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Abstract: Hydroelectric systems are well-known for large scale power generation. However, there
are virtually no studies on energy harvesting with these systems to produce tens or hundreds of
milliwatts. The goal of this work was to study which design parameters from large-scale systems can
be applied to small-scale systems. Two types of hydro turbines were evaluated. The first one was a
Pelton turbine which is suitable for high heads and low flow rates. The second one was a propeller
turbine used for low heads and high flow rates. Several turbine geometries and nozzle diameters
were tested for the Pelton system. For the propeller, a three-bladed turbine was tested for different
heads and draft tubes. The mechanical power provided by these turbines was measured to evaluate
the range of efficiencies of these systems. A small three-phase generator was developed for coupling
with the turbines in order to evaluate the generated electric power. Selected turbines were used to test
battery charging with hydroelectric systems and a comparison between several efficiencies of the
systems was made.
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1. Introduction

Remote sensors require efficient power supply systems. The deployment of these sensors in
areas without access to the electric grid requires energy harvesting from the environment for
long-term operation [1-4]. Solar energy is currently the most used power source for energy
harvesting. However, there are situations where solar sources or wind sources are not appropriate.
For instance, the use of solar panels for environmental monitoring in forests has limitations due to
the obstruction caused by trees. If water streams exist in those areas, small hydroelectric systems
may provide enough power to supply the sensor systems for long periods.

Hydroelectric systems are extensively used for large-scale electrical power generation. For
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small-scale (milliwatts to watts of power), water is usually mentioned in literature as a source of
energy that may be used by harvesting systems [4-6]. However, there are virtually no studies about
the performance of the hydroelectric systems at such scale. Carroll [7] proposed a patent for an
energy harvesting system based on a piezoelectric membrane (5 cm high and 20 cm long) that
oscillates in a water channel. The author expected to produce up to 250 mW in a flow rate of 1 m/s.
This result considered an energy capture efficiency of 50%. Wang and Liu [8] developed a
piezoelectric film energy harvester to generate power from pressurized water flow. The instantaneous
output power was 0.45 nW for an excitation pressure of 20.8 kPa and for a frequency of 45 Hz. Lee,
Sherrit et al. [9] also proposed a piezoelectric flow energy harvesting system. The harvester
produced 20 mW at a flow rate of 20 L/min and for a pressure drop of 165 kPa. Using these results,
the efficiency of the system was about 0.04%. A different approach was proposed by Kwon, Park et
al. [10], developing a water motion transducer that converts water motion into electric energy. A
power of 16.4 uW was generated with the motion of a 30 uL droplet of water. The peak power
density of the system was 0.05 mW/cm?. Morais, Matos et al. [11] used a commercial hydrogenerator
designed for smart gas-based water heating as a harvesting device. The hydrogenerator was placed in
irrigation pipes where a small quantity of water was derived to move the turbine coupled to a DC
generator. The system produced 80 mW at a load of 100 ohm for a flow rate of 0.5 m%s. The work
developed in [12] demonstrated the use of small turbines with a design similar to those of large scale
hydroelectric systems. A Pelton turbine with a diameter of 1.6 cm produced 600 mW for a load of 90 Q
with a head of 4 m and a flow rate of 0.043 x 10~° m®/s. The efficiency of the system was 28%. A
propeller turbine placed inside a pipe produced 350 mW for a load of 90 QQ with a flow rate of
0.6 x 102 m*/s. The efficiency of this system was 5.5%. Also using a rotating machine, Hoffmann,
Willmann et al. [13] developed a radial-flux energy harvester incorporating a three-phase generator
for converting energy from water flow in domestic water pipelines. The energy harvester generated up
to 720 mW when using a flow rate of 20 L/min with a 70 ohm load and for a pressure drop of 2.2 bar.
This corresponds to a system efficiency of about 1%.

Considering the existing small-scale systems for energy harvesting from water flow, several
works focused on the use of piezoelectric materials to generate electricity. Although compact, the
generated power is relatively low. The efficiency of these systems is also very low. Hydroelectric
turbines provide higher power levels. These systems are able to provide energy to supply remote
sensors in actual environments. For instance, a wireless sensor network deployed for environmental
monitoring typically uses a mesh topology. The Zigbee protocol [14] based on the 802.15.4 norm is
commonly used due to its low power requirements. The typical communication radios consume a
current between 10 and 40 mA when receiving and transmitting data. The power consumption is
between 30 and 130 mW for a voltage of 3.3 V. Furthermore, the microcontroller, the sensors and
other systems increase the energy consumption. Since a router in a wireless sensor network must be
always on, the power supply system must provide tens or hundreds of milliwatts.

In this work a study on the application of hydroelectric turbines for energy harvesting is
presented. The science and the technology of large-scale hydroelectric power generation are well
established. The efficiencies of these systems are usually above 90%. However, the few works
provided in literature which use small turbines show much lower efficiencies. Furthermore, the
results vary among studies. This paper presents results for the study performed on the evaluation of
two types of turbines. The first one is a propeller turbine, used for large-scale systems in situations
where low heads and large flow rates are available. The second turbine is a Pelton, used for
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large-scale systems in situations where high heads and low flow rates are available. The efficiencies
of the systems are determined for different parameters of the hydroelectric system in order to
evaluate the application of large-scale design in miniaturization.

2. Materials and Method

Several parameters of large-scale turbines may not be feasible on low power generation. For
instance, the control of the orientation of the Kaplan turbine propellers is not easily scaled for small
turbines. Therefore, the main parameters of design of small-scale turbines and hydroelectric systems
must be determined. Round [15] stated that an efficiency improvement of 1% or 2% is worthwhile
for systems generating thousands of kilowatts. This increase of efficiency may be not worthwhile in
small-scale energy generation if it requires a higher complexity of the system.

2.1. Hydroelectric System Parameters

For large-scale power generation there are two main types of hydroelectric turbines depending
on the height of the water column and the flow rate: impulse and reaction [16]. The impulse turbine
uses the velocity of the water to move the runner. The Pelton turbine is a well-known system of this
type. The reactive turbine combines the pressure and the moving water to move the runner. A
well-known type is the propeller turbine.

There are several parameters used in the design and evaluation of hydroelectric machines. The
power available at the turbine shaft is given by [16]

P =n,pgQH (1)

where 7y is the hydraulic efficiency of the turbine, p is the density of the water (typically 1000 kg/m°), g
is the acceleration of gravity (9.8 m/s?), Q is the flow rate (m®/s) and H is the effective head (m). The
effective head is the difference between the gross head and the head loss. The head losses are due to
the frictional loss inside the tubes, the inlets loss, the losses due to bends and changes of the
cross-sectional area, and so on.

The specific speed is a dimensionless parameter defined by

_ NVP
- 5
Jp(gH)%
with N the rotational speed (rps). A more commonly used the parameter is
N+/P
5
H%

ns

)

N

(3)

This variable is dimensional and Ns = 548.3n;. Each type of turbine has a different specific speed.
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The speed ratio is [15]

Y= agh 4)

with u the tip velocity. This parameter allows estimating the speed of the turbine. The rotational
speed is given by

¢b\/29H

N = (5)

D
with D the diameter of the turbine.

The flow rate can be determined from the velocity of the fluid and from the cross-section area.
For incompressible fluids the continuity equation is given by

Q = AV, = A1, (6)

with A; and A, the transversal area of the tube at points 1 and 2, respectively, and Vi and V; the
velocity of water at those points. This equation indicates that the flow rate of an incompressible fluid
is constant and a decrease in the area produces an increase in the velocity of the fluid.

The calculation of the effective head of the hydroelectric system requires the estimation of the
head losses. For a pipe with several sections, the total head loss is given by [17]

n

n

fuLivi Kkvk 8KkQ2

hfzzhsz Z — i =B’ (7)
] £ ZgDpk n gD

with K = fL/D,, where f is the friction factor (kg/ms), L is the pipe length (m), D, is the pipe diameter
(m), v is the mean velocity of the fluid and k is the section where these parameters are obtained.

2.2. Pelton Turbine

Pelton turbines are used for high heads and low flow rates. The maximum efficiency is in the
range from 85% to 90% [15,17]. The typical range for the specific speed n is from 0.015 to 0.053 or
for N from 8 to 29 [17]. The main parameters of the turbine are represented in Figure 1. Figure la
shows the turbine and in Figure 1b is the bucket design. D is the diameter of the turbine and d is the
diameter of the jet. The buckets have a shape of two half ellipsoids with a central splitter to allow a
faster extraction of the water after transmitting its Kinetic energy to the turbine. Typically, the bucket
angle of attack, «, is higher than 90° (about 105°) [15].

Table 1 shows typical dimensions of design of the turbine for the best efficiency at large-scale [16,17].
It may be noted that all parameters are dependent on the jet diameter. Considering the relation D/d, the
number of buckets of the turbine is about 22.

Table 1. Range of the main parameters for Pelton turbine.

Number of buckets D/d B/d L/d T/d e/d E/d
D/(2d)+15 14-16 2.8-4 25-2.8 0.8-0.95 0.35 0.85
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Figure 1. Pelton system: (a) turbine; (b) bucket.
The speed ratio of this turbine (¢) is about 0.46. The jet velocity is given by [15]
Vi, = C,\[2gH (8)

with C, in the range from 0.95 to 0.99. The flow rate can be calculated from

d2
Q= V1T[T 9)

Pelton turbines with small dimensions were built considering the design parameters given in
Table 1. The conditions of design were: P = 500 mW,; 7y = 0.5; 3 <H <5 m. From equations (1),
(8), (9) and Table 1, the nozzle diameter, d, was obtained in the range from 1.6 to 2.4 mm and D in
the range from 23 to 38 mm. C, = 0.97 was considered in the calculation of V;. The number of
buckets obtained from Table 1 is 22 or 23. Using (5), the rotational speed, N, is in the range from 29.5
to 63 rps, giving an angular velocity (@) in the range from 186 to 396 rad/s.

The design of the turbines follows the one of the large-scale turbine with small differences due
to the very small dimensions of its details. The basic design of the turbine considered the relations:
D/d =14;B/d=4; L/d =27; T/d = 0.95; e/d = 0.75; E/d = 0.9. Nevertheless, some parameters were
changed in order to determine the implications in the design of small hydrogenerators. Table 2 shows
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the parameters used to produce the turbines. The number of buckets varied between 10 and 22 for a
turbine with a diameter of 27 mm. To evaluate different characteristics of design each turbine differs
in a specific parameter. The changes were the number of buckets, the use of a bucket angle of attack
of 90° instead of 105°, the removal of the central splitter to evaluate its importance in small-scale
systems and the use of a planar shape for the bucket. The turbines were created in a 3D printer.

Table 2. Dimensions of design for Pelton turbines.

Turbine 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number of buckets 10 11 12 12 15 19 22 22 22 11 11 11 1 11
D 27 27 27 27 27 27 27 27 27 31 31 31 31 31
d 2 2 2 2 2 2 2 2 2 22 22 22 22 2.2
Observations @ (c) (b) (c) @ () (@) (c)

(a) Bucket angle of attack of 90°.
(b) Without central splitter.
(c) Planar bucket shape.

The nozzles were also built in a 3D printer with diameters of the output jet between 1.5 and 4 mm.
Figure 2 shows the shape of the nozzle. This enables the evaluation of the system efficiency as a
function of the relation D/d in order to compare with the one provided in Table 1.

Figure 2. Nozzle configuration.

Figure 3 shows the setup for measurements and typical application. The tube connected to the
injector has 18 mm of internal diameter. The nozzle is connected to the pipe that receives water from
the main tank. Hy, is the gross head (m). The surge tank allows to compensate the sudden variations
of pressure and to remove trapped air bubbles in the vertical portion of the tube. The air purge
mechanism removes air trapped near the nozzle. It consists of a system with a valve that has a
floating piston that falls when there are air bubbles under it. When this happens, the valve opens
enabling the purge of the air bubbles. Experiments have shown that this device is very important
since the efficiency is drastically reduced due to the existence of air in the pipe. The turbine is
connected to the generator that is supported in an appropriate structure. All rotating shafts are
supported by ball bearings.
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Figure 3. Experimental setup for Pelton turbine.

2.3. Propeller Turbine

Kaplan and propeller turbine Pelton turbines are used for low heads and high flow rates. The
Kaplan turbine is similar to a propeller type with adjustable blade orientation. For large-scale
applications, the maximum efficiency is in the range from 90% to 93% [15,16]. The typical range for
the specific speed ns is from 0.66 to 1.66 or for Ns from 362 to 910 [17]. Figure 4 shows the typical
installation of the propeller turbine. The draft tube is used to reduce the loss in the head since the
pressure at the outlet is below atmospheric. The diverging shape helps to convert the kinetic energy

into pressure energy.

Aé
/ Draft

e ey e

Figure 4. Propeller turbine system.
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The number of blades increases with the head, being three for 5 m and 4 four for 20 m [16]. The
ratio d/D is 0.3 for a head of 5 m and 0.4 for a head of 20 m. The speed ratio (¢) is in the rage 1.5 to
2.5. The flow rate can be determined from

Q =2 (D - d*)p,/ZgH (10)

with y in the range 0.35-0.75.

As previously mentioned, propeller turbines have 3 blades for small heads. The turbine used in
this work was developed for small scale model boats (Graupner 2308.40), with the shape represented
in Figure 5. It has a dimeter of 39 mm and d = 8 mm. The turbine was inserted in a pipe with an
internal diameter of 40 mm.

Figure 5. Propeller turbine.

The conditions of design of the propeller system were: P = 500 mW; ny=0.5; D = 39 mm,;
d = 8 mm. From equations (1) and (10), a head of 11.7 cm is obtained. In (10) = 0.5 was
considered. For the range of speed ratios of this type of turbine, using (5) the rotational speed is in
the range from 18.6 to 31 rps, giving an angular velocity in the range from 117 to 195 rad/s.

The test setup for the propeller turbine is represented in Figure 6. The turbine was mounted on a
shaft with stuffing box. The shaft connects the turbine to the generator. The efficiency of divergent
and non-divergent draft tubes was evaluated for different heads.

7 —

water tank generator

\

" —

water outlet propeller

Figure 6. Experimental setup for propeller turbine.
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For this system, it is important to calculate the head losses, which may be a significant fraction
of the gross head. Using (7) and the K parameters given by Crane [18] for loss on the entrance, loss
in the bends, loss at a submerged discharge, loss on a sudden expansion and loss on a sudden
contraction, the total head loss is about 6 cm. For the required power mentioned previously, the gross
head must be 17.7 cm. In this case, the head loss is 34% of the total head of the water column.
Furthermore, the actual head loss of the developed system may be higher. For heads between 5 and
20 cm, and considering the speed ratio ¢ = 2, the angular velocity in the range 102 < @ < 203 rad/s.

2.4. Hydrogenerator

For this work a three-phase permanent magnet synchronous generator was developed to convert
the mechanical power into electricity. A rectifier bridge implemented with Schottky diodes and a
capacitor were used to obtain direct current. The peak voltage of the generator is given by [19]

4qNB,k,1.lw,
E, = ’

= 2qNBykyr.lwpy, (11)

where q is the number of stator coils per phase, N is the number of turns per coil, p is the number of
poles, we is the electrical angular velocity, wn is the mechanical angular velocity (rad/s), By, is the
peak air-gap flux density (T), re is the average radius of the stator winding (m), | is the length of the
stator winding (m) and k; is the distribution factor. The developed generator has the parameters: q = 2,
N=121;,p=8,B,=0.087T,; re =22 mm, | = 20 mm and kp, = 0.966. Using wn,= 200 rad/s in (11),
the peak voltage is E, = 3.6 V and the rectified voltage is Vpc = 3V3E,/n = 5.9 V, without considering
the forward voltage drop across the diodes.

The generator converts the mechanical energy to electrical energy, with an efficiency defined by
ne. This is the generator and transmission system efficiencies. The rectifier converts the alternate
current into a direct current with 7r of efficiency. The rectified output was connected to a
programmable dynamic load to obtain the data of generated power. A system was also developed to
charge batteries. In this case, a DC-DC converter was required to achieve the maximum power
transfer to the load. A Clk regulator was used since it allows to reduce the effects of electromagnetic
noise due to the very low ripple of input and output current. The converter was designed to produce
an output voltage of 5 V, a maximum current of 200 mA, a range for the duty cycle from 0.4 to 0.6
(D = V,lVi), 10% for the input and output current ripple and 1% for the output voltage ripple. Figure 7
shows the circuit diagram.

The COk regulator is typically created with two inductors, two capacitors, a diode and a
controlled switch, in this case the MOSFET represented in Figure 7. The output capacitor was
removed from this circuit since the battery performs the same function. The microcontroller reads the
output voltage and the current and generates a PWM (Pulse Width Modulation) signal that controls
the MOSFET through the driver shown in the figure. The voltage doubler allows the elevation of the
voltage in order to surpass the threshold gate voltage of the MOSFET on the high terminal. The
linear regulator is used to obtain the 5 V required to power supply the ATMEGA 328 microcontroller.

AIMS Energy Volume 4, Issue 6, 876-893.



885

2200 pH 2.2 pF 2200 pH
Rectifier > 9 GND
Generator W | Lm358
470 uF Battery [— Voltage —
* t ¥ —‘ FDS645N 11DQO6 sensor |2zt
_—T +
MAX9929 L[ ]
Current Current
e e sensor [ sensor
I, MAX9929

LT1054

Voltage
doubler
3.3 kQ 5.6 kQ
r Microcontroller
BS270 ATMEGA 328P
o |
—1 PWM ADCO
—1

ADCl|——
ADC2
10 kQ MIC5219
Linear
VCC voltage
GND regulator

10 pF ——

Figure 7. Block diagram of the hydroelectric system to charge batteries.

2.5. Measurement System

The efficiency of the turbines was obtained by measuring the mechanical power. The rope brake
technique was used to determine the torque [20]. Figure 8 shows the system setup for torque
measurements. It uses two dynamometers to measure the frictional torque introduced by a cotton

thread. The hand crank allows to change the load. The cotton thread is wound around a flywheel
connected to the turbine shaft.

hand crank

.-

g

dynamometer 1

dynamometer 2

ulle flywheel
@p Y yw.ee cotton thread | (@)

Figure 8. Scheme to measure the torque.
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The torque is given by
T=(F —F)Xr (12)

with F; and F, the forces (N) obtained by the dynamometers (N) and r is the radius (m) of flywheel
connected to the turbine under test. The flywheel has 10 mm diameter. The mechanical power is
given by

Pp=TXw (13)

where o is the angular velocity (rad/s). This velocity was measured by a hall sensor connected to a
microcontroller.

3. Results and Discussion

The mechanical and electrical output powers were measured for both hydro systems. For the
Pelton system the generated power was obtained for several parameters of the turbines and injectors
at a fixed head. For the propeller system the generated power was evaluated as a function of the head
and of the draft tube.

3.1. Mechanical Power

The mechanical power was obtained using the system shown in section 2.5. The experiments
with Pelton turbines were performed for a gross head of 4.27 m. In the first column of Table 3 are the
nozzle diameters used to calculate the flow rate and the effective head. The second column shows the
measured flow. From (9) the jet velocity, Vi, is calculated. The effective head is obtained solving (8)
in order to calculate H. As it may be observed from Table 3, the effective head is almost constant for
nozzle diameters between 2.14 mm and 3.99 mm. Therefore, three different diameters within this
range were used in the tests of mechanical power.

Table 3. Effective head of the Pelton system.

d (mm) Q (m¥fs) H (m)
1.25 094 x10° 3.18
1.89 2.23x107° 3.52
2.14 3.05x 10° 3.90
2.29 3.49x 10° 3.89
2.92 568 x 10™° 3.90
3.34 7.45 % 10°° 3.92
3.99 10.56 x 10™° 3.87
4.63 14.05 x 10™° 3.78

Figure 9 shows the generated mechanical power for three diameters of the jet: 2.14 mm, 2.92
mm and 3.99 mm. The expected number of buckets for the turbine given by Table 1 is 22. However,
the graphs demonstrate that turbines with a lower number of buckets provide better results. This can
be observed from the maximum power produced by turbines 2, 3 and 5 with 11 to 15 buckets. For the
same turbine, a larger nozzle dimeter (d) provides more power due to increased flow rate.
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Figure 9. Mechanical power: (a) 2.14 mm; (b) 2.92 mm; (c) 3.99 mm.

The relation D/d is 12.6, 9.2 and 6.8 for the nozzle diameters 2.14, 2.92 and 3.99, respectively.
All these values are below the range given in Table 1. From Figure 10, the higher turbine efficiencies
are obtained for the nozzle diameter of 2.92 (D/d = 9.2). Considering the number of buckets, the best
results are for turbines 2 and 3 with 11 and 12 buckets, respectively. If the number of buckets is too
high the space between buckets is small, which creates difficulties in the injection of water. As
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observed from Figure 10, below 11 buckets and above 15 buckets the efficiency decreases. Therefore,
the relation given in Table 1 is not valid for small-scale hydroelectric systems. Turbines with planar
buckets provide poor results (turbine 4 with 12 buckets and turbine 9 with 22 buckets). The central
splitter of the bucket is important for the turbine design. Turbine 8 has no central splitter, producing
worse results as it can be observed on graphs of Figure 9 mainly for higher nozzle diameters.

Turbines 10 to 14 have a dimeter of 31 mm and 11 buckets. They were built to test the angle of
attack and the effect of the central splitter. The best result is obtained for a turbine with central
splitter and an angle of attack of 90°, giving an efficiency of 39.3% (turbine 11).

Using (3) the specific speed is between 2 and 8 when the specific speeds of large-scale Pelton
turbines are in the interval from 8 to 29.

40 w
—a—2.14

35 / ——292 |
30 —=—3.99 |

< 25
g 20 /'.
N N
£ 15 \
w

10

5

0

1 2 3 4 5 6 7 8 9

Turbine number

Figure 10. Efficiency for nozzle diameters of 2.14 mm, 2.92 mm and 3.99 mm.

The mechanical power of the propeller system was measured for gross heads of 10 cm, 20 cm,
and 30 cm. The head loss was determined to calculate the effective head. The flow rate was
measured without the turbine and the parameter £ was calculated using (7). In this case, the head loss
can be approximated by the gross head. Table 4 shows the parameters g obtained for several
situations of the draft tube. For the gross head of 30 cm without the draft tube the water outlet is in
the air. As it may be observed, £ is very different from the other cases. Considering this value, the
calculated head loss is higher than the gross head, meaning that the equations used to determine the
effective head are not valid. Measuring the flow rate with the turbine as shown in Figure 6 and using
the values of g given in Table 4, the loss head was obtained through (7). The effective heads are
determined subtracting the head loss to the gross head. These values are shown in Table 4.
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Table 4. Effective head of the propeller system.

Draft tube
Gross head (cm)  Without Non divergent Divergent
B H(cm) g H(cm) g H (cm)
10 1.17 x 10° 2.9 1.16 x 10° 3.4 0.95x 10° 3.7
20 1.08 x 10° 6.9 1.05x 10° 7.1 0.90 x 10° 7.2
30 2.91 x 10° - 1.06 x 10°  11.8 0.96 x 10° 10.4

Figure 11 shows the mechanical power obtained for each mentioned situation of the propeller
turbine. The divergent draft tube provided the best results for all heads. For the gross head of 30 cm
without the draft tube the generated power is much lower, meaning that a discharge of water in the air
results in lower efficiencies. The angular velocity for the maximum power is between 88 and 163 rad/s.
For divergent draft tubes, the measured flow rate is 8.1 x 10°% 1.1 x 10~ and 1.4 x 10 m¥/s for the
heads of 3.7 cm, 7.2 cm and 10.4 cm, respectively. Using (5), the speed ratio is between 2.0 and 2.4,
being inside the range given in section 2.3. Using (3), the specific speed is between 281 and 432
when the specific speeds of large-scale propeller turbines are in the interval from 362 to 910.
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.-.'" . -+--@-++ 10 cm; divergent 60 ° o
800 CH . .
o . ==&==20 cm; without P
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Figure 11. Mechanical power of the propeller: (a) power; (b) efficiency.

3.2. Electrical Power

The hydroelectric systems were tested for different loads in order to obtain the maximum power
point. Figure 12a shows the electrical output power for the Pelton turbines. Turbine 2 (D = 2.27 mm)
and turbine 11 (D = 31 mm) were evaluated for three nozzle diameters (2.29 mm, 2.92 mm and
3.99 mm). The angular velocities for the maximum power were near those of Figure 9. The loads for
maximum power transfer were between 42 Q (d = 3.99) and 73 Q (d = 2.29) for the 27 cm diameter
turbine and between 23 Q (d = 3.99) and 56 Q (d = 2.29) for the 31 cm diameter turbine. Figure 12b)
shows the efficiencies of the turbines of Figure 12a) and also for turbine 3 (higher bucket angle of
attack) and turbine 13 (without central splitter). The efficiencies are represented as a function of the
output voltage to be used in maximum power transfer tracking circuits. The angle of attack did not
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introduce major improvements, although with the angle of attack of 90° a better result is obtained.
On the other hand, the central splitter is important to increase the efficiency as can be observed by
comparing turbines 11 and 13. The efficiency of the rectifier is between 89% and 92% and the
efficiency of the generator is shown in Figure 14. The efficiency of the generator increases with the
rotational speed.
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Figure 12. Pelton system: (a) output power; (b) efficiency.

Figure 13 shows the results for the propeller system for the three gross heads. The efficiencies of
the rectifier are between 82% and 92% and the efficiencies of the generator are shown in Figure 14.
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Figure 13. Propeller system: (a) output power; (b) efficiency.
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Figure 14. Efficiency of the generator.

Hydroelectric systems can be used to supply power directly to the desired loads. In contrast to
several sources used in energy harvesting from the environment, hydro energy is predictable and
controllable. Therefore, it may provide energy during long periods without interruption. However,
hydroelectric systems may be used to charge batteries so that the mechanical lifetime of the system is
extended. In this case, the system only operates during the charging period. Figure 7 shows the
circuit for this purpose. The power generation of two Pelton turbines was evaluated for this operation.
Figure 15 shows the results for turbine 11. Figure 15a shows the variation of the output power and
the angular velocity with the duty cycle. The algorithm in the microcontroller varies this parameter
for the maximum power transfer point. Figure 15b compares the output power of the DC-DC
converter with the mechanical power and the electrical for maximum power transfer. The difference
between the continuous and the dashed lines corresponds to the DC-DC converter efficiency. For this
turbine the efficiency of the converter is 88% and the global efficiency is 22%. The efficiency of the
converter for turbine 2 is 74% and the global efficiency is 17%.
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Figure 15a. Power in battery charge: output power and angular velocity as function
of the duty cycle.
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Figure 15b. Power in battery charge: power comparison.
4. Conclusion

In this work a study on small-scale hydroelectric turbines was presented. Pelton and propeller
turbines are appropriate to be used in energy harvesting to supply systems that consume up to
hundreds of milliwatts. In applications for remote sensing with nearby water streams two typical
situations may occur. The first one is when a relatively large volume of water flows through a
channel. In this case, the propeller system is the most suitable for energy harvesting. The second
situation is when there is a small water fall that is several meters high. In this case, the Pelton system
is more appropriate for energy harvesting. Several parameters of the design of large-scale systems
were evaluated for small-scale energy generation. The maximum mechanical efficiencies of Pelton
turbines with diameters of 27 mm and 31 m were in the range from 35% to 40% for a head of 3.9 m.
The maximum mechanical efficiencies of a propeller with a diameter of 39 mm were in the range
from 57% to 59% for effective heads between 7.5 and 10.5 cm. The electrical efficiencies of the
Pelton turbines were in the range from 23% to 26% and for the propeller were in the range from 36%
to 41%. The number of buckets used in the design of small-scale Pelton turbine should be between
50% and 60% of the number used in large-scale. The relation between the diameters of the Pelton
turbine and the jet diameter should be about 60% of that considered for large-scale. The specific
speeds of both types of turbines are in the lower bounds of those for large-scale turbines. The
experimental speed ratio of the Pelton turbine is slightly below the value considered for large-scale
design but the speed ratio of the propeller is in the same range.
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