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ABSTRACT

In recent years there has been a claim of evaluating the weighted average efficiency of
synchronous machines for hydro-generation application instead of a single value at the
rated condition in order to consider the most frequent loadings. This work contributes
to mapping the efficiency of a synchronous machine limited by its capability chart. In a
second opportunity, a histogram of an operating generator is obtained. The crossing of
the aforementioned information allows for the obtaining of a weighted average
efficiency in full capable operation. Some aspects that lead the machine to operate out
from the rated point are raised along with the efficiency-oriented design issues. The
theory involving losses and capability chart of the machine is presented. The behavior
of the losses in loadings different than the rated one is presented as well in which a
theoretical model is included to achieve the efficiency of any loading by using the rated
load efficiency obtained by an approach of an infrared-based calorimetric test. The

proposed methodology is applied to the existent machine.

Key words: Synchronous machines, weighted average efficiency, machine design,
theoretical evaluation, field test.
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CHAPTER 1

INTRODUCTION

With the worldwide increase in consumption of electricity and the use of exhaustible
resources, new forms of power generation have been developed along with the
reduction of environmental impact. New renewable power generation based on wind,
sun, hydro, oceanic, and geothermal potentials, among others, have been proposed
and implemented. Solar, wind and hydro compositions are the most significant
alternatives and make up this introduction.

In many countries, the use of renewable energy has been growing exponentially since
the end of the last decade. By the end of 2017, the total worldwide installed capacity
of photovoltaic was 402 GW. China lead the photovoltaic generation capacity of 131.1
GW, followed by United States (USA) with 51.5 GW, Japan with 49.8 GW and Germany
with 43 GW as shown in Fig. 1.1 [1.1]. According to data from the Brazilian Ministry of
Mines and Energy, Brazil was among the thirty countries with an installed capacity
higher than 1 GW at the end of 2017, putting it among the top ten countries that most
add more PV plants to the Brazilian energy mix [1.2].

Brazilian solar potential is higher when compared to other countries; the northeast
region presents the most significant values of global solar irradiance. In addition, this
area provides favorable climate conditions throughout the entire year. The average
Brazilian irradiance is between 1,200 and 2,400 kWh/m?2year, which is greater than
average European values [1.2].
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Figure 1.1.  Total solar installed capacity and contribution by region [1].



Wind generation has been gaining considerable attention worldwide due to its appeal
in the context of renewable energy generation [1.3]. In 2017, the worldwide installed
capacity of wind generation was more than 500 GW as shown in Fig. 1.2. The main
areas of the world contributors of this installed power were Asia, Europe, North
America, Latin America, Africa and the Middle East. China, the United States, and
Germany are the countries with the most participation in this installed capacity with
respective percentages of 34.9%, 16.5%, and 10.4% [1.3].

Gigawatts
World Total
o 539 Gigawatts
& Annual
487 additions
433 Previous
40 X year’s
370 capacity
319 @)
30 283 \ / W\
238
198 ) e
159
) 121
94
2007 2008 2009 2010 20m 2012 2013 2014 2015 2016 2017

Figure 1.2. Worldwide wind power installed capacity [3].

Whilst worldwide governments have reduced, or even eradicated, tax incentives, off-
shore production has shown a bigger increase than on-shore solutions, moving beyond
the planning process as shown in Fig. 1.3 [1.4]. The main technical reasons regard the
flatness and smaller roughness of the surface in addition to high wind speeds with
smaller variations, leading to higher power density than on-shore generation. Leveled-
off long-term costs have also proven to be smaller among off-shore projects than in
on-shore [1.4]-[1.5].

On the other hand, there are several technologies related to electric machinery
offered by the main manufacturers as shown in Fig. 1.4. The choosing dilemma is not
limited to the decision of whether a synchronous or an asynchronous generator must
be used, but rather if a speed amplifier must be used or not in order to obtain smaller
electric machines. The size of power electronics and harmonics are also issues that
must be analyzed [1.6]-[1.8].
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Figure 1.3.  Worldwide offshore wind power installed capacity 2017 [1.2].
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Figure 1.4. Market Share of Top 10 Turbine Manufacturers [1.2].

The production of electricity from sustainable resources has shown astounding
development worldwide. Likewise, new loads on the power system network have been
done without a proper increase of sources that can be dispatched. This fact implies a
possible system instability since the availability is dependent on renewable
intermittent. In turn, the use of energy storage systems (ESS) and renewable sources
becomes indispensable for generation operation and control [1.9].

As long as alternate current electricity cannot be stored, it must be converted into
another type of energy, such as kinetic, electrochemical, or potential energy, in order
for it to be stored. Such storage allows for electricity to be dispatched in periods of
both high demand and low generation, thus acting as a backup in cases where the
main generation becomes inaccessible [1.10]. In addition, it helps to reduce the usage
of exhaustible fossil fuels while cutting down on greenhouse gas emissions associated
with global warming.



The ESS has attracted the attention of governments, investors, stakeholders, and
researchers as it aims to improve the reliability and resilience of the overall energy
supply chain [1.10]. The functionality of micro-networks and smart grids shows the
new deployed storage power capacity across global markets for the year 2017 [1.11].

The increased penetration of distributed generation (DG) on the grid impacts the
system. For example, on a PV farm on a cloudy day, the produced generation goes
down and as a consequence, the voltage delivered to the load is reduced. In other
words, the system will present faster voltage variations. In order to reduce this
contingency, an ESS can be used. Figure 1.5 illustrates the characteristics of various ESS
options in terms of system power rating and discharge time. Among these
technologies, a battery energy storage system (BESS) is the most attractive due to its
technological maturity and ability to provide both sufficient energy and power
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Figure 1.5. Positioning of Energy Storage Technologies [1.12].

Hydropower plays an important role in this context. For a long time, hydropower has
been used because it is a renewable source with dominated technology. Studies and
advances have been done to further improve this kind of generation. Figures 1.6 and
1.7 show the hydropower contribution to the energy mix throughout the world.
Despite the fact that the graph presented in Fig. 1.6 is from 2016, the total installed
capacity at the end of 2017 was 1,267 GW.

As long as hydropower plays an important role in the world energy mix, it is no wonder
that the efficiency of its components have been an object of study in order to achieve
its maximum potential. Severe rules have been considered in bids and acquisition
contractual terms. For example, each 0.1% reduction in the efficiency of a new
machine represents a 1% increase in the acquisition cost. It is also convenient to note
the changing in regular loading cycles to meet renewables, which are of intermittent



nature, duty cycles. Treatment of such duty cycles is quite limited by today’s machine
standards.
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Figure 1.6.  World installed hydropower capacity at the end of 2016 (including 150
GW pumped storage) [1.12].
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Figure 1.7. Hydropower capacity and generation by region at the end of 2017
[1.12].

The presented issues are intended to be enough to point out the need of more study
on this subject. Thus, this study deals with each one of the presented questions and
evaluates each of the weighted average efficiency in depth. In doing so, it obtains an



efficiency map over the capability chart of any such synchronous generator. After this
introduction, the article can be divided into five chapters followed by the conclusions.

Chapter 2 brings forth the weighted average efficiency concept. As is shown, the
present times require variable generation rather than the operation of the generator
only at the nameplate rated condition. Issues such as resource availability, influence of
variable, new renewable power generation, market rules and efficiency oriented
design are discussed.

Chapter 3 is dedicated to efficiency and loss evaluation. The term efficiency is defined
and an equation for its calculation as a function of input and output power is
presented. Knowing that all of the energy transformation lies in losses, all of the
different losses natures present in the synchronous generator energy conversion are
considered and defined. In addition, the calculations of losses in any loading condition
are presented as a function of the segregated losses obtained from tests at the rated
loading condition.

An approach to the thermodynamic test, also known as calorimetric test, based on
infrared thermal imaging is presented in Chapter 4. In this proposed method, it is
considered that all of the losses are converted into heat and are released from the
machine in transmission, convection, and radiation forms. This chapter shows the main
equations and a special treatment in the heat transfer coefficient definition in addition
to presenting a calculation. A proposed method of analysis of the acquired data is also
covered in this chapter. The three running together necessary in order to find all of the
segregated losses in the machine is also presented.

Chapter 5 is rendered to cover the capability chart basis and construction. The
demonstrations come from simple vector diagrams and basic discussions and end in
the drawing of the capability chart of a synchronous generator. The covered limits are
the rotor heating, armature heating, practical stability, minimum excitation and core
end heating. The latter have been less considered in salient pole synchronous
generators rather than in the cylindrical rotor ones. Nevertheless, it has been
considered and its being obtained in the light of the V curve family is presented.

Chapter 6 makes a combination of all of the aspects covered before with application to
unit #6 of the Furnas hydropower plant generator. Tests were applied in order to
determine the segregated losses at rated conditions. In addition to the no-load
saturation curve, the field current for a given loading point is calculated, resulting in
the family of V curves and the efficiency map of this generator. An analysis operation
of this machine is presented, resulting in a 2D-Histogram representative of the
operation of the machine. Eventually, the average efficiency weighted the percentage
number of hours of operation in the several loading points is calculated for this
machine. Chapter 6 is followed by conclusions and references.



CHAPTER 2

THE WEIGHTED AVERAGE EFFICIENCY CONCEPT

The rated efficiency of a synchronous generator is defined by its rated active power at
the rated power factor. Nonetheless, it has been noticed that it is difficult to find a
generator operating at rated conditions. The reason for such a statement may arise for
several reasons. This chapter presents some arguments that sustain those reasons,
discusses the efficiency oriented machine design, and introduces the concept of
weighted average efficiency.

2.1 The operation out from rated conditions
2.1.1 The influence of new renewables

It is well known that wind and solar generation present great variability. Figure 2.1 and
Fig. 2.2 respectively show wind and solar resource variation throughout a given year
[2.1]. The correspondent generated power will eventually follow such variations. Many
of the solutions point to energy storage systems. However, beyond batteries and other
less common energy storage systems, hydropower plants have been seen as an
effective way to store energy, or at least minimize the variations of the power
available to the power system.

In this context, the generated power of a given hydropower plant will increase and
decrease constantly over time in order to follow the new renewable variations.
Therefore, when there is renewable power, the dispatched power of hydropower plant
will remain low. If there is no available renewable power, the dispatched power of
hydropower plant will be high. In short, the hydropower plant would work to
complement the power generated to other renewable sources.

This variation of generated power imposes a duty cycle that is different from those
duty types presented in IEC 60034-1 with sequential variation. The synchronous
machine must be designed to afford this generated power variation followed by a
constant temperature variation, bringing insulation problems and reducing the
expected life time of the asset.
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2.1.2 Energy issues

A hydro power plant depends on hydro resource availability, namely that of head and
flow. It should be noted that, as a renewable power source, the hydropower plant is
also subjected to resource availability. Of course the variations are much less than
those in wind or solar generation. The degree of influence can be divided into two,
depending on whether it is a run-of-river power plant or if it has a reservoir [2.2].

For run-of-river power plants, there is almost no variation in the available head but the
active power generation is subjected to the availability of the inflows. The duration
curve of inflows may be used to evaluate the flow variation as shown in Fig. 2.3.
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Figure 2.3. Inflow variation of two different power plants.



The inflows for a power plant located in the headwaters of the basin, the Ouro River in
the state of Bahia, Brazil, are shown in Fig. 2.3.a. The difference between maximum
and minimum flow are noticeable. The curve shown in Fig. 2.3.b is almost flat and the
difference between maximum and minimum flow is very low. The figure represents
the inflows of the Formiga River in the state of Mato Grosso, Brazil. A reference index
is the difference of the maximum to the minimum inflow over the average of the
inflows. For the first case, the index is 1.668 while for the former case it is 0.439. This
quite observably means that the power generated in the first case will have greater
variations than that of the second case, which will remain nearly constant.

The variation of the inflows is also reflected in the variation of generated power and in
the correspondent energy. Therefore, due to low inflows during some periods of a
given year, the generator will work at a low power less than its rated power.
Nevertheless, with high inflows, the generator will work at its full power.

This same question will be reflected in other issues such as the number of units in a
power plant. If there is a lot of variation in the inflow, the hydro turbine must
withstand the minimum flow in which case a great number of units may be necessary.
When there is nearly no inflow variation, the number of units may be lower. The
number of units can increase due to other technological-related reasons as is the case
with the Itaipu hydro power plant. The hydropower plant is located at the end of the
Parana River with a natural regularization. As it is a plant of 14,400 MW, the total
power must be divided among the 20 existent units in order to keep the power of each
generator lower than the upper limit of design in the time of the hydropower plant
construction.

Those questions, along with others that may be raised, are related to the run-of-river
hydropower plants that do not have a reservoir. For those hydropower plants with
reservoirs, the flow into the hydro turbine can be rather constant because the water is
stored when there are high inflows and the water is released for the low inflows,
keeping it quite constant. Therefore, the flow does not vary too much, but rather the
head may vary with the inflows.

The graph shown in Fig. 2.3 demonstrates the variation of the gross head in a Furnas
hydropower plant in Brazil while Fig. 2.4 presents the duration curve of the gross head.
The significant variation of the net head over the years can be observed. The head
variation can be explained in part by the reduction of inflows with the notorious
climate change or due to the extreme usage of the stored water in the hydro cascade
[2.3]. With the same proportion of flow, the head variation affects the generated
power in a direct proportion. In the example presented, the gross head varies from
approximately 80 m to about 100 m. Thus, a variation of at least 20% in the generated
power is expected.
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Figure 2.4. Gross head variation over time.
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Figure 2.5. Gross head variation duration curve.

For a long time, the hydro turbines have been prepared for head and flow variations in
the sense that their behavior in such situations is extremely well-known [2.4]. The so-

called hill chart, presented in Fig. 2.6, depicts the efficiency of the turbine as a function
of the discharge and head.

In the same way, the average efficiency of turbines, weighted by some different loads,

is very commonly seen in the regular bids of generating equipment for hydropower
plants.
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Figure 2.6. Operation chart of a hydro turbine.

2.1.3 Electricity market issues

While hydro power plant generation depends on the hydro resource availability, the
final product, i.e., the generated energy, is sold on the electricity market at the current
price. The term energy is applied to the active power over time while the reactive
power may be payed as an auxiliary service in order to maintain the voltage in the
power systems within acceptable values and attend stability issues.

The market premises are dependent on the country of study as each country develops
its own rules to deal with this problem. There are many methods of monetary
valuation. For instance, one method imposes fixed prices for the energy in which the
power plant is reimbursed based on its firm energy and the monetization of any
demanded reactive power is included in this price. As an alternative, the power plant’s
owner can deal straightforwardly with the consumer establishing the price for the
energy. Another method is the so-called spot market where both producer and
consumer negotiate energy prices in a chamber, generally to help solve either a
surplus or a deficit problem. There are markets in which the price of energy is defined
in an hourly basis, commonly known as TOU — Time-Of-Use.

12



Therefore, energy conversion efficiency, resource availability and the prices both for
the energy and for the auxiliary services are in game. The loading of a generator must
maximize the benefits along with the sale of energy. Of course, on the other side of
this balance, and in center of the game, is the generator machine which must
withstand the required generation variation, always bearing in mind its loss of life
while staying under control.

2.2 Efficiency oriented design

Many design factors have an influence on the machine rated efficiency, which is
dependent on the various types of losses that occur inside the machine during the
energy conversion. The efficiency-oriented design is a design of the machine taking
into account the most probable points of operation. It means that the highest
efficiency will be sought to meet the most probable operating points.

The distribution of the losses is very important because it will dictate to efficiency not
only in the rated point, but also in its behavior in all of the operation areas. Of course it
depends on the design of the machine since each design will eventually result in a loss
distribution.

It is common to consider the Esson Factor (c) in the dimensional analysis of a generator
while designing a rotating machine [2.5]. The equation involving the Esson Factor is
shown in (2.1) and establishes that the power (S) of a machine is proportional to its
pseudo-volume given by the active length (L) times the square of the bore diameter
(D) and to the speed (n). Two alternatives are shown in Fig. 2.7.

S=cD?Ln (2.1)

D Q/:ﬁ.
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- o

D
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Figure 2.7. Dimensional analysis of a generator.

While the horizontal shaft arrangement depicted in Fig. 2.7.a is common to turbo-
generators and hydro-generators with speeds greater than roughly 300 rpm, the
vertical shaft approach presented in Fig. 2.7.b is applicable to hydro-generators of
lower speeds.
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Even for same power, speed, and Esson Factor, the manufacturer has great flexibility in
the design, being able to choose the most convenient active length, bore diameter,
and core material. Nonetheless, many other variables are also subject to evaluation
and adjustments, such as the airgap length, stator and rotor windings current density
and resistances, insulation, stator and rotor yokes lengths, and saturation.

It is convenient to notice that when a greater diameter is chosen, the periphery speed
will increase and, as a consequence, the windage loss (viscous friction) and that the
necessary power absorbed to move the airflow will also increase.

T
v=—Dn (2.2)
60

Where Vv is the periphery speed (m/s), D is the core diameter (m) and n is the rated speed
(RPM).

Empirical equation for windage loss (Py) calculation is [2.6]:
121 .
Pw = Qair (APajr + APpey) e 1077 + Py (2.3)
\%

Where Py is the windage loss (W), Qi is the air flow (m3/s), ny and is the ventilator
efficiency. AP; and APy, .4 are the pressure drop in the air and in the heat exchanger (N/m?):

_ p 2 2 Vair 175
APy =5 v {1.85 L+ [2.35 +z ( : ) ]} (2.4)

Where p is the air density (kg/m?) at the temperature of operation, L is the core active length
(m), and v, is the air velocity (m/s).

The losses with viscous friction may be given by:
Py =56D¢n3(0.1D+1L) (2.5)
Where Dg is the diameter over the airgap line (m).

While the bearings loss remains almost constant as long it does not depend on the
machine dimensions and is external to the machine, the windage loss will vary with the
diameter raised to the fourth power. Such a happening is of bold importance. It is
expected that the percentage of the windage loss may increase to the fourth power of
the percentage rotor diameter increase. With the diameter increase maintaining
power and voltage as constants, it is expected that the field current, both at no-load
and at rated conditions, will also increase.
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It is explained, at least in part, that as long as the output power, speed, and Esson
Factor remain constant, then so too will the pseudo-volume (D?L) also be constant
(2.1). The active length reduction is proportional to the inverse of the squared
diameter increase. Likewise, the active area (A) is inversely proportional to the
diameter increase.

L, =1, (D1/D2)2 (2.6)
A, = A, Dy/Dy (2.7)

Thus, in order to maintain the output voltage, the excitation current percentage must
increase in approximately the same proportion as the percentage rotor diameter
increases. Despite the rotational speed remaining constant, it is also expected that the
percentage increase in the mechanical friction loss due to the field current increase.

An increase in the excitation current does not directly imply in the rotor current loss as
it is also dependent on the rotor resistance. Ultimately, the field current loss variation
is proportional to the resistance variation and the square of the field current variation.

The same reasoning should be applied to the stator current losses. Considering the
basic premise adopted here, with the power and voltage being the same, the stator
current loss will depend on whether the resistance in the stator will remain the same
or not.

In maintaining the core material, the losses in the core will vary within the flux and
dimensions of the stator yoke and teeth. If the dimensions remain the same, the loss in
the core material tends to increase to a larger diameter.

In order to illustrate the aforementioned establishments, two different designs were
compared. The compared machines have the same rated characteristics but different
dimensions, i.e., the second machine has an active length of about 25% smaller than
the first machine, resulting in a greater diameter, different construction, magnetic, and
loss characteristics. Table 2.1 depicts the rated characteristic of the machines while
Table 2.2 shows the changes in fundamental quantities.

Table 2.1. Rated quantities of studied machines

Symbol | Quantity Unit Value
S Apparent power MVA 100
\Y Voltage kv 13.8
PF Power factor - 0.85
| Current A 4184
n Rotational speed RPM 257.14
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Table 2.2. Fundamental quantities behavior

Symbol | Quantity Unit #1 #2 Variation
L Stator active length mm 2500 1870 -25.20%

D Stator bore diameter mm 5200 6000 15.38%

Iro No-load field current A 374 427 14.17%

Ip Full load field current A 753 862 14.48%

Ra Stator resistance Q 0.0033032 | 0.003284 | -0.58%
Rg Rotor resistance Q 0.2369 0.177 -25.28%
np | Arcooling temperature K 30.8 275 | -10.71%

increase
\4 Periphery speed m/s 70.01 80.78 15.38%

The diverse losses will change as the dimensions change. This will affect not only the
rated efficiency, but also the efficiency along all of the operating area delimited by the
capability chart. The diverse kind of loss and its behavior is depicted in Table 2.3
whereas the total loss and efficiency in rated condition are presented in Table 2.4.

Table 2.3. Losses behavior
Symbol | Quantity Unit #1 #2 Variation
Pc Core losses kW 238.4 258.8 8.56%
Por Brush mechanical friction loss kw 1.5 1.7 13.33%
Ps Bearing loss kw 185 185 0.00%
Py Windage loss (total) kw 165.7 287.4 73.45%
Psc Armature current loss (@ 75 °C) | kW 210.9 209.7 -0.57%
Prc Rotor current loss (@ 75 °C) kw 163.5 159.7 -2.32%
Pg Excitation loss kw 13.2 12.9 -2.27%
Pg Stray-load loss kw 136 138.9 2.13%
Table 2.4. Total losses and efficiency behavior
Symbol | Quantity Unit #1 #2 Variation
Pr Total loss kw 1114.2 1254.1 12.56%
H Efficiency % 98.71% 98.55% -0.16%

In the two previously discussed projects, the stator and rotor windings current density
and resistances, insulation, along with their stator and rotor yokes, remained constant.
The bearings loss was the same in both cases. Figure 2.8.a and 2.8.b respectively show
participation graphs of each loss in the total loss in both cases.
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Figure 2.8. Losses participation in the total loss.

The diameter increased by about 15% from the first design to the second design. This
means that the periphery speed has a percentage increase of the same amount. When
this percentage is raised to the fourth power, it results in 74.9%, which is almost the
same amount of the increase in the windage loss. The core loss increased as there
were no modifications in the armature and rotor yokes, as can be seen in Fig. 2.9.

As long as there was no variation in the armature current, the stator loss followed the
variation in the stator resistance of about -0.58%. As previously explained, the field
current increased in the same proportion of the stator diameter increase. Therefore,
the brush mechanical friction loss increased in the same proportion.
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Despite a field current increase of about 14.5%, the current loss in the field circuit
reduced by about 2.3%. This can be at least partially explained by the field rotor
resistance reduction of 25%. In fact, the squared increase in the field current
multiplied by the 25% reduction in the field resistance will result in an overall
reduction of -2.1% in the field current loss.

Figure 2.9 presents the percentage magnitude losses variation between the two
designs. The Fig. 2.10.a and 2.10.b shows the comparison of the machines #1 and #2,
with same nameplate characteristics but with different diameters, 5200 mm and 6000

mm.
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Figure 2.9. Percentage magnitude losses variation
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Figure 2.10. Machines cross-sections with proportional dimensions.
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2.3 Weighted average efficiency

It was recognized that a modern machine should afford a high number of stop-start
cycles; it ought to operate over the load range, but infrequently at a rated load; and
allow a high share of reactive power for grid stabilization with full use of the under-
excitation capability.

Extending considerations beyond the impact of the duty cycle, the impact of variable
loading on other specified generator characteristics, such as efficiency, was also
considered. This may be of particular interest and concern in cases where the
generator is being specified for replacement of an existing unit, independent of the
prime mover, for example. In such cases, comparison of generator efficiencies
explicitly may weigh on the equipment selection whereas for most cases in which both
the prime-mover and generator are supplied as a package, the combined efficiency is
of primary consideration.

With large variations in load, generator losses vary, resulting in significant changes in
generator efficiency. While the overall generating plant efficiency is largely dictated by
the cycle thermal efficiency, a review of the generator’s losses versus load is
instructive.

In this context, the weighted average efficiency plays a very important role. In the past,
the efficiency measurement at a given point, in general the rated power, was enough.
Nowadays, due to the several established arguments in this document, it was realized
that a generator operates at several points, and therefore, the knowledge of the
energy conversion efficiency at those points is important, just like the knowledge of
efficiency at the rated condition.

Considering rated voltage, speed, and frequency under balanced load conditions, the
weighted average efficiency shall be calculated according to the following formula.

n
Nw = Z Ax Nk (2.8)
=1

Where
n
Z Ap =1 (2.9)
k=1

Where 1),, is the weighted average efficiency, n is the number of loading points at
rated voltage, rated speed and specified power factors. Ay is the weighting factor at
specified power factors, and 1y is the efficiency corresponding to each loading point.
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New versions of recognized standards, such as IEC 60034-33 [2.7] and |IEEE C50.12 [2.8],
will consider the weighted average efficiency.

In the approach adopted in this study, the weighted average efficiency is obtained
from two referent pieces of information: the efficiency map and the 2D-Histogram of
the loading.

The efficiency map is obtained from the loss segregation at the rated point and the no-
load saturation curve. These are tests that are often utilized when acquiring a
generator. From the no-load saturation curve, the excitation current for any active and
reactive pair loading can be obtained. Therefore, the losses dependent on the
excitation current can be calculated. Of course, the armature current is dependent on
the active and reactive loading powers, and the losses dependent on the armature
current that can be readily calculated. Thus, the efficiency for any active and reactive
loading powers can be calculated, resulting in the so-called efficiency map.

The 2D-Histogram is evaluated by the probability of finding a synchronous generator
working in a given active and reactive loading powers. It is a constructed history of
generator operation, in general, for each hour of an entire year, resulting in 8,760
active and reactive power pairs. This may be possible for existent generators that are
already installed in the field. For new generators, recently purchased or while in the
biding process, few points may be specified with their respective weight over their
efficiency.

The information obtained through the efficiency map is crossed with the information
raised in the 2D-Histogram. Each active and reactive loading point has its efficiency and
probability. The multiplication of these two values will result in the efficiency weighted
by the time length of this single point. The summation of the efficiency weighted by
the time length for the several points within the capability chart will eventually result
in the weighted average efficiency.

Consider the example presented in Fig 2.11. The figure presents a capability chart of a
1000 MVA+ rounded pole synchronous generator [2.9-2.12]. Within the capability
chart, there are several lines of the same efficiencies. The yellow boxes represent the
most important points of operation of this machine. Inside each box there is the
weight of each point. It is worth mentioning that this machine was not yet constructed
or even installed; therefore, the contents of each yellow box represent the expected
percentage number of hours of operation of this machine at this point. The sum of the
number in the yellow boxes must be 100%. The rated efficiency is 99.96% while the
weighted average efficiency is 99.08%, i.e., 0.12% more than that exhibited at the
rated load.
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CHAPTER 3

MACHINE LOSSES AND EFFICIENCY

3.1 Efficiency and losses definitions

The efficiency (n) of any energy conversion system is the relation between the output
(P,) and the input (P;) of this system as described in (3.1).
Po
= — 3.1
n=3 (3.1)
Equation (3.1) is the base for calculating the efficiency using direct methods and is
always applied to active power.

It is worth mentioning that the use of the direct method, when the efficiency is high,
involves the measurement of input and output powers of approximately the same
order. The unavoidable measurement errors tends to fall upon both input and output
power measurements, leading to considerable inaccurate results.

On the other hand, the difference between input and output powers is a result of
power losses () inherent to any energy conversion system. For a generator, the input
power is of mechanical nature while the output power is of electrical nature. The
mechanical power is a product between torque and speed. While speed is often
reasonably easy to measure, torque is very difficult, which often leads to large errors.
Therefore, writing the input power as a function of the output power and losses, one
can obtain the result.

Pi - P1 P0
T="p Tp+p

The determination of the power losses is the heart of the indirect efficiency test

(3.2)

methods.
3.2 The diverse nature of the losses

The losses in a synchronous generator have several natures. The total loss is the
summation of the individual loss which is characterized as follows [3.1-3.3].

3.2.1. Current losses in the armature (Pgc)
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This kind of loss is due to the AC current flowing in the resistive armature windings. It
is dependent on the armature resistance and on the square of the effective armature
current.

3.2.2. Current losses in the rotor (Pgc)

Such losses are due to the DC current flowing in the resistive rotor winding. This is
dependent on the field resistance and on the square of the field current.

3.2.3. Stator core losses (P¢)

In general, the core losses correspond to the hysteresis and eddy currents. The
hysteresis comes from the current cycle and the residual flux in the magnetic material
whereas the eddy currents correspond to induced currents in the magnetic core and
are of an I°R nature.

3.2.4. Stray-load losses (Ps)

This loss is of magnetic nature in the stator core and of eddy current losses in the
primary winding conductors. It increases with the loading of the machine since fluxes
tend to close with different metal parts rather than the core of the machine, such as
enclosure, shaft, and others. It is often called a supplementary or additional loss.

3.2.5. Windage losses (Py)

This loss is due to the self-ventilation and drag forces in the rotating parts of the
machine. For generator efficiency calculation purposes, the drag forces of any existent
flywheel must be disregarded.

3.2.6. Excitation losses (Pg)

In an ideal world with no losses, the output power of a generator is the generated
power subtracted by the excitation power (Pg). Nevertheless, the excitation power is
summed-up with the prime mover power, resulting in the output power being equal to
the prime mover power, as depicted in Fig. 3.1.

P, Ps Po
@
Pe

P
Figure 3.1. Power flow considering excitation power.
PO = PG - PE (33)
and
PG = Pi + PE (34)
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Therefore,

PO = Pi + PE - PE = Pi (35)

However, in the real world, with losses in energy conversion in the generator (ng) and
in the excitation system (1), there will be:

P, =P — Py (3.6)
and
Po=ng P +ng b (3.7)
Therefore,
Po=ngP+nMgPe—Pe=7mgP —(1—ng) P (3.8)

The term (1 —ng) represents the loss in the excitation system. In other words, it
represents excitation loss, which comprises all the loss in any excitation system.

It can be observed that these equations are valid only if the output power is measured
after the excitation power tap. If the output power is measured before the excitation
tap, the power of the excitation must be added as an input power to the generator,
and the equation of the generator efficiency will be (3.9).

Po
P+ Pg

NG = (3.9)

3.2.7. Bush losses (Py,,)

This loss is due to the excitation current circulation over the brushes resulting in a
voltage drop in the brushes, and is given by:

Por1 =k Vr g (3.10)

Where P, is the loss due to voltage drop in the brush (W), Vi is the excitation voltage
(V), Ir is the excitation voltage (A), k is proportionality quantity valuing either 2 for a
graphite based brush or 0.6 for a metal based brush.

There is also friction loss due to the contact of the excitation brushes with the
collecting rings, which are calculated as follows.

Py = 0.6AV (3.11)

Where Py, is the brush loss due to friction (W), A is the total slipping area in a single
ring (cm?), and v is the periphery speed (m/s).
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3.2.8. Bearing losses (Pg)

There are bearings in the generation set that belong to the prime mover and bearings
that belong to the generator. These losses are related to the bearings that belong only
to the electrical machine. This loss is due to the friction between the shaft and the
generator bearings.

3.3 Determination of the losses for any loading condition

The approach adopted in this study accesses the losses based on the losses measured
in a given loading reference condition. The constant and variable losses are calculated
as follows.

3.3.1 Constant losses

The constant losses are those in which there is no variation in the machine loading.
They are composed by the windage loss, armature core loss, and friction loss.

The windage loss is proportional to its speed cubed. Thus, it is considered a constant
since the machine acting as a generator in a hydro power works at a constant speed to
achieve the constant frequency of the system.

The armature core loss is proportional to the frequency and applied voltage. As both
frequency and voltage are almost constant, the core loss is also considered constant.

There is little variation of friction loss with the loading of the machine. However, as
long as the major effort is due to the turbine axial force, and it is considered almost
constant, the friction loss will also be considered constant.

3.3.2 Armature current dependent losses

The armature current dependent losses are the armature copper loss and the stray
load loss. Both of them vary with the square of the armature current. The armature
current is calculated from the any loading condition:

T -

[, =~— %
A \/§UA

Where P and Q are the active (W) and reactive (var) loading powers, and U, is the
armature terminal line voltage (V).

Note that a correction for the temperature must be applied to the armature copper
loss due to the resistance variation.
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3.3.3 Field current dependent losses

Field current dependent losses are the copper loss, voltage drop in the brushes, and
excitation loss. The first two losses vary with the square of the field current whereas
the third loss is proportional to the field current.

The field current is calculated using de Potier reactance. Given Xgy,, Xqu, Xp, and Ry,
the following sequence is used [3.1].
a) Calculating the loading angle:
[p Rasing — I Xy CcOS
§ = tan—1 [ —2 AP T A AquOS D (3.13)
Up + 14 Racos@ + I Xgy sin@
Where @ is the power factor angle, given by:
¢@ = tan"1(Q/P) (3.14)
c) Calculating the induced voltage:
Equ = Uacosd + Ry I4 cos(d + @) + Xgy 14 sin(s + o) (3.15)

Using the no-load saturation curve, on the airgap line, the value of Iy can be obtained
based on the calculated Egy. Considering the approach presented in [3.4], lgy is:

Ipy = Egu/by (3.16)

d) The angle of the Potier voltage is:

I, Rpsing — I5 Xp cos
e:tan-1< ATASINGP — AP COS P ) (3.17)
Up + 14 Rpcos@ + I, Xpsing
e) The effective voltage back of Potier reactance
Ep = UpcosB + Ry I cos(0 + @) + Xp I4 sin(0 + @) (3.18)

e) Calculation of Igg

The field current Igg is the difference from the saturation curve to the airgap line.
Considering the saturated part of the saturation curve modeled as a second order
polynomial, it is [3.4]:

- E
lps = (Z b; E{,> - (3.19)
i=1 v
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Where the several b; are the coefficients of the polynomial representative of
saturation function and n is the order of the polynomial.

f) Calculation of the field current.
Eventually, the overall field current will be the summation of gy and Igg.

IF = IFU + IFS (320)

For rounded pole generators, the same equations should be used using X, equal to
Xdu-

Note that a correction of the temperature must be applied to the field copper loss due
to the resistance variation.

For a cylindrical rotor synchronous machine where X4, = Xgy,, results in the diagram
of Fig. 3.2.
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Figure 3.2. Potier diagram for a cylindrical rotor synchronous machine.
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3.4. Losses and efficiency calculation for any load

Once segregating losses for the rated condition is done, the losses in other conditions
can be calculated. The variation of the losses generally depends on the current
squared, such as copper losses, in the armature and in the rotor, as was previously
mentioned. Nevertheless, other losses also vary with the square of the current, such as
the stray load loss and the loss in the brushes, as recognized by the Standard IEEE 115,
which brings the following graph shown in Fig. 3.3.

SHORT-CIRCUIT LOSS /
/ STRAY-LOAD LOSS

SQUARE OF ARMATURE CURRENT RATED
CURRENT

POWER LOSS

Figure 3.3. Stray-load loss variation according Standard IEEE 115 [3.1].

The excitation power, on the other hand, is proportional to the field current, and the
core loss is proportional to the armature voltage, in the region from zero to the rated
armature voltage, as depicted in Fig. 3.4 from IEEE Standard 115.

2]
8
—
= /
(7N ] /
% CORE LOSS ]
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—
RATED
ARMATURE VOLTAGE VOLTAGE

Figure 3.4. Core loss variation according to Standard IEEE 115 [3.1].
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The relations are depicted as follows.

2
I
Psc = P (I_A> (3.21)
A
I 2
Prc = Pic (TF) (3.22)
F
I 2
P, =P <1_A> (3.23)
A
2
U
P, =P <U_A (3.24)
A
I 2
P, =P, <1_F> (3.25)
F
. (IF
Pe =P (o (3.26)
F

3.5. Efficiency calculation

Some of the losses are constant and others are variants that are calculated. Therefore,
the final efficiency may be calculated as:

Po

= 3.27
P, + Ps¢ + PR + Pc + Ps + Py + P + P, + Bg ( )

M
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CHAPTER 4

INFRARED-BASED CALORIMETRIC METHOD

The practical determination of the energy conversion efficiency of a synchronous
generator is of utmost importance for both manufacturers and end users that are
interested in calibrating their design techniques and surviving acceptance tests,
respectively. In addition, efficiency indicates how a primary source has been utilized
and thus it can work as a good threshold for maintenance procedures.

As stated before, the efficiency of any energy conversion system is the relation
between the output and the input of this system which forms the basis of the direct
efficiency test methods along with the difference between input and output powers,
which result in the power losses that are inherent to any energy conversion system.
The determination of the power losses is the heart of the indirect efficiency test
methods.

As long as the input power can be obtained by the summation of the output power
with the power loss, efficiency (n) can be calculated as follows. For synchronous
machines of hydro power plants, the measurement of the output electric power (P,) is
simpler than the input power (P;), which is mechanical in nature, resulting in (4.1).

P,
= — 4.1

For a generator, the input power is of mechanical nature while the output power is of
electrical nature. The mechanical power is a product between torque and speed. While
speed is often reasonably easy to measure, torque is very difficult and often leads to
large errors.

Indirect methods, on the other hand, bring the advantage of measuring only one high
power (output) and one relatively small power (losses). As long as the errors involved
in loss determination are proportionally reduced, a lower overall uncertainty regarding
the efficiency measurement will eventually be obtained. Equation (4.2) presents the
efficiency as a function of the output power and losses (B).

P
P, + B

n=1- (4.2)
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Losses segregation methods such as retardation and calorimetric techniques are
described by the most popular standards [4.1-4.2]. Losses determination has been the
subject of several such recent efforts.

Some of the recent studies have applied the calorimetric method of loss determination
on small motors in a laboratory [4.3-4.4]. Theoretical models for studying some losses
of the synchronous machines have been developed, showing a good agreement with
test results [4.5-4.6]. Application of the calorimetric method in a hydropower plant is
presented in [4.7-4.8]. Unfortunately, none of the previous studies have been focused
on the evolution of the calorimetric method, its theory, nor its application.

The contribution of this study relies on the application of the calorimetric method in
order to determine the efficiency of energy conversion of synchronous machines in
situ. Infrared thermal imaging is used to determine released losses through the
machine surface as shown in Fig. 4.1. A different approach to define the heat transfer
coefficient and the consideration of conduction losses in the generator shaft are also
presented.

Figure 4.1. IR thermal image of synchronous generators in a power plant.

4.1 The Calorimetric Method

The basic consideration behind the calorimetric method theory is that all of the
machine losses are converted into heat. Therefore, if a control volume could be
established by involving the machine as shown in Fig. 4.2, all of the machine losses
could be determined through the observed heat exchange.
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4.2 The Calorimetric Method using IR Thermal Imaging

The basic consideration behind the calorimetric method theory is that all of the
machine losses are converted into heat. Therefore, if a control volume could be
established by involving the machine, as shown in Fig. 4.2, all of the machine losses
could be determined through the observed heat exchange.

In this picture, the heat flow of the coolant fluids such as air, water, and oil are
depicted along with their input and output temperatures. Radiation and convection
heat flow are also shown.

This idea has practical application if such control volume could really be constructed
around the machine making it more appropriate for that with small dimensions [4.3-
4.4].

For large machines, it becomes easier if the heat transfer is calculated separately for
each machine component. The losses are proportional to the increase in temperature
of coolant fluids such as air and water for the machine’s internal parts, and oil for the
bearings. The heat that flows through the machine surface to the concrete and to the
environment should also be accounted for. Such a technique is suggested by the
standards [18-19] and is described as follows.
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Figure 4.2. Control volume around the electrical machine.

4.2.1 Losses absorbed by coolant fluids

This parcel of the losses regards cooled machines, including their parts, in which the
moving medium circulates in a closed system. The machine losses absorbed by coolant
fluids can be determined using (4.3).

PP=cpQAB (4.3)

Where P, is the calculated absorbed losses (kW), ¢, p, Q,and A8 are quantities related
to the coolant fluid, being its specific heat capacity (kJ/kgK), density (kg/m3),
volumetric flow (m3/s), and temperature rise (K), respectively.
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Equation (3.3) can be applied to any coolant fluid on any machine part. The values of
specific heat and density should be taken for the average working temperature. Typical
values for the most common coolant fluids are presented in Table 3.1.

In general, for air/water cooled machines, the losses determined with this technique
are internal losses and include the losses due to the Joule effect on the machine
conductors, hysteresis and eddy current losses on the machine core, stray load loss,
and friction and windage losses. For separated oil-cooled bearings, the losses in trust
and in guide bearings can also be determined by using the same approach and related
constants. Examples of measurements are presented in Fig. 4.3 and Fig. 4.4.

The coolant fluid volumetric flow can be obtained in many ways. Non-intrusive
ultrasonic flowmeters have been widely employed with great success due to their
improved accuracy and easy application.

Table 4.1. Typical constant values (@ 300K)

Fluid Air Water Qil
c (kJ/kg-K) 1.012 4.181 2.762
p (kg/m3) 1.184 997.7 876.1

(b)

Figure 4.3.  Combined bearing heat exchanger (a) and thermal image (b).

[RG-1 € 0,90 SC: OFF [RG-1 €.0,90 SC OFF 080527

A Man 299 B Mm2?2 12.09.04

(b)

Figure 4.4. IR thermal images from the machine oil-cooled bearings.
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4.2.2 Losses released by radiation, convection, and conduction

The heat lost because of radiation and convection may be particularly important in
small machines or in large machines having a relatively large amount of exposed
surface with operating temperatures appreciably above ambient [4.9].

These losses comprise the heat transfer from the machine surface to the environment,
heat transfer to the concrete case, and heat transfer through the machine shaft. The
general equation of the radiation and convection losses is:

P=hAA® (4.4)

Where h is the heat transfer coefficient (W/m?2-K), A is the area of the radiant surface
(m?) and AB is the temperature difference between the surface and the environment

(K).

While IEEE std-115 suggests 12.4 as the value for h [4.1], the IEC 34-2 standard
considers a value of 15 in the absence of fluid flow [4.2]. Otherwise, a heat transfer
coefficient dependent on the coolant fluid speed is specified as follows [4.10].

h=11+3v (4.5)
h=5+3v (4.6)

Equations (4.5) and (4.6) are suitable for external and internal surfaces, respectively,
where v is the coolant fluid velocity (m/s). Despite the most common standards
present, their suggestion regards the heat transfer coefficient determination; a deeper
study unveils more suitable ways to determine its value for specific applications and in
order to increase the accuracy of the obtained results. In addition, new technologies
for surface temperature measurement employing infrared thermal imagers bring new
insights for the calorimetric method application and determination of surface losses
presented as follows.

4.2.3 Heat Transfer Coefficient

The heat transfer coefficient depends on several physical characteristics such as
surface geometry, fluid viscosity, flow velocity, thermal properties, and is given by (4.7)
[4.11-4.12].

h=— (4.7)
Where Kk is the fluid thermal conductibility of about 0.0271 (W/m K) for the air, L is the

equivalent length (m) defined by the area of a surface over its perimeter, and Nu is the
Nusselt number.
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The Nusselt number is the convective to the conductive heat transfer coefficients ratio,
and it is a function of the Grashof number (Gr) and the Prandtl number (Pr) product.

Nu = a (Gr Pr)® (4.8)

The values of the coefficients a and b depend on the studied object surface and on the
product value between the Grashof number and the Prandtl. Typical coefficient values
are summarized in Table 4.2.

Table 4.2. Typical values of a and b.

Studied object a b Working range
Horizontal plane surface with 0.54 0.55 10* < Gr Pr< 10°
hotter upper side 0.14 0.33 | 10°<GrPr<10®

Horizontal plane surface with

5S¢ <101
hotter lower side 0.58 0.20 10°<GrPr<10

0.53 0.25 10* < Gr Pr<10°
0.13 0.33 10° < Gr Pr< 10*®
Vertical surface or vertical 0.59 0.25 10" < Gr Pr<10°

cylinder 0.10 0.33 10° < Gr Pr < 10*®

Horizontal cylinder

Whilst the Prandtl number remains in the interval 0.7-0.8 for the air, the Grashof
number is given by (4.9).

Gr = — (4.9)

gl3 A
vz 9

Where g is the gravitational acceleration (m/s?), v is the fluid kinematic viscosity
considered as 16.96 10° (m?/s) for the air and A8 and  represent, respectively, the
difference and the average temperatures (K) between the surface and ambient.

A calculation example of an actual generator with 13.8 m diameter, surface
temperature of 46 °C and ambient temperature of 32 °C would lead to a heat transfer
coefficient of 1.95 W/m?2-K. The IEEE-STD-115 suggested value (12.4) is 6.4 times higher
than this value, while the IEC-60034-2-2 standard suggested value (15) is 7.7 times
higher than this value.

Such differences can be explained as some authors consider the surface losses as the
summation of the radiation and convection losses [15-16]. This fact is also mentioned
by the IEEE-STD-115.The radiation losses are given by

P.aq = £0 A (S —0%). (4.10)
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Where € is the surface emissivity, o is the Stefan-Boltzmann constant equal to

5.67 10 W/mZK, Bs and B, is the surface and ambient temperature (K), respectively.
Rearranging,

(03 — 62) = (05 + 0,) (0% + 62)(6s — 0,). (4.11)

Therefore, the radiation losses (P.) can be determined using the same equation used in
calculating the convection losses.

P. = h,. A A®6. (4.12)
With h, given by:
h, = g0 (05 + 0,) (0% + 03) (4.13)

Finally, the total losses released by radiation, convection and conduction can be
calculated using a composed heat transfer coefficient, h’, given by
k Nu

h' = —Teo (65 +0,) (8% + 0%) (4.14)

The total loss released by radiation, convection, and conduction is:
P, = h'AAO (4.15)

In recalculating the heat transfer coefficient for the previous example, the result from
an updated heat transfer was a coefficient of 9.79 W/m?2K, which is still 21% lower than
the IEEE-STD-115 proposed number and 35% lower than the IEC-60034-2-2.

4.2.4 Temperature Measurement

Surface and coolant fluid temperature measurement is an important subject covered
by the main standards regarding loading and efficiency determination [4.1-4.2].

In general, the temperature readings are punctual and performed using temperature
sensors such as RTDs or thermocouples. Whilst coolant fluid temperature is obtained
from sensors installed in appropriate wells, the temperature information from the
generator cover surface is taken from the average of a number of discrete distributed
sensors readings.

As long as the temperature gradient on the generator cover surface can lead to
significantly different temperatures, a more suitable technique is proposed to precede
the surface temperature metering with the usage of IR thermal imagers.

Every object above the absolute zero temperature emits electromagnetic radiation
due to its atom and molecule agitation. The greater the agitation degree is, the greater
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its temperature will be. According to Stefan-Boltzmann law, the total emitted radiation
of a body grows at the fourth power of its absolute temperature [4.13].

M=¢coT* (4.16)

Where M is the electromagnetic radiation (W/m?), T is the absolute temperature (K), €
is the object surface emissivity (.) and o is the Stefan-Boltzmann constant, equal to
5.6704 10°® (W/m?K4).

IR thermal imagers take advantage of this physical principle to measure temperature
by detecting the emitted electromagnetic radiation of a heated body. Focal plane array
(FPA), a matrix of mxn optical sensors, is used to convert the emitted radiation into a
temperature mapping.

Employing this technique, temperatures can be measured with very high accuracy and
resolutions lower than 0.1°C.

With the temperature distribution map in hand, two approaches are proposed in order
to determine the radiation losses.

4.2.4.1 FOV span

The field of view (FOV) of a camera is defined by the aperture angle of its lens, which
projects the object image onto the FPA. According to Fig. 4.5, in knowing the FOV value
for the two Cartesian directions and the orthogonal distance from the camera to the
target object surface, it is possible to determine the object area covered by the
thermal image.

FOVX)

H=2d tan( (4.17)

FOV,
V= Zdtan( 2 y) (4.18)

Where d is the orthogonal distance from the camera to the surface defined by Hand V
dimensions (m), FOV, and FOVj, are the field of view in the directions x and y (°).
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Figure 4.5. Camera FOV and covered area.

The losses along the FOV span area are obtained through the following equation:
P =hHVA6 (4.19)

Where AB is the average surface temperature increase over the ambient temperature

(K).

Equation (4.12) is valid considering a line of sight orthogonal to the plain surface.
However, it can be mathematically proven that for a typical FOV lower than 30°, the
results remain valid for view angle deviations lower than 20° from the orthogonal.

4.2.4.2 Isotherm diagrams

An alternative proposal for the temperature measurement, along with the
determination of the related area, is the segmentation of the whole thermal surface in
isotherms.

The isotherm technique consists of establishing a temperature range and of mapping
in the original thermal image of all of the pixels with a temperature within this
specified range.

As an example, Fig. 4.6 (a) presents a thermal image of a hydro generator surface,
while Fig. 4.6 (b) shows the associated isotherm for temperatures around 36.2 (°C).
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Figure 4.6. IR thermal image and isotherm of the generator cover surface.

The isotherm surface area can be determined in a number of ways. A consistent
approach lies in multiplying the number of pixels that satisfies the temperature range
criteria by the elementary area covered by each pixel.

This area relates to the instantaneous field of view (IFOV), which is the spatial
resolution of the camera (°), thus defining the smallest detectable target. This depends
on the camera FOV and on the FPA resolution. Considering an mxn FPA resolution, the
equation (4.19) can be rewritten as:

HYV
Piosses = mn Z N; h; A6; (4.20)

Where I denotes the set of considered isotherms. N;, h; and AB; are the number of
pixels, the heat transfer coefficient (W/m?2K) and the temperature elevation over the
ambient temperature (K) for the i-th considered isotherm, respectively.

4.2.4.3 Loss in the Machine Shaft

An often neglected loss in the main standards is the conductive and convective losses
in the machine shaft. Part of the heat created in the shaft friction with the bearing is
not extracted by the coolant oil, but rather conducted through the shaft and released
into the environment as a convective loss.

Despite its small value, it was easier to neglect this loss than to measure it being as
though it was virtually impossible to measure the shaft temperature gradient with the
usage of conventional contact temperature sensors.

The advent of IR thermal imagers brought new possibilities of measuring this
previously neglected loss. A temperature gradient of more than 10 (°C) of a hydro
generator shaft is shown in Fig. 4.7.
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The loss mechanism follows the same theory that is described by equations (4.19) and
(4.20). Nevertheless, a different approach must be adopted in order to determine the
Nusselt number for a spinning shaft [4.14-4.16].

0 D2\ %%
Nu = 0.133 ( 70 ) pr0:33 (4.21)

Where w is the angular speed (rad/s) and D is the shaft diameter (m). The length of the
shaft shall be used when applying (3.20) during h calculation.

RG: 1 €:0,85 SC:OFF 080527
14:37:44

(1200)

Figure 4.7. IR thermal image of a generator shaft.
4.3 Loss segregation

The different type of losses can be determined using the thermodynamic method. For
this reason, running the generator at different conditions, along with applying the
presented methodology, will allow for determining the several losses according to
their nature.

All of the measurements must be made after reaching thermal equilibrium in which
the temperature variation is less than 1% over a 2-hour period. In addition, the
temperature of the cooling fluid and irradiation surfaces may not vary more than 0.5
°Cin three subsequent measurements spaced 30 minutes between each other.

The operating conditions, often called running, may be divided into first, second, and
third runnings depicted as follows [4.1-4.2].

4.3.1 First running

In the first running, the machine is run at its rated speed with no excitation and while
disconnected from the grid. The machine must be disconnected from the elevating
transformer which guarantees the no-load operation.
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After reaching thermal equilibrium, the presented method is applied and the
measured losses correspond to the so-called no-load losses which comprise only the
ventilation loss. The ventilation loss is the summation of the power dissipated in the
cooling system and the radiation and convection surfaces, comprising covering,
concrete walls and the shaft.

As the rotating speed remains constant, the ventilation loss is considered constant in
all loading conditions. Of course there is friction in the bearings that are very small
when compared to the full-load friction loss.

4.3.2 Second running

The machine is run at rated speed with sufficient excitation to obtain rated voltage in
its terminals, disconnected from the grid, all of which at no-load. The machine must be
disconnected from the elevating transformer which guarantees the no-load operation.
In this condition there are only the no-load losses and the core losses.

After reaching thermal equilibrium, the total amount of losses is determined using the
presented infrared approach. Subtracting the loss obtained in the first running from
the losses obtained in the second running will eventually result in the core loss plus the
excitation loss.

The excitation loss can be determined from the relation between quantities of
excitation (voltage and current), which results in the field resistance, and the squared
field current. Therefore, the core loss can be determined.

4.3.3 Third running

The third running is conducted with the machine under permanent three-phase short-
circuit and is sufficiently excited in order to obtain a rated armature current, which is
enough to determine additional loss and armature copper loss.

After reaching thermal equilibrium, the loss in this test is determined from the
summation of the power dissipated in the cooling system and the radiation and
convection surfaces, comprising covering, concrete walls and shaft.

The additional loss is determined by subtracting the armature copper loss, field copper
loss, and ventilation loss from the total loss measured in this test.

The armature copper loss is determined from the measured resistance corrected with
temperature and the armature current of this test. Field loss is determined as the
product from the excitation current and voltage. The ventilation loss is that
determined in the first running with eventual correction due to density of the air and
pressure variations.
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CHAPTER 5

CAPABILITY CHART OF A GENERATOR

The limit of operation of a synchronous generator is essentially of a thermal nature.
The current flowing in the windings results in a temperature increase and in machine
heating. Of course, the machine is designed to afford this temperature rise provided
that it works in an admissible region. The capability chart delimits a region in the
geometric locus of active and reactive power planes where the machine can work
freely without trespassing temperature limits. References [5.1] to [5.5] bring forth
excellent information regarding how to draw the capability chart, including the step-up
transformer [5.6].

As long as the capability chart delimits the freedom of operation, it is included in the
main power system simulator software [5.7-5.8], including AVR and their limiters [5.9-
5.11]. Protection studies also consider the capability curve and assure that the
machine will work in the allowed region [5.12-5.13]. The extent of the influence of
saturation in the capability chart, proven through field tests, has been demonstrated
[5.14-5.17]. The influence of operating conditions and the development of the
capability chart starts from the construction of phasor diagrams.

5.1 Phasor diagram

The phasor diagram is a geometrical construction that aims at representing electrical
guantities as sinusoids of the same frequency. For instance, consider a voltage
described by the following expression:

v =2 Vsin(wt — ®) (5.1)

In this expression, v is the instantaneous value of voltage, V is the effective value of
the voltage, w is the angular speed (2mf) and @ is the displacement angle of the
voltage in relation to a rotating reference (wt). Using such definitions, it is possible to
construct the phasor diagram depicted in Fig. 5.1

b

Figure 5.1. Phasor diagram.
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Consider the following model to represent a generator connect to any load.

o |

Figure 5.2. Electric diagram.

In Fig. 5.2, E is the induced voltage, V is the terminal voltage, X represents the machine
reactance and I is the load current. For an inductive load, and taking the terminal
voltage as a reference, the following expression may be written.

E=V+jXI (5.2)

In phasor form, the (5.2) may be like Fig. 5.3.

Figure 5.3. Phasor diagram.

For the first time, the § angle appears in this diagram. This angle is often referred to as
the loading angle or power angle. This is not the load angle that conducts the load
power factor, but rather the angle between induced and terminal voltages. The
induced voltage is attached to the rotor. Therefore, the loading angle also defines the
position or the pole when a lag of 90 degrees between the induced voltage and the
pole windings is considered.

The synchronous machine is represented as a reactance behind a power supply model,
which is only valid for machines with cylindrical rotors as long as the reluctance of a
round rotor generator is almost the same regardless of the direction taken.
Nevertheless, this does not happen with salient pole machines so long as the
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reluctance is much smaller in the pole shoe region (direct axis) than in the between
poles (quadrature axis), which gives origin to two different types of reactance: the
direct axis reactance and the quadrature axis reactance.

In general, the quadrature axis reactance (Xq) is of the order of 65% to 85% of the
direct axis reactance (Xq4) in salient pole machines whereas for round rotor machines,
the quadrature axis reactance is of the order of 92% to 98% of the direct axis
reactance. Normally, for round rotor machines, it is considered that Xq is equal to Xg,
as the most considered testing standards allow an error of 10% in synchronous
parameter determination. Considering that X, is equal to Xg, adhering to a maximum

error of 8%, which is lower than the error is allowed by testing standards.

The decomposition of the load current in components according to the direct axis and
quadrature axis results in (5.3) which is the expression of the induced voltage in salient
pole machines.

E=V+jXglg+jXqlq (5.3)

In phasor form:

q-axis

iXqlq

d-axis

Q.

j Xd Id

Id ™

Figure 5.4. Phasor diagram for round rotor synchronous machines.

However, it is hard to obtain the previous phasor diagram as long as the locations of
the d-axis and of the g-axis are unknown. Therefore, a mathematical artifice is used,
adding and subtracting j X I4 in 5.3, resulting in the following:

E=V+jXqlg+jXqlq+iXqla—iXqla
E=V+jXql+jXq—Xg)la (5.4)

The following phasor diagram can be obtained.
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Figure 5.5. Phasor diagram for salient pole synchronous machines.

5.2 Steady-state operation

The operation of a synchronous generator at the steady state consists of the control of
the effective value and of the frequency of the terminal voltage when out of
synchronism. In addition to this, it dispatches the active and reactive powers when
connected to the grid. In an off-grid operation, the generated voltage frequency will
follow the speed of the prime mover while the voltage effective value is a direct
function of the excitation current. Both speed and excitation are respectively
controlled by the speed governor and voltage regulator.

When the machine operating is connected to a power system considered as an infinite
bus, both the frequency and voltage are defined by the power system. In this case, the
speed governor and the voltage regulator miss their original aims and are now
responsible for the active and reactive power dispatch. The following table presents
the functions of the regulator under each condition.

Table 5.1. Regulator’s function.
Studied object On Grid Off Grid
Speed Governor Active Power Speed, frequency
Voltage Regulator Reactive Power Voltage value

For a salient pole machine, the generated active and reactive powers may be
calculated by using (5.5) and (5.6) respectively.

P—EV i (8)+Vz ! ! in(26) 5.5
—dem 2 \X; Xq sin (5.5)
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sin?(8) N cosZ(S)l (5.6)

X4 Xq

_EV _v2
Q—X—dcos(S) \Y I

In these expressions, P is the active power (W), Q is the reactive power (var), E is the
induced voltage (V) and V is the terminal voltage (V).

A simplification of the previous equations considers the inexistence of the rotor
salience, conducting to a cylindrical rotor and resulting in a quadrature axis reactance
equal to the direct axis reactance. In this case, the following equations are reached:

EV
P = X—dsm(&) (57)
_EV 5 V2 (5.8)
Q= X—dCOS( ) — X

5.3 P-6 diagram

According to (5.5) and (5.7), the generated active power is strongly dependent on the
power angle and less dependent on the induced voltage. On the other hand, the
reactive power is less dependent on the power angle and is strongly dependent on the
induced voltage as can be seen in (5.6) and (5.8). It may be explained by the fact that
the sin function has a big derivate close to zero whereas the opposite can be observed
for a cosine function.

Also, as seen in (5.7), the maximum power transfer in a turbo-generator happens when
the loading angle is 90°. Beyond this angle, an increase in the loading angle, aiming at a
generation increase results in the opposite, thus reducing the power and igniting an
instability process. Therefore, for round rotor machines, 90° is the theoretical stability
limit as depicted in Fig. 5.6.

P

A

0° 90° =

Figure 5.6. P-6 diagram for a round rotor synchronous machine.
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For a salient pole machine, the P-6 diagram is that shown in Fig. 5.7. As can be seen in
(5.5), there is a second harmonic component that must be added to the fundamental
component. This second harmonic is often called “reluctance power” and is due to the
reluctance difference, resulting in different types of reactance (X4/X4) for salient pole
machines. The theoretical stability limit is therefore in a given angle less than 90°.
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Figure 5.7. P-6 diagram for a salient pole synchronous machine.

5.4 Capability chart

The most severe operative limitations of a given machine are thermal limits, which
may be due to currents flowing in the machine windings or due to circulation of eddy
currents in the magnetic core of the armature. Thus, the capability chart is the
geometric locus in the active and reactive power plane where the machine can have
free operation without hurting temperature limits. Stability is an additional limit that
must be accounted for.

Figure 5.8 shows a hypothetical capability chart for a salient pole synchronous machine
where the limitations are highlighted. The portion A-B is the field heating limit and is
defined by the rated armature current and rated power factor. B-C is the armature
heating limit defined by the rated apparent power which is proportional to the rated
armature current; C-D is the practical stability limit obtained from the theoretical
stability limit; D-E is the minimum field current and is defined by the residual
magnetism of the machine.

Other not shown applicable limits are imposed by the voltage regulator operation,
namely the maximum and minimum operating limits of the prime mover, maximum
and minimum limits of the terminal voltage, minimum excitation, and others.
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Capability chart for a salient pole synchronous machine.

Figure 5.9 shows the capability chart of a round rotor synchronous machine. The parts A-B and
B-C of this chart are quite equal to the capability chart of a salient pole synchronous machine.
The difference is that the saliency is neglected and X4 becomes equal to X4. Therefore, the
semi-circle reduces itself to a single point. This figure also presents the armature core

end heating limit described by the part C-D, which is proper of rounded rotor machines
and neglected for salient pole machines.
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\ ”
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Under-excited

Over-excited
Figure 5.9.

Q

Capability chart for a rounded rotor synchronous machine.

The long-term loading beyond these limits ought to cause overheating and useful life-time

reduction and must be avoided. Nonetheless, a time-limited short-duration overloading may
be allowed with no compromising of the insulation, given by:

k
12-1

t=

(5.9)

Where t is the limited time overloading (s), | is the overloading current (pu) and k is a number
between 100 and 250 given by the manufacturer [5.18-5.20].
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5.4.1 Capability construction

For a rounded rotor synchronous machine, multiplying all of the lengths of the phasor diagram
of Fig. 5.3 by V/X4 will result in the power triangle as depicted in Fig. 5.10 that can be
obtained.

V2 Q
Xd

Figure 5.10. Modified phasor diagram.

Neglecting the saturation, the side EV /X4 is proportional do the excitation current as E
is a direct function of the excitation current. The rated field current is related to rated
induced voltage and is considered as a limitation for the heating of the field windings.
On the other hand, VI is proportional to the apparent power and to the armature
current, giving a good indication of the armature current limit for rated conditions.

As explained, for a round rotor synchronous machine, the maximum power transfer
occurs when the loading angle is 90° in which it establishes the theoretical stability
limit. The practical stability limit is obtained by applying a safety factor either over the
loading angle or over the active power for the same excitation. For the complete
capability chart of the round rotor machine, the minimal excitation limit must be
added, which is about 10-15% of the rated field current and is depicted in Fig. 5.11.
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Figure 5.11. Limits construction of a capability chart for a round rotor synchronous
machine.

On the other hand, for rounded rotor synchronous machines, there are much more
limiting factors than the practical stability limit or the minimum excitation limit, which
must also be accounted for. This is the armature core end heating limit [5.21-5.24].
The armature core end heating happens when, under field weakness, the flux lines
enter the magnetic circuit orthogonally with the lamination of the core. Large currents
are induced in the laminations resulting in heating, as depicted in Fig. 5.12.

(e MJ

Figure 5.12. Operation under flux weakness condition.

This limit is firstly defined in the V chart of the machine (the curves that relates the
armature current to the field current) and then transposed to the capability chart. A
limiting straight line is drawn between two points in the V chart. The first point is
defined by 75% of the rated armature current and 25% of the rated excitation current.
The second point is defined by 100% of the rated armature current and the rated
power factor; the related field current is then determined as depicted in Fig. 5.13.
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Figure 5.13. V-curve and armature core-end heating limits construction.

The values obtained in this straight line must be translated to the P-Q plane, resulting
in the core-end heating limit. This limit is prominent in cylindrical rotor machines even
though it can show-up in salient-pole machines. In order to minimize such a problem, it
is common to produce the armature in a leader shape as shown in Fig. 5.14 while
avoiding the ending of flux lines in the lamination plane of the armature core.

Figure 5.14. Modified laminations to reduce the effects of transversal fluxes.

Due to saliency, the construction of the capability chart for salient-pole synchronous
machines needs a modification in the phasor diagram of Fig. 5.5, thus obtaining the
diagram of the Fig. 5.15.
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The triangle inserted in the semi-circumference is by definition a rectangle. The smaller
leg, (Xq—Xq)Ilg is proportional to the terminal voltage projection into the
quadrature axis, Vsin(§). As Iq is Vq/Xq, the hypotenuse, or the diameter of the
circumference is V (Xq — Xq)/ Xq-

eixo q

/\ j.(xd-xq).iq
j(xd-xq).l 4
/" j(xd-xq).id

j-xq.l

eixo d

Vq =j.xq.iq
6

Figure 5.15. Phasor diagram for salient pole synchronous machine.

Due to saliency, the construction of the capability chart for salient-pole synchronous
machines needs a modification in the phasor diagram of Fig. 5.5, thus obtaining the
diagram of the Fig. 5.15.

Again, multiplying the sides by V/X4 will result in a power diagram. The extreme
coordinates of the semi-circumference will be VZ/Xq and V2/X4. Following the same
steps taken in the case of rounded-rotor synchronous machine, there will be a power
diagram with limits shown in Fig. 5.16.
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Figure 5.16. Introduction of limits.
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As in the rounded-rotor synchronous machine, the curve A-B is the field heating limit
and is defined by the heating created by the rated field current. It is constructed by
using several radial lines departing from VZ/Xq. The semi-circumference with a
diameter of VZ/Xq — V2 /X4 can be considered. In doing so, one can note that as the
unique radial line that comes out of V2/Xq and passes through the point defined by
the rated armature current at a rated power factor, the rated field current is
proportional to the length that departs from the semi-circumference border and ends-
up on this point.

The field heating limit curve is constructed by repeating this length in the several radial
lines. The curve B-C is the armature heating limit, defined by a circle centered in the
origin of the diagram and radius equal to the armature rated current. In per unit size,
this radius is equal to one. C-D is the practical stability limit, and D-E is a minimum field
current.

In (5.5) one can observe that theoretically, the maximum power transfer happens in an
angle that is less than 90°. This is the theoretical stability limit. As in the round-rotor
synchronous machine, the practical stability limit is obtained by applying a safety
factor either over the loading angle or over the active power under a given excitation.
Adopting the first approach, the maximum power for a given loading angle is given
from the partial derivative (5.5) with respect to the loading angle, and making it equal
to zero, resulting in 5.10.

ob_EV (8) — v? ! ! (26) =0 5.10

— = —cos(0) — — ——] cos = .

a6 X4 Xqa Xq ( )
While the diagram P- 0 relates the generated power to the loading angle, it may be
constructed with the available induced voltage. In order to have the maximum power,
the induced voltage is obtained from the later equation and is given by:

B Xq\ cos(28)
E=V <1 - X_q> m (5.11)

There are two approaches to define the practical stability limit. The first is to consider
a constant excitation voltage while allowing a safety factor, for instance 0.75, over the
loading angle for which a new induced voltage is calculated. The second approach is to
calculate the loading angle using (5.10). The following trigonometric identity is used:

cos(28) = 2 cos?(8) — 1 (5.12)

Resulting in (5.13).
2V? 1 1 2(8)+EV (8) — v? L =0 5.13
X: Xq cos X, cos X, X = (5.13)
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Dummy variables are used.

p = cos(8) (5.14)
Y (5.15)
a= X: X, )

EV
b = —-cos(6) (5.16)

X4
=-V? L 5.17
c= X. X (5.17)

Therefore,

ap’+bp+c=0. (5.18)

Where p can be determined as the solution of a second order polynomial.

— Vb2 —
b= b+ Vb 4ac (5.19)
2a
The corresponding delta angle is the angle in which its cosine is p.
& = acos(p) (5.20)

Therefore, the complete capability chart must consider the minimum excitation limit
as seenin Fig. 5.17.

P

/__\I
1
1

VZIXq Vled Q
Figure 5.17. Operating limits of a salient-pole synchronous machine.

A complete capability curve, along with its limits, is shown in Fig. 5.18 for a machine
with X3=1.15 and X4=0.8.
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CHAPTER 6

VALIDATION AND APPLICATION TO EXISTENT MACHINES

6.1 Validation of the methodology

The proposed method was validated using two important machines, one from a medium head
power plant and other from a low head power plant using bulb generator. The methodology
proposed was compared with results from proved software used to design those machines.
The main results are presented as follows.

6.1.1 Validation against a large generator

The rated quantities of the generator are presented in Table 6.1 and the calculated
losses are presented in Table 6.2.

Table 6.1. Rated quantities

Quantity Unit Value
Rated apparent power MVA 679
Power factor - 0.9
Rated voltage kv 18
Rated current A 21779
Rated speed rpm 85.7
Runaway speed rpm 162
Rated frequency Hz 60
Direct axis reactance (Xq) pu 0.98
Quadrature axis reactance (Xg) pu 0.69
Potier reactance (Xp) pu 0.18

Table 6.2. Rated quantities

Quantity Unit Value
Losses in active Iron (core loss @ no load) kwW 1577.8
Brush mechanical fricction loss kw 6.5
Bearing loss kwW 60
Windage loss and viscouss friction kwW 2781
I’R in armature winding DC loss (CC @ 95 °C) kw 1570.8
I’R in field winding DC loss (CC @ 95 °C) kw 1467
All electric losses in excitation system kwW 117.9
Losses introduced by load in active iron kwW 830.9
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The no-load saturation curve was obtained and is shown in Fig. 6.1.
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Figure 6.1. Per-unit saturation curve.

All of the presented data were used to obtain the efficiency map of the machine under
study. In addition, efficiency points were obtained with the manufacturer applying the
same proven software used to design the machine. The comparison of both results can
be made from the picture depicted in Fig. 6.2.
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Figure 6.2. Efficiency mapping .
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6.1.2 Validation against a bulb generator

The rated quantities of the generator are presented in Table 6.3 and the calculated
losses are presented in Table 6.4.

Table 6.3. Rated quantities

Quantity Unit Value
Rated apparent power MVA 82.25
Power factor - 0.9
Rated voltage kv 13.8
Rated current A 3441
Rated speed rpm 100
Runaway speed rpm 300
Rated frequency Hz 60
Direct axis reactance (Xgq) pu 1.09
Quadrature axis reactance (Xg) pu 0.72
Potier reactance (Xp) pu 0.2

Table 6.4. Rated quantities

Quantity Unit Value
Core loss kw 240.4
Brush loss kw 2.5
Bearing loss kwW 0
Windage and friction loss kw 200
Armature winding current loss (@ 95 °C) kw 425.2
Field winding current loss (@ 95 °C) kw 286.1
Excitation loss kW 23.1
Stray-load loss kw 144.6

The no-load saturation curve was obtained and is shown in Fig. 6.3.

All of the presented data were used to obtain the efficiency map of the machine under
study. In addition, efficiency points were obtained with the manufacturer applying the
same proven software used to design the machine. The comparison of both results can
be made from the picture depicted in Fig. 6.4.
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6.2 Application to existent machine

The presented procedures were applied to the generator of the unit #6 of Furnas
hydropower plant to obtain its weighted average efficiency in order for it to be
evaluated. Tests were applied to this machine so as to determine its losses and to
evaluate its efficiency throughout all of its operating range. Concomitantly, its usage
over an entire year was obtained, giving a basis to evaluate its operating histogram.

The rated quantities of this generator are 150 MVA, 15 kV, PF 0.95.
6.2.1 Tests for losses evaluation

The segregated losses were determined using the presented methodology. The results
can also be found in report [6.1].

A. First running

The first running is applied to the machine at no-load and no-excitation. The presented
losses are due strictly to ventilation. The infrared thermodynamic test was applied. The
main measured quantities during this test are depicted in Tables 6.5 and 6.6. The
tables also present the power loss calculations.

Table 6.5. Loss in the radiator
Symbol | Quantity Unit Value
Q Flow in the radiator m3/s 0.018209
T Water input temperature °C 25.861
To Water output temperature °C 34.885
AT Temperature difference °C 9.024
P, Total loss in the radiator kW 683.683
Table 6.6. Loss within the surfaces
Symbol | Quantity Unit Value
Py1 Loss in the generator covering kW 18.738
P, Loss in the generator walls kW 4,154
Pys3 Loss in the turbine covering kW 3.900
P, Total loss in the surfaces kw 26.792

Therefore, the total loss in the first running is the summation of the losses in the
radiator and in the radiant surfaces, and represents the ventilation losses, which
eventually becomes 710.47 kW. Table 6.7 shows the ambient quantities during the
tests used in the calculations.
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Table 6.7. Ambient quantities
Symbol | Quantity Unit Value
Patm Atmospheric pressure mbar 935.70
UR Relative humidity % 32.76
Tamb Temperature °C 36.371
Pbo Air density kg/m3 1.135

B. Second running

The second running, with the machine at no-load and rated terminal voltage, is applied

in order to determine the iron loss.

Table 6.8. Loss in the radiator
Symbol | Quantity Unit Value
Q Flow in the radiator m3/s 0.036686
T Water input temperature °C 25.861
To Water output temperature °C 34.957
AT Temperature difference °C 9.095
P, Total loss in the radiator kw 1388.259
Table 6.9. Loss within the surfaces
Symbol | Quantity Unit Value
Py1 Loss in the generator covering kw 24.021
P,, Loss in the generator walls kw 9.755
Pys3 Loss in the turbine covering kw 10.820
P, Total loss in the surfaces kw 44.595

The total loss in the first running is the summation of the losses in both the radiator
and the radiant surfaces. It represents the core loss plus ventilation loss and the rotor
loss.

The rotor copper loss is determined by multiplying the rotor resistance with the square
of the excitation current, which is 182.58.47 kW. Therefore, the core loss is 540.38 kW.
Table 6.6 shows the ambient quantities during the tests.

61



Table 6.10. Ambient quantities
Symbol | Quantity Unit Value
Patm Atmospheric pressure mbar 935.21
UR Relative humidity % 28.76
Tamb Temperature °C 38.529
Pbo Air density kg/m3 1.133

C. Third running

The third running is conducted while the machine is in a three-phase short circuit with
enough excitation to obtain a rated-stator current. Supplementary and stator copper
losses are determined in this test. The total loss is determined as depicted in Tables

6.11 and 6.12.
Table 6.11. Loss in the radiator
Symbol | Quantity Unit Value
Q Flow in the radiator m3/s 0.041902
T Water input temperature °C 25.451
To Water output temperature °C 33.363
AT Temperature difference °C 7.911
P, Total loss in the radiator kw 1379.354
Table 6.12.  Loss in the surfaces
Symbol | Quantity Unit Value
Py1 Loss in the generator covering kW 23.754
P, Loss in the generator walls kW 8.848
Pys3 Loss in the turbine covering kW 10.456
P, Total loss in the surfaces kW 43.058

The ambient quantities observed during this test are depicted in table 6.13.

Table 6.13. Ambient quantities
Symbol | Quantity Unit Value
Patm Atmospheric pressure mbar 936.67
UR Relative humidity % 34.33
Tamb Temperature °C 37.845
Pbo Air density kg/m?3 1.134
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The resulting ventilation loss here is 710.58 kW. This value maintains itself almost
constantly as described above. The armature copper loss and the rotor copper loss are
355.93 kW and 85.94 kW respectively. Therefore, the remaining loss regards the
supplementary loss, which is 269.96 kW.

6.2.2 Tests at full load

After developing tests under the three specified conditions that aim at determining the
losses of the generator, a test at full load is applied. The test is conducted at the
approximated rated conditions of 160 MVA and 0.95 power factor. The involved losses
are presented in Table 6.14 whereas the ambient quantities observed during the
development of this test are depicted in table 6.15.

Table 6.14. Full load losses

Symbol | Quantity Unit Value
Py Windage loss kW 713.78
Pc Core loss kW 540.38
Psc Stator copper loss kW 327.05
Pg Stray-load loss kw 237.69
Prc Rotor copper loss kw 477.81
Py Brush losses kW 5.93
Pg Bearing friction loss kW 156.17
P Excitation loss kW 33.96
P, Summation of losses kW 2492.75
P, Power output kW 154608.
NG Efficiency % 98.41%

Table 6.15. Ambient quantities

Symbol | Quantity Unit Value
Patm Atmospheric pressure mbar 940.89
UR Relative humidity % 30.10
Tamb Temperature °C 37.864
Pbo Air density kg/m?3 1.134

The bearing losses were calculated using the thermodynamic method. The main
measures are depicted in Table 6.16.
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Table 6.16.  Quantities for the bearing loss calculation

Symbol | Quantity Unit Value
Q Flow in the bearing m3/s 0.032103
T; Water input temperature °C 24.122
To Water output temperature °C 26.667
AT Temperature difference °C 2.546
Ps Bearing loss (generator part) kw 156.17

6.2.3 No-load saturation function test

The no-load saturation test was applied to the machine under a test that showed the
results in Table 6.17, which depicts the excitation current and the related phase

induced voltage.

Table 6.17.  Results obtained in the no-load saturation test.

Ir (A) E (V)
0 0
87 1313
177 2624
266 3888
366 5212
471 6471
599 7805
646 8220
700 8646
757 9058
837 9566
916 9960

1022 10409

1155 10830

1335 11258

The same methodology presented in [6.2] is applied to these data, resulting in the

contents of Table 6.18.

Table 6.18.  Characteristics of the no-load saturation data

a, 20.37
b, 14.61
Alg 1.39
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This indicates that a value of 1.39 must be added to the field current in order to have
the airgap characteristic line passing through the origin. The inclination of the airgap
line is 14.61.

The rated field current is that which gives the rated phase voltage in the airgap. As the
phase-to-phase rated voltage is 15000 V, the phase voltage is 8660 V, resulting in the
rated field current of 592.7 A.

A regression of a fourth order polynomial over the per-unit saturated voltage results in
the following coefficients depicted in Table 6.19 and in the complete per-unit
saturation curve of Fig. 6.5.

Table 6.19.  Coefficients of the per-unit no-load saturation function

Coefficient Value

[ 7.4417

bs -22.228

b, 24.85

b; -10.959

by 2.0737

1.40

1.20 / /o/

1.00

0.80

E (pu)

0.60

0.40 /

0.20 /

0.00
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¢ (pu)

Figure 6.5. Complete per-unit saturation curve.
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6.2.4 Losses and efficiency calculation for any load

Once segregating the losses for the rated condition is done, the losses in other
conditions can be calculated. The variation of the losses generally depends on the
current squared. This can be seen, for example, both in the armature and in the rotor.
Nevertheless, other losses also vary with the square of the current, such as the stray
load loss and the loss in the brushes. The excitation power, on the other hand, is
proportional to the field current, and the core loss is proportional to the square of the
armature voltage.

As long as the armature current is directly proportional to the power output, the field
current must be calculated for each operating point as previously described. For this
generator with a Xd=0.8 pu, Xg=0.6 pu, and Xp=0.18 and the application of the
aforementioned equations, the family of V curves depicted in Fig. 6.6 can be obtained.

The V curves are a family of curves that relates the armature current with the field
current for several active powers, depicting all of the operation points in a
synchronous machine.

1.0

0.8

0.6

la (pu)

0.4

0.2

0.0

0.5 1.0 1.5 2.0
If (pu)

Figure 6.6.  V-curve family for the machine under test.

With such values in hand, it is possible to obtain the map of efficiency of the machine
under study, which is the variation of efficiency in the active and reactive power plane.
Fig. 6.7 presents these results limited to the capability chart of the machine. While the
map of efficiencies has no regard for whether the machine working in these such
several points is possible or not.
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Figure 6.7. Map of efficiency of the tested machine limited by its capability chart.

The machine loading cycle of operation in the year 2017 was studied and presented in
Fig. 6.8. For an expressive amount of the time, the machine was turned off, i.e., about
20% of a given year as shown in Fig. 6.9. When turned on, the machine assumes either
very low active power or active powers between 0.6 and 0.95 per unit. On the other
hand, the machine assumes a wide range of variation of reactive powers, mainly
absorbing reactive power from the system, acting as a real synchronous condenser as

shown in Fig. 6.9.
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Figure 6.8. Loading in 2017.
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Figure 6.10 presents a two-dimensional histogram (2D-Histogram) of the machine
while operating. The color bar scale is in percentage of occurrence, showing the
percentage of time operation during a given loading. The capability curve is also shown
and presents the limits of the operation of this machine. It can be noted that some of
the operating active and reactive power is beyond the limits of the capability chart.

It can be noticed that the machine has an efficiency of 98.5% in rated condition, i.e., an
active power of 0.95 pu with a reactive power of 0.31 pu. On the other hand, a greater
percentage of time, i.e., about 35% of time, it works at 0.65 pu of active power and -
0.45 pu of reactive power. Additionally, it works in vicinities with an efficiency of about
96%. More detail of the picture in the high-active power range is shown in Fig. 6.11,
where a point beyond the capability’s limits can be observed.
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Figure 6.9. Histogram of loading in 2018

It can be observed that the machine does not work at its rated point in which the rated
efficiency was established. Of course, the highest efficiency in rated point, or the
highest efficiency out of this point, will work even though it is expected that the
working efficiency ought to be less than the expected efficiency for the rated point.

The overall weighted average will be reached by evaluating the efficiency at a given
loading point weighted by the number of hours of operation of the machine at this
point or, in other words, with the probability to find the machine operating at this
point.
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Figure 6.10. 2D-Histogram of the loading in 2017 in the P-Q plane.

The calculated overall average efficiency weighted by the time of operation is as low as
64.39%. This low-weighted average efficiency arises because of the long duration of
operation at low active power. If an active power equal to or greater than 0.60 is
considered, the weighted average efficiency would be 98.00%, which is still less than
the efficiency at the rated loading of 98.35%. This fact reinforces the importance of
evaluating the weighted average efficiency rather than a single efficiency value.
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CAPITULO 7

CONCLUSIONS

This study presented a proposal of not only supplying the efficiency at the rated point,
but also one that considers the most probable loading points and in doing so evaluates
the weighted average efficiency. A histogram of operation must be constructed for an
existent generator and for newly-constructed generators, an estimate of the loading
points and the percentage of time by which each one must be evaluated.

The main reasons of operating at a point different than the rated one are shown. This
includes the input availability as well as the energy market. Therefore, the operational
factor must be taken into account instead of considering the efficiency at a single
point, but rather throughout all of the operational area.

A machine can be designed for a specific application. It was observed that the larger
the diameter of a machine, the larger the losses will be. In addition, after several
simulations, it was observed that the losses that really change the loading that occur
the maximum efficiency are the stator current losses and the stray-load losses, which
vary with the square of the stator current.

The analysis of an existing machine starts with the measurement of the efficiency at
the rated point along with the segregated losses. This study presented an infrared
based thermodynamic approach. Three different runs, all of which at special loading
conditions, are necessary in order to obtain the segregate losses. After obtaining the
losses at rated loading, the losses at any loading are estimated using procedures
established in the main related standards.

Tests were conducted in an existent machine. The efficiency map was obtained and
cross-referenced with the operational 2D-histogram. The average efficiency weighted
by the time of operation in each loading point was thereby determined.
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