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Preface to the Second Edition

The first edition of this single-author, two-book set was published in 2006. Since then, electric energy,
“produced” mostly via electric generators, has become one of the foremost activities in our global econ-
omy world. The subject of Electric Generators (Synchronous Generators and Variable Speed Generators
as two books) attracted special attention worldwide both from industry and academia in the last decade.
Electric generators’ design and control may constitute a new graduate course in universities with electric
power programs.

Also, in the design and control of electric generators for applications ranging from energy conversion
to electric vehicles (transportation) and auxiliary power sources, new knowledge and developments
have been published in the last ten years. In the last ten years, in wind generators alone, the installed
power has increased from some 40,000 MW to 300,000 MW (in 2014).

In view of these developments, we decided to come up with a new edition that

o Keeps the structure of the first edition to avoid confusion for users

o Keeps the style with many numerical worked-out examples of practical interest, together with
more complete case studies

o Includes text and number corrections

o Adds quite a few new paragraphs in both books, totaling around 100 pages, to illustrate syntheti-
cally the progress in the field in the last decade

The new additions in the second edition are
Synchronous Generators

« Chapter 2 (Section 2.9): High Power Wind Generators, with less or no PM—an overview
« Chapter 4 (Section 4.15): PM-Assisted DC-Excited Salient Pole Synchronous Generators
(Section 4.16): Multiphase Synchronous Machine Inductances via Winding Function
Method
+ Chapter 6 (Section 6.17): Note on Autonomous Synchronous Generators’ Control
o Chapter 7 (Section 7.21): Optimization Design Issues
(Section 7.21.1): Optimal Design of a Large Wind Generator by Hooke-Jeeves Method
(Section 7.21.2): Magnetic Equivalent Circuit Population-Based Optimal Design of
Synchronous Generators
Chapter 8 (Section 8.10): Online Identification of SG Parameters
(Section 8.10.1): Small-Signal Injection online Technique
(Section 8.10.2): Line Switching (On or Off) Parameter Identification for Isolated Grids
(Section 8.10.3): Synthetic Back-to-Back Load Testing with Inverter Supply

xiii
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Variable Speed Generators

Chapter 2 (Section 2.14): Ride-Through Control of DFIG under Unbalanced Voltage Sags
(Section 2.15): Stand-Alone DFIG Control under Unbalanced Nonlinear Loads
Chapter 5 (Section 5.8): Stand-Alone SCIG with AC Output and Low Rating PWM Converter
(Section 5.10): Twin Stator Winding SCIG with 50% Rating Inverter and Diode Rectifier
(Section 5.11): Dual Stator Winding IG with Nested Cage Rotor
Chapter 6 (Section 6.8): IPM Claw-Pole Alternator System for More Vehicle Braking Energy
Recuperation: A Case Study
Chapter 8 (Section 8.12): 50/100 kW, 1350 7000 rpm (600 N m Peak Torque, 40 kg) PM-Assisted
Reluctance Synchronous Motor/Generator for HEV: A Case Study
Chapter 9 (Section 9.11): Double Stator SRG with Segmented Rotor
Chapter 10 (Section 10.16): Grid to Stand-Alone Transition Motion-Sensorless Dual-Inverter
Control of PMSG with Asymmetrical Grid Voltage Sags and Harmonics
Filtering: A Case Study
Chapter 11 (Section 11.5): High Power Factor Vernier PM Generators

We hope that the second edition will be of good use to graduate students, to faculty, and, especially,
to R&D engineers in industry that deal with electric generators, design control, fabrication, testing,
commissioning, and maintenance. We look forward to the readers’ comments for their confirmation
and validation and for further improvement of the second edition of these two books: Synchronous
Generators and Variable Speed Generators.

Professor Ion Boldea

IEEE Life Fellow

Romanian Academy

University Politehnica Timisoara
Timisoara, Romania

MATLAB® is a registered trademark of The MathWorks, Inc. For product information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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Preface to the First Edition

Electric energy is a key factor for civilization. Natural (fossil) fuels such as coal, natural gas, and nuclear
fuel are fired to produce heat in a combustor and then the thermal energy is converted into mechanical
energy in a turbine (prime mover). The turbine drives an electric generator to produce electric energy.
Water potential and kinetic and wind energy are also converted to mechanical energy in prime movers
(turbine) to drive an electric generator.

All primary energy resources are limited, and they have a thermal and chemical (pollutant) effect on
the environment.

Currently, much of electric energy is produced in constant-speed-regulated synchronous generators
that deliver electric energy with constant AC voltage and frequency into regional and national electric
power systems, which further transport and distribute it to consumers.

In an effort to reduce environment effects, electric energy markets have been recently made more
open, and more flexible distributed electric power systems have emerged. The introduction of distrib-
uted power systems is leading to an increased diversity and growth of a wider range power/unit electric
energy suppliers. Stability, quick and efficient delivery, and control of electric power in such distributed
systems require some degree of power electronics control to allow lower speed for lower power in electric
generators to tap the primary fuel energy.

This is how variable-speed electric generators have come into play recently [up to 400 (300) MVA/
unit], as for example, pump storage wound-rotor induction generators/motors have been in used since
1996 in Japan and since 2004 in Germany.

This book deals in depth with both constant- and variable-speed generator systems that operate in
stand-alone and power grid modes.

Chapters have been devoted to topologies, steady-state modeling and performance characteristics,
transients modeling, control, design, and testing, and the most representative and recently proposed
standard electric generator systems.

The book contains most parameter expressions and models required for full modeling, design, and
control, with numerous case studies and results from the literature to enforce the understanding of the
art of electric generators by senior undergraduate and graduate students, faculty, and, especially, indus-
trial engineers who investigate, design, control, test, and exploit electric generators for higher energy
conversion ratios and better control. This 20-chapter book represents the author’s unitary view of the
multifacets of electric generators with recent developments included.

Chapter 1 introduces energy resources and fundamental solutions for electric energy conversion
problems and their merits and demerits in terms of efficiency and environmental effects. In Chapter 2,
a broad classification and principles of various electric generator topologies with their power ratings
and main applications are presented. Constant-speed-synchronous generators (SGs) and variable-speed
wound-rotor induction generators (WRIGs); cage rotor induction generators (CRIGs); claw pole rotors;
induction; PM-assisted synchronous, switched reluctance generators (SRGs) for vehicular and other

XV
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xvi Preface to the First Edition

applications; PM synchronous generators (PMSGs); transverse flux (TF); and flux reversal (FR) PMSGs,
and, finally, linear motion PM alternators are all included.

Chapter 3 treats the main prime movers for electric generators from topologies to basic performance
equations and practical dynamic models and transfer functions.

Steam, gas, hydraulic, and wind turbines and internal combustion (standard, Stirling, and diesel)
engines are dealt with. Their transfer functions are used in subsequent chapters for speed control in
corroboration with electric generator power flow control.

Chapters 4 through 8 deal with SGs steady state, transients, control, design, and testing with plenty of
numerical examples and sample results that cover the subject comprehensively.

This part of the book is dedicated to electric machines and power systems professionals and industries.

Chapters 9 through 11 deal with WRIGs that have a bidirectional rotor connected AC-AC partial
rating PWM converter for variable-speed operation in stand-alone and power grid modes. Steady-state
transients (Chapter 9), vector and direct power control (Chapter 10), and design and testing (Chapter 11)
are treated in detail with plenty of applications and digital simulation and test results to facilitate in-
depth assessment of WRIG systems currently built from 1 MVA to 400 MVA per unit.

Chapters 12 and 13 discuss cage rotor induction generators (CRIG) in self-excited modes used as
power grid and stand-alone applications with small speed regulation by a prime mover (Chapter 12)
or with full-rating PWM converters connected to a stator and wide-variable speed (Chapter 13) with
+100% active and reactive power control and constant (or controlled) output frequency and voltage in
both power grid and stand-alone operations.

Chapters 9 through 13 are targeted to wind, hydro, and, in general, to distributed renewable power
system professionals and industries.

Chapters 14 through 17 deal with representative electric generator systems proposed recently for
integrated starter alternators (ISAs) on automobiles and aircraft, all operating at variable speed with
full power ratings electronics control. Standard (and recently improved) claw pole rotor alternators
(Chapter 14), induction (Chapter 15), PM-assisted synchronous (Chapter 16), and switched reluctance
(Chapter 17) ISAs are discussed thoroughly. Again, with numerous applications and results, from topol-
ogies, steady state, and transients performance, from modeling to control design and testing for the very
challenging speed range constant power requirements (up to 12 to 1) typical to ISA. ISAs have reached
the markets, used on a mass-produced (since 2004) hybrid electric vehicles (HEVs) for notably higher
mileage and less pollution, especially for urban transport.

This part of the book (Chapters 14 through 17) is targeted at automotive and aircraft professionals and
industries.

Chapter 18 deals extensively with radial and axial air gaps, surfaces, and interior PM rotor permanent
magnet synchronous generators that work at variable speed and make use of full power rating electron-
ics control. This chapter includes basic topologies, thorough field and circuit modeling, losses, perfor-
mance characteristics, dynamic models, and bidirectional AC-AC PWM power electronics control in
power grid and in stand-alone applications with constant DC output voltage at variable speed. Design
and testing issues are included, and case studies are treated using numerical examples and transient
performance illustrations.

This chapter is directed at professionals interested in wind and hydraulic energy conversion, genera-
tor set (stand-alone) with power/unit up to 3-5 MW (from 10 rpm to 15 krpm) and 150 kW at 80 krpm
(or more).

Chapter 19 investigates with numerous case study designs two high-torque density PM synchronous
generators (transverse flux [TFG] and flux reversal [FRG]), introduced in the last two decades that take
advantage of non-overlapping multipole stator coils. They are characterized by lower copper losses/N m
and kg/N m and find applications in very-low-speed (down to 10 rpm or so) wind and hydraulic turbine
direct and transmission drives, and medium-speed automotive starter-alternators.

Chapter 20 investigates linear reciprocating and linear progressive motion alternators. Linear recip-
rocating PMSGs (driven by Stirling free-piston engines) have been introduced (up to 350 W) and are
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currently used for NASA’s deep-mission generators that require fail-proof operation for 50,000 h. Linear

reciprocating PMSGs are also pursued aggressively as electric generators for series (full electric propul-

sion) vehicles for power up to 50 kW or more; finally, they are being proposed for combined electric

(1kW or more) and thermal energy production in residences with gas as the only prime energy provider.
The author thanks the following:

o Illustrious people that have done research, wrote papers, books, patents, and built and tested
electric generators and their control over the last decades for providing the author with “the air
beneath his wings”

 The author’s very able PhD students for electronic editing of the book

« The highly professional, friendly, and patient editors of CRC Press

Professor Ion Boldea

IEEE Life Fellow

University Politehnica Timisoara
Timisoara, Romania
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Electric Energy and Electric Generators

1.1 Introduction

Energy is defined as the capacity of a body system to do mechanical work. Intelligent harnessing and
control of energy determines essentially the productivity and, subsequently, the lifestyle advancement
of society.

Energy is stored in nature in quite a few forms such as fossil fuels (coal, petroleum, and natural gas);
solar radiation; and in tidal, hydro, wind, geothermal, and nuclear forms.

Energy is not stored in nature in electrical form. However, electric energy is easy to transmit over very
long distances and complies with customer’s needs through adequate control. More than 40% of energy
is converted into electric energy before use, most of it through electric generators that convert mechani-
cal energy into electric energy. Work and energy have identical units. The fundamental unit of energy
is 1], which represents the work of a force of 1 N in moving a body through a distance of 1 m along the
direction of force (1] =1N x 1 m). Electric power is the electric energy rate, and its fundamental unit is
1 W =1]/s. Electric energy is more commonly measured in kilowatt-hours (kWh):

1kWh=3.6x10°] (1.1)

Thermal energy is usually measured in calories (cal). By definition, 1 cal is the amount of heat required
to raise the temperature of 1 g of water from 15°C to 16°C. The kilocalorie (kcal) is even more common
(1 kcal = 103 cal).
As energy is a unified concept, as expected, the joule and calorie are directly proportional:
l1cal=4.186] 1.2)
A larger unit for thermal energy is the British thermal unit (BTU):
1BTU =1055] = 252 cal 1.3)

A still larger unit is the quad (quadrillion BTU):

1quad =10" BTU =1.055x10"* J (1.4)

In the year 2000, the world used about 16 x 10> kWh of energy, an amount above most projections
(Figure 1.1).

An annual growth of 3.3%-4.3% was typical for world energy consumption in the period between
1990 and 2000. A slightly lower rate is forecasted for the next 30 years.
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FIGURE 1.2 Peak electric power demand in the United States and its exponential predictions.

Besides annual energy usage (and growth rate), with over 30%-40% of total energy being converted
into electric energy, it is equally important to evaluate and predict the electric power peaks for each
country (region), as they determine the electric generation reserves. The peak electric power in the
United States over several years is shown in Figure 1.2.

Peak power demands tend to be more dynamic than energy needs, and thus electric energy planning
becomes an even more difficult task.

Implicitly, the transients and stability in electric energy (power) systems of the future tend to be more
severe.

To meet these demands, we need to look at the main energy sources: their availability, energy density,

the efficiency of the energy conversion to thermal to mechanical to electrical energy, and their second-
ary ecological effects (limitations).
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Electric Energy and Electric Generators 3

1.2 Major Energy Sources

With the current annual growth in energy consumption, the fossil fuel supplies of the world will be
depleted in, at best, a few hundred years, unless we do switch to other sources of energy or use energy
conservation to tame energy consumption without compromising the quality of life.

The world estimated reserves of fossil fuel [1] and their energy density are shown in Table L.1.

With a 14-year doubling time of energy consumption, if only coal would be used, the whole coal
reserves will be depleted in about 125 years. Even if the reserves of fossil fuel were large, their predomi-
nant or exclusive usage is not feasible due to environmental, economical, or even political reasons.

Alternative energy sources are to be used more and more, with fossil fuels used slightly less, gradually,
and more efficiently than today.

The relative cost of electric energy in 1991 from different sources is shown in Table 1.2.

Wind energy conversion is becoming cost-competitive while it is widespread, and it has limited envi-
ronmental impact.

Unfortunately, its output is not steady, and thus very few energy consumers rely solely on wind power
to meet their electric energy demands. As in general, the electric power plants are connected in local or
regional power grids with regulated voltage and frequency, connecting of large wind generator parks to
the power grids may produce severe transients that have to be taken care of using sophisticated control
systems with energy storage elements in most cases.

By the year 2014, over 300,000 MW of wind power generators were in place, a good part in the United
States.

The total wind power resources of the planet are estimated at 15,000 TWh, so much more work in this
area is expected in the near future.

Another indirect means of using solar energy, besides wind energy, is the stream-flow part of the
hydrological natural cycle.

The potential energy of water is transformed into kinetic energy using a hydraulic turbine, which then
drives an electric generator. The total hydropower capacity of the world is about 3 x 102> W. Only less
than 9% of which is used today because many regions with greatest potential have economic problems.

However, as energy costs from water are low, resources are renewable and with limited ecological
impact. Despite initial high costs, hydropower is up for a new surge.

Tidal energy is obtained by filling a bay, closed by a dam, during periods of high tides and emptying
it during low-tide time intervals. The hydraulic turbine to be used in tidal power generation should be
reversible so that tidal power is available twice during each tidal period of 12 h and 25 min.

Though the total tidal power is evaluated at 64 x 10!> W, its occurrence in short intervals only requires
large rating turbine—generator systems that are still expensive. The energy burst cannot be easily
matched with demand unless large storage systems are built.

TABLE 1.1 Estimated Reserves of Fossil Fuel

Fuel Estimated Reserves Energy Density (W-h)
Coal 7.6 x 1022 metric tons 937 per ton
Petroleum 2 x 10" barrels 168 per barrel
Natural gas 10% ft3 0.036 per ft?

TABLE 1.2 Cost of Electric Energy

Energy Source Cents/kWh
Gas (in high efficiency combined cycle gas turbines) 3.4-4.2
Coal 5.2-6
Nuclear 7.4-6.7
Wind 4.3-7.7
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4 Synchronous Generators

These demerits make many of us still believe that the role of tidal energy to the world demand will
be very limited, at least in the new future. However, exploiting submarine currents energy in wind-like
low-speed turbines may be feasible.

Geothermal power is obtained by extracting the heat inside the earth. With a 25% conversion ratio,
the useful geothermal electric power is estimated at 2.63 x 10! MWh.

Fission and fusion are two forms of nuclear energy conversion to produce heat. Heat is converted to
mechanical power in steam turbines that drive electric generators to produce electric energy.

Only fission-splitting nuclei of a heavy element such as uranium 235 are used commercially to produce
a good percentage of electric power, particularly in developed countries.

As uranium 235 is in scarce supply, uranium 238 is converted into fissionable plutonium by absorb-
ing neutrons. One gram of uranium 238 will produce about 8 x 10! J of heat. The cost of nuclear
energy is still slightly higher than that from coal or gas (Table 1.2). The environmental problems with
used nuclear fuel conservation or with reactor potential explosions are more and more the problem
of public acceptance.

Fusion power combination of light nuclei such as deuterium and tritium at high temperatures and
pressures is scientifically feasible, but it is not yet technically proven for efficient energy conversion.

Solar radiation may be used either through heat solar collectors or through direct conversion to elec-
tricity in photovoltaic cells. From an average of 1 kW/m? of solar radiation, less than 180 W/m? could be
converted to electricity with up-to-date solar cells. Small energy density and nonuniform availability
(during mainly sunny days) lead to higher cents/kWh than from other sources.

1.3 Limitations of Electric Power Generation

Factors limiting electric energy conversion are related to the availability of various fuels, technical con-
straints, ecological, social, and economical issues.

Ecological limitations are due to low-temperature excess heat and carbon dioxide (solid particles) and
of oxide of sulfur nitrogen emissions from fuel burning.

Low-temperature heat exhaust is typical in any thermal energy conversion. When too large, this
heat increases the earth’s surface temperature and, together with the emission of carbon dioxide and
certain solid particles, have intricate effects on the climate. Global warming and climate changes appear
to be caused by burning too much fossil fuel. Since the Three Mile Island, Chernobyl and Fukushima
incidents, safe nuclear electric energy production has become not only a technical issue but also an
ever-increasing social (public acceptance) problem.

Even hydro and wind energy conversion do pose some environmental problems, though much
smaller than the fossil or nuclear fuel energy conversion does. We refer to changes in flora and fauna
due to hydro-dams intrusion in the natural habitat. Big windmill farms tend to influence the fauna and
are also sometimes considered “ugly” to the human eye.

Consequently, in forecasting the growth of electric energy consumption on earth, we must consider
all these very complex limitation factors.

Shifting to more renewable energy sources (wind, hydro, tidal, solar, etc.) while using combined heat-
electricity production from fossil fuels to increase the energy conversion factor, together with intelligent
energy conservation, could be a complicated, but a potent, way of increasing material prosperity in more
harmony with the environment.

1.4 Electric Power Generation

Electric energy (power) is produced by coupling a prime mover that converts the mechanical energy
(called a turbine) to an electrical generator, which then converts the mechanical energy into electri-
cal energy (Figure 1.3). An intermediate form of energy is used for storage in the electrical generator.
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FIGURE1.3 Mostimportant ways to produce electric energy (a—e).

This is the so-called magnetic energy stored, mainly between the stator (primary) and the rotor (second-

ary). The main types of “turbines” or prime movers are as follows:

Steam turbines
Gas turbines
Hydraulic turbines
Wind turbines
Diesel engines

Internal combustion engines

Figure 1.3, which is self-explanatory, illustrates the most commonly used technologies to produce electric
energy. They all use a prime mover that outputs mechanical energy. There are also direct ways of electric
energy production that avoid the mechanical energy stage—such as photovoltaic, thermoelectric, and
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6 Synchronous Generators

electrochemical (fuel cells) technologies. As they do not use electric generators, and still represent only
a tiny part of all electric energy produced on earth, their treatment falls beyond the scope of this book.

The steam (or gas) turbines in various configurations practically make use of all fossil fuels from coal
to natural gas and oil and nuclear fuel or geothermal energy inside earth.

Usually, their efficiency reaches 40%; but in combined cycle (producing heat and mechanical power), their
efficiency has reached recently 55%-60%. Powers per unit go as high as 100 MW and more at 3000 (3600 rpm);
but for lower powers, in the MW range, higher speeds are feasible to reduce weight (volume) per power.

Recently, low-power, high-speed gas turbines (with combined cycle) in the range of 100 kW at 70,000-
80,000 rpm became available. Electric generators to match this variety of powers and speeds have also been
produced. Such electric generators are also used as starting motors for jet plane engines on board of aircraft.

High speed, low volume and weight, and reliability are key factors for electric generators on board
aircrafts. Power ranges are from hundreds of kWs to 1 MW in large aircraft. On ships or trains, electric
generators are required either to power the electric propulsion motors or (and) for auxiliary multiple
needs. Diesel engines (Figure 1.3b) drive the electric generators on board of ships or trains.

On vehicles, electric energy is used for various tasks for powers up to a few tens of klilowatts in
general. The internal combustion (or diesel) engine drives an electric generator (alternator) directly or
through a transmission (Figure 1.3c). The ever-increasing need for more electric power on vehicles to
perform various tasks—from lighting to engine startup and from door openers to music devices and
wind shield wipers and cooling blowers—imposes new challenges on electric generators of the future.

Hydraulic potential energy is converted to mechanical energy in hydraulic energy turbines. They in
turn drive electric generators to produce electric energy. In general, the speed of hydraulic turbines is
rather low—below 500 rpm—but in many cases below 100 rpm.

The speed depends on the water head and flow rate. High water head leads to higher speed, while high
flow rate leads to lower speeds. Hydraulic turbines for low, medium, and high water heads have been
perfected into a few most favored embodiments (Kaplan, Pelton, Francis, bulb type, Straflo, etc.)

With a few exceptions—in Africa, Asia, Russia, China, and South America—many large power/unit
water energy reservoirs have been provided with hydroelectric power plants with large powers (in the
hundreds and thousands of megawatt). Still by 1990 only 15% of the world’s main 624,000 MW reserves
have been put to work. However, very many smaller water energy reservoirs still remain untapped.
They need small hydrogenerators with powers below 5 MW at speeds of a few hundred revolutions per
minute. In many locations, tens of kilowatt micro hydrogenerators are more appropriate [2-5].

The time of small and micro hydroenergy has come finally, especially in Europe and North America
where reserves left are less. Tables 1.3 and 1.4 show the world use of hydroenergy in terawatt in 1997 [6,7].

The World Energy Council estimated that by 1990 from total electric energy demand of 12,000 TWh,
about 18.5% were contributed by hydroenergy. By 2020, the world electric energy demand is estimated
to be 23,000 TWh. From this, if only 50% of all economically feasible hydroresources were put to work,
the hydro would contribute 28% of the 2020s total electric energy demands.

These figures indicate that a new era of dynamic hydroelectric power development is to come soon, if
the humanity desires more energy (prosperity for more people) but with a small impact on the environ-
ment (constant or less greenhouse emission effects).

TABLE 1.3 World Hydropotential by Region in Terawatt

Gross Economic Feasible
Europe 5,584 2,070 1,655
Asia 13,399 3,830 3,065
Africa 3,634 2,500 2,000
America 11,022 4,500 3,600
Oceania 592 200 160
Total 34,231 13,100 10,480
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TABLE 1.4 Proportion of Hydro Already Developed

Africa 6%
South and Central America 18%
Asia 18%
Oceania 22%
North America 55%
Europe 65%

Source: World Energy Council.

Wind energy reserves, though discontinuous and unevenly distributed, mostly around shores, are
estimated at four times the electric energy needs of today.

To its uneven distribution, its discontinuity and some not insurmountable public concerns about
fauna and human habitats, we have to add the technical sophistication and costs required to control,
store, and distribute wind electric energy. These are the obstacles to the widespread use of wind energy.
For comparison more than 100,000 MW of hydropower reserves are tapped today in the world.

But ambitious plans are ahead with European Union planning to install more than 10,000 MW from
2010 to 2020.

The power per unit for small hydropower increased to 4 MW and, for wind turbines, it increased up
to 8 MW. More are being designed; but as the power per unit increases, the speed decreases to 10 rpm.

This poses an extraordinary problem: either use a special transmission and a high-speed generator or
build a directly-driven low-speed generator. Both solutions have their own merits and demerits.

The lowest speeds in hydrogenerators are in general above 50 rpm but at much higher powers and thus
much higher rotor diameters, which lead to still good performance.

Preserving high performance at 1-10 MW and less at speeds below 30 rpm in an electric generator
poses serious challenges, but better materials, high energy permanent magnets, and ingenious designs
are likely to facilitate in solving these problems.

It is estimated that wind energy will produce more than 10% of electric energy by 2020.

This means that wind energy technologies and business are apparently up to a new revival—this time
with sophisticated control and flexibility provided by high-performance power electronics.

1.5 From Electric Generators to Electric Loads

Electric generators operate traditionally either in large power grids—with many of them in parallel to
provide voltage and frequency stability to changing load demands—or they stand alone.

The conventional large power grid supplies most electric energy needs and consists of electric power
plants, transmission lines, and distribution systems (Figure 1.4).

Multiple power plants, many transmission power lines and complicated distribution lines, and so
forth constitute a real regional or national power grid.

Such large power grids with a pyramidal structure—generation—transmission—distribution
and billing—are now in place and, to connect a generator to such a system, comply with strict rules.

Step-down trafos

Power plant 1 Step-up to low voltage
trafo
Transmission |Step-down
powerline | trafoto |Distribution———
medium power line L 1 Loads
voltage
Step-u
Power plant 2 p-up
trafo

FIGURE 1.4 Single transmission in multiple power plant—standard power grid.
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Primary
energy Generation Transmission Distribution Loads
source
(@)
Energy Energy Energy
) network traders, service
Generation owners and brokers and providers and

operators exchanges resellers

(b)
FIGURE 1.5 (a) Standard value chain power grid and (b) unbundled value chain.

The rules, standards, are necessary to provide quality power in terms of continuity, voltage, and fre-
quency constancy, phase symmetry, faults treatment, and so forth.

The bigger, the more stable seems to be the driving force behind building such huge “machine
systems.”

The bigger the power/unit, the higher the energy efficiency was for decades, the rule that leads to
steam generators of up to 1500 MW and hydrogenerators up to 760 MW.

However, investments in new power plants, redundant transmission power lines, and distribution
systems did not always keep up with ever-increasing energy demands. This is how the blackouts have
developed. Aside from extreme load demands or faults, the stability of power grids is limited mainly by
the fact that existing synchronous electric generators work only at synchronism, that is, at a speed n,
rigidly related to frequency f, of voltage f, = n x p. Standard power grids are served exclusively by syn-
chronous generators and have a pyramidal structure a called “utility” (see Figure 1.5). Utilities still run,
in most places, the entire process from generation to retail settlement.

Today, the electricity market is deregulating at various pace in different parts of the world, though the
process has been still considered in its infancy.

The new unbundled value chain (Figure 1.5b) breaks out the functions into the basic types: elec-
tric power plants, energy network owners, and operators; energy traders, brokers, and exchanges; and
energy service providers and retailers [8,9]. This way, it is hoped to stimulate competition for energy
costs reduction while also improving the power quality at the end users, by sustainable environment and
more friendly technologies. Increasing the number of players needs clear rules of the game. In addition,
the transients stresses on such power grid, with many energy suppliers entering, exiting, or varying
their input, are likely to be more severe. To counteract such a difficulty, more flexible power transmis-
sion lines have been proposed and introduced in a few places (mostly in the United States) under the
logo “FACTS”: flexible AC transmission systems [10].

FACTS introduces controlled reactive power capacitors in the power transmission lines in parallel,
for higher voltage stability (short-term voltage support), and (or) in series for larger flow management
in the long term (Figure 1.6).

Power electronics at high power and voltage levels is the key technology to FACTS.

Additionally, FACTS includes the AC-DC-AC power transmission lines to foster stability and to
reduce losses in energy transport over large distances (Figure 1.7).

The direct current (DC) high-voltage large power bus allows for parallel connection of energy provid-
ers with only voltage control, and thus the power grid becomes more flexible.

However, this flexibility occurs at the price of full-power high-voltage converters that take advantage
of the power electronics technologies.
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FIGURE 1.6 FACTS: series-parallel compensator.
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FIGURE17 AC-DC-AC power cable transmission system.

Still, most electric generators are synchronous machines that need tight (rigid) speed control to
provide constant frequency output voltage.

To connect such generators in parallel, the speed controllers (governors) have to allow for a speed
droop in order to produce balanced output of all generators. Of course, frequency also varies with load,
but this variation is limited to less than 0.5 Hz.

Variable speed constant voltage and frequency generators with decoupled active and reactive power
control would make the power grids naturally more stable and more flexible.

The doubly fed induction generator (DFIG) with three-phase pulse width modulation (PWM)
bidirectional converter in the three-phase rotor circuit supplied through brushes and slip rings does
just that (Figure 1.8).

DFIG works as a synchronous machine and thus, fed in the rotor in AC at variable frequency f,, and
operating at speed # it delivers power at the stator frequency f;:

fi=np+f 1.5)

where 2p is the number of poles of stator and rotor windings.
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V}—constant

V,—variable
fi—constant Step-up

fy—variable

Stator transformer 10 power grid
—_—
Prime
mover H
(turbine) r

2p poles
Adaptation
transformer
Bidirectional secondary
PWM converter

FIGURE 1.8 Variable speed constant voltage and frequency generator.

The frequency f, is considered positive when the phase sequence in the rotor is same as in the sta-
tor and negative otherwise. In the conventional synchronous generator f, = 0 (DC). DFIG is capable
to work at f, = 0 but also for f,<>0. With a bidirectional power converter, DFIG may work both as
motor and generator with f, negative and positive, that is, at speeds lower and larger than that of the
standard synchronous machine. Starting is initiated from the rotor, with stator temporarily short-
circuited, then opened. Then the machine is synchronized and operated as motor or generator. The
“synchronization” is feasible at all speeds within the design range (+20% in general). Therefore, not
only generating but pumping mode is also available, besides flexibility in fast active and reactive
power control.

Pump storage is used to store energy during peak-off hours and is then used for generation during
peak hours at a total efficiency around 70% in large head hydropower plants.

DFIG units of up to 400 MW with about +5% speed variation have been put to work in Japan, and also
more recently (in 300 MW units) in Germany. The converter rating is about equal to the speed variation
range, which limits the costs notably. Pump storage plants with conventional synchronous machines
working as motors have been used in place for a few decades. DFIG/M, however, provides the optimum
speed for pumping, which, for most hydroturbines, is different from that for generating.

While fossil-fuel DFIGs may be very good for power grids because of stability improvements, they are
definitely the solution when pump storage is used and for wind generators above 1 MW per unit.

Will DFIG replace gradually the omnipresent synchronous generators in bulk electric energy conver-
sion? Most likely, as the technology is here already up to 400 MW/unit. At the distribution stage (local)
stage (Figure 1.5b), a new structure is getting ground: the distributed power system (DPS). It refers to low
power energy providers that can meet or supplement some local power needs.

DPS is expected to either work alone or be connected at the distribution stage to existing systems.

DPS is to be based on renewable resources such as wind, hydro, biomass alone, or integrate also
gas turbine generators or diesel engine generators, solar panels, and fuel cells.

Powers in the orders of 1-2 MW possibly up to 5 MW/unit of energy conversion are contemplated.

DPSs are to be provided with all means of control, stability, and power quality so typical to conven-
tional power grids. With one big difference, they will make full use of power electronics to provide fast
and robust active and reactive power control.

Here, besides synchronous generators with electromagnetic excitation, PM synchronous and cage-
rotor induction generators and DFIGs, all with power electronics control for variable speed operation,
are already in place in quite a few applications. But their wide spread usage is only about to take place.

Stand-alone electric power generation ties directly the electric energy generator to the load. Stand-
alone systems may have one generator only (i.e., on board of trains and auto vehicles standby power
groups) or 2-4 such generators such as on board of large aircraft or vessel. Stand-alone gas-turbine
residential generators are also investigated for decentralized electricity production.
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FIGURE 1.9 Typical flywheel battery.

Stand-alone generators and their control are tightly related to the application, from the design to the
embodiment of control and protection.

Vehicular generators have to be lightweight and efficient, in this order.

Standby (backup) power groups for hospitals, banks, telecom, have to be quickly available, reliable,
efficient, and environment friendly.

Backup power generators are becoming a must in public buildings as now all use a cluster of comput-
ers. Battery or fuel cell-based uninterruptible power supplies (UPS), all with power electronics control,
are also used at lower powers especially. They do not include electric generators and fall beyond our
scope here.

Electric generators or motors are also used for mechanical energy storage “inertial batteries”
(Figure 1.9) in vacuum, with magnetic suspension to store energy for minutes to hours. Speeds up to
1 km/s (peripheral maximum speed with composite material flywheels) at the cost of 400-800 $/kW
(50-100 $/kW for lead acid batteries) for an operation life of over 20 years (3-5 years for lead acid
batteries) [11] are feasible today.

PM synchronous generator/motors are ideal for the scope at rotational speeds, preferably around
40 krpm, for the 3-300 kW range and less for the MW range.

Satellites, power quality systems (for active power control through energy storage), hybrid buses,
trains (to store energy during braking), and electromagnetic launchers are typical applications for stor-
age generator-motor systems. The motoring mode is used to reaccelerate the flywheel (or charge the
inertia battery) via power electronics.

Energy storage up to 500 MJ (per unit) is considered practical for applications that (at 50 Wh/kg den-
sity or more) need energy delivered in seconds or minutes at a time, for the duration of power outage. As
most (80%) of power line disturbances last for less than 5 s, flywheel batteries can fill up this time with
energy as standby power source. Yet very promising electrochemical and superconducting coil energy
storage fall beyond our scope here.
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1.6 Summary

This introductory study leads to the following conclusions:

Electric energy demand is on the rise (at a rate of 2%-3% per annum), but so are the environmental
and social constraints on the electric energy technologies.

Renewable resources input is on the rise—especially wind and hydro, at powers of up to a few MW
per unit.

Single-value power grids will change to bundled valued chains with electric energy opening to
markets.

Electric generators should work at variable speed but provide constant voltage and frequency output
via power electronics with full or partial power ratings, to tap more energy from renewable and
provide faster and safer reactive power control.

The standard synchronous generator, working at constant speed for constant frequency output, is
challenged by the DFIG at high-to-medium power (from hundreds of megawatts up to 10 MW)
and by the PM synchronous generator and the induction generator with full-power bidirectional
power electronics in the stator up to 10 MW range.

Most variable speed generators, with bidirectional power electronics control, will also allow motor-
ing (or starting) operation both in conventional or distributed power grids and in stand-alone
(or vehicular) applications.

Home and industrial combined heat and electricity generation by burning gas in high-speed gas-
turbines imposes special electric generators with adequate power electronics digital control.

In view of such a wide power/unit and applications range, a classification of electric generators seems
in order and this is the subject of Chapter 2.
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Principles of Electric Generators

2.1 Three Types of Electric Generators

Electric generators may be classified in many ways, but the following are deemed fully representative:

+ By principle
+ By applications domain

The applications domain implies the power level. The classifications by principle unfolded here include
commercial (widely used) types together with new configurations, which are still in the laboratory
(although advanced) stages.

By principle, there are three main types of electric generators:

 Synchronous (Figure 2.1)
« Induction (Figure 2.2)
o Parametric (with magnetic anisotropy and permanent magnets)—Figure 2.3

Parametric generators have in most configurations doubly salient magnetic circuit structures; therefore,
they may also be called “doubly salient electric generators.”

Synchronous generators (SGs) [1-4] have, in general, a stator magnetic circuit made of laminations
provided with uniform slots that house a three-phase (sometimes single- or two-phase) winding and a
rotor. It is the rotor design that leads to a cluster of SG configurations as can be seen in Figure 2.1.

They are all characterized by the rigid relationship among speed n, frequency f,, and the number of
poles 2p;:

n= i (2.1)

Those that are DC excited require power electronics excitation control, while those with permanent
magnets (PMs) or (and) variable reluctance rotors have to use full power electronics in the stator to oper-
ate at adjustable speed. Finally, even electrically excited, SGs may be provided with full power electronics
in the stator when they work alone or in power grids with DC high-voltage cable transmission lines.
Based on its principles, each of these configurations will be presented later on in this chapter.
For powers in the MW/unit range and less, induction generators have also been introduced. They are
(Figure 2.2) as follows:

« With cage rotor and single stator winding

o With cage rotor and dual (main and additional) stator winding with different number of poles,
in general

« With wound rotor

13
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Synchronous Generators
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FIGURE 2.1 Synchronous generators.
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FIGURE 2.2 Induction generators.
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FIGURE 2.3 Parametric generators.

© 2016 by Taylor & Francis Group, LLC




Principles of Electric Generators 15

PWM converters are connected to the stator (for the single stator winding and, respectively, to the
auxiliary stator winding for the case of dual stator winding)
The principle of the induction generator with single stator winding relies on the equation:

h=pn+f, (2.2)

where
f,> 01is the stator frequency
f,<> 01s the slip (rotor) frequency
n is the rotor speed (rps)

f, may be either positive or negative in Equation 2.2, even zero, provided the PWM converter in the
wound rotor is capable of supporting bidirectional power flow for speeds n above f,/p, and below f,/p,.
Note that for f,= 0 (DC rotor excitation), the SG operation mode is reobtained with the DFIG.
The slip S definition is as follows:

S= é <0 (2.3)

1

The slip is zero as f, = 0 (DC) for the SG mode.
For the dual stator winding, the frequency-speed relationship is applied twice:

fi=pm+fis pa>p
fi=pn+f

(24)

Therefore, the rotor bars experience, in principle, currents of two distinct (rather low) frequencies f, and
f>. In general, p, > p, to cover lower speeds.

The PWM converter feeds the auxiliary winding. Consequently, its rating is notably lower than that
of the full power of the main winding and is proportional to speed variation range.

As it may work in the pure synchronous mode too, the DFIG may be used up to highest levels of pow-
ers for SGs (400 MW units have been already in use for some years in Japan) and 2x 300 MW pump
storage plant is being now commissioned in Germany.

On the contrary, the cage rotor induction generator (CRIG) is more suitable for powers in the
megawatt and lower power range.

Parametric generators rely on the variable reluctance principle but may also use permanent magnets
to enhance the power per volume and reduce generator losses.

There are quite a few configurations that suit this category such as the switched reluctance generator
(SRG), the transverse flux PM generator (TFG), the flux reversal generator (FRG). In general, their prin-
ciple relies on co-energy variation due to magnetic anisotropy (without or with PMs on rotor or on sta-
tor), in the absence of a pure traveling field with constant speed (f,/p), so characteristic for synchronous
and induction generators (machines).

2.2 Synchronous Generators

Synchronous generators (see Figure 2.1 for classifications) are characterized by an uniformly slotted sta-
tor laminated core, which hosts a three-, or two-, or one-phase AC winding and a DC current excited,
or PM-excited or variable saliency, rotor [1-5].

As only two travelling fields—of the stator and rotor—at relative standstill interact to produce a
ripple-less torque, the speed n is rigidly tied to stator frequency f,, because the rotor-produced magnetic
field is DC, typically heteropolar in SGs.
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FIGURE 2.4 Synchronous generator with nonsalient pole heteropolar, DC distributed excitation.

They are built with nonsalient pole, distributed excitation rotors (Figure 2.4) for 2p, = 2, 4 (i.e., high
speed or turbogenerators) or with salient-pole concentrated excitation rotor (Figure 2.5) for 2p, > 4 (in
general, for low-speed or hydrogenerators).

As power increases, the rotor peripheral speed also increases. In large turbogenerators, it may reach
more than 150 m/s (in a 200 MVA machine D, = 1.2 m diameter rotor at n = 3600 rpm, 2p, =2, U=n D,
n =1 x 1.2 x 3600/60 > 216 m/s). The DC excitation placement in slots, with DC coil end connections
protected against centrifugal forces by rings of highly resilient resin materials, thus becomes necessary.
In addition, the DC rotor current air-gap field distribution is closer to a sinusoid.

Consequently, the harmonics content of the stator-motion-induced voltage (emf or no-load voltage) is
smaller, thus complying with the strict rules (standards) of commercial, large power grids.

The rotor body is made of solid iron for better mechanical rigidity and heat transmission.

The stator slots in large SGs are open (Figures 2.4 and 2.5), and they are sometimes provided with mag-
netic wedges in order to further reduce the field space harmonics and thus reduce the emf harmonics content
and rotor additional losses in the rotor damper cage. When n = f,/p, and for steady-state (sinusoidal symmet-
ric stator currents of constant amplitude), the rotor damper cage currents are zero. However, should any load
or mechanical transients occur, eddy currents show up in the damper cage to attenuate the rotor oscillations
when the stator is connected to a constant frequency and voltage (high power) grid.

The rationale neglects the stator magnetomotive force space harmonics due to the placement of wind-
ings in slots and also due to slot openings. These space harmonics induce voltages and thus produce
eddy currents in the rotor damper cage even during steady state.

In addition, even during steady state, if the stator phase currents are not symmetric, their inverse
components produce currents of 2f, frequency in the damper cage.

Consequently, to limit the rotor temperature, the degree of current (load) unbalance permitted is
limited by standards.

Nonsalient pole DC-excited rotor SGs have been manufactured for 2p, = 2, 4 poles high speed
turbogenerators that are driven by gas or steam turbines.
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FIGURE 2.5 Synchronous generator with salient pole heteropolar DC-concentrated excitation.

For lower speed SGs with alarge number of poles (2p, > 4), the rotors are made of salient rotor poles pro-
vided with concentrated DC excitation coils. The peripheral speeds are lower than for turbogenerators;
even for high-power hydrogenerators (for 200 MW 14 m rotor diameter at 75 rpm, and 2p, = 80, f, = 50 Hz,
the peripheral speed U=n x D, x n=x x 14 x 75/60 > 50 m/s). About 80 m/s is the upper limit, in general,
for salient pole rotors. Still, the excitation coils have to be protected against centrifugal forces.

The rotor pole shoes may be made of laminations—to reduce additional rotor losses—but the rotor
pole bodies and core are made of mild magnetic solid steel.

With a large number of poles, the stator windings are built for a smaller number of slot/pole: between 6
and 12, in many cases. The number of slots per pole and phase, g, is thus between 2 and 4. The smaller the g,
the larger the presence of space harmonics in the emf. A fractionary g might be preferred, say 2.5, which also
avoids the subharmonics and leads to a cleaner (more sinusoidal) emf, to comply with the current standards.

The rotor pole shoes are provided with slots that house copper bars short-circuited by copper rings to
form a rather complete squirrel cage. A stronger damper cage is thus obtained.

DC excitation power on the rotor is transmitted by one of the following:

» Copper sliprings and brushes (Figure 2.6)
« Brushless excitation systems (Figure 2.7)

The controlled rectifier, whose power is around 3% of generator rated power, and that has a sizeable
voltage reserve to force the current in the rotor quickly, controls the DC excitation currents according
to the needs of generator voltage and frequency stability.

Alternatively, an inverted SG (whose three-phase AC windings and diode rectifier are placed on the
rotor and the DC excitation in the stator) may play the role of a brushless exciter (Figure 2.7). The field
current of the exciter is controlled through a low-power half-controlled rectifier. Unfortunately, the
electrical time constant of the exciter generator notably slows down the response in the main SG excita-
tion current control.

Still another brushless exciter could be built around a single-phase (or three phase) rotating trans-
former working at a frequency above 300 Hz to cut down its volume considerably (Figure 2.8).
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FIGURE 2.6 Slip-ring-brush power electronics rectifier DC excitation system.
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FIGURE 2.7 Brushless exciter with “flying diode” rectifier for synchronous generators.

An inverter is required to feed the transformer primary at variable voltage but at constant frequency.

The response time in the generator’s excitation current control is short, and the size of the rotating
transformer is rather small.

In addition, the response in the excitation control does not depend on speed and may be used from
standstill.

Claw pole (Lundell) SGs are built now mostly as car alternators. The excitation winding power in p.u.
is reduced considerably for the multiple rotor construction (2p, = 10, 12, 14) preferred to reduces external
diameter and machine volume.
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FIGURE 2.9 The claw pole synchronous generator.

The claw pole solid cast iron structure (Figure 2.9) is less costly to manufacture, while the single ring-
shaped excitation coil produces a multipolar air-gap field (though with a three-dimensional field path)
with reduced copper volume and DC power losses.

The stator holds a simplified three-phase single-layer winding with three slots per pole, in general.
Though slip-rings and brushes are used, the power transmitted through them is small (in the order of
60-200 W for car and truck alternators), and thus small power electronics is used to control the output.
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The total costs of the claw pole generator for automobiles including field current control and the diode
full power rectifier is low and so is the specific volume.

However, the total efficiency, including the diode rectifier and excitation losses, is low at 14 V DC
output: 70% at 2.5 kW and 6 krpm and below 55% at 12 krpm. To blame are the diode losses (at 14 V DC),
the mechanical losses, and the eddy currents induced in the claw poles by the space and time harmonics
of the stator currents mmf. Increasing the voltage to 42 V DC would reduce the diode losses in relative
terms, while the building of the claw poles from composite magnetic materials would reduce notably
the claw pole eddy current losses. A notably higher efficiency would result (80% at 8 kW), even if the
excitation power might slightly increase, due to lower permability (500y,) of the today’s best composite
magnetic materials. Also higher power levels might be obtained.

The concept of claw pole alternator may be extended to the megawatt range, provided the number
of poles is increased (at 50/60 Hz or more) in variable speed wind and microhydrogenerators with
DC-controlled output voltage of a local DC bus.

Though the claw pole SG could be built with the excitation on the stator too, to avoid brushes, the
configuration is bulky and the arrival of high energy permanent magnets for rotor DC excitation has
put it apparently in question.

2.3 Permanent Magnet Synchronous Generators

The rapid development of high energy PMs with a rather linear demagnetization curve has led to wide-
spread use of PM synchronous motors for variable speed drives [6-10]. As electric machines are revers-
ible by principle, the generator regime is also available and, for directly driven wind generators in the
hundreds of kW or MW range (8 MW, 490 rpm), such solutions are being proposed. Super-high-speed
gas turbine-driven PMSGs in the 100 kW range at 60-80 krpm are also introduced. Finally, PMSGs are
being considered as starter-generators for the cars of the near future.

There are two main types of rotors for PMSGs:

« With rotor surface PMs (Figure 2.10)—nonsalient pole rotor (SPM)
o With interior PMs of Equation 2.11—salient pole rotor (IPM)

Resin coating

d

PM cubicles

SN Solid
(or laminated)
rotor iron core

Shaft

FIGURE 2.10 Surface PM rotor (2p = 4 poles).
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The configuration in Figure 2.10 shows a PM rotor made with parallelepipedic PM pieces such that each
pole is patched with quite a few of them, circumpherentially and axially.

The PMs are held tight to the solid (or laminated) rotor iron core by special adhesives, but also a
highly resilient resin coating is added for mechanical rigidity.

The stator contains a laminated core with uniform slots (in general) that house a three-phase winding
with distributed (standard) coils or with concentrated (fractionary) coils.

The rotor is practically isotropic from the magnetic viewpoint. There is some minor difference
between d and g axis magnetic permeances because the PM recoil permeability (.. & (1.04-1.07)y, at
20°C) increases somewhat with temperature for NdFeB and SmCo high energy PMs.

Therefore, the rotor may be considered magnetically nonsalient (the magnetization inductances
L,, and L, are almost equal to each other).

To protect the PMs, mechanically, and produce reluctance torque, interior PM pole rotors have been
introduced. Two typical configurations are shown in Figure 2.11a through c.

Figure 2.11a shows a practical solution for 2 pole interior PM (IPM) rotors. A practical 2p, =4, 6,... IPM
rotor as shown in Figure 2.11b has an inverse saliency: L, < L,,, as usual with IPM machines. Finally, a
high-saliency rotor (L, < L,,), obtained with multiple flux barriers and PMs acting along axis g (rather
than axis d), is presented in Figure 2.11c. It is a typical IPM machine but with large magnetic saliency. In
such a machine, the reluctance torque is larger than the PM-interactive torque. The PMs field saturates
the rotor flux bridges first and then overcompensates the stator-produced field in axis g. This way the
stator flux along q axis decreases with current in axis q. For further flux weakening and torque control,
the I, current component is controlled. Wide constant power (flux weakening) speed range of more than
5:1 has been obtained this way. Starter/generators on cars are a typical application for this rotor.

As the PM role is limited, lower grade (lower B,) PMs, at lower costs, may be used.

It is also possible to use the variable reluctance rotor with high magnetic saliency (Figure 2.11a)—
without permanent magnets. With the reluctance generator, either power grid or stand-alone mode
operation is feasible. For stand-alone operation capacitor self-excitation is needed. The performance is
moderate, but the rotor cost is also moderate. Standby power sources would be a good application for
reluctance SGs with high saliency L, /L,,, > 4.

PMSGs are characterized by high torque (power) density and high efficiency (excitation losses are
zero). However, the costs of high energy PMs are still $100 and more per kilogram. In addition, to con-
trol the output, full power electronics is needed in the stator (Figure 2.12).

A bidirectional power flow PWM converter, with adequate filtering and control, may run the PM
machine either as a motor (for starting the gas turbine) or as a generator, with controlled output at vari-
able speed. The generator may work at the power grid mode or in stand-alone mode. These flexibility
features, together with fast power-active and reactive-decoupled control at variable speed, may make
such solutions a way of the future, at least in the tens and hundreds of kilowatt range, and more.

Many other PMSG configurations have been introduced, such as those with axial air gap. Among
them, we will mention one that is typical in the sense that it uses the IPM reluctance rotor (Figure 2.11c),
but it adds an electrical excitation. (Figure 2.13) [11].

Besides the reluctance and PM interaction torque, there will be an excitation interaction torque.
The excitation current may be positive or negative to add or subtract from I, current component in the
stator.

This way at low speeds, the controlled positive field current will increase and control the output volt-
age; while at high speeds, a negative field current will suppress the emf, when needed to keep the voltage
constant.

For DC-controlled generating only a diode rectifier is necessary, as the output voltage is regulated via
DC current control in four quadrants. A low-power four-quadrant chopper is needed. For wide-speed-
range applications, such hybrid excitation rotor may be a competitive solution. The rotor is not very
rugged mechanically, but it can handle easily peripheral speeds of up to 50 m/s (10,000 rpm for 0.1 m
diameter rotor).
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FIGURE 2.11 Interior PM rotors: (a) 2p, = 2 poles, (b) 2p, = 4, and (c) with rotor flux barriers (IPM reluctance).
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FIGURE 2.13  Biaxial excitation PM reluctance rotor generator (BEGA).

2.4 Homopolar Synchronous Generator

Placing both the DC excitation coils and the three-phase AC winding on the stator characterizes, the
so-called homopolar (or inductor) synchronous machine (generator and motor)—Figure 2.14.

The rather rugged rotor with solid (even laminated) salient poles, and solid core is an added advan-
tage. The salient rotor poles (segments) and interpoles produce a salient magnetic structure with a nota-
ble saliency ratio, especially if the air gap is rather small.

Consequently, the DC field current—produced magnetic field closes paths partially axially, partially
circumpherentially, through stator and rotor, but it is tied (fixed) to the rotor pole axis.

Itis always maximum in the axis of rotor poles and small, but of same polarity, in the axis of interpoles.
An AC air-gap magnetic component is present in this homopolar distribution. Its peak value is ideally
50% of maximum air-gap field of the DC excitation current. Fringing reduces it to 35%-40% (Figure
2.14a through ¢), at best.

The machine is a salient pole machine with doubled air gap, but it behaves as a quasi-nonsalient pole
rotor one and with rotor excitation.

Therefore, for same air-gap flux density fundamental B,, (Figure 2.14), same mechanical air gap, the
DC mmf of the field winding is doubled and the power loss quadruples. However, the ring-shaped coil
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FIGURE 2.14 The homopolar synchronous generator: (a) the geometry, (b) longitudinal view, and (c) air-gap
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reduces the copper weight and losses (especially when the number of poles increases) in comparison
with a multipolar heteropolar DC rotor excitation system. The blessing of circularity comes into place
here. We have to note also the additional end connection in the middle of the stator AC three-phase
winding, between the two slotted laminated cores.

The rotor mechanical ruggedness is really superior only with solid iron poles when made in one
piece. Unfortunately, stator mmf and slot space harmonics induce eddy currents in the rotor solid poles,
reducing notably the efficiency, typically below 90% in a 15 kW, 15,000 rpm machine.

2.5 Induction Generator

The cage rotor induction machine is known to work as a generator, provided

« The frequency f, is smaller than n x p, (speed X pole pairs): S < 0 (Figure 2.15a)
o There is a source to magnetize the machine

An induction machine working as a motor, supplied to a fixed frequency and voltage f,, V| power grid,
becomes a generator if it is driven by a prime mover above no-load ideal speed f,/p;:

h
J2l

n> (2.5)

Alternatively, the induction machine with cage rotor may self-excite on a capacitor at its terminals
(Figure 2.15b).

For an induction generator connected to a strong (constant frequency and voltage) power grid, when
the speed n increases (above f,/p,), the active power delivered to the power grid increases, but so does the
reactive power drawn from power grid.

Active power flow

_
n
Prime ) Power grid
mover / ?;: o
Vi=ct
n>filpy !
(a) Reactive power flow
V1.fi (variable
Active power flow with speed
_— and load) w; x Y; = Vi Mag curve

" N

Prime Q \ 1 Three
} phase

mover load

n>filpy o T/ Cy
Reactive power flow

(b) ft

FIGURE 2.15 Cage rotor induction generator: (a) at power grid: V; = ct, f; = ¢t and (b) standalone (capacitor
excited): V,, f,, variable with speed and load.
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Many existing wind generators use such CRIGs connected to the power grid. The control is only
mechanical. The blade pitch angle is adjusted according to wind speed and power delivery requirements.
However, such IGs tend to be rigid as they are stable only until n reaches the value:

:ﬁl Sk 2.6
Mo p1(+\ ) (2.6)

where Sy is the critical sleep, which decreases with rated power and is, anyway, below 0.08 for IGs in the
hundreds of kilowatts. Additional parallel capacitors at power grid are required to compensate for the
reactive power drained by the IG.

Alternatively, the reactive power may be provided by paralleled (plus series) capacitors (Figure 2.15b).
In this case, we do have a self-excitation process that requires some remanent flux in the rotor (from
previous operation) and the presence of magnetic saturation (Figure 2.15b). The frequency f, of self-
excitation voltage (under no load) depends on the capacitor value and on the magnetization curve of the
induction machine ¥, (,):

3

Ly——— 2.7
ey 27)

Vio z\411(110)'2'7'5'f1 ~=Ve =

The trouble is that on load, even if the speed is constant through prime mover speed control, the output
voltage and frequency vary with load. For constant speed, if a frequency reduction under load of 1 Hz is
acceptable, voltage control suffices. A three-phase AC chopper (variac) supplying the capacitors would
do it, but the harmonics introduced by it have to be filtered out. In simple applications, a combination
of parallel and series capacitors would provide rather constant (with 3%-5% regulation) voltage up to
rated load.

Now, if variable speed is to be used, then, for constant voltage and frequency, PWM converters are
needed. Such configurations are illustrated in Figure 2.16. A bidirectional power flow PWM converter
(Figure 2.16a) provides both generating and motoring functions at variable speed. The capacitor in the
DC line of the converter may lead not only to active but also reactive power delivery. Connection to
the power grid without large transients is implicit, and therefore is fast, decoupled, active, and reactive
power control.

The standalone configuration in Figure 2.16b is less expensive, but it provides only unidirectional
power flow. A typical V,/f; converter for drives is used. It is possible to inverse the connections, that is,
to connect the diode rectifier and capacitors to the grid and the converter to the machine. This way, the
system works as a variable speed drive for pumping, etc., if a local power grid is available. This com-
mutation may be done automatically though it would take 1-2 min. For variable speed—in a limited
range—an excitation capacitor in two stages would provide the diode rectifier with only slightly variable
DC link voltage.

Provided the minimum and maximum converter voltage limits are met, the former would operate
over the entire speed range. Now the converter is V,/f, controlled for constant voltage and frequency.

A transformer (Y, Y;) may be needed to accommodate unbalanced (or single-phase) loads.

The output voltage may be close-loop controlled through the PWM converter. On the other end,
the bidirectional PWM converter configuration may be provided with a reconfigurable control sys-
tem such that to work not only on the power grid but to separate itself smoothly to operate as
standalone, or wait on standby and then be reconnected smoothly to the power grid. Thus, mul-
tifunctional power generation at variable speed is produced. As evident in Figure 2.16, full power
electronics is required. For a limited speed range, say up to 25%, it is possible to use two IGs with
cage rotor and different pole numbers (2p,/2p, = 8/6, 5/4, 4/3...). The one with more poles, (2p, > 2p,)
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FIGURE 2.16 CRIGs for variable speed: (a) at power grid V; = ct, f; = ct and (b) stand-alone V| = ct, f; = ct
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FIGURE 2.17 Dual IG system for limited speed variation range.

is rated at 25% of rated power and fed from a bidirectional power converter sized also at about 25%.
The scheme works at the power grid (Figure 2.17).

The softstarter reduces the synchronization transients and disconnects the 100% IG when the power
required is below 25%. Then the 25% IG remains alone at work, at variable speed (n > f,/p,), to tap the
energy available from, for example, low-speed wind or from a low head microhydroturbine. In addition,
above 25% load, when the main (100%) IG works, the 25% IGs may add power as generator or work in
motoring for better dynamics and stability. Now we may imagine a single rotor-stator IG with two sepa-
rate stator windings (2p, > 2p,) to perform the same task.

The reduction in rating, from 100% to 25%, of the bidirectional PWM converter is noteworthy.

The main advantage of the dual IG or dual stator winding IG is lower costs, although for lower
performance (low-speed range above f,/p,).
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2.6 Wound-Rotor Doubly Fed Induction Generator

It all started between 1907 and 1913, with the Scherbius and Kraemer cascade configurations, which are
both slip power recovery schemes of wound rotor induction machines. Leonhard analyzed it pertinently
in 1928, but adequate power electronics for it was not available then. A slip recovery scheme with thyris-
tor power electronics is shown in Figure 2.18a. Unidirectional power flow, from IG rotor to the converter,
is only feasible because of the diode rectifier. A step-up transformer is necessary for voltage adaption,
while the thyristor inverter produces constant voltage and frequency output. The principle of operation
is based on the frequency theorem of traveling fields.

fi=npi+ f,;/,<>0, and variable f; = ct (2.8)

Negative frequency means that the sequence of rotor phases is different from the sequence of stator
phases. Now, if f, is variable, n may also be variable as long as Equation 2.7 is fulfilled.

That is, constant frequency f; is provided in the stator for adjustable speed. The system may work at
the power grid or even as standalone, although with reconfigurable control. When f, > 0, n < f,/p,, we do
have subsynchronous operation. The case for f, < 0, n > f,/p, corresponds to hypersynchronous opera-
tion. Synchronous operation takes place at f, = 0 which is not feasible with the diode rectifier current
source inverter, but it is with the bidirectional PWM converter.
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FIGURE 2.18 Wound rotor induction generator (WRIG): (a) with diode rectifier (slip recovery system) and
(b) with bidirectional PWM converter.
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FIGURE2.19 Operation modes of WRIG with bidirectional PWM converter (in the rotor): (a) S < 0 and (b) $ > 0.

The slip recovery system can work as a subsynchronous (n < f,/p) motor or as a supersynchronous
(n > f,/p) generator. The WRIG with bidirectional PWM converter may work as a motor and generator
both for subsynchronous and supersynchronous speed.

The power flow directions for such a system are shown in Figure 2.19.

The converter rating is commensurable to speed range, that is, to maximum slip S

max:

KVA ing = Ksz x100[%)] (2.9)

1

where K = 1-1.4 depending on the reactive power requirements from the converter.

Note that being placed in the rotor circuit, through slip rings and brushes, the converter rating is
around |S,,.| in%. The larger the speed range, the larger the rating and the costs of the converter. Also
the fully bidirectional PWM converter—as a back-to-back voltage source multilevel PWM converter
system—may provide fast and continuous decoupled active and reactive power control operation even at
synchronism (f, = 0, DC rotor excitation). And it may perform the self-starting as well. The self-starting
is done by short-circuiting the stator first, previously disconnected from the power grid, and supplying
the rotor through the PWM converter in the subsynchronous motoring mode. The rotor accelerates up
to a prescribed speed corresponding to f; > fi(1— Spax ). Then the stator winding is opened and, with the
rotor freewheeling the stator no-load voltage, sequence and frequency are adjusted to coincide with that
of the power grid, by adequate PWM converter control. Finally, the stator winding is connected to the
power grid without notable transients.

This kind of rotor-starting requires f;~(0.8— 1) fi» which means that the standard cycloconverter is
out of the question. Therefore, it is only the back-to-back voltage PWM multilevel converter or the
matrix converter that are suitable for full exploitation of motoring/generating at sub- and supersynchro-
nous speeds, so typical in pump storage applications.
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2.7 Parametric Generators

Parametric generators exploit the magnetic anisotropy of both the stator and the rotor. PMs may be
added on the stator or on the rotor. Single magnetic saliency with PMs on the rotor is also used in some
configurations. The parametric generators use nonoverlapping (concentrated) windings to reduce end-
connection copper losses on the stator.

As the stator mmf does not produce a pure traveling field, there are core losses both in the stator
and in the rotor. The simplicity and (or) ruggedness of such generators made them adequate for some
applications.

Among parametric generators, some of the most representative are detailed here:

o Switched reluctance generators (SRGs):
o Without PMs
o With PMs on stator or on rotor
 Transverse flux generators (TFGs):
o With rotor PMs
o With stator PMs
o Flux reversal generators (FRGs):
o With PMs on the stator
« With PMs on the rotor (and flux concentration)
o Linear motion alternators (LMAs):
o With coil mover and PMs on the stator
o With PM mover tubular or flat (with PM flux concentration)
o With iron mover and PMs on the stator

The SRG [12] has a double saliency magnetic laminated structure—on the stator and the rotor—and
concentrated coils on the stator (Figure 2.20). The stator phases are PWM voltage fed as long as the rotor
poles are approaching them, one at a time, for the three-phase configuration. The phase inductances
vary with rotor position (Figure 2.21) and, at least for the three-phase configuration, there is little mag-
netic coupling between phases.

Eventually, each phase is turned on around point A (in Figure 2.21); then it magnetizes the
phase and the dL/d0 effect produces a motion-induced voltage (emf) which, in interaction with

Laminated Laminated
stator core stator core
Three-phase
winding
A
A
A
A
A
A
A
A
Single-phase
(a) winding (b)

FIGURE 2.20 Switched reluctance generators (SRGs): (a) single-phase: 4/4 and (b) three-phase: 6/4.
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FIGURE2.21 Phase inductance versus rotor position: (a) the single-phase 4/4 SRG and (b) the three-phase 6/4 SRG.
the phase current, produces torque. The phase is turned off around point B when the next phase
is turned on. The current polarity is not relevant, and thus positive current flows through voltage
PWM. The maximum voltage is applied until the phase current magnetizes to maximum admit-
ted current.

As part of the AB interval available for generating is lost to the magnetization process, the latter takes
up around 30% of energy available per cycle. For the single-phase machine, the torque, as expected, has
notches as only the negative slopes of the inductance are adequate for generating.

It is the machine simplicity and ruggedness that characterize SRGs. High speed is feasible. Rotor
higher temperature due to the local environment is also acceptable since these are no PMs or wind-
ings on the rotor. PMs may be added on the rotor (Figure 2.22a,b) [13,14]. In this situation, the current
polarity has to change, and the torque production relies heavily on phase interaction through PMs. The
reluctance torque is small.

Alternatively, PMs may be placed on the stator (Figure 2.22¢) [15] with some PM flux concentration.
Again the reluctance torque is reduced and PM torque prevails. The PM flux polarity in one phase does
not change sign, therefore we may call it a homopolar PM excitation.

Other SRG configurations with homopolar excitation flux have been proposed but did not reach the
markets thus far.
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(C)

FIGURE 2.22 PM-assisted SRGs: (a) with long PMs on the rotor, (b) with short PMs on the rotor, and (c) with
PMs on the stator.

2.7.1 Flux Reversal Generators

In these configurations, reliance is on PM flux switch (reversal) in the stator-concentrated coils
(Figure 2.23a [16]).

The PM flux linkage in the stator coils of Figure 2.23a changes sign when the rotor moves 90°
(mechanical) and does the same, for each phase in Figure 2.23b for the three-phase FRG, when rotor
moves 22.5° mechanical degrees. We use “flux reversal” instead of “flux switch” in the hope for clarity.

In general, it is ©/N, (which corresponds to m electrical radius). The electrical and mechanical radians
are related as follows:

Olet = N Qe ﬁ =N,-n (210)

Therefore, the frequency of the electromagnetic force f; is as if the number of pole pairs on the rotor was N,.

The three-phase FRG configuration [17] makes better use of stator and rotor core and the manu-
facturing process is easier than that for the single-phase, as the coils are inserted by the conventional
technology. Premade stator poles, with coils on, may be mounted inside the stator back iron as done with
rotor poles in salient poles in hydrogenerators. The main problem is the large flux fringing due to the
juxtaposition of the N-S poles (there could be 2, 4, 6... of them on a stator pole). This reduces the use-
ful flux to about 0.3-0.4 of its ideal value (in homopolar stator excitation this situation is quite normal).
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(a) (b)

FIGURE2.23 Flux reversal generators (FRGs) with stator PMs: (a) the single-phase 4/2 flux-switch alternator and
(b) the three-phase 6/8 FRG.
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FIGURE 2.24 Three-phase reversal generator (FRG) with stator PM flux concentration.

Stator PM flux concentration should provide better torque density for same power factor. An example
three-phase configuration is shown in Figure 2.24.

It is evident that the manufacturing of stator is a bit more complicated and the usage of stator core is
partial, still PM flux concentration may increase the torque density without compromising too much
the power factor. The phases are magnetically independent and thus high fault tolerance is expected.

For a better core utilization, the PMs with flux concentration may be placed on the rotor. An interior
stator is added to complete the magnetic circuit (Figure 2.25).

The second (interior) windingless stator poses some manufacturing problems (the rotor also), but the
higher torque/volume at acceptable power factor may justify it.

The power factor is mentioned here because it influences the converter KVAs through reactive power
demands.

FRGs are, in general, meant mainly for low-speed applications such as directly driven wind genera-
tors, or vessel generator/motors, and so forth.
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FIGURE 2.25 FRG with rotor PM flux concentration.

2.7.2 Transverse Flux Generators

The TFGs are built in single-phase configurations with ring-shaped stator coils and surface PMs on the
rotor (Figure 2.26) or with PM rotor flux concentration (Figure 2.27) [17,18].

The double-sided (dual-stator) configuration in Figure 2.27 takes advantage of PM flux concentration
on the rotor. In general, TFGs are characterized by low winding losses, due to the blessing of the ring-
shaped coil.

A three-phase machine is built by adding axially three single-phase units, properly displaced tangen-
tially by 2n/3 with each other. It is evident that the stators could be best built from magnetic composite
materials. However, this solution would reduce torque density since the permeability of such materials is
below 5001, under some magnetic saturation. The core losses would be reduced if frequency goes above
600 Hz with magnetic composite materials (magnetic powder).

The stator-PM TFG (originally called axial flux circumpherential current (AFCC) PM machine [19])
imposes the use of composite magnetic materials both on the stator and on the rotor due to its intricated
geometry. Again, it is essentially a single-phase machine. PM flux concentration occurs along axial
direction. Good use of PMs and cores is inherent in the axial-air gap stator PM FRG in Figure 2.28a.

FRG need more PMs than usual, but the torque density is rather good and compact geometries are
very likely. The large number of poles on the rotor in most TFG leads to a good frequency, unless speed
is not very low.

The rather high torque density (in Nm/m?, or (6-9) N/cm? of rotor shear stress) is inherent as the
number of PM flux reversals (poles) in the stator ring-shaped coils per revolution is large. This effect may
be called “torque magnification” [11].

2.7.3 Linear Motion Alternators

The microphone is the classical example of a linear motion alternator (LMA) with a moving coil. The
loudspeaker illustrates its motoring operation mode.
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FIGURE 2.26 Double-sided TFG with surface PM rotor.

Though there are very many potential LM A configurations (or actuators), they all use PMs and fall
into three main categories [20]:

« With moving coil (and stator PMs); Figure 2.29a
o  With moving PMs (and stator coil); Figure 2.29b
« With moving iron (and stator PMs); Figure 2.29¢

In essence, the PM flux linkage in the coil changes sign when the mover travels the excursion length [,
which serves as a kind of pole pitch. Therefore they are, in a way, single-phase flux reversal machines.
The average speed U,,, is:

Uav =2- lstmke : fl (211)

£, is the frequency of mechanical oscillations.
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FIGURE 2.28 TFG with stator-PMs flux concentration: (a) with axial air gap and (b) with radial air gap.
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FIGURE 2.29 Commercial motion alternators with (a) moving coil, (b) moving PMs, and (c) moving iron.

To secure high-efficiency, beryllium-copper flexured springs (Figure 2.30) are used to store the
kinetic energy of the mover at excursion ends. They also serve as linear bearings. The proper frequency
of these mechanical springs f,, is good to be equal to electrical frequency:

fe=fm =1\/? (2.12)
2n\m

where
K is the spring rigidity coefficient
m is the moving mass

The current is in phase with speed for best operation.

The strokes involved in LM As are in the order of 0.5-100 mm or so. Thus, their power, in general, is
limited to 10-50 kW at 50 (60) Hz.

They are basically synchronous phase machines with harmonic motion and linear flux to position
ideal variation.
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FIGURE2.30 Tubular LMA with plunger supported on flexural springs: (a) cross-section and (b) mechanical flexure.
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FIGURE 2.31 Flux reversal LM A with mover PM concentration.

Further increasing the power per volume requires—if average speed U, is limited—configurations
with PM flux concentration and three phases. Such a single-phase flat configuration—with moving
PMs—is shown in Figure 2.31 [26].

Again it is a single-phase device and the PM flux reverses polarity when the mover advances one
“small,” stator, pole (tooth). The two twin stators are also displaced by one small stator tooth, to provide
for optimal magnetic circuit completion. Large air gap PM flux densities of up to 1.25 T may be obtained
under the stator teeth with 0.65 T left for armature reaction, to secure both high force (power) density
and satisfactory power factor (or reasonable IX/E < 0.5 ratio; X—machine reactance). The PM height A,
per pole pitch Ty, is hpy/Tpy & 1.5-2.5 as all PMs are active all the time and full use of both stator and
mover cores and copper is made.
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Note: There are also LM As that exploit progressive (rather than oscillatory) linear motion. Applications
include auxiliary power LM As on magnetically levitated vehicles (MAGLEVs) and plasma magnetohy-
drodynamic (MHD) linear motion DC generators with superconducting excitation (see Chapter 20).

2.8 Electric Generator Applications

The application domains for electric generators embrace almost all industries—traditional and new—
with powers from mW to hundreds of MW/unit and more [20-25].

Table 2.1 summarizes our view of electric generator main applications and the competitive types that
may suit each person and need. An overview on large power wind generators is offered as an example of
the myriad of solutions for a single application field.

2.9 High-Power Wind Generators
2.9.1 Introduction

By high power, we mean here MW range (0.75-10) MW/unit wind generators, Figure 2.32a, and also
by “less PM” the paper means less NdFeB kg/kW of wind generator or the use of ferrite PMs. “No PM”
refers to wind generators without PMs, be them commercial (DC-excited SGs or CRIGs controlled by
AC-AC PWM full power converters or wound rotor DFIG, controlled by partial (30%-40%) rating
power AC-AC PWM converters), or solutions, under various development stages, which show good
potential for the application. The present study was triggered by the steep rise in 2010-2012 (apparently
here to stay) of NdFeB PM price (above 130 $/kg), as shown on Figure 2.32b, which may shift away the
accent from the recently successful directly driven PMSGs with tone of NdFeB in the 3-10 MW range.
Quite a few things have to be reconsidered on this occasion. Among them are brushless generator sys-
tem configurations for lower maintenance effort, better handling of asymmetrical power grid voltage
sags with PWM converters, practical protection schemes, and power/unit increase at higher efficiency

TABLE 2.1 Electric Generator Applications

Large Power

Systems (Gas, Distributed Power Standby Automotive
Coal, Nuclear Systems (Wind, Diesel-driven Starter- Diesel
Application Hydrogen) Hydrogen) EGs Generators Locomotives
Suitable Excited rotor SGs, ~ Excited rotor SGs, CRIGs, =~ PMSGs CRIGs IPM SGs, Excited-rotor
generator DFIGs (up to PMSGs. Parametric induction SGs
hundreds of generators (up to 10 MW generators,
MW/unit) power/unit) TFGs
Application ~ Home electricity Spacecraft applications Aircraft Ship applications
production applications
Suitable PMSGs and LMAs  LMAs PM synchronous,  Excited SGs (power in the order
generator CRIG or DFIGs of a few MWs)
(up to 500 KW/
unit)
Application  Small-power Inertial batteries Super high-speed gas-turbine generators
telemetry-based
vibration
monitoring
Suitable LMAs: 20-50 mW  Axial-air gap PMSGsupto ~ PMSGs up to 150 kW and 80,000 rpm (higher
generator to5W hundreds of MJ/unit powers at lower speeds)
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FIGURE 2.32 Evolution of power unit in wind generators: (a) Size development of Wind Turbine system power
electronics (blue) and (b) Neodymium price versus time (© Kidd Capital Group).

multiplied by power factor in order to reduce the PWM converter kV A and costs. Even higher gear
ratio for 3000-4000 rpm generators with modular (0.75 MW/unit) multiple units with smaller volume/
kW and outer diameter or high voltage (>20 kV)) generators will also be considered. All the above are to
be considered first for large off-shore wind parks with on-ground DC-AC high voltage (50-200 MVA)
inverter interfacing to the power grid.

Given the numerous large (MW range) wind generator/turbine powers/speeds available on the markets
[28,29], up to 6 MW at around 10 rpm turbine speed with 7.5 MW (www.enercon.de) direct drive DC-
excited synchronous and 8 MW, 9 rpm [1] with multibrid (500 rpm) PMSGs that are very close to the com-
mercialization, a dual classification of existing solutions is done in Table 2.2.

Table 2.2 illustrates the four main commercial types of wind generators: CRIG, PMSG, dceSG, asso-
ciated with full power AC-AC PWM converters and, by consequence, also with very good handling
of voltage sags and high reactive power capability, and WRIG (DFIG) associated with partial rating
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TABLE 2.2  Existing (Established) Wind Generators

By Principle
PM Synchronous Wound Rotor Induction
Cage Rotor Induction Generators Generators (WRIGs) DC-Excited Synchronous
Generators (CRIGs) (PMSGs) (DFIGs) Generators (dce SGs)
Handling voltage sags
Very good Very good Acceptable Very good
Reactive power capability
High High Medium-low High
By gear rating
250:1 (4G) 100:1 (3G) (6-9):1(1G) Direct drive (DD)
None CRIG PMSG PMSG (up to 5 MW), dce SG
DFIG (up to 4.6 MW)

(20%-40%) AC-AC PWM converter connected to the wound rotor, through slip-rings and brushes.
A generic wind generator system for DFIG, SG, and IG is shown in Figure 2.33. There are four speed
ranges of wind generators in relation to the transmission ratio in Table 2.2, but, in reality, the high-speed
(250:1) gear ratio class that leads to high frequency (max. 1-1.2 kHz) generators (PMSGs) (which require
reasonably small PM quantities) is yet to be thoroughly evaluated; because it implies breakthroughs in
the multi-stage mechanical transmission in terms of lower overall diameter, and volume to allow for a
reasonable volume and weight of the nacelle, etc.

Detailed performance and active materials weight comparisons of various designs of the topologies
in Table 2.2 for 3 MW, 15 rpm turbine generators are offered in Ref. [30]. In terms of total costs per kW
or kW h, they are objectively in question, because the price of NdFeB magnets has increased sharply
in the last 3 years from the 40$ considered in Reference [30]; in addition, the converter cost is given as
50 $/kW while it should be given, in $/kV A, because the machine power factor affects the peak kV A of
the converter and thus its costs and losses.

Local
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FIGURE 2.33  Generic wind generator system control.
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TABLE 2.3 3 MW (15 rpm Turbine Speed) Wind Generator Design

DD-dceSG  DD-PMSG  1G-PMSG  1G-DFIG  DFIG

Stator inner diameter (m) 5 5 1.8 1.8 0.42
Stack length (m) 1.2 1.2 0.4 0.6 0.75
Air gap (mm) 5 5 3.5 2 1
Pole pair p, 40 80 56 40 3
Slot/pole/phase ¢, 2 1 1 2 6
Generator active material

Tron (f) (4 $/kg) 325 181 437 8.65 4.03
Copper () (20 $/kg) 12.6 43 1.33 2.72 1.21
PM (#)(33 $/kg) — 17 0.41 — —
Total (¢) 45.1 24.1 6.11 11.37 5.25
Annual energy

Total losses (MW h) 8.74 6.47 7.89 7.34 7.98
Energy yield (GW h) 7.74 7.89 7.70 7.76 7.69

Annual energy/total cost
kW h/$ (1.33$ =1 Euro) 2.76 3 3.075 3.17 3.09

Source: After from Richter, R., Electrical Machines, Vol. 2: Synchronous Machines, Verlag
Birkhiuser, Basel, Switzerland, 1963 (in German).

Note: DD, direct drive; 1G, one stage transmission.

In addition, as the generator frame (construction) weight and cost, generator system cost and other
wind turbine costs are much larger than the active materials costs in the generator, any error here (or any
sharp progress in the near future: such as active magnetic suspension of the generators rotor) would ren-
der the conclusion of the study hardly practical in terms of kW h/$. Therefore, selecting from Reference
[30] the results, in Table 2.3 have been obtained.

The differences in kW h/$ are up to 10%, but they may become more favorable to PM-less solu-
tions (especially against direct-drive PMSG that needs 1.7 t NdFeB magnets). As the generator frame
weight is rather proportional to the weight of its active materials, the reduction of the latter becomes
even a more important challenge in the future; further gear weight reduction is also needed. As the
total losses are minimum for DD-PMSG at reasonable weight (24.1 t), the following question arises:
Can this solution be attempted with ferrite PMs (6 $/kg) for Br = 0.45 T by strong flux concentra-
tion? If so, at how much higher weight and at what power factor for similar efficiency with NdFeB
machine; evidently, at lower active material costs. On the other hand, the even larger off-shore wind
parks require turbine-generator units up to 10 MW. The results of such pitch-controlled turbine sys-
tem designs with NdFeB PMSG [31] and WRIG (DFIG) direct drive [32] are summarized in Table 2.4,
which suggests the following:

+ The DD-DFIG seems capable of producing 10 MW at 10 rpm at about the same active material weight
as the DD-PMSG, but at around (above) 10 m interior stator diameters, which is less practical.

« The overall cost of generator + frame, etc., is only 7% lower for the DD-DFIG.

« However, it should be noted that the air gap of DFIG design was considered to be 1 (2) mm as the
centrifugal forces are small (peripheral speed is below 10 m/s), and a special flexible framing was
FEM designed and tested for mechanical stress [32]. A 2 mm air gap would be more practical even
in such a frame design, but that would also mean a lower efficiency.

« The DD-DFIG has been designed for unity power factor (however, at 50 Hz), while the DD-PMSG
with full power AC-AC converter can deliver full rated reactive power (even when the turbine is
idling, when a back-to-back capacitor DC link voltage source converter is used).

+ The today’s more than 100 $/kg price for NdFeB magnets considered in PMSG design, for 6 t of
NdFeB magnets, means the DD-DFIG is even more attractive in terms of initial costs (Table 2.4).
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TABLE 2.4 10 MW, 10 rpm, Direct-Drive Wind Generators

DD-PMSG (After [4])  DFIG (After [5]) (50 Hz)

Stator inner diameter (m) 5 12

Stack length (m) 1.6 1.25 (1.3)
Air gap (mm) 10 1(2)!
Pole pair p,/q, 160/1 300/(1.8-2)
Generator material weight

Iron (¢) (4 $/kg) 47 35
Copper (t) (20 $/kg) 12 30

PM (¢) (53 $/kg) 6 —
Construction (t) 260

Total weight (¢) 325

Total losses (GW h) 2.87 (4% loss) n.a.
Energy yield (GW h) 48.4 (4% loss) na.

Total generator and inverter cost
3.325%10°% 3.192*10°%

o The 25%-35% rated power transfer to the rotor through mechanical brushes for the DFIG also has
to be considered together with DFIG inherent weakness in treating power grid deep voltage sags,
and reactive power delivery limits.

In a further effort to sort out when, where, and which of the four standard wind generators are bet-
ter, from 0.75 MW (38.6 rpm) to 10 MW (10 rpm). Reference 33 attempts a solid but analytical design
for DD-PMSG, DD-dceSG, 1G-PMSG, 1G-DFIG and 3G-SCIG, 3G-DFIG, and 3G-PMSG again with a
NdFeB PM price of 53.2 $/kg. The results in Figure 2.34a and b [33] are safe-revealing, though again the
cost of the converter is still considered in $/kW.

Figure 2.34 suggests again that in terms of kW h/$, the 3G-DFIG and the 1G-DFIG (multibrid) are
better even at 10 MW (as it was for 3 MW), but the energy yield is smaller than at 3 MW. The DD-DFIG
has not been considered in Reference [33]. In addition, it is notable that the 3G-CRIG is better than
DD-PMSG or DD-dceSG in kW h/$. The much higher than 53.2 $/kg cost of NdFeB today makes the
comparison even less favorable for the 1G and 3G PMSG.

As quite a few secondary effects such as magnetic saturation, losses, and torque pulsations have been
indubitably coarsely treated in the even nonlinear analytical models in the optimal design [33], further
2(3)D FEM studies have to be run, even with a few ones included in the optimal design cycle, before
industry-usable knowledge is obtained. Reaching this point with the overview, a few questions arise:

 Ifthe DD-dceSG is capable of producing full active and reactive power control in a reliable con-
figuration, which can stand severe voltage dips, why does it not become the norm in the MW
range wind generators?: because it is too heavy, then the tower is heavier, etc., and the efficiency
is moderately high probably 0.96 in the 7.5 MW dce DD-dceSG in the advanced development
for a 220 t total generator weight (www.enercon.de); finally, the energy yield is lower at 10 MW,
10 rpm.

o If the 1G-DFIG (probably also DD-DFIG) produces the same energy yield for lower cost and
weight than DD or 1G-PMSG (and is implicitly better than DD-dce SG), why does it not become
the norm itself? The main reason is that the 30%-40% rated dual AC-AC converter connected to
the DFIG rotor does not allow full (plus/minus) reactive power control and cannot handle easily
deep voltage sags, as it controls only 20%-30% of the active power firmly. In addition, at 30%-40%
power rating, 3 MW for 10 MW machines needs to be transferred through slip rings and brushes,
which in off-shore sites may become a challenge.
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FIGURE 2.34 Comparison of seven types of wind generator for 0.75, 3, 10 MW: (a) generator system cost and
(b) kWh/$. (From Hui, L.F. and Chen, Z., Design optimization and evaluation of different wind generator systems,
Record of ICEMS, 2008, pp. 2396-2401.)

o If the 3G-SCIG, which is brushless and robust, operates at reasonable cost and energy yield
(Figure 2.33), even at 10 MW, and by using a full power dual AC-AC converter can provide +100%
active and reactive power control, why it does not become the norm? Mainly because, it implies a
3G transmission that is bulky, requiring high diameter, heavy nacelle; it needs maintenance and,
in case of oil spills, may produce sea water pollution in off-shore wind parks.

These questions led to the discussion in what follows, not only on the newly proposed solutions, but also
to investigate variants and additions to DD-dceSG, 1G(DD) SCIG and brushless DFIG for off-shore high
power units. In addition, it includes high speed (4G) on-shore solutions with dce SG, PMSG, for powers
perhaps less than 3 MW/unit. The paper treats variants of DD-SG systems and 4G-SGs, less PM PMSGs,
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BLDC—multiphase reluctance generators, brushless DFIGs, brushless doubly fed reluctance generators,
SRGs, flux-switching ferrite PM stator generators. Finally, conclusions are drawn.

The choice of these innovative recent proposals is based on their assumed practicality, judged by
the results obtained thus far. But also based on the fact that a high internal, synchronous reactance
(above 1.00 pu) exerts a strong burden on the PWM converter connected to the generator, leading to
high conductive losses in the converter full load and to high converter switching losses at low load, due
the known “large voltage regulation syndrome” (this is why g, = 1 windings may be preferred to g, < 0.5
(fractionary) windings in PMSGs).

2.9.2 DC-Excited Synchronous Generator Systems

A typical DD-dce.SG with its generic power electronics grid interfacing is shown in Figure 2.35.

Besides, the bidirectional (in this embodiment) full-power PWM converter control through stator, an
excitation converter of low power (less than 3% of the rating power) is provided to supply the excitation
windings on the rotor through (in general) brushes and slip rings.

2.9.2.1 Brushless Excitation

To avoid brushes (especially for oft-shore applications), a 500 Hz (or more) rotary transformer with a
constant frequency and variable voltage inverter (3% power rating) in the primary side and a fast diode
rectifier on SG rotor may replace the brush-based slip ring system within the same volume [34] and
losses. Figure 2.36 shows the system.

The excitation current will be modified through the low power inverter voltage amplitude: the size
of the rotary transformer is small at 500 Hz (or more) frequency and its small short-circuit reactance
allows for fast field current control while its circular shape coils minimize the copper losses in it. The
initial cost is still an issue.

Lineside | Main circuit

. -
Frequency Rectifier cony 1 breaker
converter §
.
Excitation i “
converter " o

*

Converter
control

S

Line coupling
transformer
Medium-voltage switchgear

' Wind turbine
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FIGURE 2.35 DD-dce.SG with full-power electronics grid interfacing.
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FIGURE 2.36 Rotating transformer (500 Hz)-based brushless exciter with variable voltage fixed frequency
inverter (3% power rating).

2.9.2.2 Lower Size (Weight) by Optimal Design

With 41 t of active materials for DD at 3 MW and 15 rpm [30] and a total 220 t generator weight for
7.5 MW at 10 rpm (www.enercon.de), there is little available information about DD-dce.SGs on the mar-
ket in terms of complete weight, cost and performance data. A dedicated optimal analytical design code
with 2D FEM verifications was put in place and tried on a 5 MW, 12 rpm, 15 Hz, 6000 V, g = 1 slot/pole/
phase DD-dce.SG. Table 2.5 summarizes key data on this endeavor.

The aggregated cost and loss objective function evolution during the optimization design is visible in
Figure 2.37a with the losses seen in Figure 2.37b.

A few remarks are necessary:

o The active materials weight is reduced to 42.2 t at 5 MW, 12 rpm at the cost of a general rated effi-
ciency (excitation losses included) of 93% (P.,, =114 kW, P, + P,,..= 115 kW) by allowing a high
rotor diameter D,, = 8.554 m, and an air gap g=5 mm.

+ The machine synchronous (saturated) reactances are x,=1.07 puand x, = 0.929 pu. Consequently,
the machine does not have the high voltage regulation problems, while the small saliency war-
rants rather pure i, control (i; = 0), which means a voltage boosting through the machine side
converter as in PMSGs and CRIGs. If unity power factor control is considered, i, # 0 under load
and thus the copper losses will be larger than needed. In some simplified systems, a diode rectifier
is used on the machine side with a DC link power controlled only by the field current. For small

speed range cases (off-shore) such a compromise seems to be worth considering.
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TABLE 2.5 Optimal Design of DD-dce.SG

Input data

P, 5000 (kW) Rated power

1 15 (Hz) Rated frequency

v, 6000 (V) Rated line voltage

q 1 Slots/pole/phase

p 150 Number of pole pairs

n, 12 (rpm) Rotor speed

Output data

P.. 114 (kW) Stator copper rated losses
P+ Py 115 (kW) Iron and mechanical total losses
n/cos @ 0.93/1 Rated efficiency/power factor
D, 8554 (mm) Rotor outer diameter

H, 5 (mm) Length of the air gap

D, 8885 (mm) Stator outer diameter

R, 15,346 (kg) Rotor weight

S, 26,900 (kg) Stator weight

T, 42,246 (kg) Total weight

2.9.2.3 DD Superconducting Synchronous Generators

In efforts to reduce further the machine volume and weight, iron back core and air back core stator
superconducting DC rotor excitation SGs have been vigorously investigated lately (Figure 2.38) [35,36].

About 20 t active materials designs for the air back core stator 10 MW, 0.833 Hz (10 poles), with
low-temperature superconducting rotor SG inside a rotor diameter of 5 m and an efficiency of 96.4%
have been proposed [37]. No data about the total cost of SC-SG systems are available thus far; but in
terms of weight of active materials and efficiency, the solution is very interesting. However, it brings
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FIGURE 2.37 Optimization of a 5 MW, 12 rpm DD-dce.SG: (a) Objective function evolution. (Continued)
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FIGURE 2.37 (Continued) Optimization of a 5 MW, 12 rpm DD-dce.SG: (b) loss breakdown during optimal
design and (c) 2D FEM extracted air-gap flux density distribution of radial component during optimal design.

along new challenges such as static power converters to operate properly at such a low fundamental
frequency and at 10 MW of power. In addition, the lack of field current control for DC link power
control, the rotor cooling and rotor SC replenishing with current periodically (daily) constitute addi-
tional problems to solve.

2.9.2.4 Claw Pole 1G-dce.SG (3 MW, 75 rpm)

The claw pole alternator makes most use of DC power excitation, which is, in general, three to four times
smaller than in a machine with heteropolar DC excited, once the number of poles 2p, > 10. It is inves-
tigated only for 1G-SG because the axial length is limited, and the configuration is most advantageous
with a single rotor unit. A dedicated design methodology has been put in place for the claw pole SG and,
for the 3 MW, 75 rpm, case study; the following results are shown in Table 2.6. Only a pre-optimization
study was performed, but the results are worth considering.
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FIGURE 2.38 High-temperature superconducting direct drive synchronous generator: (a) with iron back
core stator (8 MW, 11 rpm, 2.2 Hz!) and (b) with air core stator (10 MW, 10 rpm, 0.833 Hz). (From Karmaker, H.
et al., Stator design concepts for an 8 MW direct drive superconducting wind generator, Record of ICEM, 2012,
pp. 769-774; Quddes, M.R. et al., Electromagnetic design study of 10 MW-class wind turbine generators using cir-
cular superconducting field coils, Record of ICEMS, 2011, pp. 1-6.)

TABLE 2.6 3 MW, 75 rpm Claw Pole 1G-SG

Rated power (MW) 3
Rated speed (rpm) 75
Efficiency 0.9
Rated power factor 1
Number of pole pairs 40
Phase number 3
Number of current path 10
Air gap (mm) 10
Tangential force (N/cm?) 6
Inner stator diameter (m) 45
Fundamental flux density (T) 0.8
Phase voltage (V) 2900
DC voltage (V) 6436
Frequency at low speed (Hz) 33

Source: After from Boldea, L., Tutelea, L., and Blaabjerg, E,, High
power wind generator designs with less or no PMs: An overview,
Keynote Address at IEEE-ICEMS, Hangazahou, China, 2014.
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Additional
magnet

FIGURE 2.39 Ferrite PM-assisted SG (a) with claw pole rotor and (b) with salient rotor pole.

Ferrite PMs may be “planted” between the rotor poles of the SG or between the claw poles to focus
better the excitation flux and de-saturate the rotor, thus bringing an additional 20%-25% output for
same geometry and same losses [34,38,39] (see Figure 2.39).

2.9.2.5 Windformer

A high-voltage (40-60 kV) cable-stator-winding SG called “WINDFORMER” (A BB Review, vol. 3, 2000,
pp- 31-37) has been proposed to eliminate the voltage matching transformer (and its full power switch)
for the medium voltage required in power grids. These evident merits are partially compensated by the
large insulation spaces inside the slots and to the frame, with a lower slot filling factor and thus larger
copper losses, for a given stator geometry.

2.9.3 Less-PM PMSGs

As it has already been discussed thoroughly in the Introduction, the NdFeB PMSGs for both 1G and DD
require large amounts of magnets (6 t for the DD-PMSG of 10 MW design at 10 rpm). An alternative will
be investigated to reduce PM cost per kilowatt produced by PMSG. Among numerous proposals two are
shown to have notable potential: the axial air-gap TF multiple rotor PMSG with circular stator coils and
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ferrite PM flux concentration rotor modules (Ferrite TF-PMSG) and the super-speed modular PMSG
with NdFeB at rotational speeds of 4000 rpm (high frequency and 4G transmission [250:1 ratio]).

2.9.3.1 Ferrite TF-PMSG with Axial Air Gap

A 3D view of a section of one phase of an axial air-gap Ferrite TF-PMSG is shown in Figure 2.40 and was
investigated by the authors, for the scope, through a dedicated optimal design software for 3 MW, 15 rpm
and compared, again, with the same case study, but using NdFeB and, again, with flux concentration.

The main results obtained from the simulations are summarized in Table 2.7.

The results in Table 2.7 indicate that the NdFeB machine is slightly superior in performance but, in
terms of active material weight, the multiple rotor system is much lighter (the stator is almost the same
as that of the ferrite PM rotor). In terms of total active materials cost the two solutions are 34% apart,
while a high 133 $/kg NdFeB price was already considered. Apparently, only the scarcity of NdFeB can
rule here in favor of the ferrite-PM machine. On the other hand, the 0.7-0.75 power factor indicates for
both machines a large synchronous reactance in p.u. machine, which leads to higher inverter losses and
to an increased inverter kV A rating (and costs); a special, controlled, rectifier structure is claimed to
yield higher efficiency than the standard PWM rectifier on the machine side [40].

2600 ~
2500 <
2400 -
2300

2200 ]

2100
0

500

-100
FIGURE 2.40 Axial air-gap ferrite TF-PMSG (3 MW, 15 rpm) design. (After from Boldea, I., Tutelea, L., and
Blaabjerg, F., High power wind generator designs with less or no PMs: An overview, Keynote Address at IEEE-
ICEMS, Hangazahou, China, 2014.)

TABLE 2.7 3 MW, 15 rpm TF-PMSG Performance

Ferrite Rotor ~ NdFeB Rotor

External diameter Dext (m) 5.040 5.040
Number of poles, 2p 216 216
Efficiency (%) 96.76 97
Power factor, cos(¢) 0.7045 0.75
Active material weight (t) 36.961 16.597
PM weight (t) 1.983 1.764
Yield energy/year (MWh) 265.149 266.53
Generator active material ($) 380,014 543,905

Price: Ferrite 6 $/kg; NdFeB: 133.8 $/kg
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2.9.3.2 High-Speed Modular PMSG (4 x 0.75 MW, 4000 rpm)

For on-shore applications and probably up to 3 MW power, the generator may be split into a few (four)
modules (340 kg each) that run at high speed (4000 rpm) [41]. But the required 260:1 ratio mechanical
transmission has to be further improved by the reduction of volume and of outer diameter, to fitin to a
reasonable diameter (weight) nacelle. The frequency of the generator may vary from 300 Hz to 1200 Hz
(for 4 m/s to 16 m/s wind speed) [41] (see Figure 2.41).

¢ 30.00" 30.00" B.C.

4x cooling port Four stached machine on a common shaft
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FIGURE 2.41 High-speed modular PMSG (4 x 0.75 MW, 4000 rpm), 1.2 kHz, 96% efficiency: (a) modu-
lar PMSG, (b) AC-DC conversion with switched embedded drive rectifiers (SMs), and (c) high-frequency
transformer. (Continued)
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FIGURE 2.41 (Continued) High-speed modular PMSG (4 x 0.75 MW, 4000 rpm), 1.2 kHz, 96% efficiency:
(d) small-size single-phase coaxial transformer (1.2 kHz). (From Prasai, A. et al., IEEE Trans. Power Electron.,
PE-23(3), 1198, 2008.)

For such a high-speed solution, the PM weight per kilowatt is small and thus even NdFeB PMs could
be cost-wise acceptable. The high frequency of PMSG voltage should provide low size in transformers
while switched mode rectifiers (SMRs) perform the required control of the power delivered to the DC
voltage link. A half bridge single-phase inverter is added to recover the capacitors’ energy by connecting
the generator modules and transformers neutral points. With a single diode output rectifier, the solution
seems very tempting in performance/cost terms, provided the challenging 260/1 gear ratio transmission
can be built.

2.9.3.3 Flux Reversal PMSGs

In yet another variant of ferrite PM rotor and non-overlapping coils stator, a flux reversal PMSG can be
built either with axial or with radial air gap. Similar performance may be obtained (see Figure 2.42) [42].

Stator core

Coil

PM
/ / Rotor pole

(@)

FIGURE 2.42 Flux reversal: (a) axial-air gap PMSG. (Continued)
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FIGURE 2.42 (Continued) Flux reversal: (b) radial air gap.

It is easier to manufacture than the TE-PMSG, but it has a high reactance (in pu) and larger copper losses
(TE-PMSG with circular shape coils is the best in terms of Joule of losses/Nm).

The radial air-gap configuration may allow for a two-stator single-rotor construction, which is easier
to manufacture, while the copper losses per kilowatt are still low. As the ferrite PM rotor stands to be
long axially (see Figure 2.42a), in order to limit the machine volume, the solution may be tried especially
in 1G or even 3G PMSGs, where the torque per kilowatt is lower than in the direct drive wind generators.

2.9.3.4 The Vernier Machine

A radial air-gap, PM-flux concentration rotor dual stator, similar to the one in Figure 2.42, for the reversal
flux PMSG, has been proposed in the Vernier machine topology [43] with claims of high power factor
for distributed stator windings with g = 2 slots per pole per phase (Figure 2.43). It is yet to be tried for
wind generator applications, but it is evident that the copper losses tend to be a bit smaller in the flux
reversal PMSG (Figure 2.42), though the use of stator core is better in the Vernier machine (Figure 2.43).

Winding

Stator

FIGURE 2.43 Vernier, dual-stator PM flux concentration rotor synchronous generator. (From Li, D. et al., High
power factor vernier permanent magnet machines, Record of IEEE-ECCE, 2013, pp. 1534-1540.)
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FIGURE 2.44 Tooth wound axial air-gap PMSG. (After from Boldea, L, Tutelea, L., and Blaabjerg, F., High power
wind generator designs with less or no PMs: An overview, Keynote Address at IEEE-ICEMS, Hangazahou, China, 2014.)

This technology allows for the axial air-gap topologies when the two stators may be assembled easier,
reducing the fabrication costs. Therefore, another variant is a dual stator axial-air gap, PMs flux concen-
tration (spoke magnet) rotor PMSG [44,45], as shown in Figure 2.44. This configuration allows the stator
poles insertion one by one, reducing the fabrication cost of the machine. With 0.6 T, 450 kA/m PMs, the
in situ magnetization pole by pole may be attempted, to further reduce the manufacturing difficulties. But
the copper losses are not small enough such that for a 3 MW, 15 rpm direct-driven PMSG the efficiency is
moderate (0.93) for low power factor (0.54), which implies over-rated PWM converter on the machine side.

2.9.4 Multiphase Reluctance Generators (BLDC-MRG)

BLDC-MRGs (brushless multiphase reluctance generators) in two-pole configuration come from, say, a
12 slot DC brush machine single-layer winding rotor, where the excitation is stripped off and its brushes
have been moved out from the neutral axis by a slot-pitch (to the stator pole corner [Figure 2.45a]). The
equivalent BLDC-MRG with six phases is thus obtained if the mechanical commutation is replaced by
electronic commutation (Figure 2.45b) and controlled as it is shown in Figure 2.45¢,d.

Each current polarity (Figure 2.45¢) has a field (i) coil role part (when the coils of that phase fall
between the rotor poles) and a torque (i;) coil role part, when the coils of that phase fall under rotor
variable reluctance (salient) rotor [46-49]. The interaction of the excitation field (i;) and torque current
(by i) falls around 90 (close to ideal) to produce the torque T, in the m phase machine (m,—field phases,
m—torque phase; m = 6, m; = 2, m; = 4). The average torque is basically

Teay = kyirir (m—mp) (2.13)

The flat-top currents i and i; may be equal to each other on a rather optimal design for all operation
regimes (or different from each other when the speed range has to be further extended and for generating
mode). The high saliency ratio of rotors, which will be realized by a multiple flux barrier rotor or by an
axially laminated anisotropic (ALA) rotor, is needed to secure a low armature reaction (higher torque
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FIGURE 2.45 Brushless DC multiphase reluctance generators: (a) original DC brushed machine, (b) 6 phase
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BLDC-MRG, and (c) phase current waveform.
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FIGURE 2.45 (Continued) Brushless DC multiphase reluctance generators: (d) inverter for control.

density for a given saturation level of flux density in the stator teeth facing rotor pole tip); a not-so-small
air gap is good as a compromise between torque density, efficiency and current commutation quickness.

It is evident that the flat top (BLDC-type) current reveals a good use of the inverter voltage (lower
“equivalent” reactive power) and, with a high rotor saliency, small voltage regulation. The number of
phases may be 5, 6, 7, 9, 11, 15, and so forth, but the pole pitch increases with the number of phases. In
addition, the multiphase inverter (Figure 2.45a) null current is smaller for an odd number of phases.

A proposal that divides the stator into four sectors, and uses 4 inverters that control the torque con-
tribution, quicker, by the torque currents i and the air gap g,, slower, by the field currents i, provides
for active magnetic levitation of the rotor, which should reduce drastically the generator structure
(Figure 2.46 [42]).

A design case study for a 6 MW and 12 rpm direct-drive generator by using 2D FEM has led to FEM
results as shown in Figure 2.47 with torque versus position as in Figure 2.46.

It is evident, as shown in Table 2.8, that the weight is acceptably low, while the copper losses make
only 3% of output power: this means an efficiency by around 96% as the mechanical and iron losses
(fix = 14 Hz) are considered to represent 1% of the output power.

Therefore, the performance looks good, except for the still relatively large torque pulsations (even
after making the rotor of two pieces shifted by one slot pitch [skewing]). As the principle is sound, with
all phases active and one phase-only commutating at any time, and the rotor has good manufactur-
ability (the speed is below 10 rpm), the BLDC-MRG, taking advantage of multiphase inverters in recent
developments, using its implicit notable fault tolerance capacity, seems to deserve attention both in
direct drives, but especially, in 1G (single-stage gear) or 3(4)G solutions for wind generators.

2.9.5 DFIG: Brushless?

For a 10 MW DFIG about 2-3 MW of power has to be transferred to (from) the rotor through slip-rings
and mechanical brushes. Besides the arch-occurrence-danger and maintenance problems that are far
from trivial, this mechanical transfer of power implies also at least 0.5% of full power as losses. As a full
power transformer would exhibit about the same losses (efficiency 99.5%) at grid frequency (50/60 Hz) it
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FIGURE 2.46 Brushless DC multiple phase reluctance generators with actively levitated rotor.

seems feasible to make the DFIG rotor as primary (full power) and then use the stator as secondary, fed
through a dual PWM AC-AC converter system, designed at partial power rating (20%-30%). A rotary
three-phase transformer with a low enough air gap (0.7-1 mm) designed for full power transfer to the
rotor at grid frequency can retain an efficiency close to 99% for 1 kg/kW weight. The other transformer
secondary placed on the stator (as the transformer primary) will feed the dual PWM converter that sup-
plies the DFIG stator winding at “slip frequency” and power: S ..S,; S,-DFIG rating (Figure 2.48). At the
same time, the rotary transformer primary—all transformer coils show minimum copper loss due the
blessing of circularity—may be designed at higher voltage, above 36 kV, to eliminate the matching volt-
age existing transformer, needed for interfacing the typical 0.69-6 kV wind generators.
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FIGURE 2.47 Brushless DC multiple phase reluctance generators: (a) torque production. (Continued)

© 2016 by Taylor & Francis Group, LLC



Principles of Electric Generators 59

55

Skewed
rotor

~ Un-skewed
rotor
. /

5 / /

L

4.5

Electromagnetic torque Te (MNm)

3.5

0 50 100 150 200
Angular coordinates (elec. deg.)

(b)

FIGURE 2.47 (Continued) Brushless DC multiple phase reluctance generators: (b) torque pulsations at nominal
power. (After from Boldea, I, Tutelea, L., and Ursu, D., BLDC multiphase reluctance machines for wide range appli-
cations: A revival attempt, Record of EPE-PEMC-ECCE, 2012, Novisad, Serbia.)

TABLE 2.8 Brushless DC Multiple Phase Reluctance Generators (6 MW, 12 rpm)

Number of phases (m) 6
Pole pairs, p,/f, (Hz) 70/14
Total active weight (t) 55
Air gap g (mm) 4
Inner stator diameter (m) 9.0
Stack length (m) 1.5
Copper losses (kW) 180
Predicted efficiency 96%

This brushless power transfer solution with full power transfer to the rotor at the grid frequency has
the size of one transformer that would transfer the slip power (|S,,,,S,|) at slip frequency f, = S,.,.f,, but
it may provide the DFIG transition through synchronous speed naturally (the rotary transformer has
been initially proposed to transfer the slip power to the rotor without brushes [50], but power transfer
at zero slip is not feasible).

Moreover, a recent study has proven that the wound rotor induction machine designed with the rotor
as primary (at full power) and stator as secondary (at slip power in terms of slot area, etc.) may resultin a
5%-6% size decrease and cost reduction [51]. The elimination of the brush system for full power transfer
is not considered in [51]. For a 10 MW direct drive (DD) DFIG, where the active material weight is 65 t
(by design), the addition of a 10 t (or less, with strong cooling) for the rotary transformer (for 10 MW
at 50/60 Hz) may well be justified, especially if its primary is designed at above 30 kV, to provide direct
interfacing with the middle-voltage local power grids.

2.9.6 Brushless Doubly Fed Reluctance (or Induction) Generators [52,53]

Another doubly fed machine, with dual stator winding (a power winding with 2p, poles and a con-
trol winding with 2p, poles) and a rotor, with p, + p, = p, poles, which has either a high reluctance
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FIGURE 2.48 Brushless DFIG: (a) with rotary transformer and machine rotor as primary (designed at 100%
power rating) and (b) cross-section. (From You, Y.M. et al., IEEE Trans., MAG-48(11), 3124, 2012.)

ratio (multiple flux-barrier or ALA rotor [52,53]) or is a nested-cage rotor [54,55] has been pro-
posed (Figure 2.49). It is essentially a brushless configuration, where the main winding is connected
directly to the power grid, while the control winding (sized at 20%-30% power rating) is fed through
an AC-AC PWM converter, much like in DFIG (Figure 2.49). As the torque density is paramount in
wind generators (Nm/kg), it has to be mentioned that the magnetic coupling “between each of the
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FIGURE 2.49 Brushless doubly fed reluctance generator with its control.

two windings and the rotor” takes place via an air-gap permeance space harmonic whose amplitude
is less than 50% of its “DC” (main) level [53]. This means, inevitably, at best, moderate torque density.
The magnetic coupling is thus weak and, consequently, each AC winding “reflects” an additional leak-
age-like reactance, which means a burden on the converter. A large air gap, inevitable in DD direct-
drive wind generators, is not favorable for this machine. Therefore, it may be tried first for 3G low and
medium-power wind generators, through design optimization studies in which the converter losses
and cost have to be considered as a whole.

2.9.7 Switched Reluctance Generator Systems [37,56,57]

There are few switched reluctance generator (SRG) designs for wind energy, related to low-power case
studies [28] and to direct-drive SRG [10] at 6 MW, 12 rpm. In order to secure a large efficiency and a large
torque density, the SRG requires small air gap and large stator/rotor pole span. However, in DD-SRGs,
a large number of rotor poles provide high torque copper losses, if the phase coils have a circular shape;
and up to the point where the flux fringing increases ruins it, when the rotor pole span/air gap decreases
too much.

2.9.7.1 DD-SRG

It has been calculated that in a DD-SRG design (using FEM) with 4 mm air gap, 9.0 m interior stator
diameter, at a frequency of 175 Hz, the saliency ratio goes down to L, iigned/Latignea = 0-6 and thus the
machine magnetization within 33% of the energy cycle time requires a 10/1 forcing voltage, which is
unpractical [37]. This explains why for DD-SRG at 6 MW, 12 rpm power range DC excitation coils (which
span three AC coils) on the stator are added, to produce a homopolar flux density that should vary from
1.5 T in aligned position and less than to 0.5 T for unaligned position. This is necessary for sufficient AC
emfin the tooth-wound winding phase coils, which now are flowed by bipolar currents like in any stator
excited SG. It has also been shown [37] that the SRG configuration (Figure 2.51a) is capable to produce
6 MW at 12 rpm, with an air gap of 4 mm at 9.0 m interior stator diameter and 1.5 m stack length and
80 t of active materials, but the total DC + AC losses are 1.5 MW, which means the solution is unpracti-
cal (80% efliciency). If a TF six-phase configuration is instead chosen (see Figure 2.50b,c) the design [37]
will produce the required torque of 5.5 M N m (and more, see Figure 2.50c) for 240 kW of total (DC +
AC coils losses).
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FIGURE 2.50 Direct-driven switched reluctance generator [10]: (a) standard DC + AC stator, (b) transverse flux
circular coil DC + AC stator, and (c) FEM torque of the 6-phase circular coil DC + AC stator machine.

This leads to at least 94% of the total efficiency [37]. To avoid voltage induced by the AC coils in the
DC coils [37] and thus reduce the voltage (and kV A) of the DC-DC converter that controls the DC
(excitation) coils, the latter should first be connected in series. Unfortunately, the 4 mm air gap means a
large p.u. reactance of the machine, which again means a burden of the converter kV A. In addition, the
homo-polar character of the magnetic DC field in all stator poles implies higher than necessary normal
(radial) forces. A lot is to be done in order to prove the practicality of the TF circular DC + AC coils sta-
tor for DD high-power wind generators (machine +converter +control) in terms of cost/performance,
to prove their practicality.

2.9.7.2 High-Speed Wind SRG

On the other hand, for 1500-4000 rpm 3(4)G-SRG, the standard [56] or dual-stator segmented pole sec-
ondary [58] configurations (Figure 2.51) have already been proven to be capable of high torque density
(45 Nm/1) at above 92% efficiency at 50 kW and more for HEV, and should be considered for high-speed
wind generators for more reliable and lower cost and, at the same time, good torque density (reason-
able weight). The 100(260)/1 ratio transmission has to be provided as usual for such systems, as in multi
modular generator (4x 0.75 MW modules for 3 MW, as proposed with PMSGs [41]), which may be more
feasible: “easy to say but difficult to do.”
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FIGURE 2.51 Standard switched reluctance generator [56]: (a) and double-stator segmented rotor and (b) high-
speed SRGs for wind energy conversion. (After from Abbasian, M.A., Moallem, M., Fahimi, B., IEEE Transactions
on Energy Conversion, EC-25(3), 589, 2010.)

2.9.8 Flux-Switch Ferrite PM Stator Generators

The stator PM flux switching double salient motors have been proven recently to produce a good torque
density in industrial drives with stator NdFeB [59-61] or with hybrid stator excitation [62,63]. Already in
Reference [63], it has been proposed to use the PM ferrite stator flux switch machine for wind generators
(see Figure 2.52), even though in a low power design example.

Table 2.9 shows a comparison of the performance of a PMSG and a low-power PM ferrite flux switch
generator [63] at 30 rpm.
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FIGURE 2.52 PM Ferrite stator flux switch generator: a view of a machine sector.

TABLE 2.9  Flux Switching Ferrite PM Stator Generator

PM Machine “ALXION” 25  Ferrite

Turbine power (kW) 6.8 5
Maximum torque (Nm) 1049 1000
Efficiency (%) 79 77
Total mass (kg) 82 132
External radius (mm) 795 240
Air gap radius (mm) 689 208
Active length (mm) 55 476
Wind speed (m/s) N/A 6
Rotor speed (rpm) N/A 30
Turbine radius (m) N/A 1

Note: The mass is given by manufacturer datasheet.

The efficiency is rather low (70%) at 30 rpm and 1000 Nm (1150 W losses for 5 kW of wind power).
But extrapolating this design (using same torque) at 1500 rpm would mean, with doubled losses
(due to higher core and some mechanical losses), an efficiency of about 96%. Also in this latter case,
the weight of active materials corresponds to 1 kW/kg, which is a rather large value. Consequently,
the solution deserves to be investigated further for 3(4)G-high speed modular wind generators.
Not so, in our view, for high power DD wind generators, because the air gap is large and because
the radial-long Ferrite PMs, needed in such a case for strong flux concentration, means too large
an extra core. On the other hand, the ferrite-rotor double salient generator [64] may allow enough
room for strong ferrite PM flux concentration with less extra weight in the rotor and thus yield a
competitive direct drive wind generator along with this principle (Figure 2.53). It remains to be
seen if the promises of a large torque density in Reference 64 may be duplicated in a large diameter
(3 mm air gap) DD wind generators while the converter has to deal with bipolar currents whose
summation is not zero.

© 2016 by Taylor & Francis Group, LLC


http://www.crcnetbase.com/action/showImage?doi=10.1201/b19310-3&iName=master.img-045.jpg&w=235&h=162

Principles of Electric Generators

-1 . . . . . . . .
0 20 40 60 8 100 120 140 160 180

Mechanical angle (°)

(b)

FIGURE 2.53 Ferrite PM double salient generator [64]: (a) construction and (b) PM flux current, emf.
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2.10 Summary

In this chapter, we have presented some representative—in use and newly proposed—types of electric

generators by principle, configuration, and application.

A few concluding remarks are in order:

The power per unit range varies from a few mW to a few hundred megawatts (even 1500 MV A)
per unit.

Large power generators—above a few MW—are electrically excited on the rotor either DC, as in
conventional synchronous generator (SG), or in three-phase AC, as in the wound rotor (doubly
fed) induction generator (WRIG).

While the conventional DC rotor-excited SG requires tightly controlled constant speed to pro-
duce constant frequency output, the WRIG may work with adjustable speed.

The rating of the rotor-connected PWM converter in WRIG is about equal to the adjustable speed
range (slip), in general around 20%. This implies reasonable costs for a more flexible generator
with fast active and reactive power (or frequency and voltage) control.

WRIG seems the way of the future in electric generation at adjustable speed for powers above a
few megawatts, in general, per unit.

PMSGs are emerging for kW, tenth of kW, even hundreds of kilowatts or 1-10 MW/unit in special
applications such as automotive starter-alternators or super-high-speed gas turbine generators or
DD wind generators, respectively.

LMAs are emerging for power operation up to 15, even 50 kW for home or special series hybrid
vehicles, with linear gas combustion engines and electric propulsion.

Parametric generators are being investigated for special applications: SRGs for aircraft jet engine
starter-alternators and TFGs/motors for hybrid or electrical bus propulsion or directly driven
wind generators.

Section 2.9 illustrates in detail the myriad of generators’ topologies for wind (and small hydro)
energy conversion; vehicular (stand-alone) generators on aircraft, ship, on-road vehicles, etc. are
under very dynamic scrutiny, also.

Electric generators are driven by different prime movers that have their own characteristics, per-
formance, and mathematical models, which, in turn, influence the generator operation since at
least speed control is enacted upon the prime mover. Chapter 3 dwells in some detail on most
used prime movers with their characteristics, mathematical models, and speed control methods.
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Prime Movers

3.1 Introduction

Electric generators convert mechanical energy into electrical energy. Mechanical energy is produced by
prime movers. Prime movers are mechanical machines that convert primary energy of a fuel or fluid
into mechanical energy. They are also called “turbines or engines.” The fossil fuels commonly used in
prime movers are coal, gas, oil, and nuclear fuel.

Essentially, the fossil fuel is burned in a combustor and thus thermal energy is produced.

Thermal energy is then taken by a working fluid and converted into mechanical energy in the prime
mover itself.

Steam is the working fluid for coal or nuclear fuel turbines, but it is the gas or oil in combination with
air, in gas turbines, diesel, or internal combustion engines.

On the other hand, the potential energy of water from an upper-level reservoir may be converted
into kinetic energy that hits the runner of a hydraulic turbine, changes momentum and direction, and
produces mechanical work at the turbine shaft as it rotates against the “braking” torque of the electric
generator under electric load.

Wave energy is similarly converted into mechanical work in special tidal hydraulic turbines. Wind
kinetic energy is converted into mechanical energy by wind turbines.

A complete classification of prime movers is very difficult due to so many variations in construction,
from topology to control. However, a simplified one is shown in Table 3.1.

In general, a prime mover or turbine drives an electric generator directly, or through a transmission
(Figure 3.1) [1-3]. The prime mover is necessarily provided with a so-called speed governor (in fact, a
speed control and protection system) that properly regulates the speed, according to electric generator
frequency/power curves (Figure 3.2).

Note that the turbine is provided with a servomotor that activates one or a few control valves that reg-
ulate the fuel (or fluid) flow in the turbine, thus controlling the mechanical power at the turbine shaft.

The speed at turbine shaft is measured rather precisely and compared with the reference speed. The
speed controller then acts on the servomotor to open or close control valves and control speed. The ref-
erence speed is not constant. In AC power systems, with generators in parallel, a speed droop of 2%-3%
is allowed with power increased to rated value.

The speed droop is required for two reasons as follows:

1. With a few generators of different powers in parallel, fair (proportional) power load sharing is
provided.

2. When power increases too much, the speed decreases accordingly signaling that the turbine has
to be shut off.

The point A of intersection between generator power and turbine power in Figure 3.2 is statically stable
as any departure from it would provide the conditions (through motion equation) to return to it.
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TABLE 3.1 Turbines

Working
Fuel Fluid Power Range Main Applications Type Observation
1. Coalor Steam Up to 1500 Electric power systems Steam turbines High speed
nuclear fuel MW!/unit
2. Gasoroil Gas (oil) +  From watts Large and distributed o Gas turbines With rotary
air to hundreds power systems, « Diesel engines but also linear
of MW/unit automotive « Internal reciprocating
applications (vessels, combustion motion
trains and highway and engines
off-highway vehicles), « Stirling engines
and autonomous
power sources
3. Water Water Up to 1000 Large and distributed Hydraulic turbines Medium- and
energy MW /unit electric power low speed
systems, autonomous >75 rpm
power sources
4. Wind energy  Air Up to 10 Distributed power Wind or wave Speed down to
MW/unit systems, autonomous turbines 10 rpm
power sources
Fuel
control Power grid
valve Intermediate Speed I I 3~
Prime source energy sensor Transmi-| Electric
energy conversion/for ssion _: generator
thermal turbines| ~—7— | "7 777 ¥}

Frequency f;
power (P,)

Speed governor Speed/power Autonomous
controller reference curve load

FIGURE 3.1 Basic prime mover generator system.
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With synchronous generators operating in a rather constant voltage and frequency power system,
the speed droop is very small, which implies strong strains on the speed governor—due to large iner-
tia, etc. It also leads to not-so-fast power control. On the other hand, the use of doubly fed synchro-
nous generators, or of AC generators with full power electronics between them and the power system,
would allow for speed variation (and control) in larger ranges (+20% and more). That is, smaller speed
reference for smaller power. Power sharing between electric generators would then be done through
power electronics in a much faster and more controlled manner. Once these general aspects of prime
mover requirements have been clarified, let us deal in some detail with prime movers in terms of prin-
ciple, steady-state performance and models for transients. The main speed governors and their dynamic
models are also included for each main type of prime movers investigated here.

3.2 Steam Turbines

Coal, oil, or nuclear fuels are burned to produce high pressure (HP), high temperature, steam in a boiler.
The potential energy in the steam is then converted into mechanical energy in the so-called axial flow
steam turbines.

The steam turbines contain stationary and rotating blades grouped into stages—HP, intermediate
pressure (IP), low pressure (LP). The HP steam in the boiler is let to enter—through the main emergency
stop valves (MSVs) and the governor valves (GVs)—the stationary blades where it is accelerated as it
expands to a lower pressure (LP) (Figure 3.3). Then the fluid is guided into the rotating blades of the
steam turbine where it changes momentum and direction thus exerting a tangential force on the turbine
rotor blades. Torque on the shaft and, thus, mechanical power, are produced. The pressure along the
turbine stages decreases and thus the volume increases. Consequently, the length of the blades is lower
in the HP stages than in the lower power stages.

Reheater MSV—main emergency stop valve
GV—governor valve
RSV—reheat emergency stop valve
IV—intercept valve
Boiler x l XR SV
MSV
Crossover
|
, /\
: GV
: Speed
: se;f) r To generator
|
| LP [ shaft
! Y HP —
i
|
|
i RN
|
I
|— Wy
Governor P
Wr(P )
Reference speed vs. power

FIGURE 3.3 Single-reheat tandem-compound steam turbine.
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The two, three, or more stages (HP, IP, and LP) are all, in general, on same shaft, working in tan-
dem. Between stages the steam is reheated; its enthalpy is increased and thus the overall efficiency is
improved, up to 45% for modern coal-burn steam turbines.

Nonreheat steam turbines are built below 100 MW, while single-reheat and double-reheat steam
turbines are common above 100 MW, in general.

The single-reheat tandem (same shaft) steam turbine is shown in Figure 3.3.

There are three stages in Figure 3.3: HP, IP, and LP. After passing through MSV and GV, the HP steam
flows through the HP stage where its experiences a partial expansion. Subsequently, the steam is guided
back to the boiler and reheated in the heat exchanger to increase its enthalpy. From the reheater, the
steam flows through the reheat emergency stop valve (RSV) and intercept valve (IV) to the IP stage of
the turbine where again it expands to do mechanical work. For final expansion, the steam is headed to
the crossover pipes and through the LP stage where more mechanical work is done.

Typically, the power of the turbine is divided as 30% in the HP, 40% in the IP, and 30% in the LP stages.

The governor controls both the GV in the HP stage, and the IV in the IP stage, to provide fast and
safe control.

During steam turbine starting—toward synchronous generator synchronization—the MSV is fully
open while the GV and IV are controlled by the governor system to regulate the speed and power. The
governor system contains a hydraulic (oil) or an electrohydraulic servomotor to operate the GV and IV
but also to control the fuel-air mix admission and its parameters in the boiler.

The MSV and RSV are used to stop quickly and safely the turbine under emergency conditions.

Turbines with one shaft are called tandem-compound while those with two shafts (eventually at
different speeds) are called cross-compound. In essence, the LP stage of the turbine is attributed to a
separate shaft (Figure 3.4).

Reheater
Boiler T \ XRSV
MSV
|
! /\
: GV
: Speed
: sensor
. 7
! HP 1P ]
! Shaft to
: generator 1,
| 3600 rpm
|
I W,
‘03—;1,2(1’1,2) I I
Governor
© Shaft to
Speed generator 2,
7 sensor 2 1800 rpm
LP ]

FIGURE 3.4 Single-reheat cross-compound (3600/1800 rpm) steam turbine.
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FIGURE 3.5 Typical nuclear steam turbine.

Controlling the speeds and powers of two shafts is rather difficult though it brings more flexibility.
Also shafts are shorter. Tandem-compound (single shaft) configurations are more often used. Nuclear
units have in general tandem-compound (single-shaft) configurations and run at 1800 (1500) rpm for 60
(50) Hz power systems.They contain one HP and three LP stages (Figure 3.5).

The HP exhaust passes through the moisture reheater (MSR) before entering the LP (LP 1,2,3) stages,
to reduce steam moisture losses and erosion.The HP exhaust is also reheated by the HP steam flow.

The governor acts upon GV and IV 1,2,3 to control the steam admission in the HP and LP 1,2,3 stages
while MSV, RSV 1,2,3 are used only for emergency tripping of the turbine.

In general, the governor (control) valves are of the plug-diffuser type, while the IV may be either plug
or butterfly type (Figure 3.6). The valve characteristics are partly nonlinear and, for better control, are
often “linearized” through the control system.

3.3 Steam Turbine Modeling

The complete model of a multiple-stage steam turbine is rather involved. This is why we present here
first the simple steam vessel (boiler, reheater) model (Figure 3.7) [1-3], and derive the power expression
for the single-stage steam turbine.

V is the volume (m?), Q is the steam mass flow rate (kg/s), p is the density of steam (kg/m?), and W is
the weight of the steam in the vessel (kg).

The mass continuity equation in the vessel is written as follows:

dW:

d
? Vdis = Qinpur - Qoutput (31)
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FIGURE 3.6 Steam valve characteristics: (a) plug-diffuser valve and (b) butterfly-type valve.

Qouput
—_—

Qinput

FIGURE 3.7 The steam vessel.

Let us assume that the flow rate out of the vessel Q,,,,, is proportional to the internal pressure in the

vessel:
Qoutput = %(;)P (32)
where
P is the pressure (kPa)

P, and Q, are the rated pressure and flow rate out of the vessel

As the temperature in the vessel may be considered constant:

dp_op dp

= 3.3
dt OP dt 33

Steam tables provide (dp/0P) functions.
Finally, from Equations 3.1 through 3.3:

onutput

it (3.4)

Qinput - Quutput = TV
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B dp
Ty, =—V -— 3.5
v=o op 3.5)

T is the time constant of the steam vessel. With d/dt — s the Laplace form of Equation 3.4 is written as
follows:

Quutput _ 1 (36)

Qinput 1+Ty -5

The first-order model of the steam vessel has been obtained. The shaft torque T, in modern steam tur-
bines is proportional to the flow rate:

Tm = Km : Q (37)
Therefore, the power P, is

Pm :Tm Qm :KmQ'znnm (38)

Example 3.1

The reheater steam volume of a steam turbine is characterized by
Q, =200 kg/s, V=100 m?, P, = 4000 kPa, dp/dP = 0.004
Calculate the time constant T} of the reheater and its transfer function.
We just use Equations 3.4 and 3.5 and, therefore Equation 3.6:

=Ty 0P 4000 00 0.004=8.05
Q 0P 200
Qoulpur _ 1
Qinput 1+8:s

Now consider the rather complete model of a single-reheat, tandem-compound steam turbine
(Figure 3.8). We will follow the steam journey through the turbine, identifying a succession of time
delays/time constants.

The MVS and RSV (stop) valves are not shown in Figure 3.8 because they intervene only in emergency
conditions.

The governor (control) valves modulate the steam flow through the turbine to provide for the required
(reference) load (power)/frequency (speed) control.

The GV has a steam chest where substantial amounts of steam are stored, also in the inlet piping.
Consequently, the response of steam flow to a change in GV opening exhibits a time delay due to the
charging time of the inlet piping and steam chest. This time delay is characterized by a time constant
Ty in the order of 0.2-0.3 s.

The IV are used for rapid control of mechanical power (they handle 70% of power) during overspeed
conditions, and thus their delay time may be neglected in a first approximation.

The steam flow in the IP and LP stages may be changed with the increase of pressure in the reheater.
As the reheater holds a large amount of steam, its response time delay is larger. An equivalent larger time
constant Ty,, of 5-10 s is characteristic to this delay.

The crossover piping also introduces a delay that may be characterized by another time constant T,
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FIGURE 3.8 Single-reheat tandem-compound steam turbine.

We should also consider that the HP, IP, LP stages produce Fy;, Fj, F;, fractions of total turbine
power such that:

Fyp+ Fpp+ Fip=1 (3.9)

We may integrate these aspects of steam turbine model into a structural diagram as in Figure 3.9.
Typically, as already stated: F;, = F;, = 0.3, F;, = 04, Ty = 0.2-0.3 s, Ty =5-9s, Ty = 0.4-0.6 5.
In a nuclear—fuel steam turbine, the IP stage is missing (F;, = 0, F;, = 0.7) and Ty, and T, are notably
smaller.
As T, is largest, reheat turbines tend to be slower than nonreheat turbines.

Frp
Main
steam
pressure
HP 1P
GV - pressure flow . Tm
1 + 1 1 + .
. i —(>< — —»C)—» turbine
Va}\fe } L+sTen| pp L+ 5T 1+sTco | F, p k,  torque
position Inletand  flow Reheater delay Crossover
hSteadml Intercept delay
chest delay
o [ : valve ,_|F11>
v L
position

FIGURE 3.9 Structural diagram of single-reheat tandem-compound steam turbine.
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FIGURE3.10 Steam turbine response to 0.1 (p.u.) 1 s ramp change of GV opening.

After neglecting T, and considering GV as linear, the simplified transfer function may be obtained:

ATm ~ (1+SFHPTRH)
AVGV - (1+STCH)(1+5TRH)

(3.10)

The transfer function in Equation 3.10 clearly shows that the steam turbine has a straightforward
response to GV opening.

A typical response in torque (in PU)—or in power—to 1's ramp of 0.1 (p.u.) change in GV opening is
shown in Figure 3.10 for T, =8, F,;p = 0.3, and Ty, = T, = 0.

Enhanced steam turbine models involving various details, such as IV more rigorous representation
counting for the (fast) pressure difference across the valve, may be required to better model various
intricate transient phenomena.

3.4 Speed Governors for Steam Turbines

The governor system of a turbine performs a multitude of functions such as the following:

+ Speed (frequency)/load (power) control: mainly through GV
« Overspeed control: mainly through IV

o Overspeed trip: through MSV and RSV

o Start-up and shutdown

The speed/load (frequency/power) control (Figure 3.2) is achieved through the control of the GV to
provide linearly decreasing speed with load, with a small speed droop of 3%-5%. This function allows
for paralleling generators with adequate load sharing.

Following a reduction in electrical load, the governor system has to limit the overspeed to a maxi-
mum of 120%, in order to preserve the turbine integrity.

Reheat-type steam turbines have two separate valving groups (GV and IV) to rapidly control the
steam flow to the turbine.

The objective of the overspeed control is set to about 110%-115% of rated speed to prevent overspeed
tripping of the turbine in case a load rejection condition occurs.

The emergency tripping (through MSV and RSV; Figures 3.3 and 3.5) is a protection solution in case
normal and overspeed controls fail to limit the speed below 120%.

A steam turbine is provided with four or more governor (control) valves that admit steam through
nozzle sections distributed around the periphery of the HP stage.
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In normal operation, the GVs are open sequentially to provide better efficiency at partial load. During
the start-up, all the GVs are fully open and stop valves control the steam admission.

Governor systems for steam turbines evolved continuously, from mechanical-hydraulic to electro-
hydraulic ones [4].

In some embodiments, the main governor systems activate and control the GV while an auxiliary
governor system operates and controls the IV [4]. A mechanical-hydraulic governor contains, in
general, a centrifugal speed governor (controller) whose effect is amplified through a speed relay to open
the steam valves. The speed relay contains a pilot valve (activated by the speed governor) and a spring-
loaded servomotor (Figure 3.11).

In electrohydraulic turbine governor systems, the speed governor and speed relay are replaced by
electronic controls and an electric servomotor that finally activates the steam valve.

In large turbines, an additional level of energy amplification is needed. Hydraulic servomotors are
used for the scope (Figure 3.12).

Combining the two stages—the speed relay and the hydraulic servomotor—the basic turbine gover-
nor is obtained (Figure 3.13).

For a speed droop of 4% at rated power, K, = 25 (Figure 3.13). A similar structure may be used to
control the IV [2].

Electrohydraulic governor systems perform similar functions; but by using electronics control in the
lower power stages, they bring more flexibility and faster and more robust response.

Theyare, in general, provided with acceleration detection andload power unbalance relay compensation.

The structure of a generic electrohyraulic governor system is shown in Figure 3.14.

We should notice the two stages in actuation: the electrohydraulic converter plus the servomotor and
the electronic speed controller.

Mechanical
speed governor

Servomotor
[ U 1 Mechanical
spring
—_—
oil Tgr=0.1-0.3's
supply
K
Pilot valve s SSI}
SR
Steam valve

(@) ' (b)
FIGURE3.11 Speed relay: (a) configuration and (b) transfer function.
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- =
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FIGURE 3.12 Hydraulic servomotor structural diagram.
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FIGURE 3.13 Basic turbine governor.
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FIGURE 3.14  Generic electrohydraulic governing system.

The development of modern nonlinear control (adaptive, sliding mode, fuzzy, neural networks, H_,
etc.) has led to a wide variety of recent electronic speed controllers or total steam turbine-generator
controllers [5,6]. However, they fall beyond our scope here.

3.5 Gas Turbines

Gas turbines burn gas, whose thermal energy is converted into mechanical work. Air is used as the
working fluid. There are many variations in gas turbine topology and operation [1], but the most com-
monly used seems to be the open regenerative cycle type (Figure 3.15).

Fuel input
(governor valve)

Combustion
Heat exchanger L— chamber
(CH)
Air inlet
I .\ /
Compressor Gss =
= (© t“mee Shaft to
(T) generator

/ \

FIGURE 3.15 Open regenerative cycle gas turbine.
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The gas turbine in Figure 3.14 consists of an air compressor (C) driven by the turbine itself (T) and
the combustion chamber (CH).

The fuel enters the CH through the GV where it is mixed with the hot-compressed air from compressor.
The combustion product is then directed into the turbine where it expands and transfers energy to the
moving blades of the gas turbine. The exhaust gas heats the air from compressor in the heat exchanger.
The typical efficiency of a gas turbine is 35%. More complicated cycles such as compressor intercooling
and reheating or intercooling with regeneration and recooling are used for further (slight) improve-
ments in performance [1].

The combined-gas and steam-cycle gas turbines have been proven recently to deliver an efficiency of
55% or even slightly more. The generic combined cycle gas turbine is shown in Figure 3.16.

The exhaust heat from the gas turbine is directed through the heat recovery boiler (HRB) to produce steam,
which, in turn, is used to produce more mechanical power through a steam turbine section on same shaft.

With the gas exhaust exiting the gas turbine above 500°C and additional fuel burning, the HRB
temperature may rise further the temperature of the HP steam and thus increase efficiency more.

Additionally, some steam for home (office) heating or process industries may be delivered.

Already in the tens of megawatts, combined cycle gas turbines are becoming popular for cogenera-
tion and in distributed power systems in the megawatt or even tenth and hundreds of kilowatt per unit.

Besides efficiency, the short construction time, low capital cost, low SO, emission, little staffing, and
easy fuel (gas) handling are all main merits of combined cycle gas turbines.

Their construction at very high speeds (tens of krpm) up to 10 MW range, with full power electronics
between the generator and the distributed power grid, or in standalone operation mode at 50(60) Hz,
make the gas turbines a way of the future in this power range.

Exhaust
Fuelin  Heat recovery
boiler
GV1 HRB §
— CH }— XGVZ
Air inlet
—>\
Gas Steam
—] C turbine turbine [
(T) (T)

FIGURE3.16 Combined cycle unishaft gas turbine.
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3.6 Diesel Engines

Distributed electric power systems, with distribution feeders at 12 kV (or around it), standby power sets
ready for quich intervention in case of emergency or on vessels, locomotives or series or parallel hybrid
vehicles, or for power leveling systems in tandem with wind generators make use of diesel (or internal
combustion) engines as prime movers for their electric generators. The power per unit varies from a few
tenth of kilowatts to a few megawatts.

As for steam or gas turbines, the speed of diesel-engine generator set is controlled through a speed
governor. The dynamics and control of fuel-air mix admission is very important to the quality of the
electric power delivered to the local power grid or to the connected loads, in standalone applications.

3.6.1 Diesel Engine Operation

In four-cycle internal combustion engines [7] and diesel engine is one of them, with the period of one
shaft revolution Tyg, = 1/n (n-shaft speed in rev/s), the period of one engine power stroke Ty is

Tps = ZTREV (3.11)
The frequency of power stroke fq is
fos = (312)
® s '

For an engine with N, cylinders, the number of cylinders that fire per each revolution, Ny, is

N, = (3.13)

The cylinders are arranged symmetrically on the crankshaft such that the firing of the N, cylinders is
uniformly spaced in angle terms.
Consequently, the angular separation (8,) between successive firings in a four-cycle engine is

_720°

0.
N,

(3.14)

The firing angles for a 12 cylinder diesel engine are illustrated in Figure 3.17a, while the two-revolution
sequence is: intake (I), compression (C), power (P), and exhaust (E) (see Figure 3.17b).

The 12-cylinder timing is shown in Figure 3.18.

There are 3 cylinders out of 12 firing simultaneously at steady state.

The resultant shaft torque of one cylinder varies with shaft angle as in Figure 3.19.

The compression torque is negative while during power cycle it is positive.

With 12 cylinders, the torque will have much smaller pulsations, with 12 peaks over 720° (period of
power engine stroke); Figure 3.20.

Any misfire in one or a few of the cylinders would produce severe pulsations in the torque that would
reflect as flicker in the generator output voltage [8].

Large diesel engines are provided, in general, with a turbocharger (Figure 3.21) which influences
notably the dynamic response to perturbations by its dynamics and inertia [9].

The turbocharger is essentially an air compressor that is driven by a turbine that runs on the engine
exhaust gas.

The compressor provides compressed air to the engine cylinders. The turbocharger works as an
energy recovery device with about 2% power recovery.
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FIGURE 3.17 The 12-cylinder four-cycle diesel engine: (a) configuration and (b) sequence.
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FIGURE 3.20 p.u. Torque versus shaft angle in a 12-cylinder ICE (internal combustion angle).
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FIGURE 3.21 Diesel engine with turbocharger.

3.6.2 Diesel Engine Modeling

The general structure diagram of a diesel engine with turbocharger and control is shown in Figure 3.22.
The most important components are as follows:

The actuator (governor) driver that appears as a simple gain K.

The actuator (governor) fuel controller that converts the actuator’s driver into an equivalent fuel-
flow ®. This actuator is represented by a gain K, and a time constant (delay) t, which is dependent
on oil temperature, and an aging-produced back lash.

The inertias of engine J;;, turbocharger J; and electric generator (alternator) J;.

The flexible coupling that mechanically connects the diesel engine to the alternator (it might also
contain a transmission).
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FIGURE 3.22 Diesel engine with turbocharger and controller.

o The diesel engine is represented by the steady-state gain K, constant for low fuel-flow ® and
saturated for large ®, multiplied by the equivalence ratio factor (erf) and by a time constant t,.

o The erf depends on engine equivalence ratio (eer) which in turn is the ratio of fuel/air normal-
ized by its stoichiometric value. A typical variation of erf with eer is also shown in Figure 3.22. In
essence erf is reduced, because when the ratio fuel/air increases, incomplete combustion occurs,
leading to low torque and smoky exhaust.

o The dead time of the diesel engine comprises three delays: the time elapsed until the actuator
output actually injects fuel in the cylinder, fuel burning time to produce torque, and time until all
cylinders produce torque at engine shaft:

T zA-i—£+£2 (3.15)
Ng Nng

where 7, is the engine speed

The turbocharger acts upon the engine in the following ways:

o It draws energy from the exhaust to run its turbine; the more fuel in engine the more exhaust is
available.

It compresses air at a rate that is a nonlinear function of speed; the compressor is driven by the
turbine, and thus the turbine speed and ultimate erfin the engine is influenced by the air flow rate.

 The turbocharger runs freely at high speed, but it is coupled through a clutch to the engine at low
speeds, to be able to supply enough air at all speeds; the system inertia changes thus at low speeds,
by including the turbocharger inertia.

Any load change leads to transients in the system pictured in Figure 3.22 that may lead to oscillations
due to the nonlinear effects of fuel-air flow erf inertia. As a result, there will be either less or too much
air in the fuel mix. In the first case, smoky exhaust will be apparent while in the second situation not
enough torque will be available for the electric load, and the generator may pull out of synchronism.
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This situation indicates that PI controllers of engine speed are not adequate and nonlinear controllers
(adaptive, variable structure, etc.) are required.

A higher-order model may be adopted both for the actuator [11,12] and for the engine [13] to better
simulate in detail the diesel engine performance for transients and control.

3.7 Stirling Engines

Stirling engines are part of the family of thermal engines: steam turbines, gas turbines, spark-ignited
engines, and diesel engines. They all have already been described briefly in this chapter, but it is now
time to dwell a little on the thermodynamic engines cycles to pave the way to Stirling engines.

3.7.1 Summary of Thermodynamic Basic Cycles

The steam engine, invented by James Watt, is a continuous combustion machine. Subsequently, the
steam is directed from the boiler to the cylinders (Figure 3.23).
The typical four steps of the steam engine (Figure 3.23) are as follows:

1 — 2Theisochoric compression (1-1') followed by isothermal expansion (1'-2). The hot steam enters
the cylinder through the open valve at constant volume; then, it expands at constant temperature.

2 — 3Isotropic expansion: once the valve is closed the expansion goes on till the maximum volume (3).

3 — 1lIsochoric heat regeneration (3-3’) and isothermal compression (3'-4)—the pressure drops at
constant volume and then the steam is compressed at constant temperature.

4 — 1Isentropic compression takes place after the valve is closed and the gas is mechanically compressed.

An approximate formula for thermal efficiency nth is [13]:

PF YK -1)A+1np)

th=1-
1 e (x—1)+ (K -1Inp

(3.16)

where
e = V,/V, is the compression ratio
p = V,/V, = V;/V, is the partial compression ratio
X = pi/p, is the pressure ratio

For p=2,x=10, K=14, € = 3, and nth = 31%.

1 ‘./3
(a) (b) Volume

FIGURE 3.23 The steam engine “cycle™ (a) the four steps and (b) PV diagram.
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FIGURE 3.24 Brayton cycle for gas turbines: (a) PV diagram and (b) TS diagram.

The gas turbine engine fuel is also continuously combusted in combination with precompressed air.
The gas expansion turns the turbine shaft to produce mechanical power.

The gas turbines work on a Brayton cycle (Figure 3.24).

The four steps include the following:

1 — 2 Isentropic compression
2 — 3Isobaric input of thermal energy
3 — 4Isentropic expansion (work generation)
4 — 1Isobaric thermal energy loss
Similarly, with T,/T, = T,/T, for the isentropic steps and the injection ratio p = T,/T,, the thermal
efficiency nth is
1T,
nthx1-—-% (317)
pL
With ideal, complete, heat recirculation,
1
nthx1-— (3.18)
p

Gas turbines are more compact than other thermal machines; they are easy to start, have low vibrations,
have low efficiency at low loads (p small), and tend to have poor behavior during transients.

The spark-ignited (Otto) engines work on the cycle in Figure 3.25.
The four steps are as follows:

1 — 2—Isentropic compression

2 — 3—Isochoric input of thermal energy

3 — 4—Isentropic expansion (kinetic energy output)
4 — 1—Isochoric heat loss
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(a) (b)
FIGURE 3.25 Spark ignition engines: (a) PV diagram and (b) TS diagram.

The thermal efficiency nth is

1 v
th=1-——; e=—v 3.19
n = v, (3.19)
where
K-1
LG (V) _ L (3.20)
T T, V, €

for isentropic processes.
With a high compression ratio (say € = 9) and the adiabatic coefficient K = 1.5 and nth = 0.66.

The diesel engine cycle is shown in Figure 3.26.

FIGURE 3.26 The diesel engine cycle.
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During the downward movement of the piston, an isobaric state change takes place by controlled
injection of fuel (2 — 3):

VB_L
v, T,
) (3.21)
1 1p5-1
th=1——L . 1p -1
n e K p-1

Efficiency decreases when load p increases, in contrast to spark-ignited engines for same €. Lower com-
pression ratios (g) than for spark-ignited engine are characteristic for diesel engines to obtain higher
thermal efficiency.

3.7.2 Stirling Cycle Engine

The Stirling engine (born in 1816) is a piston engine with continuous heat supply (Figure 3.27).

In some respect, Stirling cycle is similar to Carnot cycle (with its two isothermal steps). It contains
two opposed pistons and a regenerator in between.

The regenerator is made in the form of strips of metal. One of the two volumes is the expansion space
kept at the high temperature T, ,,, while the other volume is the compression space kept at low tempera-
ture T, .. Thermal axial conduction is considered negligible. Let us suppose that the working fluid (all
of it) is in the cold compression space.

During compression (1-2), the temperature is kept constant because heat is extracted from the com-
pression space cylinder to the surroundings.

During the transfer step (2-3), both pistons move simultaneously; the compression piston moves
toward the regenerator, while the expansion piston moves away from it. Thus, the volume stays con-
stant. The working fluid is consequently transferred through the porous regenerator from compres-
sion to expansion space, and is heated from T, to T,,.,. An increase in pressure takes place also from
2 to 3. In the expansion step 3-4, the expansion piston still moves away from the regenerator, but the
compression piston stays idle at inner dead point. The pressure decreases and the volume increases, but
the temperature stays constant because heat is added from an external source. Then, again, a transfer
step (4-1) occurs, with both pistons moving simultaneously to transfer the working fluid (at constant
volume) through the regenerator from the expansion to the compression space. Heat is transferred from
the working fluid to the regenerator, which cools at T,

The ideal thermal efficiency nth is

in the compression space.

in

i Tmin
M =1-—— (3.22)

max

Therefore, it is heavily dependent on the maximum and minimum temperatures as the Carnot cycle is.
Practical Stirling-type cycles depart from the ideal one. Practical efficiency of Stirling cycle engines is
much lower: ng, < nithh (Ky, < 0.5, in general).

Stirling engines may use any heat source and can use various working fuels such as air, hydrogen, or
helium (with hydrogen the best and air the worst).

Typical total efficiencies versus HP/liter density are shown in Figure 3.28 [14] for three working fluids
at various speeds.
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FIGURE 3.27 The Stirling engine: (a) mechanical representation and (b) and (c) the thermal cycle.
As the power and speed go up, the power density decreases. Methane may be a good replacement for
air for better performance.

Typical power/speed curves of Stirling engines with pressure p are shown in Figure 3.29a. While the

power of a potential electric generator, with speed, and voltage V as parameter, appear in Figure 3.29b.
The intersection at A of Stirling engine and electric generator power/speed curves looks clearly like

a stable steady-state operation point. There are many variants for rotary-motion Stirling engines [14].

3.7.3 Free-Piston Linear-Motion Stirling Engine Modeling

Free-piston linear-motion Stirling engines were rather recently developed (by Sunpower and STC

companies) for linear generators for spacecraft or for home electricity production (Figure 3.30) [15].
The dynamic equations of the Stirling engine (Figure 3.30) are

M, X+ Dy X, = Ay(P, — P) (3.23)
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FIGURE 3.28 Efficiency/power density of Stirling engines.
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FIGURE 3.29 Power/speed curves: (a) the Stirling engine and (b) the electric generator.

For the normal displacer and:

M, X+ D, X+ Eyp + K, X, +(A—Ad)§—PXd =0 (3.24)
Xd

for the piston, where
A, is the displacer rod area in m?
D, is the displacer damping constant in N/ms
P, is the gas spring pressure in N/m?
P is the working gas pressure in N/m?
D, is the piston damping constant (N/ms)
X, is the displacer position (m)
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FIGURE 3.30 Linear Stirling engine with free-piston displacer mover.
X, is the power piston position (m)
A is the cylinder area (m?)
M, is the displacer mass (kg)
M, is the power piston mass (kg)
F,,,, is the electromagnetic force (of linear electric generator) (N)
Equations 3.23 and 3.24 may be linearized as follows:
Md Xd+ Dd Xd = _Kpr _(X’PXP
(3.25)
M, X p+ Dy X p+ Fupy ==K , X, — 07 Xy
OP; OP op
Ky=-Ag o= 0 a,= A
6Xd 0X4 0X4
(3.26)
P P
K =(A=4) 205 ar=(A-A) 225 By=Kd
ox,’ » 0X4

where I is the generator current

The electric circuit correspondent of Equation 3.25 is shown in Figure 3.31.

The free-piston Stirling-engine model in Equation 3.25 is a fourth-order system, with Xd,Xd,XP,XP
as variables. Its stability when driving a linear PM generator will be discussed in Chapter 20 dedicated
to linear reciprocating electric generators. It suffices to say here that at least in the kilowatt range such
a combination has been proven stable in stand-alone or power-grid-connected electric generator opera-
tion modes.

The merits and demerits of Stirling engines are as follows:

 Independence of heat source: fossil fuels, solar energy

o Very quiet

+ High theoretical efficiency; not so large in practice yet, but still 35%-40% for T,,,, = 800°C and
T, = 40°C
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FIGURE 3.31 Free-piston Stirling engine dynamics model.
TABLE 3.2 Thermal Engines
Parameter Combustion Dynamic
Thermal Engine Type Efficiency  Quietness  Emissions Fuel Type Starting ~ Response
Steam turbines Continuous Poor Not so Low Multifuel Slow Slow
good
Gas turbines Continuous Goodat full  Good Reduced  Independent Easy Poor
loads, low
at low load
Stirling engines Continuous High in Very Verylow  Independent NA Good
theory, good
lower so far
Spark-ignited engines ~ Discontinuous ~ Moderate Rather Still large  One type Fast Very good
bad
Diesel engines Discontinuous ~ Good Bad Larger One type Rather Good
fast

+ Reduced emissions of noxious gases

 High initial costs

« Conduction and storage of heat are difficult to combine in the regenerator
» Materials have to be heat resistant

« For high efficiency, a heat exchanger is needed for the cooler

+ Not easy to stabilize

A general comparison of thermal engines is summarized in Table 3.2.

3.8 Hydraulic Turbines

Hydraulic turbines convert the water energy of rivers into mechanical work at the turbine shaft. River
water energy or tidal (wave) sea energy are renewable. They are the results of water circuit in nature, and,
respectively, are gravitational (tide energy).

Hydraulic turbines are one of the oldest prime movers that man has used.

The energy agent and working fluid is water: in general, the kinetic energy of water (Figure 3.32). Wind
turbines are similar, but the wind air kinetic energy replaces the water kinetic energy. Wind turbines will be
treated separately, however, due to their many particularities. Hydraulic turbines are, in general, only prime
movers, that is motors. There are also reversible hydraulic machines that may operate either as a turbine or
as pump. They are also called hydraulic turbine pumps. There are also hydrodynamic transmissions made
of two or more conveniently mounted hydraulic machines in a single frame. They play the role of mechani-
cal transmissions but have active control. Hydrodynamic transmissions fall beyond our scope here.
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FIGURE3.32 Hydropower plant schematics.
TABLE 3.3 Hydraulic Turbines
Turbine Type Head (m) Inventor Trajectory
Tangential Impulse >300 Pelton (P) Designed in the transverse plane
Radial-axial ~ Reaction <50 Francis (F) Bented into the axial plane
Axial Reaction (propeller) <50 Kaplan (K), Strafflo (S), Bulb (B)  Bented into the axial plane

Hydraulic turbines are of two main types: impulse turbines for heads above 300-400 m and reac-
tion turbines for heads below 300 m. A more detailed classification is related to main direction of
the water particles in the rotor zone: bent axially or transverse to the rotor axis, or related to the
inventor (Table 3.3). In impulse turbines, the run is at atmospheric pressure and all pressure drop
occurs in the nozzles where potential energy is turned into kinetic energy of water that hits the
runner.

In reaction turbines, the pressure in the turbine is above the atmospheric one; water supplies energy
in both potential and kinetic form to the runner.

3.8.1 Basics of Hydraulic Turbines

The terminology in hydraulic turbines is related to variables and characteristics [16]. The main variables
are of geometrical and functional type:

« Rotor diameter D, (m)

o General sizes of the turbine

 Turbine gross head: H; (m)

« Specific energy Y, = gH; (J/kg)

o Turbine input flow rate: Q (m?3/s)

o Turbine shaft torque: T;- (N m)

o Turbine shaft power: P, W (kW, MW)

» Rotor speed Q (rad/s)

o Liquid (rotor properties): density p (kg/m?), cinematic viscosity v (m?/s), temperature T (°C), and
elasticity module E (N/m?)

The main characteristics of a hydraulic turbine are, in general, as follows

 Efficiency

(3.27)
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o Specific speed n,

JPr-0.736
n, = nTHj,rpm (3.28)

where
n is the rotor speed in rpm
Prin kW
H;inm

The specific speed corresponds to a turbine that for a head of 1 m produces 1 HP (0.736 kW)
o the characteristic speed n.:

nyQ
.= I;/%: ,rpm (3.29)
where
n is the rotor speed in rpm
Q is the flow rate in m3/s
H;inm
o Reaction ratey
p—p
y= (3.30)
pgHr

where
Py p, are the water pressure right before and after turbine rotor
y = 0 for Pelton turbines (p, = p,)—zero reaction (impulse) turbine and 0 < y < 1 for radial
axial and axial turbines (Francis, Kaplan turbines)

« Cavitation coefficient 6,:

Ah;

or = 3.31
TS, (3.31)
where A#; is the net positive suction head
It is good for o, to be small, 6, = 0.01-0.1. It increases with n, and decreases with H.
+ Specific weight G,;:
G, =9 NKW (3.32)
P

where Gy is the turbine mass x g, in N.

In general, G,, & 70-150 N/kW.

In general the rotor diameter D, = 0.2-12.0 m, the head H; = 2-2000 m, the efficiency at full load is
Ny = 0.8-0.96, the flow rate Q = 10-3-10°> m?/s, rotor speed n = 50-1000 rpm.

Typical variations of efficiency [16] with load are given in Figure 3.33.

Themaximum efficiency [16] dependson thespecificspeed n,and onthetypeofthe turbine—Figure3.34.

The specific speed is a good indicator for of the best type of turbine for a specific hydraulic site.
In general, ng,, = 2-64 for Pelton turbines, n, = 50-500 for Francis turbines and n, = 400-1700 for
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FIGURE 3.33 Typical efficiency/load for Pelton, Kaplan, and Francis turbines.
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FIGURE 3.34 Maximum efficiency versus specific speed.

Kaplan turbines. The specific speed #, could be changed by changing the rotor speed n, the total power
division in multiple turbines rotors or injectors and the turbine head.

The tendency is to increase ng in order to reduce turbine size, by increasing rotor speed, at the costs
of higher cavitation risk.

As expected, the efficiency of all hydraulic turbines tends to be high at rated load. At part load Pelton
turbines show better efficiency. The worst at part load is the Francis turbine. It is thus the one more suit-
able for variable speed operation. Basic topologies for Pelton, Francis, and Kaplan turbines are shown
in Figure 3.35a-c.

In the high head, impulse (Pelton) turbine, the HP water is converted into high-velocity water jets by
a set of fixed nozzles. The high-speed water jets hit the bowl-shaped buckets placed around the turbine
runner and thus mechanical torque is produced at turbine shaft.

The area of the jet is controlled by a needle placed in the center of the nozzle. The needle is actuated
by the turbine governor (servomotor).

In the event of sudden load reduction, the water jet is deflected from the buckets by a jet deflector
(Figure 3.35a).
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FIGURE 3.35 Hydraulic turbine topology: (a) Pelton type, (b) Francis type, and (c) Kaplan type.

In contrast, reaction (radial-axial) or Francis hydraulic turbines (Figure 3.35b) use lower head, high
volumes of water and run at lower speeds.

The water enters the turbine from the intake passage or penstock, through a spiral chamber, passes
then through the movable wicket gates onto the turbine runner and then, through the draft tube, to the
tail water reservoir.

The wicket gates have their axis parallel to the turbine axis. In Francis turbines, the upper ends of the
rotor blades are tightened to a crown and the lower ends to a band.

At even lower head, in Kaplan hydraulic turbines, the rotor blades are adjustable through an oil
servomotor placed within the main turbine shatft.

3.8.2 First-Order Ideal Model for Hydraulic Turbines

Usually, in system stability studies [17], with the turbine coupled to an electrical generator connected to
a power grid, a simplified, classical model of the hydraulic turbine is used. Such a lossless model assumes
that water is incompressible, the penstock is inelastic, the turbine power is proportional to the product
of head and volume flow (volume flow rate), while the velocity of water varies with the gate opening and
with the square root of net head.
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There are three fundamental equations to consider:

1. Water velocity U equation in the penstock
2. Turbine shaft (mechanical) power equation
3. Acceleration of water volume equation

According to the above assumptions the water velocity in the penstock U is

U=K,GJVH (3.33)
where
G is the gate opening
H is the net head at the gate
Linearizing this equation and normalizing it to rated quantities (U, = K,Go~/H, ) yields
AU_AH L AG (3:34)
Uo 2H0 GU
The turbine mechanical power P,, writes
P, =K,HU (3.35)
After normalization (P,,, = K,H,U,) and linearization, Equation 3.35 becomes
AR, _AH AU (3:36)
K Hy U
Substituting AH/H,, or AU/U, from Equation 3.34 into Equation 3.36 yields
AP, _, 5AH AG (3.37)
PO H(] GO
and finally
(3.38)

AP, AU ,AG
po Uo GQ

The water column that accelerates due to change in head at the turbine is described by its motion

equation:
pLAdg—tU:—A(pg)AH (3.39)
where

p is the mass density

L is the conduit length
A is the pipe area, g is the acceleration of gravity
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By normalization Equation 3.39 becomes:

7, AU __AH (3.40)
dr U, H,
where
T, = Lo (3.41)
§Hy

is the water starting time. It depends on load, and it is in the order of 0.5-5 s for full load.
Replacing d/dt with the Laplace operator, from Equations 3.34 and 3.40 one obtains:

AU, 1 (3.42)
AGIG, 1+(Tyh2)s '

AP,y _ 1-Ty s (3.43)
AGIGy  1+(Twl2)s '

The transfer functions in Equations 3.42 and 3.43 are shown in Figure 3.36.

The power/gate opening transfer function of Equation 3.43 has a zero in the right s plane. It is a non-
minimum phase system whose identification may not be completed by investigating only its amplitude
from its amplitude/frequency curve.

For a step change in gate opening, the initial and final value theorems yield

&(0):limsli=—2 (3.44)
B soo s 1+ (I/Z)Tws
AP () mtims? 17Tef ) (3.45)
B, soo g 1+(1/2)TW5
The time response to such a gate step opening is
AR, (r)= (1 —3¢ 2w )ﬁ (3.46)
B Go

After a unit step increase in gate opening the mechanical power goes first to -2 p.u. value and only then
increases exponentially to the expected steady state value of 1 p.u. This is due to water inertia.

Practice has shown that this first-order model hardly suffices when the perturbation frequency
is higher than 0.5 rad/s. The answer is to investigate the case of the elastic conduit (penstock) and
compressible water where the conduit of the wall stretches at the water wave front.

AG Au Ap,
Gy | 1 u, T P,
— 1 1ns e

FIGURE 3.36 The linear ideal model of hydraulic turbines in p.u.
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3.8.3 Second- and Higher-Order Models of Hydraulic Turbines

We start with a slightly more general small deviation linear model of the hydraulic turbine:

q=anh+apn+a;sz
(3.47)
M, =y h + dyph + Az

where
q is the volume flow
h is the net head
n is the turbine speed
z is the gate opening
m, is the shaft torque, all in p.u. values

As expected, the coeflicients ay,, a,,, d;3, 4,,, a5,, 4,5 vary with load, etc. To a first approximation a,, &
a,, ~ 0 and, with constant a;; coefficients, the first-order model is reclaimed.

Now, if the conduit is considered elastic and water as compressible, the wave equation in the conduit
may be modeled as an electric transmission line that is open circuited at the turbine end and short-
circuited at forebay.

Finally, the incremental head and volume flow rate h(s)/q(s) transfer function of the turbine is [2]:

@:—&tanh(n -s+F) (3.48)

a(s) T

where
F is the friction factor
T, is the elastic time constant of the conduit

T = conduit_length: L; ae \/E (3.49)
o

wave_velocity : a

1 D
a—pg(K+Efj (3.50)
where

p is the water density

g is the acceleration of gravity

fis the thickness of conduit wall

D is the conduit diameter

K is the bulk modulus of water compression

E is the Young’s modulus of elasticity for the pipe material

Typical values of a are around 1200 m/s for steel conduits and around 1400 m/s for rock tunnels. T, is
the order of fractions of a second, larger for larger penstocks (Pelton turbines).

If we now introduce Equations 3.42 and 3.43 into Equation 3.48, then the power AP, (s) to gate open-
ing Az(s) in p.u. transfer function can be obtained as follows:

_APm(S)_ 1—(T/T, )tanh(T, -s+F)

= 3.51
Gls) Az 1+(Tw/2T, )tanh(T, - s+ F) (3D
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Alternatively, from Equation 3.47, we obtain the following:

1-g, —(Tw/T. )tanh(T, -s+F)
1+0.5q, +(Tw/2T, ) tanh(T, - s+ F)

G/(s)= 5 (s)=

- (3.52)

where g, is the friction
With F = g, = 0, Equations 3.51 and 3.52 degenerate into the first order model provided tan h T, ~ T,
that is for very low frequencies:

l—Tw'S

GS)=——F 3.53
) 1+(Ty/2)-s >3
The frequency response (s = jo) of Equation 3.51 with F = 0 is shown in Figure 3.36.
Now, we may approximate the hyperbolic function with truncated Taylor series [18]:
tanh(T,-s)=— <5
1+((T.-5)12)
(3.54)

T,-s) —2Ty -s+2
Gz(s):( 5)2 w S+
(Te-s) +Tyw-s+2

Figure 3.37 shows comparative results for G(s), G,(s) and G,(s) for T, = 0.25sand T,, = 1.

The second-order transfer function performs quite well to and slightly beyond the first maximum
that occurs at @ = /2T, = 6.28 rad/s in our case (Figures 3.37 and 3.38).

It is, however, clear that well beyond this frequency a higher-order approximation is required.

Such models can be obtained with advanced curve fitting methods applied to G,(s) for the frequency
range of interest [19,20].

The presence of a surge tank (Figure 3.39) in some hydraulic plants calls for a higher-order model.

Gy(s)

|Gl

Y e :__

Arg G(s)

log @

FIGURE 3.37 Higher-order hydraulic turbine frequency response.
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FIGURE 3.38 The second-order model of hydraulic turbines (with zero friction).
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FIGURE 3.39 Hydraulic plant with surge tank.

The wave (transmission) line equations apply now both for tunnel and penstock. Finally, the tunnel
and surge tank can be approximated to F(s) [2]:

F(s)= GetsTwe __hs
' 1+5"T5'qc+52TWC’I:§ UP
tanh(TeE 's) =T,-s (3.55)
ZC — TWC
Tee

where
T.. is the elastic time constant of the tunnel
Ty is the water starting time in the tunnel
q. is the the surge tank friction coefficient
hy is the surge tank head
U, is the upper penstock water speed
Ty is the surge tank riser time (T & 600-900 s)

Now for the penstock, the wave equation yields (in p.u.)

h = h,sech(Tgp ~5)—ZPU,tanh(TEP -s)—qPUt

h . (3.56)
U,= U,cosh(TEP -s)+Z—psmh(TEP -5)

where
Z, is the hydraulic impedance of the penstock (Z, = T,,/T, )
g, is thefriction coefficient in the penstock
T,, is the penstock elastic time
Ty, is the penstock water starting time
h, is the riser head
h, is the turbine head
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FIGURE 3.40 Nonlinear model of hydraulic turbine with hammer and surge tank effects.

The overall water velocity U, to head at turbine , ratio is [2]

(1+Fl(s)><tanh(Tep~s)/Zp)

U,
F(s)=—t=- 3.57
(S) h, qP+Fl(5)+Zptanh(TeP~s) (3:57)
The power differential is written as follows:
P, =Uh, in p.u. (3.58)

F(s) represents now the hydraulic turbine with wave (hammer) and surge tank effects considered.

If we now add Equation 3.33 that ties the speed at turbine head and gate opening to Equations 3.57
and 3.58, the complete nonlinear model of the hydraulic turbine with penstock and surge tank effects
included (Figure 3.40) is obtained.

Notice that g and gy, are the full-load and no-load actual gate openings in p.u.

Also h, is the normalized turbine head, U, is the normalized water speed at turbine, Uy, is the no-
load water speed at turbine, w, is the shaft speed, P,, is the shaft power, and m, is the shaft torque dif-
ferential in p.u. values.

The nonlinear model in Figure 3.40 may be reduced to a high-order (three or more) linear model
through various curve fittings applied to the theoretical model with given parameters. Alternatively,
test frequency response tests may be fitted to a third-, fourth-, and even higher-order linear system for
preferred frequency bands [21].

As the nonlinear complete model is rather involved, the question arises as of when it is to be used.
Fortunately, only in long-term dynamic studies it is mandatory.

For governor timing studies, as the surge tank natural period (T,) is of the order of minutes, its con-
sideration is not necessary. Further on, the hammer effect should be considered in general, but the
second-order model suffices.

In transient stability studies, again, the hammer effect should be considered.

For small signal stability studies linearization of the turbine penstock model (second-order model)
may be also adequate, especially in plants with long penstocks.

3.8.4 Hydraulic Turbine Governors

In principle, hydraulic turbine governors are similar to those used for steam and gas turbines. They are
mechanohydraulic or electrohydraulic.

In general, for large power levels, they have two stages: a pilot valve servomotor and a larger power
gate-servomotor.

An example of a rather classical good performance system with speed control is shown in Figure 3.41.
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FIGURE 3.41 Typical (classical) governor for hydraulic turbines. T, is the pilot valve with servomotor time con-
stant (0.05 s), Ty, is the main (gate) servomotor time constant (0.2 s), Ky, is the servo (total) gain (5), R,y open i the
maximum gate opening rate & 0.15 p.u./s, R ., o5 15 the maximum closing rate ~ 0.15 p.u./s, Ty is the reset time
(5.0 s), R, is the permanent droop (0.04), and R; is the transient droop (0.4).

Numbers in parenthesis are sample data [2] given only for getting a feeling of magnitudes.
A few remarks on model in Figure 3.41 are in order:

o The pilot valve servomotor (lower power stage of governor) may be mechanical or electric; electric
servomotors tend to provide faster and more controllable response.

o Water is not very compressible, and thus the gate motion has to be gradual; near the full closure
even slower motion is required.

« Dead band effects are considered in Figure 3.41, but their identification is not an easy task.

o Stable operation during system islanding (stand-alone operation mode of the turbine—generator
system) and acceptable response quickness and robustness under load variations are the main
requirements that determine the governor settings.

o The presence of transient compensation droop is mandatory for stable operation.

« For islanding operation, the choice of temporary droop R, and reset time T is essential; they are
related to water starting time constant T\, and mechanical (inertia) time constant of the turbine/
generator set T),. Also the gain K, should be high.

o According to Reference 2,

Ry =[2.3—(Ty —1.0)0.15]T—W
M
Ty =[ 5.0~ (T —1.0)0.5 | Tyy (3.59)
Jog
H==
25, (s)

where
J (kg m?) is the turbine/generator inertia
®, is the rated angular speed (rad/s)
S, is the rated apparent power (VA) of the electrical generator
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FIGURE 3.42 Coordinated turbine governor-generator—exciter control system.

« In hydraulic turbines where wickets gates (Figure 3.41) are also used, the governor system has to
control their motion also, based on an optimization criterion.

The governing system thus becomes more involved. The availability of high-performance nonlin-
ear motion controllers (adaptive, variable structure, fuzzy-logic, or artificial neural networks) and of
various powerful optimization methods [22] puts the governor system control into a new perspective
(Figure 3.42).

Though most such advanced controllers have been tried on thermal prime movers and especially on
power system stabilizers that usually serve only the electric generator excitation, the time for compre-
hensive digital on line control of the whole turbine generator system seems ripe [23,24].

Still, problems with safety could delay their aggressive deployment; not for a long time, though, we
think.

3.8.5 Reversible Hydraulic Machines

Reversible hydraulic machines are in fact turbines that work part time as pumps, especially in pump-
storage hydropower plants.

Pumping may be required either for irrigation or for energy storage during off-peak electric energy
consumption hours. It is also a safety and stability improvement vehicle in electric power systems in the
presence of fast variations of loads over the hours of the day.

As up to 400 MW/unit pump storage hydraulic turbine pumps have been already in operation [25],
their “industrial” deployment seems near. Pump-storage plants with synchronous (constant) speed
generators (motors) are a well-established technology.
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A classification of turbine-pumps is in order:

a. By topology
« Radial-axial (Russel Dam) (Figure 3.43)
o Axial (Annapolis) (Figure 3.44)
b. By direction of motion
o With speed reversal for pumping (Figures 3.43 and 3.44)
« Without speed reversal for pumping
c. By direction of fluid flow/operation mode
« Unidirectional/operation mode (Figure 3.43)
« Bidirectional/operation mode (Figure 3.44)

There are many topological variations in existing turbine pumps; it is also feasible to design the machine
for pumping and then check the performance for turbining, when the direction of motion is reversible.
With pumping and turbining in both directions of fluid flow, the axial turbine pump in Figure 3.43
may be adequate for tidal-wave power plants.
The passing from turbine to pump mode implies the emptying of the turbine chamber before the
machine is started by the electric machine as motor to prepare for pumping. This transition takes time.
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FIGURE 3.43 Radial-axial turbine/pump with reversible speed.
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FIGURE 3.44 Axial turbine pump.
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More complicated topologies are required to secure unidirectional rotation for both pumping and
turbining, though the time to switch from turbining to pumping mode is much shorter.

In order to preserve high efficiency in pumping the speed in the pumping regime has to be larger
than the one for turbining. In effect the head is larger and the volume flow lower in pumping. A typical
ratio for speed would be w, ~ (1.12-1.18) ;. Evidently such a condition implies adjustable speed and thus
power electronics control on the electric machine side. Typical head/volume flow characteristics [16] for
a radial-axial turbine/pumps are shown in Figure 3.45.

They illustrate the fact that pumping is more efficient at higher speed than turbining and at higher
heads, in general.

Similar characteristics portray the output power versus static head for various wicket gate openings
[25] (Figure 3.46).

Power increases with speed, and higher speeds are typical for pumping. Only wicket gate control by
governor system is used, as adjustable speed is practiced through instantaneous power control in the
generator rotor windings, through power electronics.

Efficiency (%)

1 0.7 0.4 0.7 1
Q turbining Q pumping (PU)

FIGURE 3.45 Typical characteristics pumping of radial-axial turbine + pumps.
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FIGURE 3.46 Turbine/pump system power/static head curves at various speeds: (a) turbining and (b) pumping.
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FIGURE 3.47 Head/time of the day in a tidal-wave turbine/pump.

The turbine governor and electric machine control schemes are rather specific for generating electric
power (turbining) and for pumping [25].

In tidal-wave turbine/pumps, to produce electricity, a special kind of transit takes place from turbin-
ing to pumping in one direction of motion and in the other direction of motion in a single day.

The static head changes from 0% to 100% and reverses sign (Figure 3.47).

These large changes in head are expected to produce large electric power oscillations in the electric
power delivered by the generator/motor driven by the turbine/pump. Discontinuing operation between
pumping and turbining occurs and electric solutions based on energy storage are to be used to improve
the quality of power delivered to the electrical power system.

3.9 Wind Turbines

Air pressure gradients along the surface of the earth produce wind whose direction and speed are highly
variable.

Uniformity and strength of the wind are dependent on location, height above the ground, and size of
local terrain irregularities. In general, wind air flows may be considered turbulent.

In a specific location, variation of wind speed along the cardinal directions may be shown as in
Figure 3.48a.

This is an important information as it leads to the optimum directioning of the wind turbine, in the
sense of extracting the largest energy from wind per year.

Wind speed increases with height and becomes more uniform. Designs with higher height/turbine
diameter lead to more uniform flow and higher energy extraction. At the price of more expensive towers
subjected to increased structural vibrations.

With constant energy conversion ratio, the turbine power increases approximately with cubic wind
speed (%) up to a design limit, u,,.. Above u,,, (P,,..) the power of the turbine is kept constant by some
turbine governor control to avoid structural or mechanical inadmissible overload (Figure 3.49).

For a given site, the wind is characterized by the so-called speed deviation (in p.u. per year). For
example,

rated.

—=e (3.60)
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FIGURE 3.48 Wind speed vs. (a) location and (b) height.
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FIGURE 3.49 Wind turbine power vs. wind speed.

The slope of this curve is called speed/frequency curve f:

A(t/tmax)

fy=-S

(3.61)

The speed/duration is monotonous (as speed increases its time occurrence decreases), but the speed/fre-
quency curve experiences a maximum, in general. The average speed U,,, is defined in general as follows:

Une = jUf(U)dU (3.62)

Other mean speed definitions are also used.
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FIGURE 3.50 Sample time/speed frequency/speed (f) and energy E/speed.

The energy content of the wind E, during ¢, (1 year) is then obtained from the integral:

0

Energy during #,,, _ J' £ F(w)du (3.63)
0

p-(disc area)

where E(u) = u3f(u), the energy available at speed u. Figure 3.50 illustrates this line of thinking.

The time average speed falls below the frequency/speed maximum f, ., which in turn is smaller than
the maximum energy per unit speed range E, ..

In addition, the adequate speed zone for efficient energy extraction is apparent in Figure 3.50.

It should be kept in mind that these curves, or their approximations, depend heavily on location. In
general, inland sites are characterized by large variations of speed over the day, month, while winds
from the sea tend to have smaller variations in time.

Good extraction of energy over a rather large speed span as in Figure 3.50 implies operation of the
wind turbine over a pertinent speed range. The electric generator has to be capable to operate at variable
speed in such locations.

There are constant speed and variable speed wind turbines.

3.9.1 Principles and Efficiency of Wind Turbines

For centuries, wind mills have been operated in countries like Holland, Denmark, Greece, Portugal, and so
forth. The best locations are situated either in the mountains or by the sea or by the ocean shore (or offshore).
Wind turbines are characterized by the following:

o Mechanical power P (W)

o Shaft torque (N m)

+ Rotor speed n (rpm) or o, (rad/s)
+ Rated wind speed U,

« Tip speed ratio:

_®,-D,/2 _rotor blade tip speed

A (3.64)

U wind speed
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The tip speed ratio A <1 for slow-speed wind turbines and A > 1 for high-speed wind turbines.

+ The power efficiency coefficient C,;:

8P

=<1 3.65
pnD? U’ (3.65)

Gy

In general, C, is a single maximum function of A that strongly depends on the type of the turbine.
A classification of wind turbines is thus in order:

o Axial (with horizontal shaft)
 Tangential (with vertical shaft)

The axial wind turbines may be slow (Figure 3.51a) and rapid (Figure 3.51b).

The shape of the rotor blades and their number are quite different for the two configurations.

The slow axial wind turbines have a good starting torque and the optimum tip speed ratio A,,, ~ 1, but
their maximum power coefficient C,,,..(A,,,) is moderate (C,,,., ~ 0.3). In contrast, high speed axial wind
turbines self-start at higher speed (above 5 m/s wind speed) but, for an optimum tip speed ratio A, > 7,
they have maximum power coefficient C,,,, ~ 0.4. That is, a higher energy conversion ratio (efficiency).

For each location, the average wind speed U,,, is known. The design wind speed Uy is in general
around 1.5 U,,,.

In general, the optimum tip speed ratio A,,, increases as the number of rotor blades Z, decreases:

(hyop Z)) = (1, 8-24; 2, 6-12; 3, 3-6; 4, 2-4; 5, 2-3; >5, 2) (3.66)

opt>
Three or two blades are typical for rapid axial wind turbines.
The rotor diameter D,, may be, to a first approximation, calculated from Equation 3.65 for rated
(design conditions): P, Aopp Cpopr Ur With the turbine speed from Equation 3.64.
Tangential—vertical shaft—wind turbines have been built in quite a few configurations. They are of
two subtypes: drag type and lift type. The axial (horizontal axis) wind turbines are all of lift subtype.

Some of the tangential wind turbine configurations are shown in Figure 3.52.

o Nacelle [\ Rotor
Nacelle with generator \\ ®,
and transmission
uwind
uwind
U
Rotor blade
Concrete

foundation

(@ (b)

FIGURE 3.51 Axial wind turbines: (a) slow (multiblade) and (b) rapid (propeller).
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FIGURE 3.52 Tangential—vertical axis—wind turbines: (a) drag subtype and (b) lift subtype.

Pressure
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FIGURE 3.53 Basic wind turbine speed and pressure variation.

While drag subtype works at slow speeds (), < 1) the lift subtype works at high speeds (A, > 1). Slow
wind turbines have a higher self-starting torque but a lower power efficiency coefficient C,,,,-

The efficiency limit (Betz limit) may be calculated by portraying the ideal wind speed and pressure
profile before and after the turbine (Figure 3.53).

The wind speed decreases immediately before and after the turbine disk plane while also a pressure

differential takes place.
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The continuity principle shows that
WA =u,Ay

If the speed decreases along the direction of the wind speed, u, > u and thus A, < A
The wind power P

1 1
Pwimi :p(JlAEle2 :EpAUE

turbine 1

The power extracted from the wind, P s

2 2

Pturbine = p UA( -
Let us assume:

U~UY"; U,=U, -AU,; ‘I’:AU“’

The efficiency limit, 1,4,,, is

Pmrbimz (1/2)pUA(U12—U30)
Nideal = =

Pwind (1/2 ) PA le3

With Equation 3.61, 1,4, becomes:

niz(l—j)[l—(l—‘P)ZJ

The maximum ideal efficiency is obtained for on,/0'¥ = 0 at ¥,

This ideal maximum efficiency is known as the Betz limit [26].

3.9.2 Steady-State Model of Wind Turbines

(3.67)

. in front of the wind turbine is the product of mass flow to speed squared per 2:

(3.68)

(3.69)

(3.70)

(3.71)

(3.72)

=2/3 (U,/U, = 1/3) with .. = 0.593.

The steady-state behavior of wind turbines is carried out usually through the blade element momentum
(BEM) model. The blade is divided into a number of sections whose geometrical, mechanical, and aero-

dynamic properties are given as functions of local radius from the hub.
At the local radius the cross-sectional airfoil element of the blade is shown in Figure 3.54.

The local relative velocity U,,,(r) is obtained by superimposing the axial velocity U(1 — a) and the rota-

tion velocity r@,(1 + a’) at the rotor plane.
The induced velocities (—aU and a'rw,) are produced by the vortex system of the machine.
The local attack angle o is

a=p-0
with
ang= U(l-a)
ro, (1+a')
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ro,— Tangential velocity of blade section

FIGURE 3.54 Blade element with pertinent speed and forces.
The local blade pitch 0 is

O=1+p (3.75)

where
7 is the local blade twist angle
B is the global pitch angle

The lift force F, is rectangular to U,,;, while the drag force F,,,, is parallel to it.
The lift and drag forces Fy; and F,,, may be written as follows:

By = %pU,e, -C-Cy; p=1225kg/m’ (3.76)

1
deg = Ep Urel -C- CD (377)

where
C s the local chord of the blade section
C, and Cp, are lift and drag coefficients, respectively, known for a given blade section [26,27]
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From lift and drag forces, the normal force (thrust), Fy, and tangential force F;. (along X,Y on the blade
section plane) are simply

Fy(r) = i cos® + Fypesin® (3.78)
F;(r) = By sin® — Fy,,,cos @ (3.79)

Various additional corrections are needed to account for the finite number of blades (B), especially for
large values of a (axial induction factor).
Now the total thrust Fy per turbine is

Dr/2
F =B j Fy(r)dr (3.80)

0

Similarly, the mechanical power P is as follows:

Dr/2
P =B-m,- j rFr(r)dr (3.81)

0

Now, with the earlier definition of Equation 3.65, the power efficiency C, may be calculated.

This may be done using a set of airfoil data for the given wind turbine, when a, a’, C;, and C, are
determined first.

A family of curves C,-A~p is thus obtained. This in turn may be used to investigate the steady-state
performance of the wind turbine for various wind speeds U and wind turbine speeds ®,.

As the influence of blade global pitch angle f is smaller than the influence of tip speed ratio A in the
power efficiency coefficient C,, we may first keep § = ct. and vary A for a given turbine. Typical C,(2)
curves are shown on Figure 3.55 for three values of f.

For the time being let p = ct. and rewrite formula Equation 3.65 by using A (tip speed ratio):

5
1 1 (DY C
Py == pCpnDU? =zpﬂ[2j e (3.82)
055 oo p=-2°
L2270 T~
/// : AN
7 | \\
0.5- /7 ' \
SN /’/ : N U=8m/s
2/ !
0.45 / !
/ |
; : ®,=2pn
|
1 |
|
L | |
|
0 g 25
B 7 (rpm)

FIGURE 3.55 Typical Cp—n(}»)—ﬁ curves.
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Adjusting turbine speed ,, that is A, the optimum value of A corresponds to the case when C, is maxi-
mum, C,,,, (Figure 3.55).
Consequently, from Equation 3.82, we obtain the following:

5
1 D C
P#t = o = .ﬂmfzK (of 3.83

2P ( 2 j Ao v (.89

Therefore, basically the optimal turbine power is proportional to the third power of its angular speed.
Within the optimal power range, the turbine speed ®, should be proportional to wind speed U as follows:

2
0 =U g (3.84)

r

Above the maximum allowable turbine speed, obtained from mechanical or thermal constraints in
the turbine and electric generator, the turbine speed remains constant. As expected, in turbines with
constant speed—imposed by the generator necessity to produce constant frequency and voltage power
output, the power efficiency constant C, varies with wind speed (o, = cf) and thus less-efficient wind
energy extraction is performed (Figure 3.56).

Typical turbine power versus turbine speed curves are shown in Figure 3.57.

Variable speed operation—which needs power electronics on the generator side—produces consider-
ably more energy only if the wind speed varies considerably in time (inland sites). Not so in on or off-
shore sites, where wind speed variations are smaller.

However, the flexibility brought by variable speed in terms of electric power control of the generator
and its power quality, with a reduction in mechanical stress in general (especially the thrust and torque
reduction) is in favor of variable speed wind turbines.

There are two methods (Figure 3.58) to limit the power during strong winds (U > U,,,,.»):

« Stall control
o Pitch control

n (rpm)

opt

10 20
U (m/s)

FIGURE 3.56 Typical optimum turbine/wind speed correlation.
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FIGURE 3.57 Turbine power versus turbine speed for various wind speed u values.
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FIGURE 3.58 Stall and pitch control above rated wind speed U,,.q: (a) passive stall, (b) active stall, and (c) pitch
control.

Stalled blades act as a “wall in the wind.” Stall occurs when the angle a between air flow and the blade
chord is increased so much that the air flow separates from the airfoil in the suction side to limit the
torque-producing force to its rated value.

For passive stall angle f stays constant as no mechanism to turn the blades is provided.

With a mechanism to turn the blades in place above rated wind speed U,,,,;, to enforce stall, the angle
B is decreased by a small amount. This is the active stall method that may be used at low speeds also to
increase power extraction by increasing power efficiency factor C, (Figure 3.55).

With the pitch control (Figure 3.58) the blades are turned by notably increasing the angle p. The tur-
bine turns to the position of the “flag in the wind” so that aerodynamic forces are reduced. As expected,
the servodrive—for pitch control—to change f has to be designed for higher rating than for active stall.

3.9.3 Wind Turbine Models for Control

Besides wind slow variation with day or season time there are also under 1 Hz and over 1 Hz random
wind speed variations (Figure 3.59) due to turbulent and wind gusts. Axial turbines (with 2,3 blades)
experience 2,3 speed pulsations per revolution when the blades pass in front of the tower.
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FIGURE 3.59 Wind speed typical variation with time.

Sideways tower oscillations also induce shaft speed pulsations.

Mechanical transmission and (or) the elasticity of blades, blades-fixtures, couplings produce addi-
tional oscillations. The pitch-servo dynamics has to be considered also.

The wind speed spectrum of wind turbine located in the wake of a neighboring one in a wind park,
may also change. Care must be exercised in placing the components of a wind park [29].

Finally, electric load transients or faults are producing again speed variations.

All of the above clearly indicate the intricacy of wind turbine modeling for transients and control.

3.9.3.1 Unsteady Inflow Phenomena in Wind Turbines

The BEM model is based in steady state. It presupposes that an instant change of wind profile can take
place (Figure 3.59).

Transition from state (1) to state (2) in Figure 3.59 corresponds to an increase of global pitch angle 8
by the pitch-servo.

Experiments have shown that in reality there are at least two time constants that delay the transition:
one related to D,/U and the other related to 2C/(D,®,) [30].

Time lags are related to the axial/and tangential induced velocities (—aU and +a'D,,/2).

The inclusion of a lead-lag filter to simulate the inflow phenomena seems insufficient due to consider-
able uncertainty in the modeling.

3.9.3.2 Pitch-Servo and Turbine Model

The pitch-servo is implemented as a mechanical hydraulic or electrohydraulic governor. A first-order
(Figure 3.60) or a second-order model could be adopted.

In Figure 3.60, the pitch-servo is modeled as a simple delay T,,,,,, while the variation slope is limited
between dp,;,/dt to dp,,,,/dt (to take care of inflow phenomena). In addition, the global attack angle
span is limited from Bium tO Bruaximum: Pope 1S Obtained from C,-A~p curve family for C,,,,, with respect
to B (Figure 3.61) [28].

Now from angle p to output power the steady-state model of the wind turbine is used (Figure 3.62) for
a constant-speed active-stall wind turbine.
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FIGURE 3.60 Optimum f(U) for variable wind speed.
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FIGURE 3.62 Simplified structural diagram of the constant speed wind turbine with active stall control.

When the turbine produces more than rated power, the switch is in position a and the angle f is
increased at the rate of 6°/s to move the blades toward the “flag-in-the-wind” position. When the power
is around rated value, the pitch drive stays idle with p = 0, and thus p = constant (position b).

Below rated power, the switch goes to position “C” and a proportional controller (K,) produces the
desired P. The reference value p* corresponds to its optimum value as function of mechanical power,
that is maximum power.

This is only a sample of the constant speed turbine model with pitch-servo control for active stall
above rated power and B, ;uizarion cOntrol below rated power.

As can be seen from Figure 3.62, the model is highly nonlinear. Still, the delays due to inflow phenom-
ena, elasticity of various elements of the turbine are not yet included. Also the model of the pitch-servo
is not included. Usually, there is a transmission between the wind turbine and the electric generator.
A six-order drive train is shown in Figure 3.63.
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FIGURE 3.63 Six inertia drive train.

Inertias of hub, blades, gearbox, and of generator are denoted by H,. Each part has also a spring and a
dashpot element. The matrix dynamic equation of the drive train is of the following form [31]:

‘i{z}: —[2H01][c] —[2;1]13 '[szﬁ-l}[T] (3:85)

Quite a few “real-world” pulsations in speed or electric power may be detected by such models; reso-
nance conditions may be avoided through design or control measures.

3.10 Summary

« Prime movers are mechanical machines that convert primary energy of a fuel (or fluid) into
mechanical energy.

« Prime movers drive electric generators connected to the power grid or operating in isolation.

+ Steam and gas turbines and internal combustion engines (spark-ignited or diesel) are burning
fossil fuels to produce mechanical work.

 Steam turbines contain stationary and rotating blades grouped into (HP, IP, and LP sections on
same shaft in tandem-compound and on two shafts in cross-compound configurations.

« Between stages, steam engines use reheaters; single reheat and double reheat, at most.

« Typically in steam turbines, the power is divided as 30% in the HP, 40% in the IP and 30% in the
LP stage.

» Governor valves and IV are used to control the HP and, respectively, LP stages of the steam flow.

o The steam vessel may be modeled by a first-order delay, while the steam turbine torque is propor-
tional to its steam flow rate.

 Three more delays related to inlet and steam chest, to the reheater and to the crossover piping may
be identified.
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+ Speed governor for steam turbines include a speed relay with a first-order delay and a hydraulic
servomotor characterized by a further delay.

+ Gas turbines burn natural gas in combination with air that is compressed in a compressor driven
by the gas turbine itself.

o The 500°C gas exhaust is used to produce steam that drives a steam turbine placed on the same
shaft. These combined cycle unishaft gas turbines are credited with a total efficiency above 55%.
Combined cycle gas turbines at large powers seem the way of the future. They are also introduced
for cogeneration in high-speed small- and medium-power applications.

« Diesel engines are used from the kilowatt range to megawatt range power per unit for cogenera-
tion or for standby (emergency) power sets.

o The fuel injection control in diesel engines is performed by a speed-governing system.

« The diesel engine model contains a nonconstant gain. The gain depends on the eer, which in turn
is governed by the fuel/air ratio; a dead time constant dependent on engine speed is added to
complete the diesel engine model.

 Diesel engines are provided with a turbocharger that has a turbine “driven” by the fuel exhaust
that drives a compressor that provides the hot HP air for the air mix of the main engine. The tur-
bocharger runs freely at high speed but is coupled to the engine at low speed.

o Stirling engines are “old” thermal piston engines with continuous heat supply. Their thermal
cycles contains two isotherms. It contains, in a basic configuration, two opposed pistons and a
regenerator in between. The efficiency of Stirling engine is temperature limited.

« Stirling engines are independent fuel type; use air, methane, He, or H, as working fluids. They did
notreach commercial success in kinetic type due to problems with the regenerator and stabilization.

« Stirling engines with free piston-displacer mover and linear motion have reached recently the
markets in units in the 50 W to a few kilowatts.

 The main merits of Stirling engines are related to their quietness and reduced noxious emissions,
but they tend to be expensive and difficult to stabilize.

o Hydraulic turbines convert water energy of rivers into mechanical work. They are the oldest
prime movers.

o Hydraulic turbines are of impulse type for heads above 300-400 m and of reaction type (below
300 m). In a more detailed classification, they are tangential (Pelton), radial-axial (Francis) and
axial (Kaplan, Bulb, Straflo).

+ High head (impulse) turbines use a nozzle with a needle-controller where water is accelerated and
then it impacts the bowl-shaped buckets on the water wheel of the turbine. A jet deflector deflects
water from runner to limit turbine speed when electric load decreases.

+ Reaction turbines—at medium and low head—use wicket gates and rotor blade servomotors to
control water flow in the turbine.

+ Hydraulic turbines may be modeled by a first-order model if water hammer (wave) and surge
effects are neglected. Such a rough approximation does not hold above 0.1 Hz.

 Second-order models for hydraulic turbines with water hammer effect in the penstock considered
are valid up to 1 Hz. Higher orders are required above 1 Hz as the nonlinear model has a gain
whose amplitude varies periodically. Second- or third-order models may be identified from tests
through adequate curve fitting methods.

« Hydraulic turbine governors have one or two power levels. The lower power level may be electric,
while the larger (upper) power level is a hydraulic servomotor. The speed controller of the gover-
nor has traditionally a permanent droop and a transient droop.

o Modern nonlinear control systems may now be used to control simultaneously the guide vane
runner and the blade runner.

+ Reversible hydraulic machines are used for pump storage power plants or for tidal-wave power
plants. The optimal pumping speed is about 12%-20% above the optimal turbining speed. Variable
speed operation is required. Therefore, power electronics on the electric side is mandatory.
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« Wind turbines use the wind air energy. Nonuniformity and strength vary with location height
and terrain irregularities. Wind speed duration versus speed, speed versus frequency and mean
(average) speed using Raleigh or Weibull distribution are used to characterize wind on a location
in time. The wind turbine rated wind speed is, in general, 150% of mean wind speed.

o Wind turbines are of two main types: axial (with horizontal shaft) and tangential (with vertical
shaft).

+ Wind turbines’ main steady-state parameter is the power efficiency coefficient C,, which is depen-
dent on blade tip speed Rw, to wind speed U (ratio ). C, depends on A and on blade absolute attack
angle p.

+ The maximum C, (0.3-0.4) with respect to  is obtained for A
and for A, > 1 for high-speed turbines.

o The ideal maximum efficiency limit of wind turbines is about 0.6 (Betz limit).

« Wind impacts on the turbine a thrust force and a torque. Only torque is useful. The thrust force
and C, depend on blade absolute attack angle £.

+ The optimal power P; (A, is proportional to u* (u—wind speed).

+ Variable speed turbines will collect notably more power from a location if the speed varies sig-
nificantly with time and season, such that A may be kept optimum. Above rated wind speed (and
power), the power is limited by passive stall, active stall, or pitch-servo control.

« Wind turbine steady-state models are highly nonlinear. Unsteady inflow phenomena show up in
fast transients and have to be accounted for by more than lead-lag elements.

« Pitch-servo control is becoming more and more frequent even with variable speed operation, to
allow speed limitation during load transients or power grid faults.

o First- or second-order models may be adopted for speed governors. Elastic transmission multimass
models have to be added to complete the controlled wind turbine models for transients and control.

o R&D efforts on prime movers’ modeling and control seem rather dynamic [32-34].

« Prime mover models will be used in following chapters where electric generators control will be
treated in detail.

opt < 1 for low-speed axial turbines
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Large- and Medium-Power Synchronous
Generators: Topologies and Steady State

4.1 Introduction

By large powers, we mean powers above 1 MW per unit, where in general the rotor magnetic field is
produced with electromagnetic excitation. There are a few megawatt power permanent magnet (PM)-
rotor synchronous generators (SGs), but they will be treated in a dedicated chapter, in Part 2 of EGH:
variable speed generators.

Almost all electric energy generation is performed through SGs with power per unit up to 2000 MVA
in thermal power plants and up to 700 MW (1000 MW in R&D) per unit in hydropower plants. SGs in
the megawatt and tenth of megawatt range are used in diesel engine power groups for cogeneration or
on locomotives and on ships.

We will start with a description of basic configurations, their main components, and principles of
operation and then describe the steady-state operation in some detail.

4.2 Construction Elements

The basic parts of an SG are the stator, rotor, the framing (with cooling system), and the excitation
system.

The stator is provided with a magnetic core made of silicon steel sheets (0.55 mm thick in general) in
which uniform slots are stamped. A single, standard, magnetic sheet steel is produced up to 1 m diameter as
a complete circle (Figure 4.1). Large turbo generators and most hydrogenerators have stator outer diameters
well in excess of 1 m (up to 18 m), and thus the cores are made of 6-42 segments per circle (Figure 4.2).

The stator may also be split radially into two or more sections to allow handling and permit trans-
port with windings in slots. The windings are inserted in slots section by section, and their connection
together is performed at the power plant site.

When the stator with N;slots is divided and the number of slot pitches per segment is 7,, the number
of segments m; is such that:

N, =m;-m, (4.1)

Each segment is attached to the frame through two keybars or dovetail wedges that are uniformly
distributed along the periphery (Figure 4.2).

In two successive layers (laminations), the segments are offset by half a segment.

The distance between wedges b is

b= % =2a (4.2)

125
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FIGURE 4.1 Single-piece stator core.

Stator
segment

FIGURE 4.2 Divided stator core made of segments.

This is so to allow for offsetting the segments in subsequent layers by half a segment. Also, only one tool
for stamping is required because all segments are identical. To avoid winding damage due to vibration,
each segment should start and end in the middle of a tooth and span over an even number of slot pitches.

For the divided stator into S sectors, two types of segments are generally used. One type with m,, slot
pitches and the other with n, slot pitches such that

s

=Km,+n,; n,<my m,=6-13 (4.3)

With n, = 0, the first case is obtained and, in fact, the number of segments per stator sector is an integer.
This is not always possible and thus two types of segments are required.

The offset of segments in subsequent layers is m,/2 if m, is even, (m, + 1)/2 for m, odd, and m,/3 if m,
is divisible by 3. In the particular case that n, = m,/2, we may just cut the main segment in two to obtain
the second one, and thus again only one stamping tool is required. For more details, see Reference [1].

The slots of large- and medium-power SGs are rectangular and open (Figure 4.3).

The double layer winding, made usually of magnetic wires with rectangular cross-section, is “kept”
inside the open slot by a wedge made of insulator material or from a magnetic material with a low
equivalent tangential permeability that is p, times larger than that of air. The magnetic wedge may be
made of magnetic powders or of laminations, with a rectangular prolonged hole (Figure 4.3b), “glued

together” with a thermally and mechanically resilient resin.
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FIGURE 4.3 (a) Stator slotting and (b) magnetic wedge.

4.2.1 Stator Windings

The stator slots are provided with coils connected to form a three-phase winding.
The winding of each phase produces an air gap fixed magnetic field with 2p, half-periods per revolu-
tion. With D, as the internal stator diameter, the pole pitch T—that is, the half period of winding mmf, is
o= TDs (4.4)
2p

The phase windings are phase shifted by (2/3)t along the stator periphery and are symmetric. The
average number of slots per pole per phase g is

— N5
2p1’3

q (4.5)

The number g may be integer—with low number of poles (2p < 8-10)—or it may be a fractionary number:
qg=a+blc (4.6)

Fractionary q windings are used mainly in SGs with a large number of poles, where a necessarily low
integer g (g < 3) would produce too a high harmonics content in the generator electromagnetic force
(emf).

Large- and medium-power SGs make use of typical lap (multiturn coil) windings (Figure 4.4) or of
bar-wave (single-turn coil) windings (Figure 4.5).

The coils of phase A in Figures 4.4 and 4.5 are all in series. A single current path is thus available (a =1). It

is feasible to have “a” current paths in parallel, especially in large-power machines (line voltage is in general
below 24 kV). With W, turns in series (per current path), we do have the relationship:

W .
N, =3 2n @ 4.7)
e

n, turns per coil.
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X

FIGURE 4.5 Basic bar-wave winding—q = 2: phase A only.

The coils may be multiturn lap coils, in general, or uniturn (bar) type—in wave coils.
A general comparison between the two types of windings (both with integer and fractionary g)
reveals the following:

o The multiturn coils (n, > 1) allow for greater flexibility in choosing the number of slots N,, for
given number of current paths a.

o Multiturn coils are however manufacturing-wise limited to 0.3 m long lamination stacks and pole
pitches T < 0.8-1 m.

o Multiturn coils need bending as they are placed with one side in the bottom layer and with the
other one in the top layer; bending needs to be done without damaging the electric insulation,
which, in turn, has to be flexible enough for the intended purpose.

« Bar coils are used for heavy currents (above 1500 A). Wave bar coils imply a smaller number of
connectors (Figure 4.5) and thus are less costly. The lap-bar coils allow for short-pitching—to
reduce emf harmonics, while wave bar coils imply 100% average pitch coils.

 To avoid excessive eddy current (skin) effects in deep coil sides, transposition of individual strands
is required. In multiturn coils (n, > 2), one semi-Roebel transposition is enough, while in single-
bar coils full Roebel transposition is required.

« Switching or lightning strokes along the transmission lines to SG produce steep-fronted volt-
age impulses between neighboring turns in the multiturn coil and thus additional insulation is
required. Not so for the bar (single turn) coils where only interlayer and slot insulation is provided.

o Accidental short circuit in multiturn coil windings with a > 2 current path in parallel produces a cir-
culating current between current paths. This unbalance in current paths may be sufficient to trip off
the pertinent circuit balance relay. Not so far the bar coils where the unbalance is less pronounced.

« Though slightly more expensive, the technical advantages of bar (single-turn) coils should make
them the favorite solution in most cases.

AC windings for SGs may be built not only in two layers but also in one layer. In the latter case, there is a
necessity to use 100% pitch coils that have longer end connections, unless bar coils are used.
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FIGURE 4.6 Typical support system for stator end-windings.

Stator end-windings have to be mechanically supported to avoid mechanical deformation during
severe transients due to electrodynamic large forces between them and between them as a whole and
the rotor excitation end-windings. As in general such forces are radial, the support for end-windings
typically looks as in Figure 4.6.

Note: More on AC winding specifics in the chapter dedicated on SG design. Here we only derive the
fundamental magneto-motive-force, mmf, wave of three-phase stator windings.

The mmf of a single-phase 4 pole winding with 100% pitch coils may be approximated with a step-like
periodic function if the slot openings are neglected (Figure 4.7).

For the case in Figure 4.7. with g = 2 and 100% pitch coils, the mmf distribution is rectangular with
only one step per half-period.

With chorded coils or g > 2, more steps would be visible in the mmf. That is, the distribution approxi-
mates then better a sinusoid waveform.

In general, the phase mmf fundamental distribution for steady state may be written as follows:

FIA(x,t)=Flm -cosﬁx-cosmlt (4.8)
T
R, =22 Wikl ®9)
TCpl
where
W, turns per phase in series
I is phase current (RMS)
P, is pole pairs
Ky, is the winding factor
=i L7 @10
q-sinm/6g T2

with y/t = coil pitch/pole pitch (y/t > 2/3)
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FIGURE 4.7 Stator phase mmf distribution (2p = 4, g = 2).

Equation 4.8 is strictly valid for integer g.

An equation similar to Equation 4.8 may be written for the vth space harmonic as follows:

FuA(x,t) =Fumcosoﬁxcos(oolt) (4.11)
T
E,, = 22Kl 4.12)
TPV
K sin vit/6 .y vn

:q-sin(vn/6q). n'c 2

Phase B and phase C mmfs expressions are similar to Equation 4.8 but with 2x/3 space and time lags.
Finally, the total mmf (with space harmonics) produced by a three-phase winding is [2]

() = 22K

Ky cos(un—mh —(U —I)Mj — Ky cos(on+ oy —(U+ l)znj (4.13)
TPV T 3 T 3

where

sin(v-1)n
KBI - .
3-sin(v—1)n/3
(4.14)
sin(U+1)Tc
KBH - .
3.sin(v+1)n/3

Equation 4.13 is valid for integer q.
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For v =1, the fundamental is obtained.
Due to full symmetry—with g integer—only odd harmonics exist. For v =1, Ky, =1, Ky, = 0, therefore
the mmf fundamental represents a forward-traveling wave with the peripheral linear speed:

dx T,
= i 2‘[ 4.15
dt b h (419

The harmonic orders are v = 3K = 1. For v = 7,13, 19,..., dx/dt = 2tf,/v and for v = 5, 11, 17,..., dx/dt =
—27f,/v. That is, the first ones are direct traveling waves, while the second ones are backward-traveling
waves. Coil chording (y/t <1) and increased g may reduce harmonics amplitude (reduced K,,,), but the
price is a reduction in the mmf fundamental too (K, decreases).

The rotor of large SGs may be built with salient poles (for 2p, > 4) or with nonsalient poles (2p, = 2, 4).

The solid iron core of the nonsalient pole rotor is made of 12-20 cm thick (axially) rolled steel
discs spigoted to each other to form a solid ring by using axial through bolts. Shaft ends are added
(Figure 4.8).

Salient poles (Figure 4.9b) may be made of laminations packs tightened axially by through bolts and
end plates and fixed to the rotor pole wheel by hammer-tail key bars.

In general, peripheral speeds around 110 m/s are feasible only with solid rotors made by forged
steel. The field coils in slots (Figure 4.9) are protected from centrifugal forces by slot wedges that
are made either of strong resins or of conducting material (copper), and the end-windings need
bandages.

The interpole area in salient pole rotors (Figure 4.9b) is used to mechanically fix the field coil sides so
that they do not move or vibrate, while the rotor rotates at its maximum allowable speed.

Nonsalient poles (high-speed) rotors show small magnetic anisotropy. That is, the magnetic reluc-
tance of air gap along pole (longitudinal) axis d, and along interpole (transverse) axis g, is about the
same, except for the case of severe magnetic saturation conditions.

In contrast, salient pole rotor experience a rather large (1.5-1 and more) magnetic saliency ratio
between axis d and axis q. The damper cage bars placed in special rotor poles slots may be connected
together through end rings (Figure 4.10a). Such a complete damper cage may be decomposed in two
fictitious cages, one with the magnetic axis along d axis and the other along g axis (Figure 4.10), both
with partial end rings (Figure 4.10).

Through Rolled
bolts steel disc
i i f I . T Stub shaft
L L L | | |
Bl 4

7, —

Spigot

FIGURE 4.8 Solid rotor.

© 2016 by Taylor & Francis Group, LLC



132 Synchronous Generators

d N Pole body
Damper cage ; .
Damper cage ) q N q Field coil
“_ Field coil ay Z s
S =
Solid rotor core AN ans Pole ‘wheel
o 8 (spider)
Shaft FAN oA
q d_[s ol
Nle s
o o X |é
d
“+ X Shaft
Q@ 0‘0
S Q\ae\ o ” o i 00 S
9 N 1
(@) (b) d  9p,=8

FIGURE 4.10 The damper cage and its d and g axis fictitious components.

4.3 Excitation Magnetic Field

The air gap magnetic field produced by the DC field (excitation) coils has a circumferential distribution
that depends on the type of the rotor—with salient or nonsalient poles—and on the air gap variation
along rotor pole span. For now let us consider that the air gap is constant under the rotor pole and the
presence of stator slot openings is considered through the Carter coefficient K, which increases the air

gap [2]:
Ko = 5 1, 7, —stator slot pitch (4.16)
Ts — Ylg
2
Wos!
ot Wele) (W (4.17)
| tan(W,/g) g
with
W,, is stator slot opening
gisair gap

The flux lines produced by the field coils (Figure 4.11) resemble the field coils mmf F(x) as the air gap
under the pole is considered constant (Figure 4.12).
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FIGURE 4.11 Basic field winding flux lines through air gap and stator.
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FIGURE 4.12 Field winding mmf and air gap flux density: (a) salient pole rotor and (b) nonsalient pole rotor.
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The approximate distribution of no-load or field-winding-produced air gap flux density in Figure 4.12
has been obtained through Ampere’s law.
For salient poles,

By =—————, for: ‘x‘ < ‘%P (4.18)

and B, = 0 otherwise.

In practice, B, = 0.6-0.9 T. Fourier decomposition of this rectangular distribution yields the following:

gFm
b
ngl,(x)zKpU-ngm coso;x; v=135,... (4.19)
K :ésin i (4.20)
b4 T2

Only the fundamental is useful. Both the fundamental distribution (v = 1) and the space harmonics
depend on the ratio t,/t (pole span/pole pitch). In general, 7,/t ~ 0.6-0.72. Also, to reduce the har-
monics content, the air gap may be modified (increased), from the pole middle toward pole ends, as an
inverse function of cos nx/t:

g T Tp
x)=—=2—, for:—F<x<-2 4.21
( ) cos(m/t)x 2 2 (4.21)

In practice, function of Equation 4.21 is not easy to generate, but approximations of it, easy to manufac-
ture, are adopted.

Reducing the no-load air gap flux density harmonics causes a reduction of time harmonics in the
stator emf (or no-load stator phase voltage).

For the nonsalient pole rotor,

By = Wo(11,/2)Werl . for: ‘x‘ <T7p (4.22)
ch(1+ Kso) 2

and stepwise varying otherwise (Figure 4.12b).
Ky, is the magnetic saturation factor that accounts for stator and rotor iron magnetic reluctance of

the field paths.
B (%) = Ky - Byras o8 x (4.23)
T
8 COSU‘EJ*
K ~ T (4.24)

- 2
v’ [1 - UTPJ
T

It is obvious that in this case, the flux density harmonics are lower and thus constant air gap (cylindrical
rotor) is feasible in all practical cases.
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Let us consider only the fundamental of the no-load flux density in the air gap:
T
By (x, ) = Bgrm cos;x, (4.25)
For constant rotor speed, the rotor coordinate x, is related to stator coordinate x; as follows:

T =T~ -0, (4.26)
T T

The rotor rotates at angular speed o, (in electrical terms: o, = p,Q, — Q, mechanical angular velocity).
0, is an arbitrary initial angle; let 6, = 0.
With Equation 4.26, Equation 4.25 becomes thus:

T
bgFl(xs,t):Bgle cos(xs —mrtj (4.27)
T
Therefore, the excitation air gap flux density represents a forward-traveling wave at rotor speed. This

traveling wave moves in front of the stator coils at the tangential velocity u

y =B LT (4.28)
dt =m

It is now evident that with the rotor driven by a prime mover at speed ®, and with the stator phases kept
open, the excitation air gap magnetic field induces an emf in the stator windings:

+(1/2)
d
EA](t):_EVVIKWl j BgF] (xwt)dxs (429)
—(t/2)
Finally,
EAl(t):Elx/Ecosm,t (4.30)
o, 21
Elm = n\/z(nglelsmckVVlKWI — (431)
2n L
With [, is the stator stack length.
As the three phases are fully symmetric, the emfs in the three of them are as follows:
Evnes(t)=Eu2 cos[m,t (i 1)2"}
3 (4.32)

i=12,3

Therefore, we notice that the excitation coil currents in the rotor are producing at no-load (open-stator
phases) three symmetric emfs whose frequency o, is given by the rotor speed Q, = ®,/p,.
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4.4 Two-Reaction Principle of Synchronous Generators

Let us now suppose that an excited SG is driven on no load at speed ®,. When a balanced three-
phase load is connected to the stator, the presence of emfs at frequency ®, will naturally produce
currents of same frequency. The phase shift between the emfs and the phase current y is depen-
dent on load nature (power factor) and on machine parameters—not mentioned yet (Figure 4.13).

The sinusoidal emfs and currents are represented as simple phasors in Figure 4.13b.

The magnetic anisotropy of the rotor along axes d and g helps decompose each phase current in two
components: one in phase with the emf and the other at 90° with respect to the former: I, I, and I,
and I,,, I, and I, respectively.

As already proven in the paragraph on windings, three-phase symmetric windings flowed by bal-
anced currents of frequency ®, will produce traveling mmfs Equation 4.13:

E;(x,t) = —F,, cos (TE X — w,tj (4.33)
T

P CLIAUL ST A 34

T[pl
E(x,t)=F,, (“xs —ot —“j (4.35)

T 2
3v2I, WK

Eym = \/—chpl s I”:‘I"‘l‘:‘lﬂfl‘:‘lw‘ (4.36)

1

In essence, the d-axis stator currents produce an mmf aligned to the excitation air gap flux density
wave of Equation 4.26 but opposite in sign (for the situation in Figure 4.13b). This means that the
d-axis mmf component produces a magnetic field “fixed” to the rotor and flowing along axis d as the
excitation field does.

Prime
mover

Slip-rings
__—Brushes

e

=)

el
=

(a)

FIGURE 4.13 Illustration of SG principle: (a) the SG on load and (b) the emf and current phasors.
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In contrast, the g-axis stator current components produces an mmf whose magnetic field is again
“fixed” the rotor but flowing along axis g.

The emfs produced by motion in the stator windings might be viewed as produced by a fictitious
three-phase AC winding flowed by symmetric currents I, I, and I of frequency o,:

Eapc=—jo-Mpalrapc (4.37)
From what we have already discussed in this paragraph,

poWrl fKFl

cosm,t
K.g(1+Ksp)

EA (t) = 2TE&I(WI glsmckt )
2n T
(4.38)

n . .
W = TPWCF; for nonsalient polerotor (see Equation 4.22)

The fictitious currents I, Ip, and I are considered having the RMS value of I in the real field winding.
From Equations 4.37 and 4.38, we obtain the following:

Mo, = \/5 ‘/\'/leFKvWI‘c ) lstack
FA=Mo————F 7

K 4.39
T ch(1+Kso) f ( )

M, is called the mutual rotational inductance between the field and armature (stator) phase windings.

The positioning of the fictitious I; (per phase) in the phasor diagram (according to Equation 4.37) and
that the stator phase current phasor I (in the first or second quadrant for generator and in the third or
fourth quadrant for motor operation) are shown in Figure 4.14.
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FIGURE 4.14 Generator—motor operation modes.
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The generator—motor divide is determined solely by the electromagnetic (active) power:

Py, =3Re(E-I*)>0 generator, <0 motor (4.40)

The reactive power, Q,,,, is

Qi = SImag(E -1 *) <> 0 (generator / motor) (4.41)

The reactive power may be either positive (delivered) or negative (drawn) both for motor and generator
operation.

For reactive power “production,” I, should be opposite to I, that is, the longitudinal armature reac-
tion air gap field will oppose the excitation air gap field. It is said that only with demagnetizing longitu-
dinal armature reaction—machine overexcitation—the generator (motor) can “produce” reactive power.
Therefore, for constant active power load, the reactive power “produced” by the synchronous machine
may be increased by increasing the field current I;. On the contrary, with underexcitation, the reactive
power becomes negative; it is “absorbed.” This extraordinary feature of the synchronous machine makes
it suitable for voltage control, in power systems, through reactive power control via I, control. On the
other hand, the frequency o, tied to speed, Q, = @,/p,, is controlled through the prime mover governor,
as discussed in Chapter 3. For constant frequency power output, speed has to be constant.

This is so because the two traveling fields—that of excitation and respectively that of armature wind-
ings—interact to produce constant (non-zero-average) electromagnetic torque only at standstill with
each other.

This is expressed in Equation 4.40 by the condition that the frequency of E, — ©,—be equal to fre-
quency of stator current I, — ®, = ®,—to produce nonzero active power.

In fact, Equation 4.40 is valid only when o, = o,, but in essence the average instantaneous electromag-
netic power is nonzero only in such conditions.

4.5 Armature Reaction Field and Synchronous Reactances

As during steady state, rotor (excitation) and stator (armature) produced magnetic field waves in the air
gap are relatively at standstill, it follows that the stator currents do not induce voltages (currents) in the
field coils on the rotor. The armature reaction—stator—field wave travels at rotor speed; the longitudinal
Ly L, Ic and transverse I, Iy, I,c armature currents (reaction) fields are fixed to the rotor, one along
axis d and the other along axis g.

Thus, for these currents, the machine reacts with the magnetization reluctances of the air gap and of
stator and rotor iron with no rotor-induced currents.

The trajectory of armature reaction d, q fields, and their distributions are shown in Figures 4.15
and 4.16.

The armature reaction mmfs F; and F, have a sinusoidal space distribution (only fundamental is
considered), but their air gap flux densities does not have a sinusoidal space distribution. For constant
air gap zones—such as it is that under the constant air gap salient pole rotors—the air gap flux density is
sinusoidal. In the interpole zone of salient pole machine, the equivalent air gap is large and thus the flux
density decreases quickly (Figures 4.15 and 4.16).

Only with the finite-element method (FEM) can the correct flux density distribution of armature (or
excitation, or combined) mmfs be computed. For the time being, let us consider that, for the d axis mmf,
the interpolar air gap is infinite and for the q axis mmf it is g, = 6¢. In axis g, the transverse armature
mmf is maximum, and it is not practical to consider that the air gap in that zone is infinite as it would
lead to large errors. Not so for d axis mmf, which is small toward axis g and thus the infinite air gap
approximation is tolerable.
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FIGURE 4.15 Longitudinal (4 axis) armature reaction: (a) armature reaction flux paths and (b) air gap flux
density and mmfs.

It should be noted that the g-axis armature reaction field is far from a sinusoid. This is so only for
salient pole rotor SGs. For steady-state, we however operate only with fundamentals, and with respect
to them we define the reactances, etc.

Therefore, we now extract the fundamentals of B,; and B,, to find the B,; and B,;:

T

B = ljBad (x)sin(nx,jdx (4.42)
T T
0
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FIGURE 4.16 Transverse (g axis) armature reaction: (a) armature reaction flux paths and (b) air gap flux density
and mmf.
with
T—7T T+1T
B, =0, for:0<x, < PandTp<x<’c
P P (4.43)
Holidm SIN— Xy T—1 T+1T
By=——%— for P <x, < P
K.g(1+Ky) 2
Finally,
E;,. K, T 1.7
B - HoZamBa Ky~-Lt+—sin-Zn (4.44)
K. g(l +Ky ) T T T
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In a similar way,

. T
WoFy, sin—x,

T T+T
By=——F—"~, for:0<x, <% and —Ff<x<1
K.g(1+Ky) 2 2

(4.45)
. T
WoFg, sin—x, n
By=—"—"7—"-— fort—p<x, < T
K.g,(1+Ky)
E..K
B = Bolm2al H
K.g
(4.46)
Ky :T—p—lsinr—pn+icos LT
T T T 31 T2

Note that the integration variable was x, referred to as rotor coordinates.
Equation 4.44 and 4.46 warrant the following remarks:

o The fundamental armature reaction flux density in axes d and q are proportional to the respective
stator mmfs and are inversely proportional to air gap and magnetic saturation equivalent factors
K,;and K, (K, # K, in general).

B, and B, are also proportional to equivalent armature reaction coefficients K;; and K. Both
being smaller than unity (K, <1, K, < 1) account for air gap nonuniformity (slotting is considered
only by Carter coefficient). Other than that B,;, and B
flux density fundamental B, in a uniform air gap machine with same stator, B,;:

«q formulae are very similar to the air gap

B _  WhR o 32WKwl

1= s (4.47)
ch(l"rKs) Tfpl

The cyclic magnetization inductance X,, of uniform air gap machine with a three-phase winding is
straightforward as the self-emf in such a winding, E,,, is [3]

2
Eul = (Dr‘/VlKWICDal; (Dal = 7Ba1‘c : lsmck (448)
T

From Equations 4.47 and 4.48, X, is

_ Ea _ 6L, (WKM)ZT'Zsmck

. 4.49
11\/5 n Kcg(1+Ks)p ( :

It follows logically that the so-called cyclic magnetization reactances of synchronous machines X, and
X, are proportional to their flux density fundamentals:

Bud 1

de = Xm = Xm : Kdl (450)

al
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Xy =X =XK1 (4.51)

o | o

K=K, = K, was implied.
The term “cyclic” comes from the fact that these reactances manifest themselves only with balanced
stator currents and symmetric windings and only for steady state.
During steady state with balanced load, the stator currents manifest themselves by two distinct mag-
netization reactances, one for axis d and the other for axis g, acted upon by the d and q phase current
components. We should add to these the leakage reactance typical to any winding, X;;, to compose the

so-called synchronous reactances of the synchronous machine (X, and X,):
Xd = ch + de (452)

X, = Xig + Xy (4.53)

The damper cage currents are zero during steady state with balanced load, as the armature reaction field
fundamental components are at standstill with the rotor and have constant amplitudes (due to constant
stator current amplitude).

We are thus ready to proceed with SG equations for steady state under balanced load.

4.6 Equations for Steady State with Balanced Load

We already introduced stator fictitious AC three-phase field currents I, , ; - to emulate the field winding
motion-produced emfs in the stator phases E, 5 ..

The decomposition of each stator phase currents I, 5, Ij4 5cr Which then produces the armature
reaction field waves at standstill with respect to excitation field wave, has lead to the definition of cyclic
synchronous reactances X, and X,. Consequently, as our fictitious machine is under steady state with
zero rotor currents, the per-phase equations in complex (phasors) are simply as follows:

LR+ V, = E — jX,I,~ jX,,
E = =Xy, X Ip; X, = 0, Mpy (4.54)
L=I,+1, (4.55)

RMS values all over in Equations 4.54 and 4.55.

To secure the correct phasing of currents, let us consider I, along axis d (real). Then, according to
Figure 4.13,

I I
I,=I, x(—];j; I, =1dli; L=} +1I (4.56)
F F

With I, > 0, I, is positive for underexcitation (E, < V,) and negative for overexcitation (E, > V). Also, I, in
Equation 4.56 is positive for generating and negative for motoring.
The terminal phase voltage V, may represent the power system voltage or an independent load Z;:

7, =0 (4.57)
I,
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A power system may be defined by an equivalent internal emf—E,; and an interior impedance Zg:

Vi =Eps + Zpsl, (4.58)

For an infinite power system, B + jQ, = 3V, =3EI, —3(11 )2 R, -3jXy (Il )2 —3j(deId +Xq,,,1q)11* and
E,is constant.

For a limited power system either only |Z,| # 0, or also Epg varies in amplitude, phase, or frequency.

The power system impedance Z,, includes the impedance of multiple generators in parallel, of trans-
formers and of power transmission lines.

The power balance applied to Equation 4.54, after multiplication by 317, yields the following:

B+jQ =3Vil{ =3E1} =3(1)' R =3iXu(1) = 3j(Xanla + Xguly )17 (4.59)

The real part represents the active output power P, and the imaginary part is the reactive power, both
positive if delivered by the SG:

P =3EI, — 3R, +3(X g — Xyn)LuI, = 3ViI, cos (4.60)

Qi =-3El; -3} Xg = 3(Xgnli + Xyul})=3ViI; sing, (4.61)

As can be seen from Equations 4.60 and 4.61, the active power is positive (generating) only with I, > 0.
Also with X, > X, the anisotropy active power is positive (generating) only with positive I, (mag-
netization armature reaction along axis d). But positive I; in Equation 4.61 means definitely negative
(absorbed) reactive power and the SG is underexcited.

In general, X,;,/X,,, = (1.0-17) for most SGs with electromagnetic excitation. Consequently, the
anisotropy electromagnetic power is notably smaller than the interaction electromagnetic power. In
nonsalient pole machines X,,, ~ (1.01-1.05)X,, due to the presence of rotor slots in axis g that increase
the equivalent air gap (K, increases due to double slotting). Also, when the SG saturates (magnetically)
the level of saturation under load may be in some regimes larger than in axis d. In other regimes when
magnetic saturation is larger in axis d, nonsalient pole rotor may have a slight inverse magnetic saliency
(Xgm < X,)- As only the stator winding losses have been considered (3RI}), the total electromagnetic
power P, is

Py =3E I +3( X — Xy ) Lal (4.62)

Now the electromagnetic torque T, is

Pelm
T,=—""—=3p,| Mpalpl, +(Lyy — L)l 4.63
(@,/p1) P1|: ralply (La q )dq:| ( )
where
X
Lo = X”’”; Lyw=—1" (4.64)
o, o,
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And, from Equation 4.37,

El = U)rMFAIF (4.65)

We may also separate in the stator phase flux linkage ¥,, the two components ¥; and '¥:

\Pd =M1:A +LdId

(4.66)
¥, =L,1,
X
L=, =M (4.67)
o, o,
The total stator phase flux linkage ¥, is
W= Wi L=+ (4.68)

As expected, from Equation 4.63, the electromagnetic torque does not depend on frequency (speed) ®,,
but only on field current and stator current components, besides the machine inductances: the mutual
one, My,, and magnetization ones L,,, and L. The currents I}, I, I, influence the level of magnetic satu-
ration in stator and rotor cores and thus My,, L,,, and L,,, are functions of all of them.

Magnetic saturation is an involved phenomenon to be treated in Chapter 5.

The shaft torque T, differs from electromagnetic torque 7, by the mechanical power loss (p,,..) braking
torque:

Pmec
T, =T, +£me 4.
u 6+(m,/p1) (4.69)

For generator operation mode T, is positive and thus T, > T,. Still missing are the core losses located
mainly in the stator.

4.7 Phasor Diagram

Equations 4.54, 4.55, and 4.66 through 4.68 lead to a new voltage equation:

LR +Vi=—jo, ¥, =E; ¥, =Y¥,+j¥, (4.70)

where E, is total flux phase emf in the SG. Now two phasor diagrams, one suggested by Equation 4.54
and other by Equation 4.70 are presented in Figure 4.17a and b.

The time phase angle 8, between the emf E, and the phase voltage V; is traditionally called the internal
(power) angle of the SG.

As we have written Equations 4.54 and 4.70 for the generator association of signs, 8,, > 0 for generat-
ing (I, > 0) and &, < 0 for motoring (I, < 0).

For large SGs, even the stator resistance may be neglected for more clarity in the phasor diagrams but
at the cost of “loosing” the copper loss consideration.
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Q>0
@®,>0)

()

FIGURE 4.17 Phasor diagrams: (a) standard and (b) modified but equivalent.

4.8 Inclusion of Core Losses in the Steady-State Model

The core loss due to the fundamental component of magnetic field wave produced together by both exci-
tation and armature mmf occurs only in the stator. This is so because the two fundamental field waves
travel at rotor speed. We may consider, to a first approximation, that the core losses are related directly
to the main (air gap) magnetic flux linkage ¥, ;:

W = Mealp + Ll + Lynly =W i + 7 g (4.71)

\Pdm = MFAIF + LdmId; \qu = Lquq (472)
The leakage flux linkage components L I, and Ly, do not produce significant core losses as L,/L,,, < 0.15
in general and most of the leakage flux lines flow within air zones (slot, end-windings, air gap).
Now, we may consider a three-phase stator fictitious short circuited resistive-only winding—R,,—
which accounts for the core loss.

Neglecting the reaction field of core loss currents I, we have

-, = RFeIFe = _jmr‘{llmo (473)

Ry, is thus “connected” in parallel to the main flux emf (—j®,¥,,,). The voltage equation then becomes thus:
I (Rl +szl)+‘/1 =—jo, ¥y, (4.74)

with I, = Iy + I, + I =1, + I, (4.75)

The new phasor diagram of Equation 4.74 is shown in Figure 4.18:
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_Rl Ilt
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FIGURE 4.18 Phasor diagram with core loss included.

Though core losses are small in large SGs, and thus they do not change the phasor diagram notably,
their inclusion allows for a correct calculation of efficiency (at least at low loads) and of stator currents
as the power balance yields the following:

2\{_12
P, =3Vily, cosy =30, M1, +30, (Law — Ly ) LI, — 3R IE —3 221 (4.76)
Fe
‘{llm = MFAIF + LdmId - qumIq (4.77)
Iy, = %\P”’; Ly=I+1,+In (4.78)
Fe

Once the SG parameters R,, Ry, Ly, Ly My, excitation current I, speed (frequency)—w,/p, = 2nn
(rps)—are known, the phasor diagram in Figure 4.17 allows for the computation of I;, I, provided the
power angle 8, and the phase voltage V, are also given. After that, the active and reactive power delivered

by the SG may be computed. Finally, the efficiency n; is as follows:

4.79)

_ Pl _ I)e]m - pcoppcr _PFe _pudd
Nsc = =
Pl + pFe + pcupper + pmec + padd Pelm + pmec

with p,,, is additional losses on load.
Alternatively, with I, as parameter, I, and I, can be modified (given) such that \/I7 + I] =1, be given
as a fraction of full load current.

Note: While decades ago the phasor diagrams were used for graphical computation of performance,
nowadays they are used only to illustrate performance and derive equations for a pertinent computer
program to calculate the same performance faster and with increased precision.
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Example 4.1

The following data are obtained from a salient pole rotor synchronous hydrogenerator:
Sy =72 MVA, Vy;,.. = 13 kV/star connection, 2p, = 90, f, = 50 Hz, q, = 3 slots/pole/phase,
I, = 3000 A, R, = 0.0125 Q, (N,) o5 g1 1= 0.9926, P, = Precn Additional data include stator
interior diameter D;, = 13 m, stator active stack length [, = 1.4 m, constant air gap under
the poles ¢ = 0.020 m, Carter coefficient K¢ = 1.15, 7/t = 0.72. The equivalent unique satura-
tion factor K, = 0.2.

The number of turns in series per phase is W, = p,q, x 1 turn/coil = 45 x 3 x 1 =115 turns/phase.

Let us calculate the following:

a. The stator winding factor K,;

b. The d-q magnetization reactances X, X,,,;

c. With X, = 0.2X,,,, determine X, X5

d. Rated core and mechanical losses Py,, = P,ecns

e. Xp X, 1y in PU. with Z, =V, /T,

f. Neglecting all losses at cos ¢, = 1 and 8, = 30° calculate E,, I, I, I, E;, P, Q

g. The no load air gap flux density (K = 0.2) and the corresponding rotor-pole mmf WI,
Solution:

1. The winding factor K, (Equation 4.10) is as follows:

o snm/6 o 1T 9508
3sin(n/6-3)  \1 2

Full-pitch coils are required (y/t = 1) as the single layer case is considered.
2. The expressions of X, and X, are shown in Equations 4.49 through 4.51:

de = Xm 'Kdl

qu :Xm 'qu

From Equation 4.44,

Ky="2 4 6in ™ r =072+ Lsin0.72-1=0.96538
T

T T T
o, 1.7 2 T, T

K, =———sin—n+—cos——=0.4776+0.0904 =0.565
T T T 3n T2

:% (‘/VII<W1)2 'T'lsmck

X
"ol or ch(1+KS)pl

with:t=nD; /2p=mn-13/90=0.45355m

~ 6-4mx107 -27-50-(115-0.9598)" x0.45355x 1.4

; =1.4948
1 x1.15x0.020(1+0.2) x 45

m

Xy =1.4948x0.96538 =1.443 Q

Xgm =1.4948x0.565=0.8445 Q

© 2016 by Taylor & Francis Group, LLC



148 Synchronous Generators

3. With X;= 0.2 x 1.4948 = 0.2989 Q, the synchronous reactances X, and X, are

X=Xy + Xy =0.2989+1.443 ~1.742 Q

X, = Xy + Xy =0.2989+0.8445=1.1434 Q

4. As the rated efficiency at cos ¢, = 1is n, = 0.9926 and using Equation 4.79,

1 1
= Peopper + PFen + Pmec :Sn —-1 :72106 —1|=536-772 kW
ZP Deopper + Pren + P (ﬂr J (0.9926 j

The stator winding losses p,,,., are

Peopper =3RiIT. =3-0.0125-3000% = 337.500 kW

Therefore,

D P Pem  536.772-337.500

e = Donec = =99.636 kW
Pre=P 2 2

5. The normalized impedance Z,, is

v -10°

Z, :ﬂ:ﬁzz_mz}gg
I, /3-3000

X4 _Xa 1782 ) cos
Z, 2.5048
X, 1.

X, =—L= L1434 _ ) 45648
Z, 2.5048

n =R _00125 =4.99x107°
Z, 2.5048

6. After neglecting all losses, the phasor diagram in Figure 4.16a, for cos ¢, = 1, can be

shown.

_de-Iq El
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Phasor diagram for cos ¢, = 1 and zero losses.
The phasor diagram uses phase quantities in RMS values.
From the adjacent phasor diagram,

_ Visindy, _ 13,000 0.5 —3286 A

I
X, V3 oL1434

1
I;,= 7Iqtan300 =-3286—==-1899.42 A

NE)
Li=\Ii+1} =3796 A

And, the emf per phase E, is

Ey =Vycosdy + Xy|I4|= 13\’/0500 ~§+1.742-1899=9.808 kv
B =3V, cosdy, = 3-%-3796 =85.372 MW

Q, =3Vl sin¢, =0

It could be inferred that the rated power angle &, is smaller than 30° in this practical
example.
7. We may use Equation 4.48 to calculate E, at no load as follows:

('01’
E = 7MKW1®p0121

F

2
q)polel = 7Bg1 cT lsta(k
T
Then, from Equation 4.20, we obtain
4
By =BypnKp; Kpp=—sin——

Also, from Equation 4.78, we obtain

_ poWelp
ch(1+Kg)

gFM

Thus, gradually,

9808 x /2

————————=0.3991 Wb
2150%x115x0.9596

polel =

_ 0391x304 oo

T 2%0.45355%x 1.4
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0.9868
BgFM = 47 =0.8561 T

Zsin0.72- %
T 2
0.8561x1.15(1+0.2)x2x10*
Wil = 3
1.256x10

=18,812 A turns/pole

Note that the large air gap (g = 2 x 10~ m) justifies the rather moderate saturation (iron reluc-
tance) factor Kg=0.2.

The field-winding losses have not been considered in the efficiency as they are covered from
a separate power source.

4.9 Autonomous Operation of Synchronous Generators

Autonomous operation of SGs is required by numerous applications. Also, some SG characteristics in
autonomous operation, obtained through special tests or by computation, may be used to characterize
the SG rather comprehensively.

Typical characteristics at constant speed are as follows [4]

a. No-load saturation curve E,(I;,)
b. Short-circuit saturation curve: I, (I;) for V, = 0 and cos ¢, = ct
c. Zero power factor saturation curve: V,(I,); I. = ct cos @, = ct

These curves may be computed or obtained from standard tests.

4.9.1 No-Load Saturation Curve: E,(I;);n=ct, I, =0

At zero load (stator) current, the excited machine is driven at the speed n, = f/p, by a smaller power
rating motor. The stator no-load voltage, in fact the emf (per phase or line) E,;, and the field current are
measured. The field current is monotonously raised from zero to a positive value I .. corresponding
to 120%-150% of rated voltage V., at rated frequency f,, (n,, = f,,/p,). The experimental arrangement is
shown in Figure 4.19.

At zero field current, the remnant magnetization of rotor poles iron produces a small emf E;, (2%-8%
of V,,), and thus the experiments start at point A or A’ The field current is then increased in small

E, |V,
Pri 1/ V1r
aleil A mover s R
1

49 Ey
& 4 |

I
I
I
I
|
I
E”O ———— : Ij/lﬂ) : TpimaxlIro
1

A 11.8-35
IF ] d
Variable DC voltage
power source
(a) 3~ (b)

FIGURE 4.19 No-load saturation curve test: (a) the experimental arrangement and (b) the characteristic.
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increments until the no-load voltage E, reaches 120%-150% of rated voltage (point B, along the trajec-
tory AMB). Then the field current is decreased steadily to zero in very small steps and the characteristic
evolves along BNA’ trajectory. It may be that the starting point is A’, and this is confirmed when I
increases from zero and the emf decreases first and then increases. In the latter case, the characteristic
travels along the way A’'NBMA. The hysteresis phenomenon in the stator and the rotor cores is the cause
for the difference between the rising and falling sides of the curve. The average curve represents the no-
load saturation curve.

The increase in emf well above rated voltage is required to check the required field current for the
lowest design power factor at full load (Ip,,,/Ir)- This ratio is, in general, I, /I, = 1.8-3.5. The lower the
lowest power factor at full-load and rated voltage, the larger the ratio I, /I, The ratio also varies with
the air gap-to-pole pitch ratio (g/t) and with the number of poles pairs p,. It is important to know the
corresponding I /I, ratio for a proper thermal design of the SG.

The no-load saturation curve may also be computed: either analytically or through FEM. As FEM
analysis will be dealt with later, here we dwell on the analytical approach. To do so, we draw two typical
flux line pairs corresponding to the no-load operation of SG (Figure 4.20).

There are two basic analytical approaches of practical interest. Let us call them here the flux-line
method and, respectively, the multiple magnetic circuit method.

The rather simplified flux-line method considers the Ampere’s law along a basic flux line and applies
the flux conservation in the rotor yoke, rotor pole body and rotor pole shoe and, respectively, in the
stator teeth and yoke.

The magnetic saturation in these regions is considered through a unique (average) flux density and
also an average flux-line length. It is thus an approximate method as the level of magnetic saturation
varies tangentially along rotor-pole body, shoe, in the salient rotor pole and, respectively, in the rotor
teeth of the nonsalient pole.

The leakage flux lost between the salient rotor pole bodies and their shoes is also very approximately
considered.

However, if a certain average air gap flux density value B, is assigned for start, the rotor pole mmf
Wl required to produce it, accounting for magnetic saturation, though approximately, may be com-
puted without any iteration. If the air gap under the rotor salient poles increases from center to pole ends

WElr

()

FIGURE 4.20 Flux lines at no load: (a) the salient pole rotor and (b) the nonsalient pole rotor.
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(to produce a more sinusoidal air gap flux density), an average value again is to be considered to simplify
the computation. Once the B, (I) curve is calculated, the E\(I;) curve is straightforward (based on
Equation 4.30):

o, 2
Ei(Ir)=—7x By (17 ) K1 -Faack - WiKows [V (RMS) ] (4.80)

V2

The analytical flux-line method is illustrated here through a case study (Example 4.2).

Example 4.2

A three-phase salient pole rotor SG with S, =50 MVA, V;=10,500 V, n, = 428 rpm, f, = 50 Hz has
the following geometrical data: internal stator diameter D, = 3.85 m, 2p, = 14 poles, [, ~ 1.39 m,
pole pitch T = nD,/2p, = 0.864 m, air gap g (constant) = 0.021 m, g, = 6 slots/pole/phase, open sta-
tor slots with A, = 0.130 m (total slot height, with 0.006 m reserved for the wedge); W, = 0.020 m
(slot width), stator yoke h,, = 0.24 m, and rotor geometry is as in Figure 4.21.

Let us consider only the rated flux density condition, with B, = 0.850 T. The stator lamina-
tion magnetization curve is given in Table 4.1.

The Ampere’s law along the contour ABCDC'B’A’ relates the mmf drop from rotor-to-rotor

pole F, ,:
1
Fu = Z(Hglech + E(HB +4Hy +Hc )hst + Hyslysj (4.81)
1,/1=0.67
by,=250 mm
hy,=250 mm
hg,=90 mm
hy, ¢ hy,=250 mm
A
hy,
Y
d)pl
O
hy,
FIGURE 4.21 Rotor geometry and rotor pole leakage flux ®@,,.
TABLE 4.1 The Magnetization Curve B(H) for the Iron Cores
B(T) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
H(A/m) 35 49 65 76 90 106 124 148 177
B(T) 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

H(A/m) 220 273 356 482 760 1340 2460 4800 8240 10,200 34,000
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The air gap magnetic field H,,, is

By 0.85

Ho . X

Hgle =

The magnetic fields at the stator tooth top, middle, and bottom (Hy, H,;, H) are related to Figure 4.22
which shows that the stator tooth is trapezoidal as the slot is rectangular.
The flux density in the three tooth cross-sections is as follows:

By =B ——3; We=0.02m; t3=——= 0.8635
uoW qm 63

=0.048m

- Dis+hs
P L. C S B
Won 2pqm

B, :BB_(rsts); W, = n(D,-5+2h5,)_W
W 2pgm

Finally,

By =0.85i =1457T
48-20

(3.85+0.130)
Wy =—————7-0.02=0.0296m
14x6x%3

48-20

By =1.457- =1.378T

m(3.85+2x0.130)
Wp=—""——""-—o2-002=0.0312m
14x6x3

(48-20)
Bc =1457->————~=1307T
31.2

W;g=31.2 mm

hgr=130 mm

FIGURE 4.22  Stator slot geometry and the no-load magnetic field.
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From the magnetization curve (Table 4.1) through linear interpolation,
H, =1090.6 A/m
H,, = 698.84 A/m
H.=501.46 A/m

The maximum flux density in stator yoke By is as follows:

B . .
Bﬁ:l- gF1208635-085:O.974T
n h e 0.24

s

From Table 4.1,
H,, =208.82 A/m

Now the average length of the flux line in the stator yoke “reduced” to the peak yoke flux density
B, is approximately

~ n(Dy +2h, +hy,)

I~
pA 417

Koo

ys

05<K, <1

The value of K, depends on the level of saturation, etc. FEM digital simulations may be used to
find the value of the fudge factor K. A reasonable value would be K, ~ 2/3.
Therefore,

7(3.85+2.013+0.24) 2
L, = x—=0.3252m
4x7 3

We may now calculate F, ,, from Equation 4.82:

1
Fux =2(0.676-10" x2-107 +g(1090.6+4><698.844—501.46)]-0.130
+208.82+0.3252 =27365.93 A turns

Now the leakage flux @, in the rotor—between rotor poles (Figure 4.20)—is proportional to F .
Alternatively, @, may be considered as a fraction of pole flux ®,:

2 2
D, =B * T+ Lyack =—0.85-0.8635x0.39 =0.649 Wb
T T

q)pI:Ksl(Dpl; K51z0.15—0.25

®, =0.15-0.649=0.09747 T

Therefore, the total flux in the rotor pole @, is

@, =@, +®D, =0.649+0.09747 =0.7465Wb
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The rotor pole shoe is not saturated in the no load despite of the presence of rotor damper bars, but
the pole body and rotor yoke may be rather saturated. The mmf required to magnetize the rotor F,,,,,,
is as follows:

Eoor = (Fapr + Fyece ) X2 =2(Hpy -y + Hy -1,y ) (4.83)
With the rotor pole body width b,, = 0.25 m, the flux density in the pole body B,, is as follows:

D, 07465

B, =~ =
! lstack 'bpr 1.39x0.25

=2.148T!!

This very large flux density level does not occur along the entire rotor height 4. At the top of
pole body, approximately, ®,, ~ @, = 0.649 Wb.
Therefore,

(B,). ~ D,  0.649
") ar

~ =——=1.8676T!!
lsmckbpv 1.39x0.25

2.148+1.8676
Let us consider an average Byroy =————

H,, = 34,000 A/m.
In the rotor yoke B, is as follows:

=2TI!l. For this value, Table 4.1 gives

5 - On 0.7465

" 2y, Lyar 2%0.25%1.39

=1.074T!!

Therefore, Hyr =257 A/m.
The average length of field path in the rotor yoke [, is

Tc(D,-S—Zg—Z(hsh+h,P)—hy,)
4p,

yr

7(3.85-2:0.02-2(0.09+0.25)-0.25)
= " =0.32185m

Thus, from Equation 4.83, F,,,, is

Forr =2[34,000-(0.09+0.25)+257-0.32185] =23,285A turns

Now the total mmf per two neighboring poles (corresponding to a complete flux line) 2WI, is
2xWilp = Eap + For = 27,365 +23,285=50,650 A turns
The air gap mmf requirements are as follows:

F, =2H g, - § =2%0.676x10° +2x107 =27,040 A turns
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Therefore, the contribution of the iron in the mmf requirement, defined as a saturation factor
K, is

QWi 50,650

14K = -
TR 27,040

=1.8731

Therefore, Ky = 0.8731.

For the case in point, the main contribution is placed in the rotor pole. This is natural as the pole body
width b,, has to leave room to place the field windings. Therefore, in general, b, is around /3, at most.
The above routine illustrates the computational procedure for one point of the no load magnetization
curve By, (I;). Other points may be calculated is a similar way. A more precise solution, at the price of
larger computation time, may be obtained through the multiple magnetic circuit method [5], but real
precision results require FEM as shown in Chapter 5.

4.9.2 Short-Circuit Saturation Curve I, = f(I;); V,=0,n, =n, = ct

The short-circuit saturation curve is obtained by driving the excited SG at rated speed n, with short-

circuited stator terminals. The field DC current I; is varied downward gradually and both I and stator

current I  are measured. In general, measurements for 100%, 75%, 50%, and 25% of rated current is

necessary to reduce the winding temperature during that test. The results are plotted on Figure 4.23b.
From the voltage equation (Equation 4.54) with V, = 0 and I, = I, one obtains

Ned

Ey(If)=Rilse + iXalae + jXoLge (4.84)
Ey(I;)=—jX¢Iy (4.85)

Neglecting stator resistance and observing that, with zero losses, I

o3 = s> as I = 0 (zero torque), we obtain

E\(Ir)=jXals« (4.86)

The magnetic circuit is characterized by very low flux density. This is so because the armature reaction
strongly reduces the resultant emf E, ., to

Elres = _lel '1356 = El _demISSc (487)

which represents a low value on the no-load saturation curve, corresponding to an equivalent small field
current:

Iro=1Ip—Is % =0A-AC (4.88)

FA

Adding the no-load saturation curve, the short-circuit triangle may be portrayed (Figure 4.24). Its sides
are all quasiproportional to the short-circuit current.

In general, by making use of the no-load and short-circuit saturation curves, saturated values of d
axis synchronous reactance may be obtained:

Xy = = (4.89)
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With residual
rotor magnetism

Prime
mover

Without
residual rotor
magnetism

- demnI 3sc

Excitation airgap
Resultant airgap flux density
flux density

A ~

—jX11d35
Ir Short-ciruit
. .
0 I armature
3se reaction

(c) (d)

FIGURE 4.23 The short-circuit saturation curve: (a) experimental arrangement, (b) the characteristics, (c) pha-
sor diagram with R, = 0, and (d) air gap flux density (slotting neglected).

El ISsc
E

1 A

A
B I3sc

X 1 11 3sc

C Ip

0 - A

IFO I3sc 'de/XFA

FIGURE 4.24 The short-circuit triangle.
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Under load, the magnetization state differs from that of no-load situation and the value of X, from
Equation 4.89 is of somewhat limited practical utilization.

4.9.3 Zero Power Factor Saturation Curve V,(I;); I, = ct, cos ¢, =0, n, = n,

Under zero power factor and zero losses, the voltage equation of Equation 4.54 becomes
Vi=E - jXyl;; Li=1s I,=0 (4.90)

Again for pure reactive load and zero losses, the electromagnetic torque is zero; and so is I,.

An underexcited synchronous machine acting as a motor on no load is, in general, used to represent
the reactive load for the SG under zero power factor operation with constant stator current I,.

The field current of the SG is reduced simultaneously with the increase in field current of the
underexcited no-load synchronous motor (SM), to keep the stator current I, constant (at rated value),
while the terminal voltage decreases. This way V;(I;;) for constant I, is obtained (Figure 4.25).

The abscissa of the short-circuit triangle OCA is moved at the level of rated voltage, then a parallel
0B’ to 0B is drawn that intersects the no-load curve at B'. The vertical segment 0B’ is defined as follows:

X,I,=BC (4.91)

Though we started with the short-circuit triangle in our geometrical construction BC < B'C because
magnetic saturation conditions are different. Therefore, in fact, X, (Potier’s reactance)> X,;, in general,
especially in salient pole rotor SG.

The main practical purpose of zero power factor saturation curve today would be to determine the
leakage reactance and for temperature tests. One way to reduce the value of X, and thus fall closer to
X, is to raise the terminal voltage above rated one in the V,(I};) curve and thus obtain the triangle ACB”
whose CB” ~ X, I,. It is claimed, however, that (115%-120%) voltage is required, which might not be
allowed by some manufacturers. Alternative methods to measure the stator leakage reactance X, are
to be presented in Chapter 8. The zero-power factor load testing may be used for temperature on load
estimation without requiring active power full load.

Prime
mover (lower —m— 4:[—]:—
SG

power rating) :[ ]: | A
| B’
---------------- i <
Synchronous t C
_I_]:_ motor on vi'vy X0 1 0 " SA
I I no-load rl ; / / '4/

(underexcited)

AC-DC converter I =ct.
3~ B
Xy Ip/Ig,

Or variable
reactance

(a) (b)

FIGURE 4.25 The zero-power factor saturation curve: (a) the experimental arrangement and (b) the “extraction”
of Potier reactance X,,.
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4.9.4 V,-I, Characteristic, I = ct, cos @, = ct, n, = n,

The V,-I, characteristic refers to terminal voltage versus load current I,, for balanced load at constant
field current, load power factor and speed.

Obtaining the VI, curve needs full real load, therefore in fact it is feasible either only on small
and medium power autonomous SGs at manufacturer’s site or the testing may be performed after the
commissioning at user’s site.

The voltage equation, phasor diagram, and the no-load saturation curve should provide information
such that, with magnetic saturation coarsely accounted for, to calculate V|(I)) for given load impedance
per phase Z,(Z,, ¢,) (Figure 4.26).

LR+ Z 1, = E - jX4ls - jX, 1,

Ly(Ri+Ry )+ I, (Ry+ Ry )+ (Xg+ X0 ) L+ j( X, + X, ) [, = Ey (4.92)

R,
cosf; = 7

As Figure 4.26b suggests, Equation 4.92 may be divided into two equations:

E =L (Ri+Ry)+(Xa+X.)(Ls); I <>0

(4.93)
0=(Ri+Ry)(~Ls)— (X, + X1 )5 1,>0
Ey
Prime mover
(full power) -JXg+ X1,
-(Ry+Rp)I,
Ip —JXa+ XpI,
(b) _(R1+RL)Id
Vi
¢1<0
Ey
¢;=0 ¢ =45°
N
Vi,
Gp=1/2
Isc3
(c) I, 1

FIGURE 4.26 V|-, curve: (a) the experimental arrangement and (b) the phasor diagram for load Z,.
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With I, given, E, is extracted from the no-load saturation curve. Then, with cos @, given, we may choose
to modify R; (load resistance) only as X is

XL = RL tan (O} (4.94)

Then, Equation 4.93 can be simply solved to calculate I, and I,. The phase current ], is

L=Ii+1; (4.95)

Finally, the corresponding terminal voltage V; is

R,

Vi=—Lt
cos @,

Typical V|(I,) curves are shown in Figure 4.26¢. The voltage decreases with load (I,) for resistive (¢, = 0)
and resistive—inductive (¢, > 0) load, and it increases and then decreases for resistive—capacitive load
(@, <0).

Such characteristics may be used to calculate the voltage regulation AV;:

(AV;) _ E, -V, _no-load voltage load voltage (4.97)
Hnseosiu 1 E no-load voltage ’

Autonomous SGs are designed to provide operation at rated load current and rated voltage and a mini-
mum (lagging) power factor cos @,,,,;, = 0.6-0.8 (point N on Figure 4.25¢). It should be evident that I,,
should be notably smaller than L.

Consequently,

deat = Xdsar < 1) Zn :Vi (498)

n N

The air gap in SGs for autonomous operation has to be large to secure such a condition. Consequently,
notable field current mmf is required. And thus the power loss in the field winding increases. This is
one reason to consider permanent magnet rotor SGs for autonomous operation for low-medium power
units; though full power electronics is needed.

Note that for calculations with errors below 1%-2%, when using Equation 4.93, careful consideration
of magnetic saturation level that depends simultaneously on I}, I, I, must be observed. This subject will
be treated in more detail in Chapter 5.

4.10 SG Operation at Power Grid (in Parallel)

SGs in parallel constitute the basis of a regional, national, or continental electric power system (grid).
SGs have to connected to the power grid one by one.

For the time being, we suppose that the power grid is of infinite power, that is, of fixed-voltage ampli-
tude, frequency, and phase.
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3~ power grid

Prime mover

T
|
i
t
VI
I
I
I
I
I
I
I

| II Y vy

Iy
Speed Automatic speed and
governor I field current control

F for synchronization
AC-DC = and P and Q control
converter

FIGURE 4.27 SG connection to the power grid.

In order to connect the SGs to the power grid without large current and power transients, the
amplitude, frequency, sequence, and phase of the SG no-load voltages have to coincide with the same
parameters of the power grid. As the power switch does not react instantaneously, some transients
will always occur. However, they have to be limited. Automatic synchronization of the SG to the
power grid is today performed through coordinated speed (frequency and phase) and field current
control (Figure 4.27).

The active power transients during the connection to the power grid may be positive (generating) or
negative (motoring) (see Figure 4.26).

4.10.1 Power/Angle Characteristic: P, (5)

The power (internal) angle &, is the angle between the terminal voltage V, and the field current
produced emf E,. This angle may be calculated both for the autonomous and for the power-grid-
connected generator. Traditionally, the power/angle characteristic is calculated and widely used for
power-grid-connected generators mainly because of stability computation opportunities. For a large
power grid, the voltage phasors in the phasor diagram are fixed in amplitude and phase. For more
clarity, we neglect here the losses in the SG. We repeat here the phasor diagram in Figure 4.17a, but
with R, = 0 (Figure 4.28).
The active and reactive powers P,, Q, from Equations 4.60 and 4.61 with R, = 0 become

P, =3E1, +3(Xan — X )l (4.99)
Q =-3El,-3X,I;-3X,I; (4.100)
From Figure 4.28,
I, = Vicosdy — E, L I,= V, sindy (4101
X4 X

q
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¢>0

Iy

<
<

FIGURE 4.28 SG phasor diagram (zero losses).

With Equation 4.101, Equations 4.99 and 4.100 become

P :m+é\/ll L_L sin28y (4.102)
Xy X, Xa
2 =2
Q = 3E,V; cosdy _3y2 cos” Oy N sin” &y (4.103)
X, X, X,
Unity power factor is obtained with Q, = 0, that is,
X, sin®$
(EDoo = Vi (cos Sy + X—” ol St J (4.104)
q

For same power angle 8, and V), E, should be larger for the salient pole rotor SG as X, > X,. The active
power has two components: one due to the interaction of stator and rotor fields and the second one due
the rotor magnetic saliency (X, > X,).

As in standard salient pole rotor SGs X,/X, < 1.7, the second term in P,, called here saliency active
power, is relatively small unless the SG is severely under excited: E, < V. For given E,, V}, the SG reactive
and active power delivery depend on the power (internal) angle 8, (Figure 4.29).

The graphs in Figure 4.29 warrant the following remarks:

+ The generating and motoring modes are characterized (for zero losses) by positive and, respec-
tively, negative power angles

o Asdyincreases up to the critical value 8., which corresponds to maximum active power delivery
P,y the reactive power goes from leading to lagging for given emf E,, V, frequency (speed) o,.

o The reactive power is independent of the sign of power angle 3.
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P, PO T — R
_____ I~ 7 R 3ViE/X,
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4|/ : i \ 3ViE/X, Leading / \
foochao—o \ / Q 3VRIX,
2T R / 2 1/%a
T o ot NN wlIN Y 3,
A ¥ hd h
h\ :\L_/// By, 5v1<\\§_, 9, Lagging
\ i / / -1 -
\\ : : // /, /// 3\/12/Xq
N ) 2 / ’
\\ i :// Generator%(%_xi) . _-7
_ -l q d, -
Motor Generator

(@ (b)

FIGURE 4.29 Active P, (a) and reactive Q, (b) powers versus power angle.

« In salient pole rotor SGs, the maximum power P, for given V|, E,, and speed, is obtained for a
power angle 8, < 90° while for nonsalient pole rotor SGs (X, = (1 - 1.05) X,), 8y, ~ 90°.

o The rated power angle &, is chosen in general around 22°-30° for nonsalient pole rotor SGs
and around 30°-40° for salient pole rotor SGs. The lower speed, higher relative inertia, stronger
damper cage of the latter might secure better stability, which justifies the lower power reserve
(or ratio P/P,,).

4.10.2 V-Shaped Curves: I,(I;), P, =ct, V,=ct,n = ct

The V curves represent a family of I,(I;) curves, drawn at constant V,, speed (®,), with active power P,
as parameter.

The computation of V shape curve is rather straightforward once E,(I;)—no-load saturation curve—
and X, and X are known. Unfortunately, when I varies from low to large values so does I, (i.e., I;and I);
local magnetic saturation varies, despite of the fact that basically the total flux linkage ¥, = V,/o, stays
constant. This is due to rotor magnetic saliency (X, # X,) where local saturation conditions vary rather
notably. However, to a first approximation, for constant V; and o, (i.e., ¥,), with E, calculated at a first
fixed total flux, the value of My, stays constant and thus E, & Mp,-Ip & CpyIp; Cry & (Vi,/(®Ig)). I, is the
field current value that produces E, = V,, at no load.

For given I, E, = Cp, x I and P, assigned a value from Equation 4.102, we may compute 8, then from
Equation 4.105, the corresponding stator current I, is found:

2 . 2
L=L+1 = [_EI’L)‘?;OSSVJ +[VIS;(“8VJ (4.105)

q

As expected, for given active delivered power, the minimum value of stator current is obtained for a field
current I corresponding to unity power factor (Q, = 0). That is, (E))I,;, = (E})o, -, may be determined
from Equation 4.105 with 8, already known from Equation 4.102. Then, I;x = E,/C,. The maximum
power angle admitted for a given power P, limits the lowest field current admissible for steady state.
Finally, graphs as in Figure 4.30 are obtained.
Knowing the field current lower limit, for given active power, is paramount in avoiding an increase
on the power angle above 8. In fact 8, decreases with P, raising.
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FIGURE 4.30 V shape curves: (a) P,/3, assisting curves with I;as parameter and (b) the I,(I;) curves for constant P,.

4.10.3 Reactive Power Capability Curves

The maximum limitation of I, is due to thermal reasons. However, the SG heating depends on both I,
and I as both winding losses are very important. In addition, I, I;, and 8, determine the core losses in
the machine at given speed.

When reactive power request is increased, the increase in I, raises the field winding losses and thus
the stator winding losses, that is the active power P,, have to be limited.

The rationale for V-shape curves [6,7] may be continued to find the reactive power Q, for the given
P, and I;. As shown in Figure 4.29, there are three distinct thermal limits: I limit (vertical), I, limit
(horizontal), and the end-winding overheating (inclined) limit at low values of field current.

To explain this latest, rather obscure, limitation, please refer to Figure 4.31.

For the underexcited SG the field current and armature-current-produced fields are having an angle
smaller than 90° (the angle between I, and I, in the phasor diagram). Consequently, their end wind-
ings fields more or less add to each other. This resultant end-region field enters at 90° the end-region
stator laminations and produces severe eddy current losses, which limit thermally the SG reactive power

Eddy currents

Retaining

Stator solid/iron ring

Shaft

Rotor

i —

FIGURE 4.31 End-region field path for the underexcited SG.
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FIGURE 4.32 Reactive power capability curves for a hydrogen cooled SG.

absorption (Q, < 0). This phenomenon is so strong because the retaining ring solid iron eddy currents
(produced solely by the stator end-windings currents) are small and thus incapable of attentuating
severely the end-region resultant field. This is because the solid iron retaining ring is not saturated mag-
netically as the field current is small. When the SG is overexcited, this phenomenon is not important
because the stator and rotor fields are opposite (I and I, phase angle shift is above 90°), and the retaining
magnetic ring is saturated by the large field current. Consequently, the stator end windings-current-
produced field in the stator penetrates first deeply into the retaining rings producing large eddy currents
that further attenuate this resultant field in the end-region zone (the known short-circuit transformer
effect on inductance).

Finally, the Q,(P,) curves are shown in Figure 4.32.

The reduction of hydrogen pressure leads to a reduction of reactive and active power capability of the
machine.

As expected, the machine reactive power absorption capability (Q, < 0) is notably smaller than
reactive power delivery capability. Both, the end-region lamination loss limitation and the rise of
power angle closer to its maximum limitation, seem responsible for such an asymmetric behavior
(Figure 4.32).

4.10.4 Defining Static and Dynamic Stability of SGs

The fact that SGs require constant speed to deliver electric power at constant frequency introduces
special restrictions and precautionary measures to preserve SG stability, when tied to an electric power
system (grid). The problem of stability is very complex. To preserve and extend it, active speed and voltage
(active and reactive power) close loop controls are provided. We will deal in some detail with stability and
control in a dedicated chapter. Here, we only introduce the problem in a more phenomenological manner.
Two main concepts are standard in defining stability: static stability and dynamic stability.

The static stability is the property of SG to remain in synchronism to the power grid in presence of
slow variations in the shaft power (output active power, when losses are neglected).
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According to the rising side of P,(d,) curve (Figure 4.28), when the mechanical (shaft) power increases
so does the power angle 8, as the rotor slowly advances ahead the phase of E,, with the phase of V, as
fixed. When 8, increases, the active power delivered electrically, by the SG, increases.

This way, the energy balance is kept and no important energy increment is accumulated in the
SG’s inertia. The speed stays constant but when P, increases, so does 8. The SG is statically stable if
oP,/88, > 0.

We denote by P, this power derivative with angle and call it synchronization power:

Pg= 9B _ 3E,V, cos&y + 3V} 1ot cos28y (4.106)
03y : X,

P, is maximum at 8, = 0 and decreases to zero when &, increases toward &, where P, = 0.

At the extent that the field current decreases so does &, and thus the static stability region dimin-
ishes. In reality, the SG is allowed to operate at values of §,, notably below &, to preserve dynamic
stability.

The dynamic stability is the property of the SG to remain in synchronism (with the power grid) in the
presence of quick variations of shaft power or of electric load short circuit, etc.

As the combined inertia of SGs and their prime movers is relatively large, the speed and power angle
transients are much slower than electrical (current and voltage) transients. Therefore, for example, we
can still consider the SG under electromagnetic steady state when the shaft power (water admission in a
hydraulic turbine) varies to produce slow speed and power angle transients. The electromagnetic torque
T, is thus, still, approximately,

. 2
7 Bep _3p) EVisingy Vi 11 os (4.107)
0, (ON Xd 2 Xq Xd

Let us consider a step variation of shaft power from P, to P, (Figure 4.33a) in a lossless SG.
The SG power angle power angle should vary slowly from &, to §,,. In reality, the power angle &,
will overshoot 8, and, after a few attenuated oscillations, will settle at §,, if the machine remains in

synchronism.
P/,
Te
P g P
Deceleration energy
A | B
T, -
C Acceleration energy
P
P, sh2 B
A
/ Tal
Pshl A
Sy By dyx Sy Sy dvadyz By dy
(a) — (b)

FIGURE 4.33 Dynamic stability: graphical illustration.
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Neglect the rotor damper cage effects that occur during transients, and the motion equation is then
written as follows:

Jao g T @ =2 (4.108)
podt g
1

dt

with o, s the synchronous speed.
Multiplying Equation 4.108 by dd,/dt, one obtains

d ](dSVJZ — Ty ~T.)dSy = AT-dSy =dW (4.109)
2p1 dl’ shaft e \4 14 .

Equation 4.109 illustrates the variation of kinetic energy of the prime-mover generator set translated in
an acceleration area AA'B and a deceleration area BB'C.

dvy

W, =area of AA'B triangle = I (Tsh,,ﬁ - E)dﬁv (4.110)
%
dvs3

Wy =area of BEC trangle = [ (Tuus 1. )dby (@.111)

Sv2

Only when the two areas are equal to each other, there is the possibility that the SG will come back from
B’ to B after a few attenuated oscillations. Attenuation comes from the asynchronous torque of damper
cage currents, neglected so far.

This is the so-called criterion of areas.

The maximum shaft torque or electric power step variation that can be accepted with the machine
still remaining in synchronism is shown in Figure 4.34a and b and corresponds to the case when point
C coincides with C'.

T

shaft max

Tshaft =0
A

6V 6Vl 6Vsc 6V
() (b)

FIGURE4.34 Dynamicstabilityideallimits: (a) maximum shaft torque step variation from zero and (b) maximum
short-circuit clearing time (angle: 8,,. — 8,,) from load.
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Let us illustrate the dynamic stability by the situation of a loaded SG at power angle &,,. A three-
phase short-circuit occurs at 8, with its transients attenuated very quickly such that the electromag-
netic torque is zero (V; = 0, zero losses also).

Therefore, the SG starts accelerating until the short circuit is cleared at 8V, which corresponds to a
few tens of a second at most. Then the electromagnetic torque T, becomes larger than the shaft torque
and the SG decelerates. Only if the

Area of ABCD > Area of CB'B"” (4.112)

there are chances for the SG to remain in synchronism; that, is to be dynamically stable.

4.11 Unbalanced Load Steady-State Operation

SGs connected to the power grid, but especially those in autonomous applications, operate often on
unbalanced three-phase loads.

That is, the stator currents in the three phases have different amplitudes and their phasing differs
from 120°:

IA(t) = I] COS((D]t _Yl)
2
Iz(t)=1, cos(wlt—a—yz) (4.113)
Ic(t)=1; cos(wlt +23n—y3j
For balanced load, I, = I, = I; and y, = v, = ;. These phase currents may be decomposed in direct, inverse,
and homopolar sets according to Fortesque’s transform (Figure 4.35).
I :l(I +alg+a’l ) a =ej2?n
A+ 3 A B C)

1
IA_:g(IA'f‘azIB'f'(llc); a2=e 3

1
IAOZg(IA+IB+IC)

Iy, =a’l,; (4.114)
Ic. =alyy;
Ig_=al,_;
Ic_=a’I,_

Unfortunately, the superposition of the current sets flux linkages is admissible only in the absence of
magnetic saturation. Let us suppose that the SG is indeed unsaturated and lossless (R, = 0).

For the direct components I,,, I,, I.,, which produce a forward-traveling mmf at rotor speed, the
theory unfolded so far still holds. Therefore, let us write the voltage equation for phase A and direct
component of current I ,,:

Var =Eqs _deIdA+ _jXquA+ (4115)
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FIGURE 4.35 The symmetrical component sets.

The inverse (negative) components of stator currents I, I, I._ produce an mmfs that travels at opposite
rotor speed —o,.

The relative angular speed of the inverse mmf with respect to rotor speed is thus 2m,. Consequently,
voltages and currents are induced in the rotor damper windings and in the field winding at 2w, fre-
quency, in general. The behavior is similar to an induction machine at slip S = 2, but which has nonsym-
metrical windings on the rotor and nonuniform air gap. We may approximate the SG behavior with
respect to the inverse component as follows:

IA_’Z_+UA_ :EA_
(4.116)
Z_ =R +jX_

Unless the stator windings are not symmetric or some of the field coils have short circuited turns E,_= 0.
Z_ is the inverse impedance of the machine and represents a kind of multiple winding rotor induction
machine impedance at 2w, frequency.

The homopolar components of currents produce mmfs in the three phases that are phase-shifted
spatially by 120° and have the same amplitude and time phasing. They produce a zero-traveling field
in the air gap and thus do not interact with the rotor in terms of the fundamental component. The
corresponding homopolar impedance is Z, = R, + jX, and

Xo <Xy (4.117)
Therefore,
Xi>X,> X >X; > X, (4.118)
The stator equation for the homopolar set is
il 40 X0+ V4o =0 (4.119)
Finally,
Va=Vu + Vi + Vo (4.120)

Similar equations are valid for the other two phases. We have assimilated here the homopolar with
the stator leakage reactance (X); & X;). Truth is that this assertion is not valid if chorded coils are
used, when X < X,. It seems that due to the placement of stator winding in slots, the stator homo-
polar mmf has a step-like distribution with t/3 as half-period and does not rotate; it is an AC field.
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This third space-harmonic-like mmf may be decomposed in a forward and backward wave, and both
move with respect to rotor and induce eddy currents at least in the damper cage. Additional losses
occur in the rotor occur. As we are not prepared by now theoretically to calculate Z_ and X, we refer
to some experiments to measure them so that we get some confidence in using the aforementioned
theory of symmetrical components.

4.12 Measuring X, X, Z , Z,

We will treat here some basic measurements procedures for SG reactances: X;, X,, Z_, Z,. For example,
to measure X, and X,, the open field winding SG, supplied with symmetric forward voltages (®,,, fre-
quency) through a variable-ratio transformer, is driven at speed ®, very close but different from the
stator frequency o,, (Figure 4.36):

o, =, -(1.01-1.02) (4.121)
Prime w, n
mover with variable [1 ﬁ ﬁ
speed control and
low power rating I
s —=
W, # W)

VAmax

VAmix

1, T
IAmax
IAmin

FIGURE4.36 MeasuringX,and X (a) the experimental arrangement and (b) the voltage and current waveforms.

(b)
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We need not measure this speed precisely, but we need to notice the slow pulsation in the stator current
with frequency o, — ®,, = (0.01-0.02),,.

Identifying the maxima and minima in the stator voltage V,(f) and current I,(¢) leads to approximate
values of X; and X

Xd ~ VAmax ; Xq _ VAmin (4122)

IA min IAmax

The slip S = (0, — ®,,)/®,, has to be very small so that the currents induced in the rotor damper cage may
be neglected. If they are not negligible, X, and X, are smaller than in reality due to the damper eddy
current screening effect.

The saturation level will be medium if currents around or above rated value are used.

Identifying the voltage and current maxima, even if the voltage and current are digitally acquired and
off-line processed in a computer, is doable with practical precision.

The inverse- (negative-) sequence impedance Z_ may be measured by driving the rotor, with the
field winding short circuited, at synchronous speed ®,, while feeding the stator with a purely negative
sequence of low level voltages (Figure 4.37).

The power analyzer is used to produce

P
z_|= ‘Ii R = (IZP’ (4123)
A- A-
X_=y\z|-(RY (4.124)

Again the frequency of currents induced in the rotor damper and field windings is 20,, = 20, and the
corresponding slip is S = 2.0. Alternatively, it is possible to AC supply at standstill the stator between
two phases only:

7 _Uss

_~ 4.125
2, (4.125)

This time the torque is zero and thus the SG stays at standstill, but the frequency of currents in the rotor is
only ,, = o, (the negative sequence impedance will be addressed in detail in Chapter 8). The homopolar

Prime @0
mover with low
power rating and
fixed speed

I
I

Va Power

Iy analyzer

((

3~

FIGURE 4.37 Negative sequence testing for Z_.
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. r Power
Prime

3V, I
mover with [ﬂ I I A0 analyzer
fixed speed ) II

FIGURE 4.38 Measuring homopolar Z,.

impedance Z, may be measured by supplying the stator phases connected in series from a single-phase
AC source. The test may be made at zero speed or at rated speed o, (Figure 4.38). For the rated speed test,
the SG has to be driven at shaft.

The power analyzer yields the following:

3V, R
|Zo| = 312); Ry =ﬁ; Xo=\|Zo[ - R} (4.126)

A good portion of R, is the stator resistance R, so R, & R,.
The voltage in measurements for Z_ and Z, should be made low to avoid high currents.

4.13 Phase-to-Phase Short Circuit

The three-phase—balanced—short circuit has already been investigated in a previous paragraph with
the current I _;:

E
L, = Xil (4.127)

d

The phase-to-phase short circuit is a severe case of unbalanced load. When a short circuit between two
phases occurs, with the third phase open, the currents are related to each other as (Figure 4.39a):

Ig==Ic=I; Ve=Ve; 1,=0 (4.128)

From Equation 4.111, the symmetrical components of I, are

I, :%(alg +a21C): %(a —az)Iscz - leﬂ

V3 (4.129)
Tano=—I4; I40=0

The star connection leads to the absence of zero-sequence current.
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@0
Prime \\ |-|-| TT
mover (low
power rating) J 0 J_ J:

ABC SG

&) L
2]
@

X

)

Iy

AC-DC converter

(@) 3~ (b)

FIGURE 4.39 Unbalanced short circuit: (a) phase-to-phase and (b) single phase.

The terminal voltage of phase A, V,, for a nonsalient pole machine (X, = X, = X,) is obtained from
Equation 4.117 with Equations 4.114 and 4.115:

Va=Var +Va + Vo =Eg —jX, Iy —Z 14

=En — %Iﬂ (jX:-2-) (4.130)

In a similar way,

Lo (.
Vi =a'Va. +aVe =a’Ey — 2 (ja’X, —aZ.)

3

(4.131)
Ve=aV,, +a’V,_=aE, —ﬂiz(an -a’Z )
+ - + \/g + -
But V; = V, and thus
1
E, =—2 \/52 (X, +2.) (4.132)
5
and V= T;Ldz, =2V, (4.133)
Finally,
X, +Z_=—j3 E/«Ii(h) (4.134)
sc2
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A few remarks are in order:

+ Equation 4.134 with the known no-load magnetization curve, and the measured short-circuit cur-
rent I,, apparently allows for the computation of negative impedance if the positive one jX, = jX,,

for nonsalient pole rotor SG is given. Unfortunately, the phase shift between E,, and I, is hard to
measure. Thus, if we only let:
Z ~—jiX_ (4.135)
Equation 4.134 becomes usable as
X, +X_= M (4.136)

sc2

RMS values enter Equation 4.136.
 Apparently, Equation 4.133 provides a good way of computing the negative impedance Z_ directly,
with V, and I, measured. Their phase shift can be measured if the SG null point is used as com-

sc2
mon point for V, and I,,, measurements.

« During short circuit, be it phase to phase, the air gap magnetic flux density is small, but also dis-
torted. Therefore, it is not easy to verify Equation 4.131 unless the voltage V, and current I, are
first filtered to extract the fundamental.

 Thus, only Equation 4.134 can be used directly to approximate X_, with X, unsaturated known.
As X, > X_for strong damper cage rotors, the precision of computing X_ from the sum (X, + X)
is not so good.

+ Inasimilar way as above for the single-phase short circuit (Figure 4.39b):

E,.(I
X+ X +Xo~ 3’}7(*") (4.137)
scl
with X, > X_> X,
o To a first approximation,
Lyilgm:lam3:3:1 (4.138)

for an SG with a strong damper cage rotor.

o E,, should be calculated for the real-field current I, but, as during short circuit the real saturation
level is low, the unsaturated value of X, should be used: E,,, = I{X ) ynsaturatea-

+ Small autonomous SGs may have the null available for single-phase loads, and thus the homopo-
lar component shows up.

« Thenegative sequence currents in the stator produces double frequency-induced currents in the rotor
damper cage and in the field windings. If the field winding is supplied from a static power converter,
the latter may prevent the occurrence of AC currents in the field winding. Consequently notable
overvoltages may occur in the latter. They should be considered when designing the field winding
power electronics supply. Also, the double-frequency currents in the damper cage, produced by the
negative component set, have to be limited as they affect the rotor overtemperature. Therefore, the
ratio I_/I,, that is the level of current unbalance, is limited by standards below 10%-12%.

+ A similar phenomenon occurs in autonomous SGs where the acceptable level of current unbal-
ance I_/I;is given as a specification item and then considered in the thermal design. Finally, exper-
iments are needed to make sure that the SG can really stand the predicted current unbalance.
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 The phase-to-phase or single-phase short circuits are extreme cases of unbalanced load. The sym-
metrical components method presented here can be used for actual load unbalance situations
where the +, —, 0 current components sets may be calculated first. A numerical example follows:

Example 4.3

A three-phase lossless two pole SG with S, = 100 kVA, at V}; = 440 V and f; = 50 Hz has the fol-
lowing