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As a member of the European Union, the Republic of Croatia promotes its renewable energy targets and will meet 
the 20% share of renewables in final energy consumption. While most of the recent development focus has been in 
wind power, Croatia has significant unused potential in hydropower plants, as well. From the technical viewpoint, 
about 50% of technically usable hydropower is being utilised.  A significant share of Croatian waterways is included 
in the network of nature protection areas. Thus, a significant share of the viable potential is in smaller-scale 
hydropower. This paper provides an overview of the potential for micro hydropower plants in Croatia and presents a 
novel power generation system concept for micro hydropower plants. 
 
The proposed concept is based on a variable-speed turbine and synchronous reluctance generator coupled with the 
full-scale power converter thus forming a flexible system capable of active and reactive power control. The variable-
speed operation ensures minimal system loss for various flow rates, provides high dynamics of power control and 
exploits the turbine in a wide operating range, while the power converter increases the efficiency and the 
functionality of the system. The synchronous reluctance generator is proposed due to its robust design, high 
efficiency, high reliability, and low cost.  
 
The proposed concept will be further developed, implemented and experimentally verified at the University of 
Zagreb, Faculty of Electrical Engineering and Computing under research project HYDREL (11/2018-10/2022) 
supported by the Croatian Science Foundation. The primary motivation is to explore the capability of exploiting 
synchronous reluctance machine as a main generating unit in a micro hydropower plant and to develop low cost, high 
efficiency, and high-reliability electrical power generation system concept for micro hydropower plants which is 
suitable for installation in Croatia. The multiple challenges that must be addressed within the conceptual phase of the 
design such as selection of turbine, regulations that must be followed and the constraints for power ratings of the 
aimed prototypes for experimental verification are discussed in this paper. 
 
1. Croatian micro hydropower potential 
The Croatian total hydro potential is about 21 TWh, and the technically exploitable potential is about 12 TWh. About 
10% (1 TWh per year) of the total technically exploitable potential is in small watercourses.  Approximately 50% of 
the exploitable potential is already utilised, leaving about 6 TWh in the available potential, purely in the technical 
sense.  At the national level, the most analyses of small-scale hydropower plant started in the early 1980s. During the 
1980s, a set of analyses and terrain studies of small waterways have been delivered resulting in the Register of Small 
Streams and Register of Small Hydro Power Plants [1-3]. The most recent exhaustive analyses of the promising 
small hydro locations date back to the late 1990s. In 1998, the Energy Institute Hrvoje Požar developed for the 
Croatian government a set of national-level energy programs including the “MAHE: Small Hydro Power Plants 
Development Program” [4].  Though these studies have covered environmental issues, their principal focus was to 
filter the available technical potential. There was a renewed interest in small hydro in the early 2000s [5], but by now 
all these analyses are out of date.  



 
Many locations are not exploitable anymore for various reasons. Practically all the conditions have changed - 
economic conditions related to market opening, legislative framework and most of all the environmental protection 
issues. Namely, after joining the EU in 2013, Croatia has harmonised its legislation related to environmental 
protection and the protection of nature, which included the adoption of the European ecological network NATURA 
2000.  
 
This required a thorough renewal of the previous analyses, and in 2014 there was an attempt to deliver a fully 
updated version of the MAHE plan above. The analyses stopped at the first desktop study phase as the second phase 
was cancelled. This partial update to MAHE analysis shows there is still a significant share of the most promising 
waterways available, and that these include dozens of locations suitable for investment in micro hydropower plants 
(<150 kW).  This updated study considered the NATURA 2000 program when evaluating the locations. The analyses 
classified the locations from MAHE program into four groups: the locations already in exploration, the locations 
deemed unsuitable due to environmental, technical or other issues, and two categories of promising locations: first-
tier locations with no significant obstacles, and second-tier locations where technical capacity exists, but there are 
obstacles such as non-existence of data, location not being included in the local spatial plans, etc. 
 
The prospective locations are thus filtered after considering a sequence of criteria: environmental, border area issues, 
cultural and historical heritage, the existence of locations in local spatial plans, etc. Beyond these most promising 
locations, the Croatian Ministry of Culture also lists more than 50 old water mills in its registry of cultural property. 
The primary motivation for this project is to explore the micro hydropower potential in Croatia in a technically and 
economically viable manner that respects the environmental constraints in the whole product lifecycle in a simple, 
reliable, and robust design. 
 
1.1 Current situation with micro hydro power in Croatia 
According to the European Small Hydropower Association (ESHA), there are currently 32 small hydropower plants 
in Croatia rated less than 10 MW. There are estimated 46 new locations for power plants 1-10 MW and 325 locations 
for power plants 100 kW-1 MW. According to the Register of Small Streams (KMVS) [1], there are possible 
locations on 134 streams out of which 63 streams have been characterized as suitable for small hydropower plants. 
On those 63 streams, 699 locations were identified where the total installed power could be about 177 MW (natural 
gross power of 135 MW) with the technically usable annual production of 567.7 GWh [2,3]. 
 
The previous version of the Energy Strategy of the Republic of Croatia from 2009 stated a target of 100 MW of 
small hydro power plants, online by 2020. This goal would certainly not be achieved, due to high specific 
investments, higher attractiveness in investment in wind power plants over the last decade, and limitations related to 
the environmental impact, cultural-historical heritage protection, and landscape protection. There is a new 2019 
update of the Croatian energy strategy analytic material “White book” [6], developed by Energy Institute Hrvoje 
Požar for the Ministry of Environmental Protection and Energy. This material identifies specific challenges related to 
small hydro power development. Environmental protection legislation is increasingly prohibitive: besides NATURA 
2000, many locations cannot be utilised due to being incompatible with Croatian waterway management plans or 
other regulation. Furthermore, small hydro power projects are required to develop a detailed environmental impact 
study - which increases the total cost of these projects. The book specifically identifies complicated administrative 
procedure in Croatia as a significant obstacle. The procedure currently consists of 66 steps, from the idea to the 
realisation of the process. The lead time required to develop a small hydro power project is around 5 to 6 years, and 
most of the promising projects are sub 500 kW power plants, as the majority targets remodelling of water mills. The 
white book suggests that the principal direct support mechanism for small hydro should be the green certificates 
(emission permits).  
 
Besides this direct measure, the White book suggests several soft measurements to incentivise the small hydro 
development, so that administrative procedure is greatly simplified to minimise the risks. The appropriate locations 
should be included in local plans, too. Intra-day, day-ahead markets and ancillary services markets should be 
improved and made compatible with smaller players such as small hydro, and bilateral energy contract (corporate 
energy buyout) should be simplified.  
 
In general, one can conclude the potential for micro-sized hydro power plants indeed does exist in Croatia - and for 
several reasons it has not been explored by now. A simplified, more affordable small-scale model of environmentally 



friendly micro hydro power plant definitely helps in utilising this untapped potential as it would mitigate many of the 
problems identified above. 
 
2. Electrical power generation system concept for micro hydropower plants  
Micro hydropower plants (5-100 kW) are considered as an environmentally friendly energy source since they 
typically use the natural flow of water and do not require any dam or water storage - making the installation of such 
hydropower system much less prohibitive. 
 
 Micro hydropower plants can operate in stand-alone mode and grid-connected mode and are used to provide 
electricity to remote communities, contribute to decentralised mini-grids and operate as grid-connected power 
sources. As a cost-effective, reliable and sustainable source of renewable energy, micro-hydropower has gained a lot 
of popularity in recent years [7].  
 
Various types of turbines are used for micro-hydro. They are selected depending on the head, flow and desired 
rotational speed. Additionally, the turbines must comply with the three fundamental conditions: simplicity (limited 
cost), high efficiency and maximum reliability (minimum and easy maintenance) [8]. Also, various types of 
electrical generators are used. They are required to be high-efficient to improve the performance of the generation 
system. Most often the induction generator is used due to its simplicity, ruggedness, low price and reliability. 
Furthermore, synchronous generator with permanent magnets (PMSGs) and synchronous wound-field generators 
(WFGs) are also used. PMSGs have high efficiency, high power factor, high reliability and higher power to weight 
ratio compared to other generator types. WFGs allow voltage regulation by regulating the reactive power flow using 
their field winding but they are not preferred for micro hydropower plants, as they are more expensive and have 
larger sizes than IGs and PMSGs. Generally, synchronous generators are more expensive than asynchronous 
generators and they require the constant synchronous speed of rotation to induce a voltage of the same frequency as 
the power system. The use of DC generator and doubly-fed induction generator has also been reported [9].  
 
Different power topologies of micro hydro turbines are used in stand-alone and grid-connected modes. In stand-alone 
mode where electrical load changes intermittently with the user demand, battery-based micro-hydropower system 
and battery-less micro-hydropower system are used [9]. In battery-based micro-hydropower system, the generator is 
connected to the loads through battery charger, battery bank and inverter, relatively small battery bank is used to 
store the energy and dump load is used in case the battery bank is fully charged. In battery-less micro-hydropower 
system, the generator is connected directly to the loads and dump load is used to store the excess energy. In both 
cases the system is not operating at maximum efficiency and part of the excess energy is lost due to use of dump 
loads. In grid-connected mode, the topologies can be categorised as fixed speed generation and variable-speed 
generation or direct connection topology and power electronics grid integration topologies [9]. Direct connection 
topology assumes fixed-speed turbine as the generator is directly connected to the grid, while power electronics grid 
topologies assume variable-speed turbine as the generator is connected to the grid through the power converter. The 
output power of the fixed speed turbines is usually controlled by complex mechanical governors that adjust the flow 
of the fluid. The turbines operate at constant speed and their efficiency depends considerably on the hydrological 
conditions. To exploit the turbine in wide operating range and to ensure minimal system loss for various flow rates it 
is necessary to adjust its rotational speed for given operating conditions. The variable-speed operation is achieved by 
using frequency power converter for turbine speed control. The maximum power point tracking algorithm which 
ensures the optimum speed for the actual conditions is usually implemented. The power converter improves the 
performance of micro hydropower plant and can eliminate the mechanical components used for control [9, 10].  
 
Recently, many micro hydropower plants are connected to the distribution system through the power converter and 
operate at the variable-speed [9]. Most of these variable-speed generators are PMSGs which are the most efficient 
but also the most expensive generating units [11]. Since the overall aim is to achieve a maximum efficiency for a 
minimum cost, innovative solutions are encouraged and research studies are focused on technical and technological 
innovations in hydro-electrical conversion domain (turbines, generators, control, network, protection, etc.). The 
innovative solutions should be directed to improving the efficiency of each component and integrating all the 
possible functions in one set [8]. The total cost of the investment for micro hydropower plants needs to be minimised 
to make the whole project economically viable.  
 
This paper presents a novel concept for micro hydropower plants which is based on a variable-speed turbine and 
synchronous reluctance generator coupled with the full-scale AC-DC-AC power converter. Because of its simple 



robust design without magnets, high efficiency, high reliability, and low cost, the synchronous reluctance generator 
is proposed as an alternative to the nowadays most efficient generator topologies based on rare-earth permanent 
magnets which have high and unstable prices and whose manufacturing has an extremely negative environmental 
impact. Variable-speed operation of the turbine simplifies the mechanical system, ensures minimal system loss for 
various flow rates, provides high dynamics of power control and exploits the turbine in a wide operating range. The 
power converter increases the efficiency of the system and its functionality (voltage and current measurements are 
used for protection purposes, power production logging, machine health monitoring, ride-through capability, 
increased power quality, etc.). The proposed concept supports stand-alone and grid-connected operation modes 
which makes it suitable for a wide range of applications.  
 
The concept is developed at the University of Zagreb, Faculty of Electrical Engineering and Computing under 
research project HYDREL (11/2018-10/2022) supported by the Croatian Science Foundation. The concept will be 
implemented and experimentally verified in the laboratory setup consisting of two mechanically coupled prototyped 
machines representing a turbine-generator system, connected to the electrical grid through a prototyped power 
electronic converter. The further development of the proposed concept will be focused on research on optimal shape 
of synchronous reluctance generator rotor flux barriers for boosting energy efficiency and torque,  loss and volume 
optimized design of power converter with prototyping by optimal selection of semiconductor and filter components, 
research on advanced sensorless control methods for energy-efficient control of synchronous reluctance generator 
and grid converter and experimental verification of the electrical power generation system in the laboratory setup. 
Hence, the whole power generation system will be developed under single project environment and will represent an 
integrated solution feasible for easy installation. Detailed discussion on components is given as follows. 
 
2.1. The generator  
The proposed concept is based on robust, cheap and high-efficient synchronous reluctance generator (SynRG). 
Synchronous reluctance generators have gained a lot of research interest recently. They have been used in wind 
power applications and adjustable speed drives, but they have rarely attracted attention in hydropower applications. 
Synchronous reluctance generator has the same stator with three-phase winding as a WFG or IG, while the rotor has 
a simple construction consisting of axially arranged thin laminations with several layers of flux barriers punched in 
the rotor yoke as shown in Fig 1. 
 

 
 

 
Fig. 1. Synchronous reluctance machine 

 
Its operating principle relies on maximising the difference of magnetic reluctance in two mutually perpendicular 
magnetic axes. Such concept has a low cost and high efficiency (higher than WFG and IG) since very small losses 
are induced in the rotor laminations which are in the narrow region near its surface. The PMGs have higher power 
density and efficiency than SynRGs, but there are concerns about the fluctuating prices and future availability of 
rare-earth magnets due to the highly concentrated production of rare-earth elements in China. However, it is shown 
that a reluctance machine of the same size has a slightly lower efficiency (98.7 % vs. 99 % for a PMG) and only 80 
% of the mass of the PMG at the power range of 5 MW [12]. The research studies also show that SynRGs are more 



robust, cheaper and have a simpler construction in comparison to PMGs. Moreover, reluctance machines produce 
less noise and are suitable for work in variable-speed ranges. Comparison of the IG, PMG, SynRG and a permanent 
magnet assisted synchronous reluctance generator (PMASynRG) has been conducted in [13]. The results show that 
by tracking the point of the maximum torque, SynRG can achieve an approximate efficiency as a PMG. It is also 
possible to achieve a power factor over 0.8 for a machine with sizes up to 250 kW.     
 
The main scientific and design challenge in the case of SynRG is the configuration and shape of the rotor flux 
barriers. The geometry of the barriers can affect the ratio of winding inductances in perpendicular axes Ld/Lq and 
consequently the amount of reluctance torque and power factor which can be achieved. The main weakness of 
SynRG is the high torque ripple which can be reduced by carefully tuning the angular displacement of flux barriers.  
 
Hence, the synchronous reluctance generator of the proposed concept will be specially designed to fulfil the 
requirements of micro hydropower plants. It will have an optimal shape of the rotor flux barriers for boosting energy 
efficiency and torque density. Moreover, two different machine designs will be prototyped and installed back-to-
back on the test rig. This will allow both machines to be tested in generating and motoring mode. 
 
2.2. The power converter  
In order to use the synchronous reluctance machine as a variable-speed generator, a power converter must be 
employed. In the case of the proposed concept the power converter is composed of a generator side inverter, a DC-
link, a grid side inverter and a grid filter. This type of power converter is well established in the industry and 
renewables. The generator side inverter is used to control the speed of the turbine and the three-phase active front 
end (AFE) converter is used on grid side to deliver power from the DC link to the grid.  
 
Traditionally, micro hydropower systems relied on mechanical power control due to the high cost of power 
converters. Nowadays, growing need for power electronic converters for variable-speed drives in industry, electrical 
traction, and renewable energy sources resulted in drastic reduction of semiconductor module cost. Besides high 
demand, the total power converter cost is reduced with advances in converter topologies and semiconductor switch 
properties that enable operation at higher switching frequency thus reducing the size of passive filter components. 
Therefore, the cost of the power converter is no longer a significant part of the total investment for the micro 
hydropower plant. Since mechanical governing components and dump loads can be left out, the addition of power 
converter can now have an acceptable impact on the cost of the project. Besides cost-effectiveness, power converter 
improves the performance of micro hydropower system with increasing its efficiency and functionality, e.g. voltage 
and current measurements that can be done within power converter can be used for protection purposes, power 
production logging, and machine health monitoring.  
 
The main goal is to design the power converter by using the multi-objective optimization which will minimise the 
total loss of the inverters, the inverter induced loss in the synchronous reluctance generator and the output filter. The 
commercially available power converter components such as IGBT and SiC power modules of various 
manufacturers, DC link capacitors, and magnetic cores will be used. This approach will result in a significant cost 
reduction of a final design as custom parts will be avoided. Also, energy-efficient control algorithms, as well as 
protection, monitoring and diagnostic functions required in micro hydropower plants, will be implemented in the 
power converter which will eliminate part of the standard equipment and reduce the cost of the system.  
 
Hence, the power converter of the proposed concept will be specially designed for use in micro hydropower systems 
and multi-objective optimisation that will consider the cost of the converter together with power loss will be 
employed. During the design process of the power converter as well as the SynRG, the impact of the inverter 
operation on the SynRG will be analysed and design of the components will be adjusted. This will increase the 
efficiency of the whole system and reduce the cost. The developed power converter will be prototyped and tested in a 
laboratory setup. 
 
2.3. Control of the variable-speed generator 
The control algorithms for the generator side and grid side inverter will also be developed within the proposed 
concept. The main objective of the control of generator side inverter will be to minimise the losses in the SynRG and 
the power converter thus ensuring the operation in maximum efficiency operating point. The generator side inverter 
controls the turbine speed by controlling the torque of the SynRG. In order to provide the energy-efficient turbine 
control, the control algorithm is usually upgraded with the maximum power point tracking method which uses the 



turbine efficiency curves to calculate the reference speed. The output power of the micro hydropower turbine is a 
nonlinear function of its rotation speed which makes the development of control algorithms more complex. 
 
The grid side inverter controls the DC-link voltage and the reactive power delivered to the grid or load in an island 
mode. The control algorithm for grid side inverter will be focused on omitting grid voltage sensors. Since the micro 
hydropower systems are cost-sensitive, the focus of all control algorithms will be omitting the sensors and thus 
reducing the costs. Also, the usage of advanced control techniques for grid side inverter such as model predictive 
control (MPC) will be investigated in order to minimise the switching losses of the inverter while controlling the 
THD in the limits defined by the grid code. 
 
2.4. Experimental verification of the electrical power generation system in the laboratory setup  
Experimental verification of the proposed concept is planned for the beginning of 2022. Two prototyped 
synchronous reluctance machines will be mounted on the test bed and connected to the prototyped power converter. 
The block diagram of the laboratory setup is shown in Fig. 2. 
 

 
 

Fig. 2. Block scheme of the laboratory setup 
  

As each component is supposed to be designed to achieve high-efficiency, measurement of the efficiency of all setup 
components will be carried out with the high precision zero-flux current sensors (that enable the accuracy of power 
measurement below 0.03 %) and high precision torque transducer. The efficiency of each component as well as the 
efficiency of the whole system will be examined. The implemented algorithms will be tested for variable-speed 
operation during which the precision of the rotor position estimation algorithm, the ability to ensure required rotor 
torque, and the grid voltage estimation algorithm will be evaluated.  
 
The experimental verification of the proposed concept will be able to show that the proposed concept is technically 
valid and economically acceptable. The laboratory setup will enable the emulation of any hydro turbine for which the 
relevant data is available, and the conduction of the experimental tests based on real site data. In this way, a realistic 
estimation of the investment profit brought by the proposed concept will be obtained for each site.   
 
 



3. Conceptual stage challenges 
The first step in the design of the proposed electrical system is to determine the rated power and rated speed of the 
generator. The rated power and speed of the generator used in a hydropower plant depend on a selected turbine 
which depends on the site characteristic based on available head and flow. Currently, there are no adequate tools to 
choose the best-adapted turbine for a specific plant, but the use of higher possible rotation speed is advantageous [8].  
  
Since the aim is to develop a cost-effective concept which will be feasible for use in Croatia, the rated power of the 
generator is determined by considering the available power on suitable locations in Croatia and laboratory equipment 
constraints.  According to [4,6], several prospective sites on streams Vitunjcica, Kupcina and Butiznica in Croatia 
are suitable for micro hydropower plants with the installed power between 10-60 kW. The available head on those 
locations is below 4 m. The primary laboratory constraint is a high precision torque transducer with a measuring 
range of 200 Nm which will be used in experimental verification for measuring the shaft torque. For that reason, the 
generator will have the rated speed of 1500 rpm and the rated power of 30 kW. Since the variable-speed operation is 
assumed and all the promising locations have available head between 1.5-4 m, the propeller turbine will be assumed. 
The efficiency of the propeller turbine varies considerably depending on speed and water flow, and these operating 
parameters must be changed according to hydrological conditions in order to obtain an optimum operating point. The 
potential advantages of variable-speed operation for propeller turbines are reported in [10]. Hence, in the further 
development of the proposed concept, a run-of-the-river micro hydropower plant with an installed power of 30 kW, 
with low head and without any storage capacity will be assumed. 
 
4. Conclusion 
In this paper, a novel concept for micro hydropower plants based on synchronous reluctance generator has been 
proposed. The proposed concept sets the ground-stone for further research on components, their design, and control 
with a focus on research on the optimal shape of synchronous reluctance generator rotor flux barriers for boosting 
energy efficiency and torque density,  loss and volume optimized design of power converters with prototyping by 
optimal selection of semiconductor and filter components and research on advanced sensorless control methods for 
energy-efficient control of synchronous reluctance generator and grid converter. 
 
The proposed concept will be further developed and based on optimised and prototyped components: synchronous 
reluctance generator and power electronic converter which will be governed by the most up-to-date control 
algorithms. The concept will be experimentally verified in the laboratory setup consisting of two mechanically 
coupled prototyped machines representing a turbine-generator system, connected to the electrical grid through a 
prototyped power electronic converter.  
 
The proposed concept represents a technically and economically feasible solution for micro hydropower plants. 
Since the proposed system gives a complete energy-efficient solution, the industrial application of a micro 
hydropower plant prototype is expected. In Croatia exist several promising locations where the prototyped system 
can be installed. 
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