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Abstract: Climate change has had an impact on the reduction in river flows in many places, affecting
the hydroelectric production of several power plants, and this, together with the reduction in the
economic retribution for this type of generation in several countries, has meant a substantial reduction
in the income of companies. To offset these economic losses, the aim is to improve production
efficiency in hydroelectric power plants. Therefore, it is proposed to innovate, firstly, by using doubly
fed asynchronous electrical machines, DFIG; secondly, by using new construction criteria in the
power plants; and lastly, by proposing new control and regulation variables. This improves the
performance of low-flow water turbines and increases their efficiency. As a practical example, a
particular study is presented for the Arenas de Igufia hydroelectric power plant (Hidroigufia) located
in Cantabria, Spain, which allows a technical evaluation of the proposed action to be carried out in
order to draw the corresponding conclusions.
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1. Introduction

The alteration of the natural water cycle and increasing droughts are caused by climate
change, which is accelerated by human action [1]. In several cases, these changes will lead
to spatial and temporal redistributions of water resources with different responses such as
the alteration of river flows [2-5] where small climatic variations, sometimes insignificant,
can result in significant changes in the availability and regularity of water in reservoirs [6].
At the same time, human action modifies watercourses and river basins so the demand for
drinking water, irrigation for agriculture, and other uses are increasing [7-10].

The rising evolution of global temperatures (averages, maximums, and minimums)
experienced in the last few decades [3,4] causes the atmosphere to capture more humidity,
and therefore increases the evaporation of water and the evapotranspiration of plants [11].
In addition, future forecasts indicate that the trend will continue to increase [3,10]. The
increase in atmospheric humidity leads to an increase in precipitation virulence and an
increase in the difficulty of storing it in reservoirs. On the other hand, the alteration of
the water cycle [12] will modify precipitation by increasing soil moisture. This will impact
runoff, evaporation, atmospheric vapor, and water temperature, leading to more extreme
conditions and phenomena [11].

Hydropower is currently one of the world’s largest producers of renewable energy,
accounting for more than 43% of low-carbon energy and 16% of the total electricity bud-
get [4,5,13]; however, the hydroelectric production of several power plants has been nega-
tively impacted by the change in river flows [2,4,6,10,14], depending on their location [5,15],
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sometimes increasing, sometimes decreasing. For example, a study of the impact of climate
change on hydropower generation in Croatia indicates that a reduction of more than 10%
in electricity generation could be expected after 2050 in the IPCC A2 scenario [16].

Another important alteration in the river basins is the increase in flow in times of
excess and decrease in times of low flow [15]. In the future, it is expected that 80% of the
existing basins will suffer seasonal alterations in their flow [2].

Unless the system is designed for the prevailing environmental conditions, any
hydropower infrastructure project with several decades of useful life is vulnerable to
the potential hazards of climate change [2]. Consequently, in several cases, it is neces-
sary to re-evaluate the design and operating parameters of previously constructed hy-
dropower installations [5,10], as the initial sizing of the turbine or machinery may have
become obsolete.

To improve the performance of hydroelectric generation, several authors propose
the incorporation of new electrical machines for generation, mainly the doubly fed asyn-
chronous generator, DFIG, highlighting an improved efficiency in the generation/pumping
mode with respect to the change in the water load [17] and a reduction in the energy
used [18]. Other studies show satisfactory results in its use compared to the synchronous
technologies used [19].

On the other hand, other authors present as a solution to improve production the
incorporation of more variables in the turbine regulation systems [20].

However, these studies have not taken into account the problem of reduced river flows
due to climate change and increased demand.

Therefore, this article focuses on the productive improvement of hydroelectric power
plants with low river flows in order to adapt to the current situation and improve produc-
tive performance. In this way, firstly, DFIG technology is studied; secondly, new design
parameters in the construction of the power plants are evaluated; and finally, the possible
incorporation of the variation experienced in the water jump as a new variable in the
regulation of the electric machine is proposed.

Afterwards, we discuss the productive impact and the improvement in the use of
the existing flows of a flowing-water plant with a synchronous machine where seasonal
variations in flow have been experienced. Then, the impact of a new design of the plant on
power generation will be proposed.

2. Materials and Methods
2.1. Premises for the Design and Operation of Existing Hydroelectric Power Plants

The design of a hydroelectric power plant requires preparing the machinery to operate
most days of the year and also to be able to act as a turbine for the largest flow variation
with the highest possible turbine performance. In the 1940s and 1950s, engineers sized
turbines to operate at reduced flow rates for most of the year, but, on the other hand,
prepared facilities to incorporate a new generation group if necessary. The power ratio
between both groups was 1 to 3, respectively, and in this way, it also adapted the generation
to greater flow variation. Afterwards, the engineers chose to install only one generation
group for higher flow rates and without the possibility of incorporating new groups, which
caused in several cases a reduction in working days and increase in working days that the
group worked with low productive performances.

For flowing-water power plants with an installed capacity of less than 5 MW, asyn-
chronous generators were mainly used. These types of generators, also known as fixed-
speed ones, have been widely used in low-power-generation equipment, both mini-
hydroelectric plants and small wind turbines, due to the following advantages: simpler
and more robust manufacturing, no need for complex maintenance, without the need for
additional electrical circuits, and without voltage regulation, because it is imposed by the
external network.

Asynchronous generators in steady state operation have a narrow range of rotor
speed, which is the mobile part of the machine, in their torque-speed characteristic curve
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(M-n). Between the torque, zero, and maximum values, the speed range is very small,
which is why they are called fixed-speed machines, because, for wide variations in torque,
they undergo a reduced speed change, provided they operate in the stable working area.
This wide variation in torque with a narrow variation in speed was admitted as a very
positive feature to apply to the operation of generating machines where the torque could
undergo variations, such as in hydroelectric plants whose turbine rotation depends on the
flow or in wind turbines whose rotation of the blades depends on the wind. This meant
that, for variations in torque imposed by flow or wind, it did not affect the speed of the
electric machine.

2.2. Characteristics of the Hydroelectric Plant Under Study

The Arenas de Igufia hydroelectric power plant is located on the Besaya River in the
municipal district of Arenas de Igufia, province of Cantabria, Spain (Figure 1). Its origin
comes from one of the oldest hydroelectric stations in Arenas de Igufa used by the flour
mill of La Serna de Igua. It was later rebuilt on the overflow of the old station and named
Hidroiguria. The rehabilitated plant was connected in 2009. The main structures, such as
the dam, were maintained during the rehabilitation. The condition of the construction was
also improved, and new equipment was installed.

Figure 1. Location of hydroelectric power station Arenas de Igufia, according to coordinates
(43.178730, —4.045281).

The plant is of the type of flowing water with a net jump of 6.6 m. The ecological flow
rate during low flow periods is 0.8 m?/s and during high flow periods, it is 1.6 m*/s.

The main equipment installed at the plant is described below: the hydraulic turbine
and the electric machine.

The hydraulic turbine is a semi-Kaplan-type turbine (Kaplan with blade regulation).
Its characteristics are shown in Table 1 and it has a technical minimum of 30% of the turbine
flow, Q [21].

The Kaplan and propeller turbine, both axial, are suitable for small jumps and ro-
tational speeds. The higher the jump, the lower the specific speed (design magnitude
of hydraulic turbines) to avoid the risk of cavitation and the corresponding negative im-
pact. Generally, hydraulic turbines are designed to operate at a constant speed around
an optimum work point characterized by the head, discharge, and opening of the guide
vane [22].

Figure 2 shows the performance curve according to the mechanical power supplied
to the shaft, Py, corresponding to the semi-Kaplan turbine installed in the power plant,
where the output of the shaft is presented. The net jump, Hy, and the shaft rotational speed,
n, are considered constants. The general consensus is that hydraulic turbines should not
operate below 80% efficiency [23].
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Table 1. Technical specifications of the installed turbine [21].

Semi-Kaplan turbine in open chamber with vertical axis and simple regulation

Welded trunk—conical virol suction tube

Direct coupling to generator, directly receiving axial loads

13% Cr steel impeller blades, dynamically balanced with shaft

Blade drive by hydraulic servomotor

Flow rate: 7 m3/s

Power: 400 kW

n (speed): 300 rpm

ng (specific speed): 640 rpm

Overspeed coefficient: 1.8

4 blades per impeller
Axial force: 10 t

100%

90% - D L

B0% 7/

70% 7

Performance

60%
50% «

a0%
50 100 150 200 250 300 350 400 450

Mechanical power(kW)

Figure 2. Performance vs. mechanical power of turbine shaft [21].

As the net jump and the shaft rotational speed are constant, the curve of the perfor-
mance against the turbinable flow transmitted to the shaft is similar to the one shown in
Figure 2. Optimum performance is obtained on this curve at 6.3 m?/s, with a deviation of
£0.3% (According to the yellow curve in Figure 2).

As both curves, the performance according to the mechanical power supplied to the
shaft and the flow rate, were designed with a constant rotational speed and net jump, it is
assumed that the variation experienced in the performance of the correct operation of the
turbine is caused by variations in the shaft torque, M, according to Expression (1), where
varying the power transmitted to the shaft must vary the corresponding torque.

2mTn
60

The generator is MARELLI (Arzignano, Italy), type C3G 400 LB14, 400 kW a 428 rpm,
400 V, IP-23, IC-01, F/B, V1 type, vertical 14 poles.

Ppn=Mw=M (1)

2.3. Problems and Solutions Presented

The generator in the plant is currently experiencing multiple problems, which the
promoters initially attributed to variations in the available river flow. As the dam has a
relatively pronounced width and the jump variation is very similar upstream and down-
stream by the orography of the land, initially, the analysis of the influence of the jump in
production was discarded and the study focuses on the equipment used.
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The characteristic point of operation of the turbines corresponds to specific values for
the water jump and flow rate and with a certain opening of the blades. For jumps greater
or smaller than the design, the turbine will not work at its optimum design point and
may suffer a significant loss of efficiency at any opening of the guide vane. Water heads
operating outside the design may lead to changes in the velocity of the entry and exit flow.
At the entry of the rotor blades, impact losses can occur and flow instabilities at the exit
cause efficiency to decrease. Also, the position of the guide vane has a direct effect on the
input speed with its negative impact [22].

On the other hand, as the asynchronous generators are directly connected to the turbine
shaft, and operate with a narrow speed range, corresponding to the head and flow rate with
a respective vane opening, if they operate at higher or lower jumps than the design and
their corresponding flow rates, the electric machine shaft speed may experience variations
that can also be extrapolated to the correct operation of the generator [24]. Productive
efficiency is lost in the turbine, and, at the same time, there may be a significant variation
in the required speed, affecting the suitable operation of the generator, issues that coincide
with the problems presented by the promoter of the mini-hydroelectric plant where the
study is being carried out.

Initially, the possibility of connecting a frequency converter to the output of the
asynchronous generator was considered, to adapt the rotational signal of the electrical
machine to that imposed by the turbine without affecting the working torque, but the
desired objectives were not achieved. This is possibly because the working variables of the
converter were not directly related to the variables that affect, upstream, the rotation of the
hydraulic turbine. In addition, being a squirrel cage asynchronous generator, a frequency
converter with a signal processing capacity of 100% of the generated power was required,
which made the necessary investment more expensive without having the solution assured
by the supplier.

Therefore, with the observations and analysis of the equipment carried out, it is
proposed to adapt the rotational speed of the electric machine to the variable speed of
the turbine shaft. Furthermore, a possible modification in the design of the installation
is evaluated.

2.4. DFIG Technology in Hydroelectric Power Plants

At present, given the variations in river flows due to climate change or increased
demand, it may happen that, if the river flow has decreased over time or varies according to
the seasons, i.e., increases in times of high flow or decreases in dry seasons, it is interesting
to size the hydroelectric power plant to cover the widest range of flows with a high
leeway with good performance. The possibility of using DFIG generators in hydroelectric
generation, widely applied in wind turbines, improves the productive efficiency for flow
rates below the nominal flow rate, being able to increase the production days with reduced
flow rates with an acceptable efficiency of the group. In this case, the conservation of the
shaft rotation speed will not be indispensable and may provide greater relevance to the
maintenance of the shaft torque that can ensure a performance close to the optimum in the
hydraulic turbine for different mechanical powers delivered to the shaft in addition to the
design power.

Figure 3 shows the diagram of a hydroelectric power plant with DFIG technology
with the frequency converter connected between the grid and the rotor. The converter
is responsible for adapting the armature frequency, f,, to the variations in machine shaft
speed, n, imposed by the flow rate, to obtain a constant inductor frequency;, f;.

On the other hand, as advantages over squirrel cage asynchronous generators or
synchronous generators, both connected to the grid with a frequency converter, it should be
noted that the power passing through the converter is between 20 and 30% of the nominal
power, depending only on the speed variation margin and reactive power requirements [25].
Therefore, the frequency converter, bidirectional, has a maximum dimension of only 30%
of the nominal power of the generating electrical machine, which reduces its economic cost
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and reduces the associated losses. In addition, the equipment allows voltage fluctuations at
the point of connection to the grid to be reduced and allows independent control of the
active and reactive power delivered to the grid [25]. An example of the application of DFIG
technology in hydroelectric plants can be found in the pilot power plant of Compuerto
(Spain), where the rotor of the 10 MW generator is powered by an electronic converter [22],
finding significant improvements in the performance of the power system and even a
greater margin of stability [19].

FLOW TURBINE n v ELECTRICAL
M =CTE | NETWORK
T f1=50Hz
" COMNVERTER
SENSOR
T AC/DC — DC/AC
JUMP
fa
f1
fa=f(n)

Figure 3. Diagram of proposed installation.

By changing the group rotation speed, it is possible to better adapt to the operating
conditions of the plant and improve the overall performance of the plant, especially in
small-jump plants. In addition, the risk of cavitation and pressure fluctuations in the
discharge pipe is reduced and the operating limits of the power plant can be significantly
extended [24].

Fraile-Ardanuy et al. [19] evaluated the advantages of applying variable-speed tech-
nology over fixed speed in hydroelectric generation in terms of the turbine, generator,
and control system. The results obtained by simulating the operation of a flowing-water
mini-hydroelectric plant, for a period of 33 consecutive years, considering the same amount
of water in both cases, estimated a gain of 6.5% of average annual energy production and
other environmental benefits presented by other authors [24,25]. Other studies confirm the
results showing that, in general, with a variable speed, a significant increase in production
is expected and, in many cases, a reduction in the area flooded by the reservoir, without
reducing the energy generated at the plant and causing less environmental impact [24].

In order to make a critical assessment, the following possibilities are considered in the
supposed mini-hydroelectric plant with incorporated DFIG technology and jump height
meters installed and with the same power performance as the installed equipment:

Flow change, Q, depending on resource availability.

Torque variation, M, and speed, 1, by turbine blades.

Awareness of the net jump value available, H;,.

Therefore, the following variables are considered: H,, M, n, Q y 1;.
The hydraulic power obtained on the turbine shaft, Py, is calculated with Expression
(2) where p is the density of the water and #; is the turbine performance:

Pgp=pgH,nQ )

As the hydraulic power on the turbine shaft is equal to the mechanical power offered
to the shaft, Py, (3), the above expression can be related to the torque value, M, and the
speed of the shaft in question, n, and when replaced, the following is obtained (4):

PH:Pm (3)
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pgHym Q=M <0 4)

Considering equality (4), a series of premises and objectives will be realized and then
applied to the supposedly installed complex.

o  The first thing is that now it is not necessary to keep constant the shaft speed because
through the installed converter, you can vary the frequency of the inductor to continue
obtaining the frequency of the inductor to 50 Hz, which is the frequency of the grid.

e In view of the turbine performance curve as a function of the mechanical power
transmitted to the shaft (Figure 2), maintaining as constant the rotational speed and
the net jump, it is understood that part of the variation experienced in the performance
of the correct operation of the turbine is caused by variations in the shaft torque, M.

Therefore, if it is possible that the speed of rotation varies, it can be considered to keep
constant the mechanical torque to the shaft, for different mechanical powers delivered to
the shaft. Even with certain limitations, this provides a significant advantage: if the torque
is kept constant, the turbine operation can be maintained close to the optimum.

In addition, as seen in Figure 4, the performance curve based on the mechanical power
delivered to the shaft could be shifted to both sides and provide the optimum operating
performance for other powers.

100%

950%

2

Performance
g

60%
50%

40%
0 50 100 150 200 230 300 350 400 430

Mechanical power (kW)
Shifted curve —s— Qriginal curve

Figure 4. Shift in performance curve vs. mechanical shaft power at constant torque.

The objective is to maintain an optimal performance of the hydraulic turbine with a
constant torque by varying the speed of rotation with an adequate regulation of the rotation
of the turbine blades. In order to maintain the turbine performance at its optimum value, it
is possible to reduce the required hydraulic power and, therefore, the required water flow
rate for a mechanical power delivered to the shaft other than the reference. This question is
very interesting because, from an environmental point of view and working in flows close
to the technical minimum, when the necessary flow is reduced, an increase in production
is possible.

In Expression (2), it is observed that many of the parameters are known so that a
certain flow rate can be evaluated to obtain a certain power with an efficiency very close
to the optimum of the turbine without affecting the correct operation of the rest of the
equipment. The generator will always be supplied with the right operating torque.

2.5. Application of DFIG Technology to Standard Plant

Using the known values of the equipment of the mini-hydroelectric plant of Arenas de
Iguna to obtain its optimal performance according to the data offered by the manufacturer,
the torque value can be obtained by expressing the hydraulic power and power supplied
to the shaft. The following values are considered:
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Net jump, H;, = 6.6 m.

Optimum performance of the turbine, #; = 0.89.
90% nominal flow rate, Q = 6.3 m3/s.

Turbine rotation speed, n = 300 r.p.m.
Gravitational constant, g = 9.81 m/s?.

Water density at 1 atm and 20 °C, p = 998 kg/m?3.

By substituting these values in Expression (4), a value of the torque delivered to the
axis, M, of 11,532.5 N is obtained. In this way, the performance and the torque can be
established as fixed work values. Then, we consider Expression (5) in which, for a given net
jump, the relationship between the shaft speed and the flow rate used is provided. Thus,
considering that the net jump varies between 6.6 and 5 m in steps of 0.4 m, the curves of
Figure 5 are obtained.

7215 H, = (5)

n
Q

350

300

E
£
=
- 250 —*—n-H=6.6m
Q
8 n-H=6.2m
$ 200 n-H=5.8m
wy

n-H=5.4m

150 —#-n-H=5m

100
2 3 4 5 6 7 8

Turbinable flow, Q (m3/s)

Figure 5. Speed—flow curves for several net jumps.

Thus, for a flowing-water hydroelectric plant with a certain net jump, the flow rate
used will keep the mechanical torque constant and, in turn, will produce a certain me-
chanical power to the shaft with close to optimal performance. In the case of a regulating
hydroelectric plant with a certain net jump and a necessary electrical power, the flow rate
may be adjusted according to the necessary turns, provided that the torque remains cons-
tant. In this way, a relation of variables is obtained to perform the inputs of the electronic
system, including the converter, which regulates the generation system, adapting it to the
possibilities of the power plant and to monthly, weekly, and even lower-type regulations.

With the considerations made, keeping the torque constant and for a certain jump,
the performance curve could be moved with respect to the power in the way described in
Figure 4 above.

For a power plant with flow regulation, it would mean a flow saving for a certain
mechanical power delivered to the shaft, since the performance improvement has a direct
extrapolation to the saving of the flow used according to Expression (4) and considering
an optimal performance maintenance. According to the example in Figure 6, for the same
characteristics of the study turbine and for a power transmitted to the axis of 170 kW, the
savings of the flow would be close to 20%.

In the case of a flowing-water plant with no possibility of a significant storing of water,
as is the case and where the flow is imposed by the availability of the resource, if operation
below 80% of turbine performance is not recommended and fixed-speed technology with
variable torque is used as a must, below approximately a flow rate of 3.4 m3/s, the system
cannot be started with the corresponding loss of turbinable flow.
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100%

90%

80%

70%

60%

Perfoermance

50%

40%
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Mechanical power (kW)
Shifted curve == Original curve

Figure 6. Saved flow by shifting the performance curve vs. mechanical power.

With the application of variable speed, the performance improvement would become
a productive improvement as it would become an increase in its generation capacity

(Figure 7).
450 S0%
400 80%
= 0% E
E 350 S
T 6% &
o 300 3
3 50% 5
2 250 £
e 400 g
‘T 200 =
s 300 ©
E =
o 150
= 20% 5.9
100 I 10%
so W 0%
21 28 35 42 43 5.6 6.3 7
Turbinable flow (m3/s)
mmm Fixed-speed power Variable-speed power Productive improvement

Figure 7. Mechanical power by technology and percentage of productive improvement.

In the same way, the work of the turbine would also be used in those areas not
re-commended to work because it has a turbine performance below 80%, that is, in the
example for mechanical powers delivered to the shaft below approximately 180 kW and the
use of the corresponding flow that cannot be retained. Figure 7 shows that, as the turbinable
flow decreases, the increase in production capacity is more significant (see Table 2), with
two inflection points corresponding to 70% and 50% of the turbinable flow.

Table 2. Experienced margins of improvement according to flow ranges.

Flow Rate Improvement
Between 70 and 100% From 0 to 1%
Between 50 and 70% From 1 to 7%
Between 30 and 50% From 7 to 78%

With these data, what is observed is that there is a very significant increase in the
flows close to the technical minimum of the turbine. This section goes from the technical
minimum to the most relevant inflection point that is close to 80% performance. This
percentage of increase in production capacity would be obtained for any jump but would
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significantly affect production, requiring greater flow for the same mechanical power on
the shaft.

e Considering only the performance above 80% of the fixed-speed curve, a productive
improvement of 1.7% would be achieved.

e  If the proposed technology is allowed to operate, a production improvement of 21.12%
could be achieved in the working areas with a greater probability of the resource,
since it requires a lower flow rate, and there would be a significant increase in
economic benefits.

With this, it is clear that the working area where action is of the most interest is that
close to the flow of the technical minimum (see Figure 8).

450

400 -t
s 330 y = 57.500x%
= 200 R2=1 -
o
2
3 250
o
® 200
L2
5
£ 1% y=-4.066x%+ 104.79% - 136.53
§ 100 R?=0.9988

50

0
1 2 3 4 5 6 7 8
Turbinable flow (m3/s)
——a— Fixed-speed power Variable-speed power
Polynomic (Fixed-speed power) Lineal (Variable-speed power)

Figure 8. Productive comparison between fixed- and variable-speed technologies.

2.6. The Productive Analysis of the Change to DFIG Technology at the Plant

For the analysis of the Arenas de Igufia hydroelectric plant, where there are many days
that the plant is out of operation due to the reduced flow rate, and significant differences
between the maximum and minimum values of the turbinable flow are experienced, an
average value of the turbinable flow of recent years is considered. This gives the flow curve
as a function of the turbinable flow (Figure 9).

60
50
40
30

.
)
]
.
%

.

.

S

.

20 \

10

Turbinable classified flows (m3/s)

4] 50 100 150 200 250 300 350 400

Days of the year
Figure 9. Turbinable classified flow curve.
The hydroelectric power station is at a low altitude (height of 185 m). The basin area is

approximately 200 km? (total basin area of the river: 482 km?), which means that flows are
not homogeneous throughout the year.
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For the study, there are flow records from the power station obtained every five
minutes for 10 years. In addition, there are data from a nearby station (Torrelavega) with
22 complete and 4 incomplete years.

The technical minimum of the turbine is 2.1 m3/s. The figure shows that only the
average daily flow rate of 144 days per year is higher than the technical minimum; therefore,
it is necessary to achieve more efficiency in operation.

In addition, there is a significant period of 88 days (149-61) where the flow rate is
between 30% and 70% of the turbine flow rate and where a significant improvement in
performance can be obtained, according to Table 2.

In conclusion, from the turbinable flow data (Figure 9) and applying the DFIG technol-
ogy to the current electric machine, an annual productive improvement of the power plant
of 6.1% is obtained.

2.7. Modification or Possible Extension of Turbine Groups

In the 1940s and 1950s, the hydroelectric production of a plant was divided into several
groups. This option will be considered when incorporating a turbine for reduced flows to
the existing plant where DFIG technology has been incorporated.

For the study, the curve representing the yield will be modified according to the
mechanical power delivered to the shaft in Figure 6. Instead of considering this power, the
ratio of the transmitted power to the axis divided by the corresponding nominal power is
considered. In this way, a curve of a generic character is obtained that allows the study of
the different expansion possibilities, evaluating different nominal power magnitudes for
the same type of turbine. Thus, the curve of Figure 10 is obtained.

100%
90%

30%
70%

60% y = 2.399%° - 5.332x% + 3.8775x - 0.0354

R*= 09847

Performance

50%
40%

30%
0 0.2 0.4 0.6 0.8 1

Mechanical Power/Nominal Power

Figure 10. Performance vs. mechanical power between nominal powers.

From the existing plant with integrated DFIG technology, it is necessary to expand the
existing plant with a group for small flows of 2 m?/s and in also using DFIG technology,
an annual production increase of 40.15% would be obtained.

On the other hand, it is stressed that the optimal proportionality between the gene-
rating groups that are installed in a hydroelectric power plant must be made according to
the curve of classified turbinable flows.

3. Results

With special emphasis on the lines developed in the work, the use of DFIG techno-logy
provides numerous advantages to the generation system of a hydraulic power plant, among
which the following have been detailed:

e Theincrease in the productive capacity of the generation system in most of its range of
work causes productive improvements that can reach 21.12% in reduced flows. This
means that annual production increases of more than 6% are obtained in the case
presented and similar studies.
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e  Especially in the case of flowing-water power plants, the possible use of the power
plant below the current limitations provides a greater production period by allowing
working with flows that were previously impossible.

An extension of the service life of the electric machine would also be obtained for a
regulating hydroelectric plant with a certain capacity of reservoir water, regulating the
hydroelectric plant because the flow savings could be extrapolated to storage for the
reservoir of the water saved and, therefore, greater landscape homogeneity throughout the
year, reducing the times of the year of low flow, something very important for the reduction
in the landscape impact in the area.

Finally, it is really interesting to use several generation groups to cover most of the
turbinable flow and significantly increase the power generation, allowing the plant to
increase days of operation.

4. Discussion

The results obtained are very relevant in those situations that, either due to a design
error or changes in the magnitude of the river flow, the turbines are oversized, or you want
to work close to their technical minimum or extend to the maximum the field of work while
maintaining performance above 80%.

The productivity improvements presented by other authors are verified but, in turn,
a comparative methodology is introduced to determine the different possibilities when
sizing the generation group in the design and the future, given the significant difference
between maximum and minimum values of turbinable flow in the plant, an issue that tends
to increase with climate change.

As the main limitation of the study, it is considered necessary to incorporate the ana-
lysis of the forces experienced in the turbine blades to maintain the constant torque without
negatively influencing the vector triangle at the turbine exit. It would be appropriate to
define different working curves of the equipment proposed in the studied power plant in
order to find out in detail the operating limits, given the variables in play and their possible
influence and impact on the correct functioning of the system.

The main future line of research is to test the shift in the mechanical power vs. efficiency
curve in a laboratory or in a power plant.

Another future line of research we present is the introduction of a jump in the regula-
tion of the electric machine to improve productivity. This will be feasible in reservoir plants
or where the upstream jump and downstream jump have sufficient variation. The analysis
or quantification of the minimum jump variation required will also be a matter of study.
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