulation (PWM) to output analog voltages over time. However this PWM function is
constrained by a frequency of 500 Hz, which is lower than what would be preferable to
implement good ELC performance. Therefore some other method is required for
implementing PWM output for the chopper switch.
Delay-Based PWM
Because the Arduino environment functions at a level higher than assembly,
different instruction lines do not take a uniform amount of time to execute. Early
development of the delay-based PWM did not include monitoring what values the
Arduino was measuring from the circuit nor the duty cycle it was trying to execute. It
simply wrote “on” and “off” signals to the chopper switch pin, and multiplied the
required duty cycle to a chosen period value to use in the delayMicroseconds() function.
These functions took a marginal time, and therefore the delay-based PWM seemed like a
feasible method of implementation.
However, once steps were taken to start extracting information from the
microcontroller during operation, use of the serial bus was required. Printing values to the
serial monitor with the Serial.println() function is one of the most time-consuming
instructions. Additionally, as the code became more complicated, instruction execution
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times accumulated enough such that it had a noticeable affect on the pulse width. For
example, after rearranging the order of instructions sometimes, the microcontroller
yielded different pulse widths. Depending on whether the “dump on” instruction came
before or after the “dump off” instruction, the pulse width would vary.
For example, when the instruction to turn on the dump load switch comes before
the “off” instruction, the dump load will be remain off for its allotted delay time as well
as the time it takes to execute the remaining instructions in the Arduino code. Therefore,
a duty cycle of 0% would work properly, but a duty cycle of 100% would not as seen in
Figures a & b below.

Fig _a: Duty cycle of 0% with dump “on”, then “off”, then remaining instructions

Fig _b: Duty cycle of 100% with dump “on”, then “off”, then remaining instructions
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When the instruction to turn off the dump load switch comes before the “on” instruction,
the dump load will be remain on for its allotted delay time as well as the time it takes to
execute the remaining instructions in the Arduino code. Therefore, a duty cycle of 100%
would work properly, but a duty cycle of 0% would not as seen in the figures a and b
below.

Fig _a: Duty cycle of 0% with dump “off”, then “on”, then remaining instructions

Fig _b: Duty cycle of 100% with dump “off”, then “on”, then remaining instructions

To keep with the delay-based PWM implementation would require an if-else
mechanism to switch the instruction order depending on whether the desired duty cycle is
above or below 50%. One would also need to use the micros() function to implement
time markers in the code to figure out how long the remaining instructions are taking to
execute in order to subtract it from the delay of the last chopper switch instruction, or a
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delay buffer in case the instructions executed faster than expected. However, the chopper
frequency would be constrained by the time required to execute the remaining
instructions. It also adds an additional layer of complexity and greater computational
expense.
Interrupt-Based PWM
The Atmega microcontroller has three hardware timers, which can be accessed to
implement a PWM signal. The Timer1 Arduino library, created by Jesse Tane (2008) and
accessible freely under a creative commons license, uses a 16-bit hardware timer to
trigger interrupts that switch output pin states between “on” and “off” at specified
frequencies and duty cycles in order to yield a PWM signal. With a maximum frequency
of 16 MHz, the smallest interval of time between counter ticks can be 0.0625 uS, which
is more than adequate for this chopper switch application. To implement this in Arduino,
the following code is placed in the void setup() section:
Timer1.initialize(750);
Timer1.pwm(9, 375,750);
Timer1.attachInterrupt(callback);

Where output pin 9 is where the PWM signal is being sent through, 750 Hz is the chopper
switch frequency, and 375 initializes the duty cycle to 50%. The callback function is
attached to the chopper switch. Most of the time the callback function simply increments
a counter variable, and returns back to the main loop. However, every 15 cycles, it
triggers the peak detector’s reset signal while also executing other instructions like
sending data through the serial port. The duty cycle is calculated in the main loop, and is
set using the following Arduino instructions:
duty1024 = constrain(pon,0,1)*1024;
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Timer1.setPwmDuty(9, duty1024);

Peak Detector Reset
A function can also be attached to the interrupt, using the
Timer1.attachInterrupt() function, to trigger the reset pin for the peak detector circuit.
Since the chopper frequency is much higher than the reset frequency, a counter variable
and if-statement can be used to trigger the reset every so many chopper switch cycles.
A number of functions that can benefit from this lower frequency cycle can
piggyback on this interrupt function. For example, the moving average can only take in
so many samples in its array due to memory limitations, and a lower sampling frequency
helps with that. Also, because the Serial.println() function takes up so much time, it is
better to use it less frequently. In the screenshot below, the reset signal at 2.326 s, 2.376
s, and 2.425 s. While this may offset the higher frequency chopper switch from being
synchronized with lower frequency voltage signal at 50 Hz, potentially affecting the total
harmonic distortion, this allows for a higher chopper switch and better voltage regulation.
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It is worthwhile noting that the instructions piggybacking on the reset circuit signal have
to be executed after the rising edge to ensure the wavelength is at its higher amplitude
and peak detection is not affected.
True C Instructions
True C instructions take a shorter period of time to execute. For example, the
AnalogRead() function was replaced with fasterRead() to reduce the likelihood of
delayed interrupts.

Graphical Comparisons of Output Waveforms
Though the Simulink model is built around equations representing an induction
generator, the bench-scale prototype was interfaced with a function generator rather than
an induction generator. This is the central difficulty in comparing the two, and questions
arise whether this would be a valid investigation. To approach this difficulty, the
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waveforms of both the Simulink model and the prototype are compared, and differences
between the two are explained.
The Simulink’s voltage output is a smooth sinusoidal signal as shown below.

Figure 0-1: Simulink output voltage as smooth sinusoidal with non-zero duty cycle.

The evaluated prototype instead yielded a chopped voltage waveform as shown in Fig _,
which dropped to a lower amplitude level every time the dump load was applied, to
match the lower overall resistance applied to the generator.

Figure 0-2: Output AC voltage waveform (white) and dump load voltage waveform (red), for prototype
without capacitor bank. Increasing duty cycle reaches 100% at time 14.59.36.030.

It was only after the prototype evaluation was completed that the reason for this
difference became clear. The prototype had not accounted for the capacitor bank that
would have been present in the Simulink model and also present for a real self-excited
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induction generator system. After a 100µF shunt capacitor was added across the function
generator’s voltage terminals to account for the capacitor bank, the chopped voltage
shape disappeared, and began to match Simulink waveforms.

Figure 0-3: AC output voltage waveform (white) and dump load voltage waveform (red) for prototype with
capacitor bank.

The large majority of prototype evaluations were performed without a capacitor bank, so
the prototype evaluations detailed in the remainder of this chapter show chopped
waveforms. This is arguably acceptable for two main reasons.
Firstly, this chopped pattern does show up in the AC current’s waveform as
visible in the following figure.
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Figure 0-4: Chopped current waveform produced by Simulink induction generator model.

This chopped waveform is also the visible in the current waveforms from the simulations
run by Roodsari et al. (_) as can be seen in the figure below.

Figure 0-5: Chopped current waveform for dump load in Roodsari et al. (2013) simulations.

As an aside, the waveform of the Simulink model under examination is more jagged than
that shown by Roodsari et al. (_) due to poor resolution caused by the use of a variable
step size solver in this work to get the simulation running. However, the principle is still
the same.
The output AC current has a chopped waveform due to the current
instantaneously changing according to the chopper switch. Since there were no current
sensors used for this low-power prototype, removing the capacitor bank allows a proxy
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for analyzing the current’s behaviour in the system, which in turn means evaluating
where and how much power is being delivered.
Secondly, a lot of the prototype’s voltage behaviour remains the same after the
capacitor bank was added. For example, one of the practical problems with the prototype
that was not observed with the Simulink model is a phenomenon referred to here as
‘amplitude droop.’ This is simply referring to the drop in voltage amplitude when the
duty cycle is increased for a constant user load resistance.
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Figure 0-6: Raw voltage reading from Arduino serial monitor for duty cycle sweep from 0% to 100%,
showing amplitude droop phenomenon even with capacitor bank.

Additionally, the amplitude of the smoothed sinusoidal waveform changes in similar
ways as the prototype without a capacitor bank, just by slightly different factors.
Therefore, even without the capacitor bank included in the prototype, the response is
qualitatively similar to make reasonable comparisons. After establishing a qualitatively
similar response, and accounting for some of the wave form differences, the next task
involves quantifying the difference between this Simulink model’s response and the
response of other models and field studies.
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Factors Influencing Performance Differences
Two main factors influencing the performance of the bench-scale prototype were
the low current environment under which it was tested and the non-ideal characteristics
of some of its components.
Internal Resistance of Chopper Switch
Low currents influenced the results mainly because the prototype’s chopper switch
exhibited an internal resistance substantially higher than 50 Ω under these conditions.
Recall 50 Ω is the dump load used in the Simulink model for the dump load, and a lower
resistance dump load absorbs more power and can reduce the RMS voltage more
effectively. The plot below shows the internal resistance of the chopper switch calculated
for certain peak-to-peak current values flowing through the switch.

Chopper Switch Internal
Resistance (Ω)
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The plot shows that the internal resistance decreases for higher current values. The
process used to determine the chopper switch’s varying internal resistance is outlined in
the following subsection.
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Determining the Chopper Switch’s Internal Resistance
The first step involved measuring the output Vpk-pk for known resistance values applied
across the function generator (without the switch), and plotting the relation to establish
the function generator’s load-response curve. Note this is the voltage response curve to
load variation, with the axes switched. The resistance is placed on the y-axis this time
because the chopper switch’s internal resistance is the unknown value, and we want an
equation where we can plug in voltage values to get a resistance value.

Resistance Across the
Function Generator (Ω)
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Next, keeping the function generator output level knob in the same position, the
Vpk-pk values were measured again, this time with the user load in parallel with the
chopper switch (turned “on”, with no additional resistor in series with it). These Vpk-pk
values were than plugged into the function generator’s load response curve, to determine
the overall resistance, Rov, seen by the function generator.
Rov = 13.22*(Vpk-pk)2 - 68.856*(Vpk-pk) + 126.02
The chopper switch’s internal resistance, Rcs, was then back-calculated by plugging in
this overall resistance value, Rov, into the following parallel resistance equation
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Rcs = Rus * Rov / (Rus - Rov)
where Rus is the user load resistance. This process yields the following plot showing the
chopper switch’s internal resistance for a given peak-to-peak voltage value of the
function generator.

Internal Resistance of
Chopper Switch (Ω)
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Since the internal resistance of the switch was so high, no separate resistor was
used as the dump load. However, this means the dump load’s effective resistance value,
in the prototype setup, was well over 100 Ω. This significantly reduced the effectiveness
of the controller’s voltage regulation. A dump load with a lower resistance level would
have been able to significantly reduce the RMS voltage well within the limit of 10%
variation. This is demonstrated with another Simulink model – this time of the function
generator setup used to develop the prototype – described later in this chapter.
Input Noise
The second factor affecting the prototype’s performance involved non-ideal
characteristics from the peak-detector circuit. The signal entering the rectifier had very
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consistent sinusoidal peaks, but after converted into a positive half-wave from the
rectifier diodes, the peaks varied quite substantially.
The image below is a step-down load scenario at 2.34 seconds. The red signal is
from before entering the rectifier, and the amplitude can be seen as very consistent.
Whereas after the rectifier, one can see the negative halfwaves have a lower amplitude
Even among the negative halfwaves, one can see variations in amplitude.

Therefore output signal following the filtering capacitor had enough noise to
affect the controller’s performance.
To exacerbate the situation, small transients could be seen to also create
significant noise in the peak detector. Since the peak-detector circuit is reset at a
frequency of 50 Hz, a small transient can inflate the voltage level for an entire
wavelength. In the LabView screenshot below, one small transient in an otherwise stably
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rippling signal can be seen to charge up the peak detector’s filtering capacitor which is
the voltage seen by the microcontroller input.

In order to address this noise seen by the microcontroller, a moving average of the
incoming signal was used as the controller’s input, to serve as a smoothing function on
the prototype’s software side. This, however, substantially affected the prototype’s error
response time. While AEPC guidelines call for an error response time of 0.05 seconds,
response times varied from 0.6 to 8.5 seconds. Another, stabilizing mechanism in the
microcontroller’s software implemented to deal with sharp transient spikes after a load
change, additionally slowed down the error response time by ignoring new voltage values
read by the microcontroller as soon as the rate of change surpassed a certain threshold. If
the transients were dealt with on the hardware side, rather than the software side (e.g.
using some type of snubber), the error response time could be farther improved.
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Appendix C: Arduino & Processing Code
Arduino Program
#include "Average.h"
#include "TimerOne.h"
#include "wiring_private.h"
#include "pins_arduino.h"
double targetVDC = 245; //250, 205, 260
//double targetVDC = 550; // 463, 425 = 157, 450, 610, 375 for DAQon, 390, 350, 455,
370, 473
uint8_t analog_ref = DEFAULT;
int period = 1666; // 700 microseconds
float pon = 0;
float oldPon = 0;
float diffPon = 0;
double ponHolder;
double poff;
//int ArdInput;
int voltagePin = 1;
float oldCalAvg = 0;
int holdVoltage = 0;
int inRange = 0;
double VerP, VerI; //error voltage, and its integral
double kp = 1; // proportional gain constant 0.001, 1
double ki = 0; // 0.125 integral gain constant, should be negative, 1/20, -1/4 0.125
int counter;
int counterMax = 20; //18
int gapCounter;
int gapCounterMax = 10000;
//timer Variables
unsigned long mTime; // time in milliseconds
unsigned long mTimeOld;
unsigned long loopInterval; //844 uS for ELC16 whole loop without reset circuit
unsigned long loopInterval2;
unsigned long resetInterval; // 1148 uS for ELC16 reset circuit code
unsigned long ncInterval; //88 to 92 for ELC16
unsigned long testTime1;
unsigned long testTime2;
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unsigned long resetTime;
float realPon;
int duty1024;
int avgCounter;
const int avgCounterMax = 14;
float term1;
float term2;
// running average variables
const int numReadings = 60;
int readings[numReadings]; // the readings from the analog input
int readIndex = 0;
// the index of the current reading
int total = 0;
// the running total
float average = 0;
// the average
float oldAverage = 0;
float calAvg = 0; // calibrated average accounting for duty cycle's effect
//float oldCalAvg = 0;
int calAvgIndex[numReadings];
int fastCounter = 0;
int fastCounterMax = 2000; // 840
int fastMax = 0;
int instVoltage = 0;
int fasterRead(uint8_t pin);
// defines for setting and clearing register bits
#ifndef cbi
#define cbi(sfr, bit) (_SFR_BYTE(sfr) &= ~_BV(bit))
#endif
#ifndef sbi
#define sbi(sfr, bit) (_SFR_BYTE(sfr) |= _BV(bit))
#endif
void setup() {
// put your setup code here, to run once:
// set prescale to 16
sbi(ADCSRA,ADPS2) ;
cbi(ADCSRA,ADPS1) ;
cbi(ADCSRA,ADPS0) ;
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Serial.begin(250000); //250000
pinMode(7, OUTPUT);
pinMode(4, OUTPUT);
pinMode(2, OUTPUT);
//for running average
for (int thisReading = 0; thisReading < numReadings; thisReading++) {
readings[thisReading] = 0;
Timer1.initialize(1000);
// initialize timer1, and set a 1/1000 second period
Timer1.pwm(9, 512,1000);
// setup pwm on pin 9, 50% duty cycle
//Timer1.pwm(10, 1,20000);
Timer1.attachInterrupt(callback);
}
}

void loop() {
// put your main code here, to run repeatedly:
// each machine instruction requires one clock cycle at 16MHz
//testTime1 = micros();
//testTime2 = micros();
// /*
//peak detector reset with moving average calc
mTime = micros();
loopInterval = mTime - mTimeOld;
mTimeOld = mTime;
/*
if (realPon<=0.42) calAvg = average + (realPon*52.4); // 22/0.42 0.42
else if (realPon<=0.55) calAvg = average + 154.45*realPon - 41.343; // (66.5-22)/(0.630.42)
else if (realPon<=0.72) calAvg = average + (0.9764*realPon - 0.4441)*average +
(156.89*realPon - 62.65);
else if (realPon<=0.76) calAvg = average + (-0.6915*realPon + 1.2579)*average + (0.2175*realPon +0.9166);
else calAvg = average + (9.77*realPon - 6.4625)*average + (-790.16*realPon + 595);
//else calAvg = average + 76.5 + ((realPon-0.63)*404); // (119-66.5)/(0.76-0.63) +66.5
(realPon<=0.76)
//else (realPon<=0.70) calAvg = average + 0.9653*average - 4.8722;
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//calAvg = constrain (calAvg,0,470);
//else calAvg = average + (pow(11.6*realPon,2)-(10*realPon)+1.83)*average + (pow(1865.5*realPon,2)+(2268.6*realPon)-651.5); //120 uS minus if instruction
*/
//requires another term that is larger the smaller the read voltage is
/*
//calibrate average
if (pon<=0.5) calAvg = average + (pon*56);
else if (pon<=0.75) calAvg = average + 27 + ((pon-0.5)*92);
else calAvg = average + 73 + ((pon-0.75)*324);
*/
//to find max you don't even need an array
//just keep comparing every new value to maxValue
//if larger, replace maxValue with currentValue
//use counter to reset every specified interval
//(reset has to happen at beginning of instruction set,
//so zero is replaced by new max)
fastCounter++;
if (fastCounter >= fastCounterMax){
fastCounter = 0;
fastMax = 0;
}
instVoltage = fasterRead(1);
if (instVoltage > fastMax) fastMax = instVoltage;
/*
//resetTime = micros();
//delayMicroseconds(400); // this does work if buffers are needed
//digitalWrite(10, digitalRead(10) ^ 1);
// average over ~126 points
fastTotal = fastTotal - fastReadings[fastAvgCounter];
fastReadings[fastAvgCounter] = fasterRead(1); //20 uS
// finish moving average and calibration
fastTotal = fastTotal + fastReadings[avgCounter];
fastAvgCounter++;
if (fastAvgCounter >= fastAvgCounterMax) fastAvgCounter = 0;
fastAverage = fastTotal / fastAvgCounterMax;
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}
*/
//may need to constrain the errors
VerP = calAvg - targetVDC; // error, change to voltage
VerI = VerP - VerI; // change in error, new error minus old error, isn't this derivative
rather than integral
//duty cycle
//can constrain from 0.15 to 1 instead to factor of safety
//pon = constrain(((kp * VerP) + (ki * VerI)) /160,0,1); //the one130 150 212 250 + (ki *
VerI)
/*
diffPon = pon - oldPon;
if (diffPon > 0.02) pon = constrain(oldPon + 0.01,0,1); // - pow(diffPon,1.5)/100,0,1)
else if (diffPon < -0.02) pon = constrain(oldPon - 0.01,0,1);//+ pow(diffPon,1.5)/100
*/
//duty cycle sweep test; //+ pow(diffPon,1.5)/100
//duty cycle sweep test

gapCounter++;
if (gapCounter >= gapCounterMax){
//pon = pon + 0.00001;
//if counter every 1 second
pon = pon + 0.01;
if (pon>1.01) pon = 0;
//pon = 1;
gapCounter = 0;
}

//pon = 0.5;
//pon = constrain(((kp * VerP) + (ki * VerI))/140 + 0.15,0,1);
// pon = constrain(((kp * VerP) + (ki * VerI))/70 + 0.15,0,1); // 28, 35 will have to have
offset, bc of negative error, 0.2 is safety factor?
// range 505 to 552 between 50 ohms and 100 ohms
// range 556 to 619
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// pon = 0.55;
//140, 31
duty1024 = constrain(pon,0,1)*1024;
Timer1.setPwmDuty(9, duty1024);
//poff = 1 - pon;
/*
//running average print
Serial.print(average);
Serial.write(44);
Serial.println(pon);
*/
//Serial.println(fasterRead(1));
/*
Serial.print(fasterRead(1));
Serial.write(44); //comma
// Serial.write(' ');
Serial.println(pon); // pon Serial.println(analogRead(1)); PI
*/
VerI = VerP; // store old error from last iteration
//idea: check if pon is above or below threshold, to determine order
// dump off first, on last, for high pon
// dump on first, off last, for low pon
ncInterval = micros() - mTime; //can be used to calibrate pon equation as well
///*
// modified switch code
//PORTD |= _BV(PD7);
/*
if (pon > 0.5){ //if statement 8uS
// switch off, dump off, user load on, 16 uS at pon = 1.0
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PORTD &= ~_BV(PD7); // turn the LED on (HIGH is the voltage level)
delayMicroseconds(poff*period); //poff*period
// switch on, dump on, user load off, 728 uS at pon = 1.0
PORTD |= _BV(PD7); // turn the LED on (HIGH is the voltage level)
//loopInterval2 = constrain(micros() - mTime,0,period);
delayMicroseconds(pon*period - loopInterval); //pon*period
realPon = 1 - poff*period/loopInterval; // 28 uS
}
else { // 752 to 760 uS
// switch on, dump on, user load off, 16 uS at pon=0
PORTD |= _BV(PD7); // turn the LED on (HIGH is the voltage level)
delayMicroseconds(pon*period); //pon*period
// switch off, dump off, user load on, 728 uS at pon = 0
PORTD &= ~_BV(PD7); // turn the LED on (HIGH is the voltage level)
//loopInterval2 = constrain(micros() - mTime,0,period);
delayMicroseconds(poff*period - loopInterval); //poff*period
realPon = pon*period/loopInterval; //20 to 24 uS
}
*/
}
void callback(){
counter++;
/*
if (inRange = 1){ //dampens big ones
if (pon-oldPon > 0) pon = pon + 0.0001;
else pon = pon - 0.0001;
//pon = pon + 0.001*(pon-oldPon);
inRange = 0;
}
*/
if (counter >= counterMax){
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resetTime = micros();
//delayMicroseconds(400); // this does work if buffers are needed
//digitalWrite(10, digitalRead(10) ^ 1);
// average over ~126 points
total = total - readings[avgCounter];
readings[avgCounter] = fasterRead(1); //20 uS
// finish moving average and calibration
total = total + readings[avgCounter];
avgCounter++;
if (avgCounter >= avgCounterMax) avgCounter = 0;
average = total / avgCounterMax;
//if (oldAverage-average > 10) average = oldAverage + 1; //reduces the speed
// if change in pon is large, keep old cal average for x number of loop cycles
//around 80 to 90 prints per 10000 loops
oldCalAvg = calAvg;

/*
pon = constrain(oldPon + 0.01,0,1); // - pow(diffPon,1.5)/100,0,1)
else if (diffPon < -0.02) pon = constrain(oldPon - 0.01,0,1);//+ pow(diffPon,1.5)/100
*/
if (pon<=0.05) calAvg = average;
else if(pon>0.05 && pon<=0.5) calAvg = average + 47.313*pon + 24.456;
else if (pon>0.5 && pon<=0.7) calAvg = average + 116.33*pon - 9.5667;
else if (pon>0.7 && pon<=0.85) {
calAvg = average + (330.67*pon - 161.27);
//Serial.println(calAvg);
}
else
calAvg = average + (760*pon-512.83);
/*
else if (pon>0.85 && pon<=0.95) calAvg = average + (360*pon-191.67)+(530*pon429.33)*((average-(-360*pon+452.67))/(-530*pon+551.33));
else calAvg = average + (360*0.95-191.67)+(530*0.95-429.33)*((average-(360*0.95+452.67))/(-530*0.95+551.33));
*/
//if (oldCalAvg-calAvg > 10) calAvg = oldCalAvg + 5;
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oldAverage = average;
//oldCalAvg = calAvg;
/*
else //(0.75<=pon<=1) //should only go up to 0.9 or 0.95
calAvg = average + (338*pon-169.1) + (2057.1*pon*pon-3153.1*pon+1215.2) *
((average-(-338*pon+434.1))/(-2057*pon*pon+3153.1*pon-1103.2));
*/
if (holdVoltage>1){
calAvg = oldCalAvg;
pon = oldPon;
holdVoltage = holdVoltage - 1;
}
/*
//realPon = pon*period/loopInterval;
realPon = pon;
//constrain average value to just over max
if (realPon<=0.42) calAvg = constrain(average,180,325) + (realPon*52.4); // 22/0.42
0.42
else if (0.42<realPon<=0.55) {
term1 = realPon*52.4;
term2 = 0;
calAvg = constrain(average,160,285) + term1 + term2;
//calAvg = average + 154.45*realPon - 41.343; // (66.5-22)/(0.63-0.42)
}
else if (0.55<realPon<=0.72) {
term1 = (0.9764*realPon-0.4441)*constrain(average,120,275);
term2 = 156.89*realPon - 62.65;
calAvg = constrain(average,120,275) + term1 + term2;
//calAvg = average + (0.9764*realPon - 0.4441)*average + (156.89*realPon - 62.65);
}
else if (0.72<realPon<=0.76) {
term1 = (-0.6915*realPon + 1.2579)* constrain(average,105,210);
term2 = -0.2175*realPon +0.9166;
calAvg = constrain(average,105,210) + term1 + term2;
//calAvg = average + (-0.6915*realPon + 1.2579)*average + (-0.2175*realPon
+0.9166);
}
else {
term1 = (9.77*realPon - 6.4625)*constrain(average,95,155); //(9.77*realPon 6.4625)*average;
term2 = -790.16*realPon + 595; //-790.16*realPon + 595;
calAvg = constrain(average,95,155) + term1 + term2;
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// calAvg = average + (9.77*realPon - 6.4625)*average + (-790.16*realPon + 595);
}
*/
diffPon = abs(pon - oldPon);
if (diffPon > 0.005 ) {
holdVoltage = 10; //3000 && (pon<0.6 || pon >0.9) && calAvg>308
if (pon > 0.55 && pon < 0.95) {
holdVoltage = 20;
inRange = 1;
}
}
//else if (diffPon > 0.005) holdVoltage = 50;
//Serial.print(average); // 156uS at pon = 1.0
Serial.print(calAvg); // move up to loop after pulse width tests
Serial.write(44); // 12 uS
Serial.print(pon,4); //term1
Serial.write(44);
Serial.print(holdVoltage); //loopInterval
Serial.write(44);
//Serial.println(testTime2-testTime1);
//Serial.write(44);
Serial.print(fastMax); //resetInterval, term2 200 to 208 uS for println(loopInterval)
should be resetInterval
oldPon = pon;
Serial.write(44);
Serial.println(average); //
//also print frequency, real pulse width time (on and off time)

//digitalWrite(2, HIGH);
PORTD |= _BV(PD2); // turn the LED on (HIGH is the voltage level)
delayMicroseconds(7); //period delayMicroseconds(2) 7
// turn off reset circuit
PORTD &= ~_BV(PD2);
counter = 0;
resetInterval = micros() - resetTime;
}
}
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int fasterRead(uint8_t pin)
{
uint8_t low, high;
#if defined(__AVR_ATmega32U4__)
pin = analogPinToChannel(pin);
ADCSRB = (ADCSRB & ~(1 << MUX5)) | (((pin >> 3) & 0x01) << MUX5);
#elif defined(ADCSRB) && defined(MUX5)
// the MUX5 bit of ADCSRB selects whether we're reading from channels
// 0 to 7 (MUX5 low) or 8 to 15 (MUX5 high).
ADCSRB = (ADCSRB & ~(1 << MUX5)) | (((pin >> 3) & 0x01) << MUX5);
#endif
// set the analog reference (high two bits of ADMUX) and select the
// channel (low 4 bits). this also sets ADLAR (left-adjust result)
// to 0 (the default).
#if defined(ADMUX)
ADMUX = (analog_ref << 6) | (pin & 0x07);
#endif
// without a delay, we seem to read from the wrong channel
//delay(1);
#if defined(ADCSRA) && defined(ADCL)
// start the conversion
sbi(ADCSRA, ADSC);
// ADSC is cleared when the conversion finishes
while (bit_is_set(ADCSRA, ADSC));
// we have to read ADCL first; doing so locks both ADCL
// and ADCH until ADCH is read. reading ADCL second would
// cause the results of each conversion to be discarded,
// as ADCL and ADCH would be locked when it completed.
low = ADCL;
high = ADCH;
#else
// we dont have an ADC, return 0
low = 0;
high = 0;
#endif
// combine the two bytes
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return (high << 8) | low;
}

Processing Java Program
//From Arduino to Processing to Txt or cvs etc.
// Saves serial data to a .csv file and plots in window
//import
import processing.serial.*;
//declare
PrintWriter output;
Serial udSerial;
String fileName = "ELC29_without_optocoupler_long.csv"; //recalibratedTest06_
int xPos = 1;
float disp1a=0;
float disp1=0;
float disp2=0;
float disp3=0;
float disp4=0;
float disp5=0;
float disp5a=0;
float plot1=0;
float plot2=0;
float plot4=0;
float plot5=0;

// horizontal position of the graph

color c01 = color(255, 204, 0); //50, 55, 100 " 255, 204, 0 " 174, 221, 60
color c02 = color(174, 221, 60);
color c03 = color(10, 45, 80);
//int[] list;
//float[] float_list;
//String[] list = new String[2];
//list<String[]> values = new ArrayList<String[]>();
void setup() {
udSerial = new Serial(this, "/dev/cu.usbmodem1411", 250000);
output = createWriter (fileName);
// 90percent_100-69-100r.txt 80percent_100-69-100r
size(850, 375); //originally (400,300) " (800,300)
udSerial.bufferUntil('\n');
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background(65);
}
void draw() {
if (udSerial.available() > 0) {
String SenVal = udSerial.readString();
if (SenVal != null) {
SenVal = trim(SenVal);
output.println(SenVal);
//int[] list = int(split(SenVal,','));
//String[] list = new String[3];
//list[0] = "0";
//list[1] = "0";
String[] list = splitTokens(SenVal, ",");
if (list.length < 5){
list = expand(list,5);
list[0] = "0";
list[1] = "0";
list[2] = "0";
list[3] = "0";
list[4] = "0";
}
//println(list.length); //to check out of bounds error
/*
for(int i=0;i<list.length;i++){
//list[i] = trim(list[i]);
float_list[i] = float(list[i]);
}
*/
disp1a = float(list[0]);
disp1 = float(list[0])*5/1023; //float(list[0]) list.length
//print(plot1); //plot1
plot1 = map(disp1, 0, 5, 0, height*0.8);
disp2 = float(list[1])*100; // problem instruction
//print(",");
//println(disp2);
plot2 = map(disp2, 0, 100, 0, height*0.8);
disp3 = float(list[2]); //*100 for percentage
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disp4 = float(list[3])*5/1023;
plot4 = map(disp4, 0, 5, 0, height*0.8);
disp5a = float(list[4]);
disp5 = float(list[4])*5/1023; //float(list[0]) list.length
plot5 = map(disp5, 0, 5, 0, height*0.8);
}
stroke(127, 34, 255);
//line(xPos, height, xPos, height - inByte);
//point(xPos, height - inByte);
ellipse(xPos, height - plot1,3,3);
stroke(10, 45, 80);
ellipse(xPos, height - plot5,3,3);
stroke(184, 114, 85);
ellipse(xPos, height - plot4,3,3);
stroke(116, 193, 206);
ellipse(xPos+width/2, height - plot2,3,3);
// at the edge of the screen, go back to the beginning:
if (xPos >= width/2) {
xPos = 0;
background(65);
} else {
// increment the horizontal position:
xPos++;
}
PFont myFont = createFont("HelveticaNeue-Thin", 20);
int refresh = xPos%5;
//println(refresh);
if (refresh>3){ // slows down refresh rate
fill(65);
noStroke();
rect(0, 0, width, 72); //clear printed text from last iteration
textFont(myFont);
fill(c01);
String s01 = "Voltage : ";
text(s01+nf(disp1,1,2)+" V ("+nf(disp1a,4,0)+")", width*0.02, height*0.05);
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text("Reset Time: "+nf(disp4,4,0)+" uS, Raw V:" + nf(disp5,1,2), width*0.02,
height*0.12);
fill(c02);
String s02 = "Duty Cycle : ";
text(s02+nf(disp2,2,2)+"%", width/2+5, height*0.05);
text("Loop Interval: "+nf(disp3,2,2)+"uS", width/2+5, height*0.12);
}
}
}
void keyPressed(){
output.flush();
output.close();
exit();
}
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