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DEVELOPMENT AND EXPERIMENTAL HARDWARE
VALIDATION OF NOVEL VARIABLE SPEED HYDROPOWER
CONROL SCHEMES FOR EMERGING APPLICATIONS AND
WATER RESOURCE PARADIGMS

1 Introduction

The history of hydropower in the United States is a story of reliability at an immense
scale. Nearly 2,200 power stations built throughout the last 100 years combine to provide
80 GW of generating capacity — 7% of the national total - while also balancing the often
competing priorities of flood risk management, irrigation, navigation, fisheries and wildlife
management, and recreation [1]. The scale of these power stations can range from kilowatts
to several gigawatts with the majority of capacity being carried by a relative handful of
large (100-500MW) and very large (>500 MW) projects (Figure 1.1). The long history of
hydropower is such that roughly 75% of the total fleet capacity is located within power
houses built 50 or more years ago, although modernization efforts in excess of $6B since

2005 have helped to refresh the generating equipment within a number of facilities [1].

ENERGY

Figure 1.1: The 2014 National Hydropower Map [2]. The Northwest holds the largest
amount of capacity on the account of having many large scale projects (indicated as larger
circles) whereas the Northeast has the most installed plants.
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The system operators responsible for managing each station of the fleet have an

excellent track record of successfully balancing complex water use priorities and are now

also responding to new factors affecting the day-to-day operation and long-term future of

hydropower in the United States. Broadly speaking, the new drivers for change affecting

the hydropower system and overall industry are:

1. Emerging applications and federal initiatives to increase hydroelectric power

production
Changing water resource paradigms

Strong growth of intermittent, non-dispatchable generators and the regional

demand and market changes which accompany this development

Sections to follow will examine each of these drivers in detail however it is valuable to

first consider the magnitude of the overall system under change. For perspective, consider

the character of the hydroelectric power system along the Columbia River Basin in the

Pacific Northwest:

Drains 219,000 square miles in the U.S. to create ~45% of the nation’s hydropower

capacity across 133 hydroelectric dams [3].

Irrigates 7.8 million acres of Northwest farmland by diverting 6% of the average

yearly run off [4].

56 of the 133 total dams in the Basin were developed primarily for hydroelectric
generation and the remainder generate electric power as part of a multiuse projects
[5]

31 of the dams are operated by federal agencies as part of a Federal Columbia River
Power System (FCRPS) [6]. The FCRPS brings together three government
organizations (Bonneville Power Administration (BPA), The US Army Corps of
Engineers, and The Bureau of reclamation) to manage the overall system. BPA
markets the power from these federal dams (Figure 1.2) to local and regional load

centers.
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10 of the 31 FCRPS dams are equipped with automatic generator control (AGC)
and play a key role in stabilizing the power system and enabling renewable

generation [7].
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Figure 1.2: The 60 major dams within the Columbia River Basin [8]. BPA markets power

from the 31 federals dams located throughout this region.
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This resource has historically provided very inexpensive energy to utilities within
the region and has been an important enabler for the 4.8 GW of wind energy developed in
the BPA balancing authority area over the last 15 years (Figure 1.3). Hydropower has also
been an important source of clean energy for California following the construction of two
high voltage interties meant to help supply constrained utilities in the Basin export excess

power to California load centers which are not predominately served by hydroelectric

resources.
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Figure 1.3: Wind growth in the BPA balancing authority area [9]. The flexibility of regional
hydropower has been an important enabler of wind by providing responsive and relatively
low cost reserve.

The importance of flexibility in the overall Northwest regional electric power
system cannot be overstated. Not only is hydropower an important source of baseload

energy, it is also commonly dispatched for load following and plays a vital role in
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stabilizing the system through primary frequency response and regulation. This will be
described in more detail in Chapter 2. Unfortunately though, hydropower in the Pacific
Northwest and across the country is becoming increasingly less flexible, less utilized, and
less available [1]. This will be demonstrated from several perspectives and serves to
motivate the value of exploring adjustable speed operation to restore flexibility and better

utilize emerging development opportunities.

1.1 Drivers for Change

1.1.1 Emerging applications and federal initiatives to increase hydroelectric

power production

The U.S. Department of Energy has set a goal of significantly increasing
hydroelectric generation through the coming decade [10]. To support this goal, a large
portion of the requested budget for this effort is being directed towards new development
projects, particularly in the areas of existing non-powered dams, unregulated conduits, and
new stream reach development projects. At the same time, new funding has been available
for developers and regulatory “off-ramps” have been established by Federal Energy
Regulatory Commission (FERC) for some low impact, small scale hydropower [11].
Although wind and solar have significantly outpaced hydropower in capacity additions
over the last 15 years, the hydropower industry may be primed for a development boom
similar to the record setting 1980s where small and medium scale projects were developed
at record volume.

The regulatory and supportive policy impacting the potential development of
adjustable speed hydropower can be described in part as:

e Unit additions and upgrades at existing facilities: A categorical tightening of
operational regulations in conjunction with aging equipment have led to a
significant number of unit down ratings and an overall trend of decline in the
availability factor of the national hydropower system [12]. This challenges
operators and system planners and decreases the cost competitiveness of

hydropower in markets where it may already be an expensive resource relative to
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other generation modalities. As an example, there are many cases where wind
power has driven the market clearing price to historic lows on the account of the
federal production tax credit which can enable wind operators to profit even at a
negative price. Upgrading units to enable adjustable speed operation may be an
opportunity for an industry which is already investing hundreds of millions of
dollars yearly on rehabilitation and remediation to reestablish a clear market value
for hydropower.

New generation at existing non-powered dams (NPD) and conduits: A study
conducted by the Oakridge National Laboratory found that non-powered dams
could offer up to 12 GW of development potential, with roughly 75% of that
resource being concentrated in a relative few federally owned lock and dam systems
[13]. Additionally, conduits for irrigation, effluent streams from water processes,
and other unregulated flows represent a broadly distributed opportunity for small
scale hydropower with minimal environmental impact. Hydroelectric projects
aimed at tapping into this potential are typically required to operate within
parameters which do not materially harm the original intended function of the
system. This restriction can require that a system operate through a very broad
range of head and flow regimes. Adjustable speed operation could increase the
system efficiency and therefore the power production relative to traditional
synchronous speed units.

Low impact new stream development (NSD): New stream-reach development
projects represent an immense but often controversial opportunity for new
development. Following the 1986 Electric Consumers Protection Act, the FERC is
required to give environmental effects the same consideration that electric power
production is given during permitting and relicensing [14]. As a result, NSD
typically operates with no impoundment and often low available head. The lack of
impoundment means that seasonal changes in flow could be significant, leading to
awide range of operating conditions which may be best captured through adjustable

speed operation.



1.1.2 Changing Water Resource Paradigms

Hydropower operators have long been able to take advantage of historical data
when developing an operational strategy for the expected flow regime in a given year. For
a typical dam, operators will work with water resource experts, fisheries and wildlife
managers, and other subject matter experts to develop a water management strategy which
can be to the level of detail of the expected number of hours of electric power production
per day [15]. Typically the water used for generation is just a portion of the total water
passing through the system and reflects the fact that power production is prioritized below
flood control, irrigation, and fisheries and wildlife management, if applicable at a given
multiuse system (Figure 1.4). Other uses include spillage to release cooling waters to
reduce stress on fish during hot summer days and coordinated releases to maintain balanced
water levels in a system of run-of-river projects with minimal storage (Figure 1.5).

Recreation
(693 Plants)

Flood/Storm Mgmt
(244 Plants)
Irrigation
(200 Plants)

Navigation
(139 Plants)

Water Supply
(300 Plants)
Other*
(245 Plants)

0 10,000 20,000 30,000 40,000 50,000
Capacity (MW)

Figure 1.4: Distribution of additional functions of existing hydroelectric plants with dams
[1]. The “Other” category is typically fish and wildlife pods, fire protection, or small farm
ponds.
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Figure 1.5: Water storage on the Columbia river system [15]. Unlike some other river
systems where water storage can exceed annual runoff (e.g. the Colorado and Missouri
rivers), the Columbia has very limited relative storage and therefore must be managed
carefully to ensure sufficient water is available for all purposes at all times throughout the
year.

In addition to projecting and managing expected seasonal flow regimes, operators
in some regions may also need to work with flood risk managers to handle extreme weather
events. The most serious risk in the Pacific Northwest comes from atmospheric rivers,
commonly called a pineapple express in the region, which are capable of delivering 12

inches or more of rain per day for several days across a narrow region [16].



Figure 1.6: Atmospheric river making land fall over Washington State [16]. Atmospheric
rivers are extreme weather events capable of delivering more than 12 inches of rain per day
for several days over a very narrow region. Hydropower operators must work diligently to
execute a flood risk management strategy while also respecting machine constraints.

The water flowing through a given hydropower project is often an accumulation
of water draining across a broad basin. This has the effect of magnifying the impact of an
atmospheric river. Regardless of the water year, atmospheric rivers have the potential to
quickly overwhelm a managed system and must be aggressively mitigated regardless of
the character of the given water year to minimize the risk of dam and levy overtopping.
This often means passing very large volumes of water through a dam very quickly. This
release must be managed such that the operating region of the unit does not include

generator exclusion zones.

Taking multipurpose operation and flood risk management together, the short and
long-term strategies developed and executed over the last several decades have led to very
good outcomes for most stake holders in the hydropower system. Fisheries in particular
have seen significant growth in returning numbers of salmon and other anadromous fish
even through drought years on the account of thoughtful water resource management
(Figure 1.7).
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Figure 1.7: All wild and hatchery salmon and steelhead returning to the Bonneville dam in
the Columbia River system [17]. Fish migration has been prioritized over electric power
generation since the endangered species act of the mid 1990’s and flexible hydroelectric
generation can be limited during certain times of the year on that basis.

However, new information from climate experts suggests that the utility of
historical models is likely to be reduced through the coming decades. Scientists
researching the potential future flow regimes in the Pacific Northwest suggest that the
historically defined average year is subject to change and that future flow patterns are likely
to shift. Warmer temperatures are expected to result in winter rains which quickly enter the
basin rather than winter snow showers which accumulate to form a snow pack which
delivers, on average, 60% of the basin’s water in Spring melt through May, June, and July.

The impact of this change could be:

e A shift in hydroelectric power production which moves away from the typical
spring peak shown in Figure 1.8 due to a lack of snow melt. The new peak would
likely align with the early spring salmon returns creating new challenges for
operators who must legally prioritize fish migration over power production.

e Even greater restrictions on summer power production due to decreased water.
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e August flows which are potentially below equipment rated minimums.
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Figure 1.8: Typical river streamflows in the Columbia River as measured at The Dalles
lock and dam [15]. Climate experts suggest that global warming may cause current winter
snows to fall as rain in the future. This could potentially shift peak flows forward to early
spring where they would then align with critical fish migration. This would be a new
challenge to system operators that could limit hydroelectric flexibility.

In addition to these impacts, climate research suggest that significant droughts
such as that of 2015 will become more common place. In one climate model, research
suggests the drought like conditions of 2015 will become the average by 2061 and, even

more alarming, that back-to-back major drought years may occur in the future.
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Average July Inflow: Ross Reservoir, Skagit Project
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Figure 1.9: Model demonstrating how climate change may impact future average inflows
at a hydroelectric project in the Northwest. [18]. The overall trend suggests that shrinking
snow pack and reduced glacial melt could lead to a water resource paradigm where average
inflows are comparable with the 2015 drought water year by 2061 (early model) or 2097
(late model). Importantly, the potential for back-to-back droughts at least as serious as 2015
is significant even in a median model (orange trace). This could lead to system water levels
below rated minimum heads for regional hydroelectric units and an even greater emphasis
on fish migration over electric power production given the scarcity of water supply.

Taking these important changes together, a hydropower system which can increase
water use efficiency, broaden a system’s operating range, and enhance grid response

flexibility may be important both at small and large scale units.

1.1.3 Growth of intermittent resources and accompanying regional
demand and market changes

The generating fleet of the electric power system across the United States has
undergone tremendous change over the last decade. Coal generation fell to just 38% of the
national total — it had been at least 50% for decades prior to 2006 — and natural gas, wind,

and utility scale solar grew significantly (Figure 1.10) [19].
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Figure 1.10: U.S. energy generation by fuel source [20]. Coal generation has followed a

trend of decline which has been matched primarily by increased natural gas and non-
hydroelectric renewables to result in an overall stable net total generation across.

Considering the last three years in particular, non-dispatchable intermittent
renewable resources have combined to outpace all other sources combined in terms of new
capacity additions (Figure 1.11). The majority of these new capacity additions have been
at the utility scale where the resource is bid into the electricity market, described in Chapter

2, and where reserve must also be provided by another power producer.
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Figure 1.11: New source additions have primarily been in natural gas and non-dispatchable
renewable sources over the last decade [21].

In the Pacific Northwest, hydropower has played an important role in enabling the
growth of wind in particular by serving as a very flexible source of reserve which can be
dispatched quickly for load following and regulation. This is especially important given
that utility scale renewable energy projects are often on the order of hundreds of megawatts
and can cause significant disturbances in the event of a fault or strong and unexpected
period of intermittence where speed of response of stabilizing units is key.

In addition to helping to manage system disturbances, growth in western solar
energy in particular has created a new paradigm, often characterized through the so called
“duck curve”, where excess energy may be produced during the solar peak followed by a

need for energy generation at an extraordinary ramp rate (Figure 1.12).
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Figure 1.12: Net load curve from the California ISO [22]. Growth in non-dispatchable solar
is creating a need for very flexible resources which can ramp quickly as solar generation
falls before the evening demand peak.

Market tools such as the broader participation in the energy imbalance market
created by CAISO may help distribute excess solar energy during peak generation.
However the importance of flexible assets to manage the ramp will only increase,

particularly in the southwest where utility solar growth is concentrated (Figure 1.13).
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Figure 1.13: New solar growth is concentrated in the western U.S. [23]. A Northwest power
system which has been built around hydroelectric power and relied on interties with
California to export excess generation may face new challenges as the Western and South
Western U.S. builds significant non-dispatchable solar.

Adjustable speed operation could help to ensure that a flexible hydropower resource
is available to support renewable generation even in years where drought leads to

challenging hydrologic operating conditions.

1.2 A Path Forward: Variable Speed Machines & Advanced Controls

Hydropower has been a reliable source of baseload and flexible power throughout
the last century and has played an important role in enabling clean energy across the nation
and in the west in particular. Although growth over the last decade has been minimal, the
DOE hopes that financial and regulatory support will help stem this trend and potentially

reinvigorate an industry which produces 5.1 jobs per MW installed. At the same time,
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tightening operational regulations and emerging water resource paradigms are broadening

the range of operating conditions hydropower operators may need to operate in.

Adjustable speed operation could help support new development and increase the
flexibility of existing systems by broadening the range of efficient operation. Additionally,
adjustable speed operation can increase the speed of response to contingencies to enable
hydropower to continue to act as an important enabler of intermittent renewable resources.
Previous work in this area has led to variable speed control systems designed to serve
isolated loads through adjustable speed run of river systems [24], [25] or pumped
hydropower coupled to wind generators [26]. Other studies have focused exclusively on
control schemes for pumped storage in grid connected systems [27], [28]. Additionally, a
significant amount of research has focused on variable speed control for axial flow systems
without gates where speed is the only flow regulator [29], [30] or where gates are in place
but not available for governor control [31]-[34], sometimes explicitly because of
constraints on maintaining a constant forebay elevation [35]. Underlying all of this work,
physical testing has shown that variable speed operation can lead to extraordinary
efficiency improvements for Kaplan turbines operating below nominal head [36] and an
application of variable speed systems to an effluent stream has already been proven to be
successful [37].

The remainder of this document examines the market in whichhydropower operates in
detail before presenting the development of an adjustable speed control strategy which has
been modelled in simulation and tested on hardware. The unique contribution of the control
strategy developed in this work is that it is capable of improving the speed of response of
a hydropower generator to help support grid stability and it can work in parallel with a
traditional governor to deliver a specific set point power at the most efficient operating

point. Finally, conclusions and future work will be presented and discussed.
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2 Hydropower Operation and Equipment

2.1 Market for hydroelectric energy

The market in which hydroelectricity is sold can be a key factor in the development
potential of adjustable speed hydropower. In the Pacific Northwest, the power generated
from the 31 FCRPS hydroelectric dams is marketed by BPA with authority given by the
Bonneville Power Act of 1937. Through this authority BPA created a 14,000 circuit-mile
high voltage transmission system including the 4800MW 500 kVV AC California Oregon
Intertie (COI) identified by WECC as Path 66 and an additional 3100 MW 500 kV DC link
to Los Angeles identified as Path 65 [38]. The COI is composed of three total 500 kV AC
lines — two built in the 1960s and the third built in the 1990s — and the HVDC line built in
1970 and upgraded throughout the following decades. BPA’s current combined generation
and transmission assets account for 40% of the region’s total power and more than 70% of

the region’s high voltage lines [39].

Both the sale and transmission of energy has evolved over time as policy has driven
towards an increasingly competitive market. Today, BPA acts as one of 38 balancing
authorities in the Western Electricity Coordinating Council (WECC). As a balancing
authority BPA is responsible for maintaining an equilibrium between load and generation
in the region and can then export excess energy to other balancing authorities. Unlike many
other areas which took a more aggressive approach to deregulate their markets (i.e. CAISO,
where utilities had to sell their assets and then buy power in a true market), BPA has
continued to operate a more traditional exchange using bilateral agreement for the sale of
energy and transmission. In this role, utilities and high load industrial customers within the
BPA balancing authority area can establish a bilateral agreement with BPA for firm power

delivery.

In addition to long term contracts with BPA, regional purchasing entities as well as
BPA can also purchase energy in a liquid, transparent wholesale trading hub, typically
either the Mid-Columbia (mid-C) hub or the California California-Oregon Border (COB)
and Nevada Oregon Border (NOB) hubs. Hydroelectricity marketed by BPA and others is
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a very important resource in these hubs. First, several regional utilities produce an excess
of hydroelectric energy at some times through the year and are therefore supply constrained
participants in the hub who need to sell their energy at any price. At the same time, growth
in wind power in conjunction with support through tax incentives has enable some investor
owned utilities and third party players to take advantage of low market prices for energy

and provide firming through hydropower at the hub trading price.

The actual composition of the energy portfolio for regional utilities who may be
participating in the hub is subject to a number of conditions including real time and future
market prices, utility owned assets, risk tolerance, and more. Most utilities choose to
purchase a significant portion of their energy through long term contracts and forward
market agreements and operate on a day ahead market for final load shaping based on
models. An example portfolio for the Eugene Water and Electric Board (EWEB) can be
broadly described as a having two thirds of their supply through a power sale contract
(PSC) for Tier 1 energy from BPA [40]-[44]. Half of this energy is provided as a firm
block which is shaped based on historical data from a reference load year and has no
additional shaping ability. The other half is provided as a slice which follows the current
generation from BPA and has some ability to be shaped. The remaining one third of energy
is accommodated through utility owned or long-term contracted hydropower. The majority
of this resource is inflexible run-of-river generation however EWEB also owns a 114 MW
with storage sufficient for 24 hours of load shaping. Like many aging hydropower assets,

though, the flexibility of this resource has become increasingly limited.

Like several other mid to large size regional utilities, EWEB often has excess
generation. This is processed through a real time desk which compares their scheduled
generation to their actual load to generate an area control error (ACE) signal which
indicates the amount of energy which can be sold on the mid-C market. Otherwise, if
EWEB has a generation shortage they can passively rely on BPA to provide it at a charge
with incremental cost bands based on the magnitude of power needed. Shortages less than
a certain MW will be charged at the index (real time hub) price. Shortages in a band above

that are charged at an index plus a percentage multiplier, and so on. This motivates utilities
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to accurately project their load and procure generation in advance and simplifies

coordination of generating reserve.

Utilities which are smaller than EWEB often do not have a real time desk or
generating assets and instead rely on a contract with BPA to manage all aspects of their
supply. On the other hand, some larger utilities have developed integrated resource plans
which are very unbalanced in terms of expected load vs. procured generation [45]. These
utilities have recognized that wind and other factors have resulted in a mid-C market price
which is often less than the rate for Tier 1 energy from BPA and their traders actively use
the marker instead of establishing long term firm contracts. Negative rates have become
increasingly common on the market and reflect the inflexibility of generation assets as well
as a partial consequence of strong wind growth spurred by the production tax credit which
can enable wind operators to make money at a negative price [46]. This is a benefit to the

purchasers at the cost of the increasingly less economic hydropower generating fleet.

2.2 Market for ancillary services from flexible resources

Flexible generators play an important role in managing energy in real time and can help
owners save costs while also improving the quality of the power system. Holding capacity
to respond to normal fluctuations in demand, variability in non-dispatchable resources, etc.
is a type of ancillary service and is critical to system reliability. As shown in Figure 2.1,
this capacity is dispatched at several time scales to maintain load and generation balance

under normal operation and can be delineated generally as:

e Primary Frequency Response (PFR): Automatic and autonomous response taken
by the governor of an individual power plant on the order of seconds in response to

sensed frequency excursions. PFR is often referred to as primary or droop control
and has a goal of stabilizing the system (i.e. returning Z—’: = 0) but will not restore
grid frequency to nominal (Figure 2.2).

e Regulation: Coordinated deployment of spinning reserves held by generators under

Automatic Generator Control. Initial deployment can occur within 4 seconds to
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eliminate the ACE and restore grid frequency to nominal on a minute-to-minute

timescale [47]. Regulation through AGC is very expensive.

e Load Following: Manual dispatch of additional spinning and non-spinning (i.e.
operational or supplemental reserve) balancing reserves on the order of minutes to
economically manage intra-hour fluctuations and unload secondary reserves for

subsequent re-deployment [48]. Load following is less expensive than regulation

[49].
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Figure 2.1: Example dispatch demonstrating that scheduled generation is supported by very
responsive regulation and load following reserve to balance demand with supply on a

minute-to-minute basis.
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Figure 2.2: Primary frequency response (PFR) acts to stabilize the system and is followed
by regulation dispatched through Automatic Generator Control to restore the grid to
nominal frequency [50].

The amount of spinning and non-spinning reserve which must be held by balancing
authorities in the WECC is regulated as 7% of the total load served by thermal sources plus
5% of the total load served by non-spinning sources [51]. At least half of this must be held
as spinning reserve capable of loading within 10 minutes. Simply holding this reserve is an
ancillary service paid by the market or the balancing authority; the energy delivered by

dispatched reserves is also paid at the market rate (Figure 2.3).
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Figure 2.3: Balancing reserves held vs. deployed in the BPA balancing authority area.

Importantly, the speed of response of a generator providing reserve is not currently
a monetized factor. For example, a coal power plant may contract or bid to provide reserve
without actually being able to precisely follow the AGC signal (Figure 2.3). For this reason,
more flexible resources certainly help improve system stability through improved speed of

response.
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Figure 2.4: Example where a representative coal plant is not able to preciously follow the
AGC command [49]. Generating units providing regulating reserve are compensated both
for holding the capacity and for any actual dispatch. However, units with a slow speed of
response may not be capable of ramping quickly enough to deliver the commanded
dispatch.

Additionally, reserve provided by a hydropower system has the important
implication of being tied to water which is often also used for many other purposes as
previously described. In the highly interconnected FCRPS where operations are driven
primarily by flood control and the endangered species act, providing incremental reserve
draws on project storage and increases flows while decremental reserve adds storage and
decreases flows [52]. This can be especially important given that court ordered specified
amounts of spill during critical fish migration times can, in some years, lead BPA to
disconnect some of the dams from the AGC system to avoid violating the order [53]. This
can create risk in power system stability and emphasizes the importance of flexibility in

the remaining units.

2.3 Typical Equipment

The control scheme developed in this work includes a model for each component in a

hydropower system for simulation and hardware testing. A typical hydroelectric power
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station and generating unit is shown in Figure 2.4 and Figure 2.5 and described in detail in

the following subsections.
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Figure 2.5: Cross-section of a hydroelectric power plant with impoundment [54]. Water
flows from the reservoir, through the penstock and around the scroll case before exerting a
force on the generator in a path towards the draft tube and tailrace.

Figure 2.6: Generating unit in a hydroelectric power house[55]. Water flowing through the
penstock passes through the ticket gates (3) to act on the turbine runner blade (5), turning
the generator shaft (6) which spins the rotor (2) to produce electric power through the grid
connected stator (1).
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2.3.1 Turbine Runner

The runner of the hydropower system is the key component in converting the
mechanical energy of flowing water into electrical energy to be distributed within the bulk
electric power system. In large scale hydropower systems, water flowing down the
penstock passes through the guide vanes - the adjustable portion of the overall flow
controlling wicket gates - where it then exerts a force on the turbine runner. The turbine
runner is directly connected to the electrical generator of the hydropower system. The guide
vanes act as a flow control valve which can be opened or closed to create more or less
mechanical power, respectively. Control of the guide vane angle is managed through the

governor which is provided an external signal dictating the power to be produced.

The design of the turbine runner for large scale units is most commonly either a Francis
(high head) or Kaplan (medium to low head) reaction style turbine (Figure 2.7). In very
low head microhydro systems a centrifugal pump run in reverse may be used as a cost
effective but relatively inefficient prime mover.

FRAMNCIS TURBIMNE KAPLAN PROPELLER TURBIME
fixed hlade radial inflow

axial inflow

guide vane

Figure 2.7: Francis vs. Kaplan turbine [56]. Kaplan turbines can be equipped with
adjustable blades to optimize efficiency across a range of operating conditions.

Kaplans are propeller-type turbines which can be made with adjustable pitch blades
to further increase efficiency under differing operating conditions. For example, each of
the 22 total 23.3 foot Kaplan turbines at The Dalles dam are tuned to operate through a 30
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ft. minimum vs. maximum head range. Typically the blade pitch controller is tuned through
a procedure where the governor slowly adjusts the blade pitch throughout an entire water
year under different operating conditions to determine a profile of maximum power for a

given operating point.

A model of a turbine runner in a traditional system will often take gate position as
an input and present the mechanical power of the turbine runner as the output. In light of
improved computing power it has become common to use a non-linear approach which can
account for the effects of varying flow due to gate position on effective water starting time
in addition to off-nominal head. This model is often incorporated into a combined turbine,
gate, and governor model for use in power system modeling tools such as PowerWorld and
PSS/E. A common combined model utilized in the Pacific Northwest is referred to as

HYG3 where the water column and runner are modeled as shown in Figure 2.8.
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Figure 2.8: Model of the water column and turbine of a hydroelectric system. This
particular representation is a part of the IEEE HY G3 turbine/governor model and is useful
for analyzing power systems containing synchronous speed units [57].

2.3.2 Governor

The governor acts as the control system to manage the active power generated by the
hydropower unit. A schematic diagram of a typical modern digital governor is shown in
Figure 2.9. The set point power provided to the governor comes from an outer control loop
and reflects the firm market commitment as well as any adjustments made through AGC.
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This set-point can represent power directly or it can represent the gate position. Using a
PID controller with closed loop feedback, the governor adjusts the control valve which
changes the wicket gate position until the desired set-point is reached (Figure 2.10). As a
note, this overall topology is very similar to the governor system for fossil fuel based

turbine generators.
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Figure 2.9: Block diagram of a typical modern digital governor for synchronous speed
operation. The governor of a hydroelectric system takes a set-point gate position or power
as an input and uses the gate position as the control variable to deliver the commanded

value. Grid frequency excursions are measured by the governor as the generator speed of
a synchronous unit and can directly change the output of the system.
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Figure 2.10: Model of governor used in HYG3 turbine governor model [57]. This is a PID
system with closed loop feedback of either the gate position or measured generation at the
terminal.

Using a set point value which represents gate position/unit speed is known as speed
control and is common to the federally owned dams along the Columbia river due to their
age. In this system, the actual gate position is fed back to the controller for closed loop
feedback. Delivering a specific amount of power in MW is accomplished through a lookup
table which relates gate position to power.

Using a set point value which represents power is known as load control, or also
commonly speed regulation, and has become the preferred topology as it does not require
a model relating gate position to power output. Instead, a watt meter at the output terminals
of the electric generator is used to provide the actual power generated as closed loop
feedback to the PID.

As can be seen in the previous Figure 2.10, the governor responds to changes in both

the set-point value and the term Aw. As was described in the market section, power
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generating units typically provide primary frequency response, and the term Aw represents

the deviation from a frequency of 1.0 pu, i.e.
Aw = (speed — 1) pu (2.1)

Providing frequency response through this Aw term is what has been described
previously as droop control and a governor is typically configured such that an excursion
of Aw = 0.05 pu (i.e. 5%) would result in a change of 0-100% gate opening (speed
control) or a 0-100% power output (load control). Typically a small deadband is used as
well to limit the frequency of control action. The sum total of the set-point value and the
frequency excursion term Aw are processed by the PID controller to determine the gate

position.

As an example, if a generating unit with 5% droop had a set point power of 0 at a given
time and then sensed a frequency excursion of Aw = 0.02 pu (i.e. 2%) then the gate would
open to 40%. Similarly, if a 100 MW unit had a firm commitment to deliver 50 MW at a
given time then the P..r would be set to 0.025. If a deviation of of Aw = 0.01 pu was
sensed, the sum total to the reference would be 0.035 and the unit would operate at 70% of
its maximum ability since 0.035 is 70% of the 0.05 droop needed to swing the output from
0 to 100%.

2.3.3 Exciter

The exciter is distinct from the governor and is used to maintain terminal voltage
and power factor by providing commutated excitation to the electric generator field
winding. As the machine is loaded and unloaded, the speed of a traditional unit remains
constant but the current through the stator windings changes. This affects the net rotor
magnetic field. The exciter is used to maintain a constant rotor field over time. If, for
example, the exciter was set manually to over excite the rotor, the power factor of the unit

would be below 1.0 (lagging).
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2.3.4 Electric Generator

The electric generator of a typical hydropower unit is a synchronous machine where the
grid connected stator is composed of a three phase winding separated 120 electrical degrees
in space in a slotted iron core made from laminations (Figure 2.11). An electrical degrees

is:

electrical degrees = g * space degrees (2.2)

Figure 2.11: Three phase stator windings. The current carrying wires are wound into slots
of the stator core.



32

Because of the power levels in many hydropower units, the windings are actually made
of copper bars as shown in Figure 2.12 [58].
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Figure 2.12: A typical hydropower stator is constructed as a core of stacked laminations
with slots for solid copper bars which act as the windings [59].

Synchronous generators are characterized as being fixed speed with zero slip. A
salient pole rotor as shown in Figure 2.13 is provided DC excitation through a commutator
to set up a constant electromagnetic field orthogonal to the windings which spins only as
the rotor itself moves. Each capped pole shown in the figure represents a pole pair of the
system. This allows the hydropower unit to spin at a fixed speed per

RPM =

poles * f*60 (2.3)
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Figure 2.13: A salient pole rotor which would be connected to the runner shaft of the
hydropower unit.

The magnitude of the field is proportional to the field current (i.e. rotor excitation) and
IS managed by the exciter as previously described such that an increased field voltage
increases the field current which increases the terminal voltage at the stator. Working as a
generator, torque is applied to the rotor through the runner (i.e. prime mover) which
advances the magnetic pole of the rotor ahead relative to the axis of the stator pole (Figure
2.14). The relative angle between the rotor and stator poles is referred to as the torque or
load angle such that a larger angle produces more torque. Importantly, the torque on the
prime mover must not be so large that the angle opens completely and the pole pairs
become unlinked. This would be referred to as slipping a pole and would likely damage a
machine carrying a high load.
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Figure 2.14: Synchronous generator operation. The rotor advanced past the axis of the
stator field while still spinning at constant speed.

The outcome of being limited to a single synchronous speed is that the operating range
and prime mover energy conversion efficiency is limited by the available water resource.
Efficiency of a fixed speed unit is a product of head and flow alone because speed is fixed
and the minimum power required to smoothly operate the unit cannot be adjusted. The
latter consideration is especially important for large scale units where operating exclusion
zones must be established to avoid damaging vibration and other effects (Figure 2.15). As
will be discussed in a subsequent section, augmenting the rotor to enable variable speed

operation can enable more efficient operation and increased speed of response.
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Figure 2.15: Operating zones of an example hydropower system [60]. Harmonics and

hydraulic effects create rough zones which a governor must avoid or pass through
quickly.
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3 Variable Speed Control

The control scheme developed in this work and described in the forthcoming
manuscript is broadly applicable to any machine topology where variable speed operation
can be introduced. This can include an induction or synchronous machine with a variable
frequency drive connected at the stator (Figure 3.1) or doubly-fed wound rotor induction
generator (DFIG) with a grid connected stator and a power converter connected rotor
(Figure 3.2).

Transformer

VFD

—

Stator

Induction |
Machine

Rotor

Runner

Figure 3.1: Block diagram demonstrating a variable speed system built upon a stator
connected variable frequency drive.



37

Transformer

[
\

Stator
DFIG-
DC Bus
Rotor AC/DC DC/AC
Power Converter
Runner

Figure 3.2: Block diagram demonstrating a variable speed system built upon doubly fed
wound rotor induction generator (DFIG).

A stator connected variable frequency drive (VFD) is the simplest topology and
would be appropriate for small scale hydropower projects which can use commercially
available VFDs capable of handling the full rated power of the generating system.
Hydroelectric projects at medium and large scale can be on the order of MWs to hundreds
of MWs are therefore not good candidates for VFD connection given the need for the stator
connected drive to handle the entire rated power of the system. Instead, DFIG generators
common to the wind industry are more suitable because they utilize a rotor connected
power converter, commonly through a back-to-back AC/DC converter, which is only
required to handle the slip power of the machine. Depending on the application, this could
be between 5-20%.

As will be shown in Chapter 4, the adjustable speed control scheme developed in this
work was tested in simulation using a DFIG topology with rotor speed control and was

evaluated on hardware using a stator connected VFD. In this way, the simulation results
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represent a potential large scale application and the hardware results are representative of

a potential small scale hydroelectric system.

3.1 Doubly Fed Induction Generator (DFIG) - Machine and Control

A block diagram of the overall model for simulation and control is shown in Figure 3.3

and serves to illuminate in advance the role of each of the forthcoming derivations.

Grid
Ps, — ——
ro | Trac(isltlonal Vane
ov (Stator)
Gate p
h
Rotor ) I:)mech Model (R:]::er)
Speed
DFIG
o + A — Machine
E ZAi, ~_|Adjustable| Speed |DFIG Speed Vasc
ac  |Speed Gov|Set-point| Control | (Rotor Cmd)

Speed—

Figure 3.3: Block diagram of overall model for simulation and control using a DFIG.

3.1.1 Machine Model

The DFIG model utilized in this work was developed according to [61] and is described

with the fundamental equations,

Stator:

Vas =

. dAgs
Taslas + —

(3.1)
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dAps

Ubs = Thslps T —5 = (32)
Vs = Tl + (33)
Rotor:
Van = Taian + djf;’* (3.4)
Vpr = Tpripr + d;’;R (3.5)
Ver = Tcricr + % (3.6)

where each term r represents the winding resistance for the respective phase and each term

Z—': represents the time rate of change in flux linkage.

Tracking the term % is very complex because the flux linking each phase is a

function of mutual inductance between the stator and rotor, cross-cutting from multiple

phase currents at the same time, and a position (8) dependent inductance, i.e.

dA
dt f(laSl le' lcs, lARl lBR' lCRl 9) (37)
This can be written explicitly for the stator as
as(s) as(r)
lbs = Abs(s) + lbs(r) (3.8)
cs(s) cs(r)

where the subscripts of (s) and (r) indicate the contribution from the stator and the rotor
respectively,



;las(s)-
;lbs(s)
)lcs(s)_
Aas )
Abs | =
A

cs(r)
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Laa Lap  Lac] [las
= [LBA Lpp LBC] [ibs] (3.9)
Lea Lep Lecllic
M as.Ar as Br as Cr ar
Mbs.Ar Mbs Br Mbs Cr] [ ] (3'10)
M CcS.Ar cs Br cs crd Lier

A model could be developed to track each of these terms as state variables however it is

much more straight forward to use

a reference frame transformation to abstract the actual

phase windings into the orthogonal dq windings (Figure 3.4).

B4a
d

Figure 3.4: Visual representation of machine windings in the ABC and dq reference

frames.

The development of the dq reference frame transformation begins by assuming

three phase excitation with a 120°

Stator:

electrical phase shift, i.e.
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dA o
Vas = rasias + d?s *x el0 (311)
dA e
Ups = Tpslps T d:;s * /120 (3.12)
dA . o
Ves = Tesles + d;S * =120 (3.13)

and likewise for the rotor.

A space vector for the stator and rotor can then be defined as

. d—=
Vg = Tslg + EAS (3.14)
. d—
Uy =Tl + Elr (3.15)

Using the previous Figure 3.4 we can note the relationship between the actual system and

the dq reference frame can be given as

(3.16)

Usd = ?Se_jgd
where the superscript d represents the stator space vector with respect to the d axis.

Dividing both sides by e /%4

Eejed _ %Eejed n %Eejed (3.17)
— . — ood—= — .
vdelba = rdelfa + el E/lgi + 2%jwel% (3.18)
— 4 — —
vd =ral + Eﬁg + jwAl (3.19)

Given that the g axis is 90°ahead of d,
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. . _
Va + s = 15 (isa +Jisa) + 7 (Asa + Asq) + Gwahsa — 0aksg)  320)

Finally,
Vga = rSiSd + Elsd - Cl)dllsq (321)
d
vsq = Tsisq + Elsq + wdlsd (322)
Vpg = Tylpqg + E’lm — Waahrg (3.23)
_ d
Urqg = Trlpg + Equ + wgaaldra (3.24)
In this expression, the flux linkage can be calculated as
Asa = (Lis + Lp)isq + Linira (3.25)
Asq = \(Lls + Lm), lsq + Linlrq (3.26)
Ls
Avg = (L + Lyp)iyg + Linisq (3.27)
Arg = (Liy + L) lrq + Lipisq (3.28)
Ly
Which can be written in matrix form as
[lsd] Ly 0 Ly, 07[isa
Asq Lg 0 Lp||isq
Ara L, 0 ||iyg (3.29)

e s
ol L0 L 0 L dling

At this point it is possible to directly write the fundamental equations used in the DFIG
model. First, from (3.19),
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cos(0y,)  cos(@ —Z—H) cos(6 —4—7T) Vg ()
- f e e e ] e

. . 2m .
—sin(Bzq) —sin(Byq — ?) —sin(6,, — ?) ve(t)

From Figure 3.4, this expression can also be used for rotor values by using 6,,4. This
expression can also be used interchangeably with current by replacing all voltage terms

with currents.
Then, using (3.21) and (3.22),
d Asa _ Usd Isa 0 —11[Asa 3.31
E [Asq] B [qu] B RS [isq] ~ @a [1 0 ] [Asq] ( . )
Considering this expression in detail and from a controls perspective, the flux linkage 4 is
a state variable and can be tracked directly, the voltages v are provided externally as actual

phase values at known values which can be converted to dq through (3.30), and the currents

i can be calculated via (3.30) as

isd [Asd]
a | _ pg-1]%sa (3.32)
lrd llrdJ
iTq Arq

At this point, all values associated with the stator can be calculated and the only unknown
value for the rotor is the angle. This derivative of angle is speed, and rotor mechanical

speed can be calculated through torque.

Torque on the rotor d axis is a result of g axis flux interacting with current carrying wires

on the d axis.

P N, P
Td'”’tor = E (Lmlsq + Lrqu)lrd = Eﬂ'rqlrd (3.33)

Similarly, g axis torque is produced by d axis flux. This torque on the rotor is clockwise

and, accordingly, carries a negative sign.
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Tq,rotor = _E (Lmisd + Lrird)irq = - E’lrdirq (334)
In combination,
Tem = Td,rotor + Tq,rotor = ELm(isqird - iSdirq) = E (Arqird - Ardirq) (335)
Then, working towards an expression for the rotor mechanical speed, wy,qcn
d Tom — 11,
E(‘)mech = err}eq - (3.36)
Which is related to the rotor electrical speed in rad/sec as
P (3.37)

Wy = Ewmech

Through the key expressions of (3.31), (3.32), and (3.35) a model for the DFIG can be
developed. For a grid connected generator, V,,./Vs 4, are grid voltages and Vypc/Vy 44
represent the control input as previously shown in Figure 3.3. The development of the
controller to take a reference speed and convert it to dq voltages to be applied by the rotor

converter is described in the next subsection.
3.1.2 Speed Control Loop

The control scheme developed as a part of this work calculates a reference set-point
speed for a hydropower system to operate at. For a DFIG unit this corresponds to the rotor
speed and it is achieved via V;. 4, applied through the rotor connected power converter.

This section develops the control strategy based on [62] to follow a reference speed.

Assuming stator voltage oriented control, v;4is proportional to reactive power, Qs,
and is useful for power factor management. Similarly, vy, is proportional to w; and is
useful for active power management and controlling the speed of the rotor relative to the

synchronous speed, w 4.
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For the purpose of speed control the expressions of the form in (3.21) can be

combined with (3.29) to be written in expanded form as

='+iL'+L' + Lpipg + Lyi (3.38)
vrq rrqu dt( rqu mlsq) wdA( rlrd mlsd)
Expanding (3.32) on the stator dependent terms,
Asq L
g = LSS L_’:lm (3.39)
Asq Lm .
oq = L_s — L_s irq (3.40)
Assuming stator flux transients are negligible,
d d ) .
EAS‘I - E(lesq + Linirg) =0 (3.41)
d . Lm d .
Elsq = —L—Saqu (342)

Combining to form an expression which is only dependent on rotor current,
. Lm\]1 @ . : Asa  Lm
Urg = Trlpq + [Lr + L, (— L—T:>] Tz ra + wga [Lrlrd + Lm(LLS — L_T:lrd)] (3.43)
Simplifying through factorization of the last term,

| 2\ d | 2, I, (3a4)
Urq = Trlyg + L, — L_s Equ + waalrq | Ly — L_s + Way L_SASd '

Defining a temporary term,

2
o= m (3.45)

and combining (3.44) and (3.45),
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: ; ) L
Uprq = Trlpg + Lraa lrqg + Waalralyo + wgaa L—T:Am (3.46)

The last term, A4, can be assumed constant for a small signal transfer function
converting g axis voltage to current. This enables it to be removed from the expression as

it is not affected by changes in rotor g axis current, i.e.

. d . .
Vpq = Tylpq + LrO'Equ + waalrglyo (3.47)

Using the similarity shown in (3.23) and (3.24),

Vpg = Tplpg + Lraa lrqg — wdAiqurO- (3.48)

The last terms can be fed forward to develop an expression for iy, from the set-point speed

to leave
g __ 1 (3.49)
Vig(8) 1 +SLyo
Lq(S) _ 1 (3.50)

Voa(S) 1.+SL.o

A cascaded P1 controller can be tuned for the appropriate speed of response for this
system (Figure 3.6). The reference rotor speed is determined through the novel strategy

developed in this work and described in the forthcoming manuscript.
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DQ/ABC

WaplrgLro

Figure 3.5: Speed control loop which takes a reference rotor speed as an input. The

output of the block is the ABC phase voltages to be applied to the rotor.

3.1.3 Determination of Reference Speed

Described in manuscript.
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4 Adjustable Speed Controls to Improve Efficiency and Flexibility of
Set-Point Hydropower

Abstract-- Recent opportunities for new hydropower generation in the United States have
often been in non-powered dams and run-of-river type flows occurring in low-impact
natural areas and unregulated conduits. At the same time, a changing water resource
paradigm is challenging some existing generation in drought stricken areas where supply
reservoirs behind many medium and high head units are at historically low levels. The
result is a developing market space which is potentially best captured by machines capable
of variable speed operation. Variable speed units have a wider range of operating
conditions compared to their synchronous counterparts and have already proven their
resilience through a 20+ year history in pumped hydro applications. This work develops a
control scheme for variable speed hydropower units operating to deliver a set-point power
through flow controlling gates. This control scheme increases both the hydrologic
operating range of a unit as well as the speed of response to grid contingencies under droop

and automatic generator control. Results from simulation are confirmed on hardware.

4.1 Introduction

THE history of hydropower in the United States is a story of reliability at an immense
scale. Nearly 2,200 power stations built throughout the last 100 years combine to provide
80 GW of generating capacity — 7% of the national total - while also balancing the often
competing priorities of flood risk management, irrigation, navigation, fisheries and wildlife
management, and recreation. Almost half of this capacity is held in a relative handful of
large (100-500MW) and very large (>500 MW) scale units located in the Columbia River
basin of the Pacific Northwest. The hydroelectric system of that region in particular has
served as a primary source of both traditional baseload and flexible power and has been a
key enabler of the strong regional growth observed in nondispatchable wind and solar
generation.

As is the case for the majority of large and very large hydropower plants in the US,

the power stations in the Columbia watershed have had and continue to need rehabilitation
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and modernization. This need, along with operational changes due to regulations, climate
change, and a reprioritization of water use has led to decreasing capacity and availability
factors throughout the US over the last several decades.

In addition to operational limitations, hydropower in some regions is also reaching
its technical and economic ability to coordinate with and provide reserve to
nondispatchable resources. Extraordinary ramping needs in conjunction with occasional
negative market pricing due to the tax credits associated with wind and solar power add an
additional challenge for operators managing hydropower plants which often have very little
impoundment relative to their yearly stream flows and have obligations to release water
throughout the year for purposes other than electric power production (e.g.. fish migration
or flood risk management).

Hydropower developments which could enhance system flexibility in light of
changing operating conditions and water resource paradigms could help secure the value
proposition of hydropower and continue to support the growth of other renewable
resources. Adding to that, the U.S. Department of Energy has set a goal of significantly
increasing hydropower capacity through 2030 and increased flexibility to operate
efficiently through a range of hydrologic conditions could create new opportunities for
hydroelectric generation.

Developing the traditional synchronous speed hydropower generation paradigm
into an adjustable speed system could help hydropower to increase flexibility, improve
power system stability, and increase system efficiency at all scales. Previous work in this
area has led to variable speed control systems designed to serve isolated loads through
adjustable speed run of river systems [1], [2] or pumped hydropower coupled to wind
generators [3]. Other studies have focused exclusively on control schemes for pumped
storage in grid connected systems [4], [5]. Additionally, a significant amount of research
has focused on variable speed control for axial flow systems without gates where speed is
the only flow regulator [6], [7] or where gates are in place but not available for governor
control [8]-[11], sometimes explicitly because of constraints on maintaining a constant
forebay elevation [12]. Underlying all of this work, physical testing has shown that variable
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speed operation can lead to extraordinary efficiency improvements for Kaplan turbines
operating below nominal head [13] and an application of variable speed systems to an
effluent stream has already achieved a successful outcome [14].

The variable speed control strategy developed in this work is an augmented
governor which can quickly respond to grid contingencies, avoid exclusion zones, and
arrive at the most efficient steady state operating point for a given set-point power through
simultaneous control of gate position and turbine speed. This approach is applicable to
small or large scale systems. Results on a variable speed hardware test bed confirm power

capture improvement through adjustable speed control.

4.2 Variable Speed Operation

4.2.1 Hill Diagram

A prototype hydropower turbine is often characterized experimentally by varying
flow and effective head in a laboratory to produce what is known as a Hill diagram or Hill
chart (Figure 1.1) [15], [16]. The axes of the diagram are typically defined in dimensionless
units of flow and speed as

Q

11 =
¢ D*VH @
N11 = ﬂ 5}
VA ®)
or also commonly,

_Q
Qed - DZ\/g_H (6)

nD
Neg = — (7)

where Q is the actual flow, D is the runner diameter, n is the operating speed, H is the

effective head, and g is the gravity constant.
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The utility of the Hill chart has historically been in evaluating the efficiency of a
given synchronous speed system at high and low head scenarios through H. As will be
shown, it is also possible to use the Hill to evaluate a system across multiple operating
speeds through n in (2) and (4).

o= 14.0°
w=13.8"
a=124"
a=11.0°
a=99"
a=95"
a=8.1"
a=6.7"
a=54"
a=3.9"

Qm -

010>

0.08 =

0060

Prototype—___ 7
T

(.04 : L L L L
0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22

)

HM}
Figure 4.1: Hill Diagram created by [17] through experimental testing of a Francis

turbine. The dimensionless speed factor is shown along the abscissa and the

dimensionless discharge factor is shown along the ordinate.

4.2.2 Mathematical approach to delivering set-point power in
Adjustable Speed System

A key difference between synchronous and adjustable speed systems is that
synchronous units have just one operating point where a specific set-point power can be
delivered at a given available head. Gate position is the only control variable and efficiency
cannot be optimized. Comparatively, adjustable speed operation introduces speed as an
additional degree of freedom and enables a broader range of operating points for any given
power and head combination. This can be seen mathematically by beginning with the



52

equation for power in steady state,

P =yQHn (8)
where y is the specific weight of water, Q is flow, H is available head, and 7 is efficiency.
This expression can be re-written through algebraic substitution of (1) with (5) as
P =y(Q11+ D*VH)Hn (9)

Noting that large scale hydropower units are operated to deliver a specific set-point

power at a known head, (6) can be rewritten with constants grouped to one side as
DTl =Q11x*n (10)

In combination with a Hill diagram, the implication of this expression is that there
exists at least one Q11 = n operating point which satisfies the equality in (7) for a given
set-point P and known H. Back calculating through (2) to find the speed, n, for the
(Q11,N11) pair associated with each satisfactory operating point reflects the flexibility of
an adjustable speed unit and can be used by the augmented governor to maximize

efficiency, avoid exclusion zones, etc.

4.2.3 Physical justification through Euler’s Pump and Turbine
Equation
To confirm that the same power can be delivered at several different operating points,
consider the line corresponding to Q11 = 0.14 in the example Hill. Following the contours
for efficiency it can be noted that there are two separate (Q11, N11) pairs, P1 and P2,
which give the same Q11 = n product and therefore the same mechanical power per (7).
Further, the actual flow, Q, is the same at each of the two operating points because Q11 is
constant. The only difference between the two operating points is the speed, n, and the
guide vane angle, a. The guide vane angle is larger at higher speed to maintain the same
flow at both points.

The physical justification for each operating point making equivalent power in this
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example and for this system as a whole is seen through Euler’s Pump and Turbine equation

for turbo-machinery,

P=Tw (11)

T = pQ(Ct,inrin - Ct,outrout) (12)
where C; ;, and C; ,,,; are the tangential velocities at the turbine inlet (outer edge of runner)
and outlet (at the draft tube), respectively.

Only tangential velocities contribute to the rate of change of momentum which acts
as the torque, T, on the turbine runner. All other forces and moments act radially on the
runner and do not produce a torque.

At P1 and P2 in the example Hill of Figure 4.1, all values in (9) are the same except
Cein and C¢ oy Per (8), both points can make the same power only if the torque at P2 is
smaller because P2 is operating at a faster speed as is shown through (2).

The physical manifestation of this can be confirmed through the velocity vectors shown

in Figure 4.2.

Guide Vane /«(Qin

—
Larger opening /
qin
k4

-
Turbine

Blade
Figure 4.2: Diagram of the guide vane and turbine at two different operating points

characterized by the same flow, q, occurring at different speeds to make the same power.
The guide vane is more open (i.e. « is larger) at P2 cf. P1 on the account of P2 having a
higher speed. This leads to a smaller tangential component acting on the turbine blade
inlet at P2.
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In this diagram,
C¢in: The guide vane angle « is larger at P2 cf. P1 in order to maintain the same
flow at higher speed. This results in a larger B and therefore a smaller C; ;, and,
thus, a smaller torque at P2.

- Cy¢oue: Flow at the runner outlet co-rotates with the runner somewhat which results
in the vector C, ,,,; being positive near the best efficiency point (BEP). Noting that
the flow is equal at both points, the velocity triangle at P2 will yield a larger Cy oy,¢
and thus a smaller torque. Importantly, C; ., does not change proportionally with
Ctin. Instead, C; ., is a function of runner rotational speed and flow rate through
the turbine alone and is not dependent on guide vane angle.

These observations confirm that the power at P1 and P2 are the same because the
torque at P2 is reduced due to the larger guide vane angle (which produces a smaller
smaller C; ;,) and faster speed (which produces a larger C; ,,,.). In a practical system, the
choice between P1 and P2 could be made based on nearness to exclusion zones,
synchronous speed, BEP, etc.; a lower speed or smaller guide vane angle would not

necessarily be favored.

4.3  Governor Development & Machine Controls

The benefit of an adjustable speed hydropower system can be captured through an

augmented governor which can control both the gate position and speed simultaneously.

4.3.1 Traditional Gate Control Governor

A traditional hydropower governor configured for load control (also commonly
called speed regulation) uses a PID controller to open or close wicket gates to deliver a set-
point power (Figure 4.3). A watt meter at the output terminals of the stator is used to
provide closed loop power feedback to the controller. This strategy of gate control is very

well developed and is incorporated to a large portion of digital governors.
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P .
PT Watt elec @ +® PID — Gate

CT Transducer

Speed

o

Figure 4.3 Traditional governor of a hydropower system operating under load control. A

watt transducer at the output of the generator provides measured power as closed loop
feedback to deliver a specified set-point power through the control variable of gate

position. A larger gate position results in more flow and thus more power.

The augmented governor developed in this work takes advantage of the traditional
gate controller by leaving it intact and adds an additional speed control governor as an
independent block to be run in parallel. A change in speed which increases efficiency will
result in increased power output which will cause the gate controller to close the gate
automatically through the closed loop power feedback to maintain set-point power.
Similarly, a change in speed which reduces efficiency (instead prioritizing rough zone
avoidance, for example) would cause the gates to open automatically through the existing

traditional speed control PID which works to maintain set-point power.

4.3.2 New Adjustable Speed Governor

Adjustable speed operation adds the ability to improve the speed of response to grid
contingencies in transient and to arrive at a steady state operating point which is optimized
on the basis of efficiency or some other metric.

Traditional hydropower systems respond to grid contingencies through a droop
characteristic which opens or closes the wicket gates over a period of seconds to tens of
seconds to change active power output. The augmented governor developed in this work
enhances the system response and improves overall efficiency through two stages.

The first stage responds to transient frequency excursions by changing the rotor
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speed by up to several percent of nominal at a rate proportional to the rate of change of
grid frequency. In a falling frequency scenario this would to inject active power created
through the regenerative breaking torque used to slow the turbine. This initial response will
result in a brief grid stabilizing spike in active power followed by a lower steady state
power output due to decreased efficiency at the new speed.

The second stage of control returns the system to the optimal steady state speed and
gate position for maximum efficiency.

The augmented governor which includes both gate and speed control is shown in
Figure 4.4. Working together, the traditional governor adjusts the gates to maintain set-
point power while the adjustable speed governor identifies a reference speed to improve
the speed of response to transient conditions before settling into a steady state operating
point which maximizes efficiency. The most efficient speed to deliver a given set-point
power can be obtained by creating a 3D surface of a Hill diagram as shown in Figure 4.5.
Recalling that Q11 * n is equivalent to power per (7), the most efficient operating speed, n
in N11, can be found as the maximum of the 3D surface along the line of constant power
in Q11 *n.

Psp —
o Traditional Gate
Gov Set-point
Pmeas -

Py + Aw —

ano _ |Adjustable| Speed |Gen. Speed |Generator

dc  |Speed Gov|Set-point| Control
Speed—

Figure 4.4: The adjustable speed governor developed in this work operates in parallel
with a traditional governor to maximize efficiency and improve the speed of response to
transient conditions. The steady state speed is optimized for the combined input of the
set-point power and measured grid frequency. Transient response occurs as a speed

change which is proportional to the time rate of change of grid frequency.
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Figure 4.5: Hill diagram as a 3-dimensional surface. The BEP for a given set-point power
is the speed in N11 associated with the peak point for a given Q11 = n contor. Exclusion

zones can be directly incorporated as boundaries to the surface.

4.4  Experimental Results

An advantage of the strategy developed in this work is that the adjustable speed
governor can be implemented with any electric machine topology. The governor is
developed and tuned to provide a reference speed to stabilize the power system in transient
and maximize efficiency in steady state using a characterization of the turbine rather than
the generator. This reference speed is provided to the independent system responsible for
control of the generator.

To demonstrate this flexibility the augmented governor was tested in simulation
using a model of a doubly-fed wound rotor induction generator (DFIG) and on hardware
using a dynamometer physically connected to an induction machine operating as a

generator through a variable frequency drive (VFD).
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The transient scenario evaluated through experimentation is consistent between the
simulation and hardware testing. A grid connected hydropower unit is operating in steady

state to deliver a set-point power of 0.6 p.u. to a nominal grid. A frequency excursion

begins at time t = 200 sec with a slope of ds—:’ = —0.005 p.u./sec. Primary frequency

response is immediately initiated through the parallel autonomous action of the traditional
and augmented governors. The traditional governor begins to opens the wicket gates

according to Figure 4.3 and the variable speed governor slows the rotor speed according to
Figure 4.4 at a rate proportional to the magnitude of dﬁ—:’ to inject stabilizing active power.

The excursion is simulated to be halted after 2 seconds at which point the grid
frequency remains at the new steady state value of 0.99 p.u.. The traditional governor of
the hydropower system is equipped with a 5% droop characteristic and will therefore

increase the generator output to deliver a set-point power of 0.8 p. u. per

Aw = (speed — 1) p.u. (13)
The variable speed governor ensures that the speed of the unit is adjusted to
optimize efficiency at that power level. For the given turbine characterized by the hill
shown in Figure 4.5, the most efficient operating point for both 0.6 p.u.. and 0.8 p. u. is

the prototype speed of N,; = 0.18 which is shown 1.0 p. . in all result figures.

4.4.1 Simulation results

A model of a 1.5MW DFIG was developed according to [18]. Speed control to
achieve a given reference was implemented using a cascaded Pl controller as presented in
[19]. The loop bandwidths and phase margins were tuned to match [20]. The overall system
is shown in Figure 4.6.
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Figure 4.6: Complete model of DFIG and control for simulation

The reference speed from the augmented governor is achieved by the DFIG
controller such that a sub-synchronous speed results in a current flowing into the rotor
circuit and a super-synchronous speed results in a current flowing out of the rotor.
Synchronous operation provides DC excitation to the rotor circuit.

Results from simulation are shown in Figures 4.7-4.11. As can be seen, the rotor is
rapidly slowed to a slip speed of ~5% (Figure 4.7) through the application of an AC rotor
voltage (Figure 4.8). This results in an initial injection of active power as mechanical
energy is converted into electrical energy through braking (Figure 4.9) to increase stator
current flowing into the grid (Figure 4.10). When the grid transient is stabilized the rotor
speed is momentarily held constant which results in a dip in active power. The traditional
governor continues to open the gates to work towards the set-point power (Figure 4.11)
and, after a brief period, the rotor speed is re-optimized for the new set-point power.
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Figure 4.7: The adjustable speed governor detects the grid contingency and provides a
reference speed to the DFIG speed control module to slow the rotor to inject active
power. The rate of change of rotor speed is proportional to the rate of change of grid

frequency.

30

Voltage (V)

-30 1 1 1 1 1 1 1 1 1
190 200 210 220 230 240 250 260 270 280 290

Time (sec)

Figure 4.8: The DFIG speed controller applies sinusoidal excitation to the rotor circuit to
achieve the sub-synchronous speed reference provided by the adjustable speed governor.
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Figure 4.9: Comparison of the mechanical power of the runner which drives the generator
vs. the electromagnetic power produced by the DFIG. The braking torque applied at 200
seconds to slow the machine results in an injection of active power which can help halt a
grid frequency excursion.
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Figure 4.10: The increase in active power can be observed through the stator phase
currents.
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Figure 4.11: The traditional governor operates in parallel to control the gate position to
achieve a set-point power through closed loop feedback. A comparison of the gate position
over time from a system with and without adjustable speed operation shows that the sub-
synchronous speed reference from the transient response results in a less efficient operating
point and requires a larger gate opening to achieve the set-point power. The gate positions
become equivalent as time passes on the account of the adjustable speed governor re-

optimizing speed for steady state operation after the contingency has stabilized.

4.4.2 Hardware results

The augmented governor was tested on hardware through the configuration shown
in Figure 4.12. An induction generator is mechanically coupled to a 300hp dynamometer
operating under torque control. The dynamometer is driven to act as the turbine runner in
a hydroelectric system using a model developed through Fig. 1. An ABB ACS-800 VFD
connected to the stator terminals of the generator provides variable speed control using a

reference from the adjustable speed governor.
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Figure 4.12: Laboratory configuration for hardware testing of the adjustable speed
controller. A 300hp dynamometer is driven in torque mode to represent the mechanical
power of the turbine runner connected via rigid shaft to the generator. The generator is
connected to the grid through a VFD at the stator terminals. Speed reference is provided
to the VFD from the adjustable speed governor running through controlDesk.

Results from testing demonstrate that the variable speed governor generates a reference
signal which can be executed on hardware to improve the speed of response and efficiency
of a hydropower system. As shown in Figure 4.13, initially slowing the rotor results in a
momentary spike in stator current followed by a gradual increase in average current as the

gates are opened to arrive at the new set-point power.
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Figure 4.13: Stator phase A current from hardware testing. The adjustable speed governor

slows the machine when the contingency occurs to produce a spike in current.

4.5 Conclusions and Future Work

The adjustable speed governor developed in this work shows promise as a tool to
increase the flexibility of hydropower generators by broadening the efficient operating
range and improving the speed of response to grid contingencies.

Future work will develop enhanced physical models of the turbine under variable
speed control in order to tune the traditional and adjustable speed governors in the context
of physical effects due to changing water speeds.

Additionally, the ACS-800 is capable of four-quadrant operation and could be
connected directly to the rotor windings of a DFIG for hardware validation of the

simulation described in this work.
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5 Conclusions and Future Work

The goal of this research was to develop and test an adjustable speed control scheme
for hydropower systems operating under set-point power control. The motivation for this
effort was the potential to enhance the operational flexibility and efficiency of

hydroelectric generators by adding speed as a new degree of freedom.

The approach taken in this work was to first understand the water resource, policy, and
economic landscape in which a potential variable speed system would be operating. The
reason for this initial step was to identify constraints and potential emerging applications
which could create new operational regimes and benefit designs accessible only through
adjustable speed operation. The outcome of that analysis showed that adjustable speed
operation could enhance grid stability and broaden the efficient operating range of

hydropower generators at all scale.

A novel control scheme was then developed, simulated, and tested on hardware. This
underlying basis of this new strategy was a physics-based understanding of pump and
turbine hydraulics. Data from an experimentally characterized turbine was used to create a
3-dimensional surface of efficiency and an adjustable speed governor was developed to
draw a reference speed from the surface to maximize efficiency for a given set-point power.
This governor worked in parallel with a traditional governor for gate control and was
shown to increase the magnitude and speed of response to grid frequency extrusions. This
effect was observed both in simulation on a model of a DFIG and on hardware using an

induction generator connected to the grid through a VFD.

Future work can develop an independent, physics based model for a turbine operating
under adjustable speed control. This model will enable the adjustable speed governor to be
tuned in the context of non-linear hydraulic effects associated with speed changes which
may not have been captured in the presented work.

Using the enhanced model, additional future work can execute hardware testing on an
electric generator connected to a turbine system operating in the field to confirm

performance improvement and identify opportunities for further enhancement.
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