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Abstract: Obtaining energy from renewable resources is a worldwide trend in the age of increasing
energy demand. Hydropower has some potential in this field, especially for low-power locations.
However, construction of such facilities requires high expenses, which is why some attempts at
lowering the costs have been made, i.e., by proposing alternative solutions to the classic ones. This
paper proposes a selection of options for small hydropower plants (SHP) that lower the investment
costs while keeping up profitable operations. The proposed solutions concern simplifying the
turbine’s and generator’s integration by installing them in dedicated prefabricated concrete modules.
A rare but simple and cheap semi-Kaplan type of turbine with a non-classical spiral inflow is proposed.
The turbine operates a permanent magnet (PM)-excited generator, converting the energy at a variable
rotational speed. Thanks to this approach, it is possible to simplify the regulation system and
eliminate expensive mechanical transmission. However, on the power grid side, a power electronic
converter (PEC) must be coupled with the generator. The advantage of this solution compared to
the classical ones is that the reliability of power electronics is much higher than that of mechanical
systems. This paper presents modeling research on semi-Kaplan turbines’ series development, and a
dedicated PM generator is presented as an example of a complete hydro unit with 50 kW power.

Keywords: semi-Kaplan turbine; variable speed generation; permanent magnet generator; small
hydropower plants

1. Introduction

The hydropower potential of medium- and high-water damming is already used in
most countries. Yet, hydropower potential that is so far unused in Poland, among others,
concerns the heads on which small hydropower plants (SHPs) can be built. Looking ahead,
for rational and economically profitable use of unused water damming, it is necessary to
develop cheap applications, which can be used in SHPs [1–3].

The idea of integrating an electric generator and turbine as a cheap application for SHP
appeared in recent years. In the literature, there are many conceptual applications for this.
For instance, a compact structure for the machine can be achieved by placing the generator
in hermetic housing axial to the turbine [4]. These solutions are based, in most cases, on
cage-induction generators, where the rotational speed is high and for low and ultra-low
heads it is necessary to use a speed-increasing gear. Placing the oil-lubricated gear inside
the casing risks oil leakage and river pollution. Such a design of low-head low-power hydro
units is not effective due to the limitation of the flow cross-section area and significant
water-flow turbulences in the hydraulic channels of the machine. Another solution, which
eliminates the machine’s smaller hydraulic cross-section issue, is to place the turbine inside
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the rotor of the electric generator. A synchronous generator with permanent magnets is
used for transmission elimination and increased efficiency across a wide range of loads.
First, such topologies appeared in the 1940s [5,6]. Those were low-power units (<1 MW)
that faced issues related to tightness between the stator and rotor. High-power units also
appeared at the time, such as a power plant on the river Rhein (Laufenburg, Germany) [7].
In the 1980s, elastic tightening dedicated to turbines with adjustable turbine blades was
developed. This solution was implemented in HPP Weinzödl (Austria, on the Mur river) in
1982, made up of two parallel STRAFLO turbines of 3.7 m diameter and with an overall
power of 8 MW [8]. Another solution, named StrafloMatrix, implemented by Austrian
company VA TECH HYDRO GmbH, was dedicated to small hydropower plants. Two
units (300 kW and 700 kW) were manufactured and installed in the Agonitz hydropower
plant on the Steyr river in Austria [9,10]. A similar design dedicated to small hydropower
plants was assembled in the AKWA power plant on the Biała Głuchołaska river near Nysa
(Poland) [11]. There were two parallel hydro units with 150 kW overall power. The energy
conversion system was also based on a turbine and a PM synchronous generator. In this
design, a variable rotational speed achieved by using a power electronics converter replaced
turbine runner blade regulation. This topology was carefully examined and analyzed by the
authors [11–13]. All the solutions described above refer to assembling a hydraulic turbine
inside a synchronous generator, which is called “full integration.” Significant advantages of
the full integration of the turbine inside the electric generator’s rotor are the size adjustment
of the hydro unit compared to the pipe segment and also the lack of a drive shaft and gears,
meaning a turbine set can be placed directly in the pipe. Another significant advantage
of such a design is the electric-generator cooling by the water flowing inside its housing,
which efficiently prevents long-term generator overload.

The main disadvantages of full integration are physical phenomena related to the gap
between the rotor and stator of the electric generator (in a hydraulic turbine, permanent
magnets are attached to the outer runner ring). There are two possible solutions: wet and
dry gaps. A wet gap is filled with water during normal operation and does not require
special sealing. However, it is necessary to seal the surface of the rotor with permanent
magnets and the stator windings, too. One of the major drawbacks of such a solution is
significant power loss in the gap (caused by water friction on the surfaces of the stator
and rotor), flow turbulence and transport of small polluting particles. Initial power loss
estimations based on measurements of existing hydro units were as high as 10% of the
hydro units’ nominal power depending on the gap size and rotational speed of the turbine.
Another drawback of a wet gap, besides the power losses, is fast exploitation of the rotor
and stator tightening when operating with polluted water, i.e., with sand. Object wear [11]
has proven the necessity of tightening materials’ exchange at least once per year. Another
drawback to this kind of solution is the gradual dampness of the generator’s stator winding,
which causes the insulation to deteriorate, resulting in discharge and short-circuits of the
stator winding. Moreover, integrating a turbine of specified dimensions in a synchronous
generator’s rotor requires the generator to be designed accordingly. This increases the
costs of hydro-unit manufacturing and makes it impossible to create a type-series of the
machines. A dry gap, on the other hand, occurs when during normal operation, a small
amount of water does not cause significant power loss. This solution is implemented
using a special flexible tightening system. The solution has been extensively researched
by the Institute for Hydraulic Fluid Machinery at Graz University of Technology, and was
described in [8], which tested a turbine with a runner diameter of 400 mm at a rotational
speed of 1500 rpm. Multivariant tests were carried out to analyze the strengths of various
sealing materials in different levels of water pollution, as well as the power losses and
amount of water leaking. The obtained power losses were at 2% and the water leakage
was 0.04 L/s during the sealing tests for pure water. In the case of water contaminated
with sand, the power losses and water leakage through the seal almost doubled. Studies
conducted over a long period have shown significant damage to sealing materials [8]. To
reduce the wear on the sealing, a system of cleaning it with pressurized water using a
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dedicated lubricant was proposed. The proposed solution fulfilled its task; however, it was
technically complicated.

When summarizing the considerations for how to integrate a complete turbine and
an electric generator, the wet gap is simpler and cheaper to implement in practice, but it
is generally expensive in operation (requiring frequent replacement of the stator winding
insulation) and causes significant power losses. The dry gap, on the other hand, is tech-
nically complicated and requires additional cleaning systems. This solution is expensive
to implement, is dedicated to high-power hydro units and thus has not been adopted by
SHP. The authors of the paper have been dealing with alternative solutions for low-head
SHP for almost 15 years and have recently attempted to modify the so-called hydro unit
integration. This solution assumes the use of independent elements of the hydro unit
(turbine and generator excited by permanent magnets without a mechanical transmission),
and the integration itself is about placing them in one prefabricated concrete block and
providing insulation from water with effective heat dissipation at the same time. The
main improvement—in addition to the simplicity and durability of the offered solution—is
its relatively low price compared to classic solutions. To that end, the authors of the pa-
per propose a solution based on technology to unify and prefabricate the damming weir,
power-plant tunnels, and fish passes, and to equip the power plant with unified hydro
sets dedicated to working at variable rotational speeds. The proposed unification and
development of type-series for hydraulic turbines will allow for multiple installations of
the same modules and hydro sets in one facility. The decision to use a variable rotational
speed for turbines and a permanent magnet-excited generator results from the need to
simplify the turbine design and eliminate mechanical transmission [14–22]. Solutions for
electric power-generation systems with variable rotational speeds are commonly used in
producing wind energy, mainly with higher powers above 1 MW. For the hydropower
sector, these are new solutions, although they are already partially in use [14]. In the case of
a permanent magnet-excited generator, it is necessary to use an additional power electronic
converter that adjusts the parameters of the generated electric power to the requirements
of the power grid [16–18]. The operation of the turbine at variable rotational speeds gives
the possibility of simplifying the structure by eliminating blade-regulation systems or
using only singular regulation (stationary guide wheel blades or stationary turbine runner
blades). In this case, the power electronic converter is responsible for the main bulk of
control. The above-mentioned requirements are met by turbines of the following designs:
runner (with fixed blades) and a semi-Kaplan turbine with non-classical spiral inflow [15].
The design of the flow system of these turbines—related to the relatively small dimensions
of the turbines [15,16]—might satisfy the need to develop an advantageous combination of
a relatively high level of efficiency and a high speed, which significantly reduces the cost of
producing a hydro set. Regarding the flow rate, these solutions allow for effective use of
the hydropower potential for damming structures with small and medium heads, in the
range of 1 to 10 m of the water column.

Designing a turbine with a high specific speed is quite a difficult task, and designing a
turbine with a high specific speed and relatively high efficiency (above 87% on a laboratory
scale, and above 90% on an industrial scale) is greatly difficult, requiring a lot of experience
and knowledge. This is related to the shaping of the blades with kinematic parameters
that ensure a high flow rate of the blade system. This task is difficult because increasing
the speed comes at the expense of efficiency, which decreases due to the increased flows
and hence increased hydraulic losses. It should also be considered that in turbines with a
high specific speed, it is easier to experience the phenomenon of cavitation and the related
cavitation erosion, which in turn, may limit the service life of these machines.

This paper attempts to present work that is contributing to the development of unified
solutions regarding design technologies, as well as turbines and generators. As the turbine
of choice, the semi-Kaplan model with a non-classical spiral inflow on the runner blades
was selected (the turbine does not have classic guide vanes that guide water onto the
runner, and the tangential component of the velocity before the runner is generated by a
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specially shaped spiral water inlet system) as a rational case in terms of its application in
SHP, due to its relatively simple and cheap design.

In short, as a novelty for SHP, we consider the semi-Kaplan turbine operating at
variable rotational speeds. This is especially important in low-head hydropower plant
applications as big changes of conditions are often encountered, meaning special flexible
solutions are required. Additionally, we propose considering the small hydropower plant
as an assembly of prefabricated modular parts (turbine sets). In this sense, relevant parts
of the hydropower plant can easily be replaced by other adequate parts suited to the
conditions (the head and flow rate) of a small power plant. Such low-head solutions can
supply energy to the national power grid and separate grids for rural communities located
far from urbanized cities (vide Africa, Asia, South America). The proposed solutions can
easily be adapted locally for small rivers with a low head potential.

Based on the results of modeling tests, a series of prototype turbines were developed
for various characteristic runner diameters ranging from 0.5 to 1.6 m and several values of
water heads. The work presented in the paper is complemented by a permanent magnet-
excited generator designed for a selected exemplary hydro unit, intended to cooperate
with a power electronic converter system. Section 1 of the article introduces the subject of
alternative solutions to SHP and describes the state of knowledge in this field. Section 2
presents alternative construction technologies that can be used in SHP. Section 3 deals with
the entire energy conversion system for SHP. Section 4 discusses the presented results,
while Section 5 offers concluding remarks and recommendations.

2. Prefabrication and Modular Unification of Building Technologies for
Small-Scale Hydropower

In recent years, it has become a popular solution to equip weir installations with
movable composite closures, known as sheath (or water bag) closures. Their operation
does not cause water blockages during high and flood flows. These solutions are perfect for
low flows, creating channel retention. Weir shells are most often filled with water drawn
from a river; thus, they constitute a solution with high ecological safety. Shell closures
have many operational advantages, especially in winter, as the ice floe and current ice
do not freeze to the elastomeric weir coating, making them a popular solution for dams
up to 5 m high. Technological development of shell weirs has led composite movable
flap weirs to be introduced with a pneumatic or hydraulic-type shell actuator (filled with
water). This solution is especially recommended for dams with a height of 0.5 to 1.5 m.
The working medium of such damming is a pneumatic shell actuator. The dampers are
made of carbon or high-density polyethylene composites. Eliminating steel elements from
these solutions significantly improves their operational safety in winter conditions. In
addition, elements made of composites do not react with water or require maintenance or
lubrication, and thus they are ecologically clean solutions. The above solutions are fixed
to the reinforced concrete bottom structure, as well as to pillars and bank abutments. The
main task of the proposed technology is to shorten the construction time in the riverbed
and improve the quality of block elements by making these from precast concrete with
composite reinforcement. To eliminate quality problems and shorten the construction
time of small energy facilities, we propose unifying the series of prefabricated reinforced
concrete elements. These are elements (Figure 1) of dams with shell closures, elements of
waterpower plants, and fish passes.

Based on technical documentation for the facility, after making design calculations
for the prefabrication plant, production and assembly guidelines for the module were
developed (Figure 2), which include, inter alia, the:

• external dimensions of individual prefabricated elements;
• arrangement of reinforcement;
• number, position and dimensions of holes;
• installation layout;
• anchoring elements;



Energies 2022, 15, 1275 5 of 31

• plan and order for placing individual elements;
• corner and additional reinforcements;
• means of support;
• locations and methods of protection against moisture or water;
• assembly of foundation and additional concretes.

When we know what stakeholders strive to build, the appropriate technology can
be adapted to it. For large hydrotechnical modules, creating so-called composite walls or
ceilings is appropriate. This is a kind of semi-finished product with filigree walls, thanks
to which there is no need for formwork or reinforcement at the construction site. The
wall element created in this way, made of two reinforced concrete slabs, constitutes a “lost
formwork”—a form filled with reinforcement, which when concrete is poured in and dries,
forms a durable structural core. Generally, the idea is to create a network of monolithic
structures on the construction site, which are durable as a whole, even though they consist
of several elements, by appropriately using and joining together prefabricated elements.
The appropriate weight of the object, which is of great importance in hydro-engineering
at the construction site due to the stability of the structure, is obtained by filling the voids
and prefabricated boxes with concrete or filling a stone riprap with poured concrete. In the
elements delivered to the site, the whole reinforcement is installed, thus satisfying the basic
load-bearing capacity requirements, along with fittings for closures, gratings, and sensor
and measuring apparatus drifts, as well as the necessary control wiring or cable glands. By
opting for prefabricated elements, it is possible to build durably but also much faster and
more conveniently than with traditional solutions. The cost of building the structure using
the prefabricated composite elements is 20–30% lower than for the same buildings made
using traditional techniques.
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3. Turbine Set Module with an Electric Energy Generation System
3.1. Energy Conversion Efficiency

In hydropower plants with the lowest heads, with classic current-generation systems
based on a cage generator that operates at a constant rotational speed, a significant problem
is the variability of the head. Even a slight change in the head, e.g., by 20%, can cause a
loss of efficiency, which for high-efficiency Kaplan turbines, can reach up to 5% [18,23,24].
A significant disadvantage of using cage generators is the need to use mechanical trans-
missions that cause excessive noise, reduce efficiency—i.e., via energy generation—and
increase the operating costs of the power plant. Another problem is the need to compensate
for reactive power. It should also be noted that IE3-class squirrel-cage generators, which
provide a relatively high rate of efficiency (e.g., for power between 45 and 110 kW, the
efficiency is between 94 and 95.5%), are characterized by a significant loss of efficiency for
lower powers. As is commonly known, SHPs (especially run-of-river ones) experience
large changes of generated power depending on the hydrological conditions. Therefore,
the amount of electric power generated during the year depends on the efficiency of the
generator for different power values. The above disadvantages of classic electric power-
generation systems can be eliminated by using a synchronous generator with permanent
magnets and a power electronic converter (PEC). These solutions, commonly used in wind
energy, can significantly increase the electric power production in SHP, especially for low
heads. Hence, the authors prefer an electric power-generation system consisting of a highly
efficient synchronous generator with permanent magnets and a dedicated inverter. The
advantage of the proposed solution over the classic one is shown, for instance, in [14]. As
an example, comparing a cage generator operating with a mechanical belt transmission to a
synchronous generator (with permanent magnets) coupled with an inverter, the difference
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in efficiency between these two solutions ranges from 2% for operation at powers close
to the rated values to 8% for lower generator powers. So, we can conclude that the profit
of production will be visible mainly at low SHP flows. By determining the annual course
of the river flow value and the universal characteristics of the turbines, it is possible to
estimate the production difference when using these two analyzed generators. In the case
of Kaplan turbines, the efficiency gain will be 2–5%, while for propeller turbines, it may
even reach 5–20% [18,23,24]. Using a permanent magnet-excited synchronous machine
as an electric power generator has significant advantages, which are primarily: the high
efficiency of energy conversion in a wide load range, no mechanical transmission and high
reliability [14]. Using such a generator for power system applications, however, has some
disadvantages, as it requires the use of a power electronic converter to transform the electric
power from the generator to meet the requirements of the power grid (Figure 3). Though it
is an extra effort to introduce it, when you have added such an energy conversion system,
however, this enables precise control of the active and reactive power.
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Figure 3. Energy conversion system with a permanent magnet synchronous generator connected to
the power system through a power electronic converter (PEC).

Another advantage of this solution is the ability of the generator to operate at any
rotational speed (limited to a certain extent by the parameters of the converter). This is
important when matching the speed of the hydraulic turbine to the selected power plant.
The properties of the hydraulic turbine are greatly influenced by the design of the inlet
and outlet channels, as well as the location of other turbines operating in parallel in the
same power plant, which may cause flow turbulence during operation. The ability to
adjust the rotational speed to a given situation may increase the efficiency of the hydro
unit, along with the capacity to change the rotational speed online during the operation
of the hydro unit. Operating with variable rotational speeds allows high efficiency of
energy conversion to be maintained for different values of the turbine’s flow rate [25–30]
through a simplified mechanical structure of hydraulic turbines, such as the proposed
solution of the semi-Kaplan turbine. The power electronic converter [31–34] makes it
possible to adjust the parameters of the electric power generated by the generator to the
parameters defined by the power system (e.g., voltage 400 V, 50 Hz) and control the power
flow to the grid. The power electronic system takes over the role of a classic mechanical
control system, e.g., setting the angle of the blades, which ensures a constant speed of the
generator in classic solutions. This is a very significant advantage of the proposed solution
because the reliability of power electronics systems is much greater than the reliability of
the mechanical control system that sets the blade angle, and the operating costs are much
lower. The hydroelectric turbine is designed based on individual adjustments to match the
conditions of the hydrological potential of the river. The main element, which controls the
water flow, is the head regulation system H, controlled to ensure the appropriate water level
in the upper tank. The turbine’s power control mainly depends on the current hydrological
possibilities [25–30], that is, the current value of the flow rate Q. The main elements of the
SHP energy conversion system, working with a variable rotational speed, are presented in
Figure 4.
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3.2. Semi-Kaplan Turbine

The semi-Kaplan turbine is a relatively simple structure without a classic guide vane
system. In this turbine, the tangential component of flow velocity is generated in front
of the runner through a specially shaped sheet structure in a spiral form—the so-called
helices. It should be emphasized that this is not a classic spiral system that can be found in
other classic Francis and Kaplan turbines (Figure 5).
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From the design point of view, the lack of guide vanes and their adjustment mechanism
makes the turbine a cheap and easy-to-operate structure, which gives it a great advantage
compared to other turbines, e.g., Kaplan, especially in small power hydro unit applications.

To develop a series of types of semi-Kaplan turbines with spiral inflow, it was necessary
to carry out numerical analyses and model tests.

3.2.1. Numerical CFD Calculations of the Flow System

Numerical calculations of the model hydro unit with a characteristic runner diameter
of 265 mm were carried out to determine the optimal setting for the flow system. The angle
of the runner blades was changed in the range of 10–20◦ (the runner blade opening angle is
understood as the angle of the profile on the largest radius when it is in the plane that is
perpendicular to the axis of rotation of the runner, at an angle of 0◦).

In addition to geometrical changes of the runner blade angle, the rotational speed of
the turbine runner in the range of about 700–900 rpm was changed in the calculations as
well. As a result of the work, a numerical analysis was performed for a model semi-Kaplan
hydro unit with spiral inflow and with a four- or five-blade runner for a reference net head
of 2 m.

The numerical mesh was made using the NUMECA/AutoGrid5™ and NUMECA/
Hexpress™ software. Calculations of the flow parameters that determine the efficiency of
the modeled turbine flow system were carried out between the inlet to the scroll and the
outlet from the conical part of the draft tube (Figure 6).

Figure 6. Computational domain used in CFD calculations.

As part of the calculations, six main elements of the flow system were distinguished
(Figure 6), which consisted of:

1. An inlet pipe (cylindrical) in front of the turbine (diameter Ø390 mm);
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2. An elbow with a rectilinear part with cross-sections changing from round with a
diameter of ~Ø390 mm (on the inlet side) to a quadrilateral (on the outlet side),
adapted to the shape of the inlet spiral;
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Figure 7. Model turbine runner blade of the semi-Kaplan turbine in an isometric view and shown
from above.

The calculations were made using the ANSYS/Fluent™ software, assuming the in-
compressibility of water (density ρ = const) and its viscosity for the assumed temperature
of 15 ◦C (dynamic viscosity µ 6= 0). The calculations used:

– second-order discretization, i.e., the scheme of ‘second-order upwind’;
– double-precision when solving;
– at least 8000 iterations for each case;
– a 2 m net head (hereinafter referred to as the reference head);
– a k-ω SST turbulence model, where the computational mesh was created with a

dimensionless distance from the wall Y+ below the value 3 (turbulence intensity at
inlet: 3.14%; turbulence intensity at outlet: 3.06%), calculated based on the formula:

I = 16 Re−0.125 = 16

ρ V D
µ︸ ︷︷ ︸
Re


−0.125

[%] (1)

where V is the average flow velocity at the inlet or outlet, D is the hydraulic diameter at the
inlet or outlet and ρ is the water density.

The SST k-ω turbulence model was chosen because is especially dedicated to calcula-
tions when an incompressible medium is used. It directly solves the turbulent equations
for the kinetic energy of turbulence (k) and its frequency (ω). This means that the shear
stresses in the boundary layer are calculated directly using the differential equations. The
distribution of a boundary layer is not calculated using the power law. This is especially
important when calculating the efficiency in a scenario where evaluating the friction is
especially significant for the quality of calculations [35].

To ensure a constant systematic error and a high quality of calculation results for
all analyzed cases, the same boundary conditions and the flow initiation method were
adopted for the calculations. In addition, it should be emphasized that all results of the
calculated power and flow rate—which due to differences of the analyzed cases, meant
that the resulting net head slightly differed from the reference head—were then reduced to
the reference head of 2 m, according to the general rules for reducing these values.

As part of the research, computational mesh for two types of runners were gener-
ated. The numbers of elements (entirely hexahedral cells) of the computational mesh are
summarized in Table 1. The efficiencies obtained from CFD analyses are presented in
Figures 8 and 9 (these figures contain the markings, e.g., W10, which means the 10◦ runner
blade opening).
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Table 1. Number of nodes and computational cells of the computational domain for each variant of
the runner configuration.

No. Runner Variant Total Number of Computational
Nodes of the Modeled Domain

Total Number of Computational
Cells of the Modeled Domain

1 Four-blade runner 8,239,079 7,946,666

2 Five-blade runner 9,366,036 8,991,908
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Figure 9. Efficiency curves vs. flow rate and power for semi-Kaplan turbine with 5-blade runner.

In the case of the four-blade variant, the highest efficiency achieved was ~89.0%, with
a reduced flow rate of 0.115 m3/s and a reduced power of ~2000 W.

The solution with the five-blade variant allowed us to achieve an efficiency of ~87.7%,
with a reduced flow rate of 0.125 m3/s and a reduced power of ~2150 W.
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In the case of the four-bladed runner, the turbine has a higher efficiency, which
indicates that this option is better for lower heads than the five-bladed runner.

3.2.2. Model Tests of the Flow System

We decided to conduct model tests for the variant of the four-blade semi-Kaplan
turbine. The net reference head, on which the laboratory tests were performed, was
maintained at the level of 2 m of water. Under this assumption, the turbine has a rated
power of approximately 2.3 kW, a flow rate of approximately 0.145 m3/s, and a rotational
speed of approximately 720 rpm. The research was carried out on a laboratory stand at
the Institute of Fluid-Flow Machinery of the Polish Academy of Science (IFFM) in Gdańsk,
Poland, on which Kaplan and Francis turbines can be investigated in a wide range of
operating conditions [36,37].

The flow elements of the tested turbine mounted on the laboratory stand were as
shown in Figure 5. Before the inlet of the system, there was a straight pipeline with a
diameter of ~Ø400 mm, supplying water to the turbine from the upper water tank of the
laboratory stand.

The runner blades were adjusted when the turbine was at a standstill after draining
the water (no adjustment system), by loosening the mounting bolts using the inspection
window, made for this purpose in the runner housing.

Behind the runner, the conical axisymmetric draft tube was connected to the lower
water tank. The turbine runner shaft was led upwards and connected to the generator via
a torque meter mounted on both of its sides in disk clutches. A permanent magnet AC
synchronous generator was placed on a support frame, rigidly connected to the spiral unit
guiding water onto the runner.

A cross-section of the intake system with the runner is shown in Figure 10. Pictures
of the inlet system of the tested turbine are shown in Figure 11, while the laboratory test
stand is shown in Figure 12.
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Figure 12. Laboratory stand for testing hydraulic turbines, located in the laboratory of IFFM in
Gdańsk, Poland; (a)—view from the upper water tank side; (b)—bottom water tank; (c)—circulation
pumps and their motors.

Basic laboratory tests were performed with a reference net head of 2 m, for 16 settings
of the runner blades openings: 8◦, 10◦, 12◦, 14◦, 16◦, 18◦, 20◦, 22◦, 24◦, 26◦, 28◦, 30◦, 32◦,
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34◦, 36◦ and 38◦. As a result, the energy characteristics (propeller curves) of the model
turbine were established (Figures 13–15).
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model turbine.

In this research, the following parameters were obtained at the optimal operating
point of a model semi-Kaplan turbine:

• angular setting of the runner blades: 22◦;
• rotational speed: n = ~714 rpm;
• volumetric flow rate: Q = ~0.144 m3/s;
• turbine efficiency: η = ~82.1%;
• kinematic specific speed: nsQ = ~160;
• dynamic specific speed: nsN ≈ 3.65

√
η nsQ = ~530;

• double-reduced rotational speed: n1
1 = ~131 rpm;

• double-reduced volumetric flow rate: Q1
1 = ~1.457 m3/s.

The above-mentioned parameters were defined as follows. The turbine efficiency was
calculated using the formula:

η =
Pred
Pth

(2)

where Pred is the reduced power on a reference net head [W] and Pth is the theoretical power
of water flowing into the turbine [W]. Both quantities were calculated using the formulas:

Pred =
P(

Hn
Hre f

)1.5 (3)

Pth = ρ g Qred Hre f (4)

where P is the measured power on shaft [W], Hn is the measured net head [m], Href is
the reference head (2 m), ρ is the density (999.1 m3/s), g is the gravitational acceleration
(9.81 m/s2) and Qred is the reduced volumetric flow rate [m3/s].
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The net head was calculated using the formula:

Hn =
∆p
ρ g

+
V2

in −V2
out

2 g
+ zin − zout︸ ︷︷ ︸

=0

(5)

where ∆p is the pressure difference between the inlet and outlet of the measurement cross-
sections of the turbine and Vin and Vout are the mean velocities at the inlet and outlet of
the measurement cross-sections of the turbine, respectively. The velocities were calculated
using the formulas:

Vin =
Q

Ain
(6)

Vout =
Q

Aout
(7)

where Q is the measured volumetric flow rate [m3/s], Ain is the inlet area of the measure-
ment cross-section of the turbine (0.092212 m2), Aout is the outlet area of the measurement
cross-section of the turbine (0.182921 m2) and zin and zout were the levels of the central
points of the measurement cross-sections (the pressure was measured using a differential
pressure transducer so it was equal zero).

The above-mentioned measurement cross-sections are shown in Figure 6. The inlet
cross-section was located at the junction of elements two and three and the outlet cross-
section was located at the junction of elements five and six. The reduced volumetric flow
rate on a reference net head:

Qred =
Q(

Hn
Hre f

)0.5 (8)

The double reduced rotational speed (reduction of rotational speed for a machine with
a runner diameter of 1 m working under a head of 1 m) was calculated using the formula:

nI
I =

n D
H0.5

n
(9)

where n is the rotational speed [rpm] and D is the diameter of the runner (0.265 m).
The double reduced volumetric flow rate (reduction of volumetric flow rate for a

machine with a runner diameter of 1 m working under a head of 1 m) was calculated using
the formula:

QI
I =

Q
H0.5

n D2
(10)

The kinematic specific speed was calculated using the formula:

nsQ = n
Q

1
2

Hn
3
4

(11)

The dynamic specific speed was calculated using the formula:

nsN ≈ 3.65
√

η nsQ [%] (12)

The reason for obtaining a lower efficiency compared to CFD analyses may be, among
others, the small dimensions of the turbine, which along with the linear reduction in
dimensions, disproportionately negatively affect turbine efficiency. As a result of the so-
called scale effect, along with an increase in the dimensions of the machine, as well as a
higher head, the generated losses are going to be smaller, thus increasing the efficiency
of the turbine. The increase in flow efficiency could also be achieved by the possible
reduction of the runner’s over-blade gap. The gap size in the subject turbine runner was
approximately 0.9 mm. The area resulting from the suprascapular gap was ~1.7% of the
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flow area (when assuming a hub diameter of Ø115 mm). The presence of the gap always
causes volumetric losses in the flow, and consequently, reduces the turbine efficiency. It
should be added that the tip flow is characterized by complicated vortex structures, which
can further intensify the volumetric losses. It seems possible that we can reduce the height
of the gap to just 0.5 mm, which will increase the efficiency of the turbine.

3.2.3. Energy Parameters of Turbines

Based on the results of the performed model tests, a so-called universal (shell) char-
acteristic for turbine selection was developed. Thanks to this characteristic, it is possible
to select turbines such as those working under other heads and flow rates. The universal
characteristic (see Figure 16) is the dependence of the turbine efficiency η on the double-
reduced rotational speed n1

1 and the double-reduced volumetric flow rate Q1
1. Detailed

procedures for energy tests, which determined the performance of the characteristics, were
taken from [38,39]. The universal characteristic is presented in Figure 16.
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The test results for the model turbine can be transferred to the conditions of similar
prototype turbines at real hydropower sites using the laws resulting from the hydraulic
similarity of rotating machines and the scale effect resulting from the inability to keep the
same Reynolds number.

In our work, the procedures for rescaling the energy parameters of the model of a
four-blade semi-Kaplan turbine to suit that of the real (prototype) system were taken from
standards [38,39] concerning model acceptance tests of hydraulic turbines, storage pumps
and pump turbines.

Based on the results of the tests for the four-blade vertical semi-Kaplan turbine model
using the laws of similarity of hydraulic machines, a series of prototype turbines were
developed for six values of characteristic runner diameters ranging from 0.5 to 1.6 m and
for nine values of heads ranging from 1 to 10 m (Figure 17).
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As a result of scaling the efficiency of the model turbine (determining the scale change
effect) for a similar machine with the largest assumed runner diameter (D = 1.6 m) and
working under the largest assumed head (H = 10 m), the highest efficiency gains ∆η were
obtained for the optimal operation point of the prototype turbine, amounting to ∆η = 4.82%.
The absolute maximum efficiency value reached η = 86.92% in this configuration.

The projected parameters for this prototype turbine at the optimal operating point were:

• power on the turbine shaft:

Popt = 1006 kW;

• volumetric flow rate:

Qopt = 11.79 m3/s;

• rotational speed:

n = 258.9 rpm.

The indicated solution, from the point of view of the flow rate, may be dedicated
to more medium-sized heads. This is due to the value achieved for the double-reduced
volumetric flow rate (Q1

1 = 1.457 m3/s), which is lower when compared to tubular turbines
designed to operate at low heads.

The tested turbine undoubtedly has a significant advantage, as it seems a relatively
simple and cheap alternative design solution when compared to classic but more complex
solutions, such as, e.g., double-regulated turbines (Kaplan type).

From this point of view, its use on low heads can be economically justified, and
therefore, it may be attractive for investors looking for low-budget design solutions for
hydraulic turbines.
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3.3. Electric Power Generation System
3.3.1. Permanent Magnet-Excited Generator

There are many offers on the commercial market for permanent magnet synchronous
machines. They are often used in drive applications, but for regenerative operation in
the specific speed range corresponding to the operation of hydraulic turbines, the choice
is limited. Designing such a generator is not a very difficult task, but it requires certain
knowledge and experience. Therefore, the authors decided to present an example project.
An example generator design, to be made using existing stator packages for induction
machines, was proposed. In line with this concept, the stator winding and permanent
magnet rotor need to be developed. The authors propose rotor structures with magnets
distributed over the surface of a cylindrical rotor [40–44]. This solution is one of the most
advantageous for obtaining high efficiency of the generator. For example, by using the
nomogram of the series of semi-Kaplan turbines (Figure 17) for a head of H = 4 m and a flow
of Q = 1.5 m3/s, we can select a turbine with a diameter of D = 800 mm and a generator with
rated data: power PN = 50 kW and rotational speed nN = 300 rpm. For this example, which
can be considered representative of small objects, we will illustrate the design of a permanent
magnet generator with a rated voltage and frequency of UN = 400 V and fN = 50 Hz.

As a starting point, we propose using stator sheets from the existing SZUc 176b asyn-
chronous motor. The authors applied the INFOLYTICA-MagNet MotorSolver tools to struc-
ture optimization analyses, based on FEM analyses and analytical models [40–44]. Table 2
summarizes the main dimensions of the generator obtained from the model calculations.

Table 2. Summary of the main design data of the generator.

Listing Stator Rotor

Steel grade Metal Sheets M350-50A Structural Steel St 3

Średnica żelaza 775/540 mm 533/380 mm

Gap 3.5 mm

Length of iron 280 mm

Number of poles 2p = 20

Number of slots 72 slots slotless rotor

Type of winding 3-phase, 2-layer —

Winding pitch 4 slots —

Number of turns/phases 144 turns —

Number of parallel circuits 2 parallel circuits —

Winding factor 94.2% —

Slot depth 57 mm —

Slot opening width 5.5 mm —

Tooth width 13 mm —

Tooth tip thickness 3.5 mm —

Winding configuration
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Phase resistance at 20 ◦C temp. 16.5 mΩ —

Magnet type — N40

Magnet angle — 15◦

Magnet thickness — 10 mm

Figures 18 and 19 show the generator cross-section and the magnetic field distribution,
from which we can conclude that there are no excessive magnetic flux density values in the
teeth and yokes that would lead to saturation and increased sheet loss. The induced EMF
waveforms and the harmonic content analysis presented in Figures 20 and 21 also confirm
the relatively low degree of waveform distortion from the sinusoidal shape.
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The external characteristic presented in Figure 22 shows a relatively small variation
of the generator voltage under the rated load. The obtained generator efficiency of 96%
(Figure 23) in the nominal conditions proves the correctness of the design’s data selection,
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according to Table 2. This confirms the earlier statement that permanent magnet generators
have a higher efficiency than the asynchronous generators commonly used in SHP. The
presented example for a generator’s design shows the possibilities of using the existing
asynchronous machines by adapting the stator sheet package, shaft, bearing and housing.
The design process is limited to electromagnetic issues, i.e., the construction of the stator
winding, and the selection of permanent magnets mounted on the rotor surface, which is
a homogeneous steel ring. This approach allows us to significantly reduce the cost of the
generator’s manufacture.

3.3.2. Power Electronic Converter in the SHP Control System

The possibilities for energy conversion and the use of power electronic converters
have been subjected to numerous analyses, including by the authors, e.g., in papers [31–34].

For small power systems, a full-scale PEC is used due to its wide operating range
(speed range) [15]. This solution is also recommended for SHP.

The most common structure of a PEC is a back-to-back (AC/DC/AC) voltage source
converter with a DC link circuit [19–22,31]. The machine-side converter is usually a force-
commutated rectifier [15]. Low-power applications allow the use of a simple two-level
converter, which provides independent active and reactive power controls for the machine-
side and grid-side converters. The standard sinusoidal pulse width modulation (SPWM)
technique of a DC/AC converter is often replaced by the space vector modulation (SVM)
technique that generates modulation signals based on the switching sector and angle.
Compared to the standard SPWM, the SVM generates waveforms with less THD (total
harmonic distortion) and allows for a higher maximum modulation index with smaller
switching losses [32]. The vector-based control strategies used in PECs can be divided
into voltage-oriented control (VOC) and direct-power control (DPC). In VOC, the active
and reactive power are controlled indirectly depending on the mutual orientation of two
vectors, the current and line voltage, whereas the DPC controls instantaneous values of
the active and reactive power. In both these methods, the current waveform is influenced
by voltage distortion. There are several studies on how to modify these two methods,
e.g., by using a DPC with a constant switching frequency and space-vector modulation
(DPC-SVM). The DPC-SVM technique is relatively simple, does not require a line voltage
sensor, offers a low THD current for the distorted voltage and requires only a low switching
frequency [33].

Energy-converter systems are quite often used in wind farms if the source of energy is
a synchronous generator with permanent magnets. However, we should emphasize that
the range of changes in the rotational speed of windmill-driven generators is much smaller
than for SHPs. Moreover, the method of controlling the operation of the hydro unit through
the converter is also different due to the specific shape of the mechanical characteristics
of hydraulic turbines [26–30]. The hydropower plant control algorithm should perform
two functions. The basic task is to control the hydrological parameters, i.e., the level of
upper water or the flow rate of the turbine. For run-of-river power plants, unchanging
hydrological conditions must be maintained, i.e., the upper water level at a given constant
value. This is the main task of the water-level controller. As a result of this control, a
certain volume of water is fed to the hydraulic turbine. Optimal conversion of this flow into
electric power requires appropriate control of the rotational speed of the turbine, which
is the second important task carried out by the control algorithm. In power plants using
the variable speed technique, the upper water-level controller controls the angle of the
steering blades for propeller turbines or the angle of the blades of the runner in the case
of semi-Kaplan turbines [26–30]. A gate or flow valve (e.g., the butterfly type) is used
to completely close the flow. In turn, the speed controller controls the optimal operating
conditions for the turbine, i.e., the maximum processing efficiency. The described structure
of the control algorithm is presented in Figure 24.
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Separating the water-level controller from the task of optimizing the parameters of the
turbine (speed controller), as result from the operation of this type of facility, ensures stable
operation of the turbine. The use of a classic PI regulator with a long time constant for this
purpose eliminates sudden changes in the valve opening, which prevents sudden pressure
surges, which in turn, reduces the wear on the mechanical elements of the turbine flow
system. Optimizing control of the hydraulic turbine by selecting the optimal rotational
speed for specific operating conditions is crucial for maximizing the energy generation of a
power plant. This is since the hydraulic turbine is characterized by the greatest variety of
efficiency compared to a generator and power electronic converter.

This task is difficult because the performance characteristic depends on many factors
and it is difficult to predict theoretically. To solve this problem, various methods can be
used to control the rotational speed of the turbine [19–22,26–30]. The easiest way is to
control it using databases to obtain the characteristics of the hydro unit, as determined in
measurements and model tests.

In this way, databases of the characteristics from the hydro unit and other elements of
the system, obtained from measurements and model tests, are used. The main disadvantage
of this solution is the difficulty of obtaining data. Additionally, the parameters of the
system components, especially the hydraulic turbine, change during operation. Yet, this
method does not have a mechanism to adapt the control to the current turbine condition
or hydrological conditions. On the other hand, the advantage of this solution is the high
control dynamic resulting from a strictly defined work curve, which is defined for any
hydrological condition.

4. Discussion

This paper presented a semi-Kaplan type of turbine, designed for use in small hy-
dropower plants characterized by low heads, i.e., with low hydro potential. The presented
solution is technologically simple, cheap and can be used in a wide range and with great
variability of operating parameters, on a nationwide power grid and on a separate one,
too. Thanks to the use of a PM generator, it is possible to adjust the hydro unit depending
on the changing current parameters, which in the case of small hydropower plants, range
from a few to several hundred percent, both in terms of the water head and water flow rate.

There are still few such cases of developments for low-head hydropower plants in
the literature. This seems to be since the current focus is now mainly on other renewable
energy sources such as wind, sun and gas from biomass.

Yet, this paper follows the current global trend in the hydropower industry to use the
places with the lowest water potential, as water-based energy is the most stable form of
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renewable energy. We are interested in developing solutions for the lowest dams, up to
5 m. For example, in Poland, according to official data, there are about 5000 possible sites
where we could install small hydropower plants. This means there is enormous potential
to be used, which should lead to a significant increase in energy production from low water
heads, generating power obtained from a renewable energy source. Constructing a small
hydroelectric power plant means not only energy production but also raising the surround-
ing groundwater and improving the possibility of controlled irrigation. In addition, it also
holds the potential to make new tourist areas, or vice versa, high-quality areas reserved for
birds and animals. Furthermore, such solutions can be easily adapted to be combined with
other forms of renewable energy production (wind energy, solar energy, etc.).

It is important to add that the proposed solution should be constantly improved to
increase the water flow rates, which will increase the energy production while maintaining
a constant head. Such an action may reduce the costs of the machine as it reduces the
dimensions of a hydro unit. We are working on further improvements to the most important
modules of the hydro unit, i.e., a generator and another kind of turbine. We aim to develop
devices with higher efficiencies and increased flow rates. This is especially important for
low-power turbines to maximize energy production, which is assumed to be low compared
to high-power plants due to low heads. Taking into account low water heads, the only way
to increase energy production is to increase the water flow rate through the machine (in the
next stage of work, the Kaplan turbine solution will be presented, which is designed for the
lowest possible ultra-low heads (with high efficiency), i.e., less than 2 m).

Yet, the cavitation phenomenon presents a limitation to using low-head hydro units,
i.e., hydro units characterized by high specific speeds. Constructing a machine to execute
higher flow rates makes the unit more susceptible to cavitation. This means that such
machines must be placed low down to suit the lower water level of the hydropower plant.
This is difficult because in the case of low-power hydropower plants (up to 100 kW), it is
sometimes necessary to place the runner above the lower water level to reduce the cost
of the foundation. Such an action increases the likelihood of cavitation in the flow, which
may cause material erosion and gradually destroy machine components. The cheapest
case of a low-head turbine is a turbine in a siphon system, i.e., with a runner located
above the upper water. In the case of heads of about 3 m, operating such a turbine will
probably be associated with cavitation. In that context, a safer variant may be the turbine
with a spiral inflow and a four-blade runner presented in this paper. It is characterized by
safer operation, with the runner above the lower water, due to lower flow rates than for a
turbine with a three-blade runner. The latter has higher water-flow rates, and thus energy
production, but at the same time, a greater tendency to lead to the cavitation phenomenon,
which we must strive to avoid.

5. Conclusions

This paper presented an alternative design solution for how to integrate a hydraulic
turbine with an electric generator, aimed at the modular construction of a hydro unit
characterized by relatively high efficiency and reliability. This was achieved by eliminating
the mechanical transmission and using a synchronous generator with permanent magnets.
Additionally, we honed a control system for the electric energy conversion path using a
power electronic converter. This solution enables the trouble-free operation of the generator
with the power system and wide possibilities for regulation. An additional advantage is
the ability to operate the hydro unit with variable rotational speeds, which makes it easier
to adjust the operating parameters to a given location. Variable rotational speeds may
bring additional benefits by simplifying the construction of the hydro unit. This possibility
is particularly important because after turbine modeling tests, the turbine runner blade
adjustment system can be eliminated. This is especially ley to the use of semi-Kaplan
turbines with an unconventional spiral inflow, as proposed in this paper. Working with
a variable rotational speed of the hydro unit allows high efficiency of energy conversion
to be maintained for different values of the turbine’s flow rate, while simplifying the
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mechanical structure, which is characteristic for this type of turbine. The proposed solution
for designing a semi-Kaplan turbine with a non-classical spiral water inflow is relatively
cheap due to its simplicity, which makes it attractive for SHP applications.

It should also be emphasized that the currently introduced legal regulations on con-
necting generation units to power systems (Commission Regulation (EU) 2016/631 of
14 April 2016, commonly known as NC RfG) require complex control systems to be used
in newly established or modernized power plants. Employing an inverter helps signifi-
cantly with fulfilling these requirements and thus reduces the cost of equipping a small
power plant.
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Abbreviations

SHP Small Hydropower Plants
PM Permanent Magnet
PEC Power Electronic Converter
PMG Permanent Magnet Generator
SVM Space Vector Modulation
SPWM Sinusoidal Pulse Width Modulation
VOC Voltage-Oriented Control (VOC)
DPC Direct Power Control Reynolds-Averaged Navier–Stokes
SST Shear-Stress Transport
THD Total Harmonic Distortion
FEM Finite Element Method
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